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Abstract 

The human body initiates an inflammatory immune response following exposure to 

certain danger signals. The Danger Model proposes that Antigen-presenting cells 

(APCs) can be activated by danger or alarm signals. These danger signals come from 

exogenous molecules such as pathogens, toxins, or even mechanical cell damage. 

Damage due to cellular stress can initiate the extracellular release of endogenous 

molecules, such as heat shock proteins (HSPs) into the extracellular environment. 

HSPs can act as danger signals triggering the immune response. This immune response 

is based on antigen recognition by specific cell surface receptor proteins, and T-cells, 

which then determine the type of inflammatory (pro or anti-inflammatory) cytokines 

produced or expressed.       

This thesis investigates the effects of Hsp72 and Hsp27 in the activation of immune 

cells to secrete cytokines, which are upregulated during inflammatory responses. In 

determining the role of HSPs in affecting inflammatory immune responses, U937 cells, 

U937 macrophages, and peripheral blood mononuclear cells (PBMCs) were used. To 

determine whether the effects observed with recombinant HSPs used in these studies, 

were due to bacterial contamination: U937 macrophages were exposed either to 

denatured HSPs, polymyxin B (which can neutralise bacterial lipopolysaccharides), 

anti-HSPs antibodies, or receptor proteins blocking peptides, and their ability to 

induce cytokine (ie IL-1β, TNF-α, and IL-10) secretion were analysed using enzyme-

linked immunosorbent assays (ELISA). Western blotting was used to confirm the 

presence of Hsp72, Hsp27, and Hsp60 in U937 cells and U937 macrophage. Flow 

cytometry was used to identify the expression of immune responsive receptor proteins 

such as CD14, CD36, CD11b, TLR2, TLR4, TLR5, and TLR7, on U937 cells and 

U937 macrophages.   

The result presented in this thesis also showed that Hsp72 and Hsp27 can stimulate 

immune responses independent of bacterial contamination. These HSPs are able to 

induce an inflammatory immune response, possibly through interactions with a 

number of immune responsive receptor proteins, which were identified in U937 cells 

and U937 macrophages. Further evidence using CD14, CD36, CD11b, TLR2, TLR4, 

TLR5, and TLR7 blocking peptides, also confirmed that an interaction between 

cytokine secretion caused by, Hsp72 and Hsp27 were likely due to their interactions 

with specific immune responsive receptor proteins. Interestingly, some of the receptor 

proteins identified are not activated by lipopolysaccharide (LPS), again highlighting 

the fact that the results presented in this thesis, are unlikely to be artifacts caused by 

bacterial contamination. Furthermore, it is clear that HSPs are interacting with 

numerous receptor proteins, and possibly more than even demonstrated in this thesis. 

This therefore highlights the promiscuous nature of HSPs interaction with different 

signalling pathways through the different receptor proteins. The promiscuous property 

of HSPs could thus be used for the treatment of diseases, since HSPs have been linked 

with many diseases, including cancer. Therefore, understanding the full relationship 



 
 

between HSPs and these signalling pathways, may prove promising in using HSPs for 

therapeutic purposes in future.  
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1.0      General introduction 

The work addressed whether HSPs have a role in activation/influence the immune 

system. General cells model, transformed cell lines and primary cells were used.  

1.1      The immune system 

The immune system provides protection against infectious agents and threats to the 

body (Smith et al., 2019).  

1.1.1     Innate immune responses 

The innate immune system is the first line of defence against infectious agents and is 

made up of physical barriers, cellular and chemical components. The physical 

elements, such as the skin and other epithelia prevent the invasion of the body by 

microbial organisms (Chaplin, 2010; Hiemstra, 2007; Sjoberg et al., 2009). The 

secreted mucus layers that cover the epithelium along the respiratory, gastrointestinal, 

and genitourinary lines, and the epithelial cilia that functions to continuously clear 

away the mucus layer keeping it free from contamination with inhaled or ingested 

particles such as bacteria, mold spores, actinomycetes, tobacco smoke, pollens, and 

foundry dust, etc (Gorguner & Akgun, 2010; Hiemstra, 2007; Holmskov et al., 2003; 

Salvaggio, 1994; Sjoberg et al., 2009). These physical elements are non-specific and 

are essential for the elimination of common infectious organisms (Gorguner & Akgun, 

2010). 

Other elements of the host innate immune system provide a more specific defence 

against invading microbial pathogens by recognising bacterial antigens (Mogensen, 

2009) such as lipoteichoic acid (LTA) from Gram-positive and lipopolysaccharide 

(LPS) from Gram-negative bacteria (Skovbjerg et al., 2010). The host innate immune 

system has evolved the ability to recognise pathogens via a range of specific receptors, 

which subsequently initiate activation of pro-inflammatory responses against the 

invading pathogens (Mogensen, 2009; Wiersinga et al., 2014). These receptors are 

generally germline-encoded, and include the Toll-like Receptor (TLR) such as TLR2 

and TLR4 (Akira et al., 2006; Clarke & Weiser, 2011), scavenger receptors including 

the cluster-of-differentiation proteins (CDs); CD36 and CD91 that also contribute to 

the innate immune responses (Nesbeth et al., 2010; Shi et al., 2014; Stewart et al., 

2010; Zanoni et al., 2011a), and other cell receptor proteins such as CD14, CD40 

(Mogenson, 2009). 
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During injurious insult, which may be as a result of infection or other mechanical 

damage, the innate immune system rapidly responds through the activation of the 

phagocytic neutrophils, monocytes, and macrophages, and the production and 

secretion of inflammatory cytokines (Galan, 2005; Hietbrink et al., 2006). The 

polymorphonuclear neutrophils (PMNs) and monocytes/macrophages (MMS) are 

professional phagocytic cells that are capable of destroying many forms of infectious 

agents such as bacteria (Kantari et al., 2008). Cytokine production and secretion due 

to the inflammatory immune response has been reported as an essential product of 

innate immune response, requiring complex interactions between immune cells and 

their receptor proteins (Zhang & An, 2007); which explained why cytokines secretion 

were generally described as a biomarker of an inflammatory immune response (Kang 

et al., 2015).  

It was shown from studies using the mouse macrophage cell line RAW-TT10 that 

TLRs participate in the recognition of pathogens via the innate immune system 

(Ozinsky et al., 2000). TLRs activate human macrophages and control parasitic 

infection when parasites such as Leishmania panamensis invade the host system 

(Gallego et al., 2011). Examination of the interaction between the parasite and TLRs 

showed activation of host macrophages and upregulation of TLR1, TLR2, TLR3, and 

TLR4, resulting in tumour necrosis factor-alpha (TNF-α) secretion by primary human 

macrophages (Gallego et al., 2011). This type of macrophage activation is an essential 

aspect of the host defence system and inflammation (Billack, 2006). In response to an 

immune challenge, macrophages become activated to produce pro-inflammatory 

mediators such as superoxide free radicals, bioactive lipids and cytokines (Billack, 

2006). Chemical products from the invading microbial antigen such as LPS and LTA 

may result in the activation of innate immune cells, including macrophages and 

monocytes which causes these immune cells to produce inflammatory cytokines 

(Freudenberg et al., 2008; Su et al., 2006). An important function of the innate immune 

system is the subsequent activation of the adaptive immune system (Smith et al., 2019). 
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1.1.2 Adaptive Immune responses 

The adaptive immune system uses specific antigens to strategically induce an immune 

response; and are activated due to the invading pathogens to the host system. This type 

of immune response is primarily based on the antigen-specific receptors expressed on 

the surfaces of T-cells and B-cells (Chaplin, 2010). The T-cells and B-cells are known 

as the two types of immune cells that mediate adaptive immune recognition 

(Medzhitov, 2007). Activation of the innate immune cells will lead to activation of the 

adaptive immune response (Bonilla & Oettgen, 2010; Medzhitov & Janeway, 1998) 

by controlling the expression of the costimulatory activity of antigen-presenting cells 

(APCs) such as macrophages and thereby instruct the adaptive immune system to 

develop a form of effector response by releasing effector cytokines (Medzhitov & 

Janeway, 1997). Unlike innate immune mechanisms, adaptive immune mechanisms 

demonstrate high specificity to target antigen (Chaplin, 2010; Eisen & Chakraborty, 

2010). The adaptive immune response mechanism is primarily based on the antigen-

specific receptors which are expressed on the surface of T-cell and B-cell (Chaplin, 

2010; Cooper & Eleftherianos, 2017).  

Contrary to the germ-line-encoded recognition molecules of the innate immune system, 

the antigen-specific receptors of the adaptive immune system are encoded by genes 

that are translated by somatic rearrangement of germ-line gene elements to form intact 

T-cell receptor (TCR) and immunoglobulin B-cell antigen receptors genes (Minervina 

et al., 2019; Whitacre et al., 2012). As previously mentioned, the innate immune 

system consists of several elements such as physical barriers (skin, epithelial, and 

mucus membrane); anatomical barriers (bony encasements); phagocytes including 

neutrophils, monocytes, and macrophages which can play a significant role in the 

activation of antigen-specific cells (Smith et al., 2019).  In addition, the antigen-

specific cells, including T-cells and B-cells, increase their immune response via 

activation of cells to produce cytokines and chemokines that contribute to 

phagocytosis, inflammation, and synthesis of acute-phase protein – this process is 

generally known as innate effector mechanism; this innate effector mechanism then 

helps the immune system to help eliminate invading microbes such as bacteria (Barra 

et al., 2010; Iwasaki & Medzhitov, 2015).  
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Several types of T-cells are important in the adaptive immune response (Romagnani, 

1999) for example, Th1 cells produce cytokines such as tumour necrosis factor beta 

(TNF-β) that activate macrophages and are involved in cell-mediated immunity by 

having a phagocyte-dependent protective function (Romagnani, 1999) while on the 

other hand, Th2 cells produce cytokines including IL-10, IL-4, IL-5, and IL-13, which 

are accountable for strong antibody production, eosinophil activation, leading to 

phagocyte independent protective responses (Romagnani, 1999). The function of Treg 

cells include prevention of autoimmune diseases through maintaining self-tolerance, 

suppression of allergies, and other pathogen-induced immunopathologies (Corthay, 

2009). Identification of Treg cells is still difficult, because all the presently used 

markers such as CD25 can also be associated with general T-cells activation markers 

(Corthay, 2009).  

Although pathogens and their components have for decades been known to be the 

leading cause of both local and systemic inflammation through activation of the 

immune system (Klune et al., 2008), it has been recognised that a number of host 

molecules can also cause similar inflammatory effects (Hirsiger et al., 2012; Klune et 

al., 2008; Muralidharan & Mandrekar, 2013; Ramadan et al., 2017).  

Host molecules, typically termed danger signals such as Heat Shock Proteins (HSPs) 

have been implicated in both innate and adaptive immune responses (Brenu et al., 

2013). HSPs stimulate dendritic cells (DCs) and macrophages in the innate immune 

system (Facciponte et al., 2005; Kumaraguru et al., 2003) and these DCs such as 

macrophages as previously mentioned are examples of APCs and can consecutively 

also stimulate adaptive immune cells (Facciponte et at., 2005; Kumaraguru et al., 

2003). The danger molecules including HSPs has been reported as an immunogen that 

are released following inflammatory episodes; and HSPs interactions with cell surface 

receptors during these inflammatory episodes can induce adaptive immune reactions 

(Tsan & Gao, 2009; Van Eden et al., 2007; van Noort et al., 2012). HSPs, also increase 

the efficiency of cross-presentation between antigens and APCs in the extracellular 

environment aiding the presentation of the antigenic peptides to major 

histocompatibility complex 1 or 2 (MHCI or MHCII) on the T-cells (Calderwood et 

al., 2007) for example, CD91, which is one of the HSPs receptors, is a requisite for 

this cross-presentation and the presence of CD91 can help mediate T-cell responses in 
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both type 1 T helper (Th1) cells and type 2 T helper (Th2) cells (Corthay, 2009; 

Calderwood et al., 2007; Romagnani, 1999; Pawaria et al., 2011).  

1.1.3 Activation of innate immune response by bacterial product 

One of the first events of bacterial infection is the interaction between the bacterial 

cell wall and the cell membrane of neutrophils or monocyte. LPS in the bacterial cell 

wall interacts with the LPS binding protein (LBP) (Morris et al., 2014) and the 

LPS/LBP interaction complex can then be recognised by TLR4 acting in association 

with MD-2 and CD14 (Morris et al., 2014; Park & Lee, 2013). Following this 

LPS/LBP complex recognition by TLR4, the TLR4 signalling cascade is initiated, as 

shown in Figure 1.1, (Morris et al., 2014; Park & Lee, 2013) and as a result of this 

TLR4/LPS interaction, the signalling pathway, can then proceed via MyD88-

dependent or MyD88-independent pathways (Morris et al., 2014).  

The TLR4 intra-cellular portion is made up of a Toll/IL-1R homology (T1R) domain, 

which enables TLR4 to interact with related proteins and adaptor molecules (Watters 

et al., 2007). TLR4 is a receptor protein that signals via both the MyD88 protein and 

the total recordable injury frequency (TRIF) protein, while other TLRs are limited to 

either MyD88-dependent or TRIF-dependent signalling (Liew et al., 2005). MyD88 

and TLR4 interaction then initiates the interleukin-1 receptor associated kinases 

(IRAKs) signalling cascade (Janssens & Beyaert, 2003) while IRAK-1, IRAK-2, and 

IRAK-4 enables signal transduction, activation of IRAK-3 suppresses further signal 

transduction via TLRs (Janssens & Beyaert, 2003). The MyD88-dependent pathway 

of TLR4 signalling ultimately leads in the activation of both mitogen activate protein 

kinase (MAPK) and nuclear factor kappa B (NF-kB) pathways, which then induces 

pro-inflammatory genes to be expressed (Deguchi et al., 2013). However, signalling 

via TRIF mainly requires endocytosis of TLR4 (Zanoni et al., 2011); although unlike 

MAPK and NF-kB dependent pathways, CD14 endocytosis has been reported to act 

as an interference in CD14-TLR4-LBP interaction and as a result may affect TLR4 

internalization (Kitchens & Munford, 1998; Martin et al., 1994; Rajaiah et al., 2015).  

 

 

 

 



7 
 

Bacterial products (such as LPS or LTA) bind to TLR4 and TLR2 which are able to 

transduce the signal via two distinct signalling pathways from different organelles 

(Morris et al., 2014; Park & Lee, 2013; Zanoni et al., 2011): The first (A or B – see 

Figure 1.1) signalling pathway is activation via the cell membrane following 

interaction between LPS or LTA interacting with their receptor proteins and this 

pathway is mediated by adaptors (Figure 1.1). These adaptors induce pro-

inflammatory cytokines by connecting receptors to downstream enzymes leading to 

the activation of NK-kB. This then leads to the receptor proteins being internalized 

into the endosomal network which then causes activation of second signalling pathway 

via TRAM and TRIF (Deguchi et al., 2013). In the second signalling pathway; these 

adaptors then mediate the activation of transcription factor interferon regulatory 

factor-3 (IRF3) leading to the production of anti-inflammatory cytokines (Zanoni et 

al., 2011). Hence, for LPS or LTA to be able to induce immune responses, each of 

their receptor proteins endocytosis are required; and it has been reported that CD14 

which plays a major role in LPS or LTA activation of inflammation, can also help in 

the control of endosomal signalling by regulating receptor entry into the cell (Zanoni 

et al., 2011). Interestingly, it has been demonstrated that TRIF-dependent signalling 

can be activated even in the absence of CD14 (Watanabe et al., 2013), although this 

may require delivering LPS directly into the cell, which then suggests that TRIF-

dependent signalling requires TLR4 signalling within cytoplasmic membrane (Morris 

et al., 2014).   
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Figure 1. 1: Overview of the activation of immune responses by bacterial 

products. 

 
The first episode associated with the immune response to bacterial products such as (A) LPS 

and (B) LTA outside the cell is that (A): bacterial products such as LPS encounter the LBP 

leading to the LPS/LBP complex which can be recognised by the receptor complexes such as 

CD14, TLR4 and MD-2 (red colours), and (B): LTA can be recognised by TLR2 (red colour). 

Following this recognition, the receptor complexes signalling cascade will then begin. Upon 

LPS or LTA interaction with the receptor complexes, signalling then proceeds via adaptors 

(Yellow colour). Recruitment of adaptors (Yellow colour) to receptors (Red colour) is 

accompanied with signalling cascade involving the (Blue colour) Src-family kinases which 

contribute to the activation of an inflammatory response or (Orange colour) MAPKKKs that 

help in the either signal transduction or functions as an inhibitor to the receptor signalling. The 

adaptors such as MyD88 dependent pathway of TLR signalling lead up to the activation of 

(Purple colour) MAPKs which modulate cellular programmes through communicating 

extracellular signals to the intracellular responses and (Orange colour) NF-kB, which then 

results to activation of pro-inflammatory genes, and altogether, can lead to the activation of 

inflammatory immune responses (Adapted from Chandler & Ernst, 2017; Chen et al., 2018; 

Morris et al., 2014; Kovács et al., 2014; Cargnello & Roux, 2011; Mueller et al., 2006) 
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1.1.4      The Danger Theory 

For many years, immunology demonstrated that the primary job of host immune 

responses was to protect organisms from infection, injury, and death (Giuliano et al., 

2011), and that these infections, injuries, and death may be as a result of a foreign 

body such as exogenous molecules including pathogen invading the system of an 

individual organism. The immune responses can then be triggered following the 

recognition of the foreign body as an entity different from itself (Condotta & Richer, 

2017; Dando et al., 2014) and as a result, the immune system was thought to function 

by distinguishing between self and non-self (Pradeu & Cooper, 2012). Self/non-self-

theory explained that an immune response is activated against any form of foreign 

(nonself) entity, while no immune response is activated against the organism’s own 

constituents (self) (Aickelin & Cayzer, 2008; Pradeu & Cooper, 2012). However, as 

stated above, it has been demonstrated that some other inherent molecules, such as 

endogenous molecules, danger signals, are also capable of inducing an immune 

response (Matzinger, 2002).  

The danger signals are endogenous molecules such as; HSPs, high-mobility group 

box-1 (HMGB1) proteins, uric acid, reactive oxygen species (ROS), and many others 

molecules, which also capable of inducing an immune response similar to that induced 

by exogenous (nonself) molecules, see Figure 1.2 (Kang et al., 2015; Pradeu & Cooper, 

2012).  
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Figure 1. 2: Danger or Damage theory principle of the triggering immune 

responses. 

The above model (Figure 1.2) demonstrates the proposed role of danger or damaged 

molecules that can trigger inflammatory immune responses. (1) Following cell stress, 

even in the absence of any foreign substance such as pathogens, toxins, and 

mechanical stress; (2) the stressed cell then triggers (3) release of some endogenous 

molecules into the extracellular medium, (4) which would then bind to the antigen-

presenting cells (APCs) and thereby, (5) activate APCs and following activation of 

APCs, (6) antigen can be presented to T-cells for recognition. Altogether, immune 

responses can be initiated (Adapted from Pradeu & Cooper, 2012; Rosin & Okusa, 

2011; Venereau et al., 2015).  
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Following the arguments about the causative agents of an immune system responding 

to tissue damage, the danger model then emerged in 1990s as proposed by Matzinger, 

which suggested that pathogens are not the only causative agents to cause immune 

responses (Matzinger, 2002; Gallucci, & Matzinger, 2001; Matzinger, 1998; 

Medzhitov, 2009). Trauma, which are also capable of causing tissue damage which 

can lead to some immune responses (Matzinger, 2002; Gallucci, & Matzinger, 2001; 

Matzinger, 1998; Neher et al., 2011). Trauma and tissue damage responses have been 

demonstrated to act through receptor-mediated detection of intracellular proteins 

released by damaged/dead cells (Bianchi, 2007). Furthermore, in the danger model the 

danger signals are believed to be endogenous molecules that alert and activate the host 

immune response. These signals may come either from intracellular or extracellular 

sources and cause the activation of the innate or adaptive immune response pathways 

(Beignon et al., 2004; Jerome et al., 2004; Giuliano et al., 2011; Matzinger, 1998). 

Endogenous danger signals are initiated following the release of Damaged-associated 

molecular patterns (DAMP), a group of proteins that include HSPs, into an 

extracellular environment by cells/tissues undergoing damage, or abnormal death, and 

these are capable of initiating both primary and secondary immune responses 

(Gallucci, & Matzinger, 2001). 

Exogenous danger signals are mainly known as the pathogen-associated molecular 

pattern (PAMP), which include pathogen-derived proteins, nucleic acids, and lipids 

such as LPS, Peptidoglycan, LTA, and Flagellin (Mogensen, 2009). This idea was 

initially proposed by Janeway’s ‘self-non-self’ hypothesis in the 1980s, where the 

immune response occurs as a result of recognition of PAMPs, which are different from 

the host (Janeway, 1989). Therefore, the danger model suggests that damaged or dying 

cells release DAMPs, which are capable of triggering an immune response (Tang et 

al., 2012), in a manner that is similar to the molecular pattern (PAMPs) released by 

pathogenic microbes such as bacteria and viruses (Rosin & Okusa, 2011; Rock, 2011). 

DAMPs are actively secreted by innate immune cells under certain conditions and 

passively secreted by the damaged cell in response to infection or injury (Kang et al., 

2015). For example, following injurious lesions, DAMPs do not only induce an acute 

inflammatory immune response but are also involved in tissue repair (Anders & 

Schaefer, 2014; Land, 2015). Furthermore, PAMPs can be recognised by a number of 

pathogen recognition receptors (PRRs), such as TLRs and nucleotide-binding 



12 
 

oligomerization domain (NOD) receptors (Bianchi, 2007; Colaco et al., 2013; 

Mogensen, 2009; Portou et al., 2015) and these same PRRs also seem to recognise 

endogenous danger signals (Mollen et al., 2006).  

PAMPs such as LPS, LTA, and Flagellin were reported as exogenous DAMPs 

(Bianchi, 2007) while endogenous DAMPs such as HSPs and HMGB1 have been 

reported as alarmin molecules (Bianchi, 2007; Srikrishna & Freeze, 2009), and have 

been reported to trigger an alarm that sends a warning message to the immune system 

concerning any forthcoming danger (Bianchi, 2007). Such dangers that trigger 

DAMPs may include trauma, oxidative stress, and ischemia-reperfusion injury 

(Bianchi, 2007; Bianchi & Manfredi, 2007; Giuliano et al., 2011; Williams & Ireland, 

2008).  

Many of these alarm molecules (alarmins) have been described as potent activators of 

the inflammatory immune system (Bianchi, 2007; Calderwood et al., 2007) and 

example of  these alarmins include extracellular HSPs (Bianchi, 2007; Calderwood et 

al., 2007; Kaczorowski et al., 2008; Wheeler & Wong, 2007; Williams & Ireland, 

2008), HMGB1 (El et al., 2007; Palumbo et al., 2007; Williams & Ireland, 2008; Yang 

et al., 2007), uric acid (Gasse et al., 2009; Liu, Inoue, Nakayama, Kanno, & Kanno, 

2008; Zare et al., 2006). Figure 1.3 demonstrates how following cell stress, the 

released DAMPs, can interact with immune cells to activate the immune system. 
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Figure 1. 3: Danger and Stranger models 

Stranger model (A) (1) Infections caused by pathogenic organisms such as bacteria 

or viruses (2) causes the release of PAMPs that (3) bind to PRRs such as TLRs on (4) 

immune cells. Which then (5, 7) stimulate an innate immune response because of 

inflammation, (6) activation of adaptive immunity, and (7) later resolve the infection 

and allow tissue repair. According to the (B) danger model (1b) healthy cell does not 

release DAMPs, and as a result, no inflammatory responses will be activated. Danger 

model, however, recognises the same events as in (A) when (B: 1a) cells are stressed 

or injured, that results in cell necrosis. The effect will be the release of intracellular 

molecules (DAMPs) into the extracellular medium. These DAMPs bind to PRRs such 

as TLRs or to DAMP receptors to (2, 4) stimulate inflammatory immune responses, 

by activating the secretion of proinflammatory mediators and employing the immune 

cells to infiltrate the tissue. Innate immune cells include APC, such as macrophages, 

polymorphonuclear, and T cells (Adapted from Rosin & Okusa, 2011).  
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1.2 Heat Shock Proteins 

1.2.1 General Properties of HSPs 

HSPs were first discovered in 1962 when Ferruccio Ritossa and his co-workers 

observed that temperature shock had induced abnormal puffing patterns and an 

unusual profile of gene expression in the polytene chromosomes of salivary glands in 

Drosophila melanogaster larva (Pockley, 2003). Subsequently, cells exposed to 

elevated temperature were shown to increase the expression of HSP genes while the 

transcriptional activity of most genes was switched off (De Maio et al., 2012). HSPs 

are conserved intracellular proteins present in all living organisms (Li & Srivastava, 

2004). They are also known as chaperones because of their role in the folding and 

unfolding of proteins (Li & Srivastava, 2004). Furthermore, HSPs are reported as the 

most abundant intracellular proteins, representing about 10% of all the intracellular 

proteins (Anderson & Srivastava, 2000; Giuliano et al., 2011). Regarding HSPs 

abundance intracellularly; studies estimated that assuming that tissue lysis in vivo does 

not occur in solution, but in a semi-liquid physical state, then the lysis of about 1 gram 

of tissue might contain up to 2.5 mg of HSPs (Anderson & Srivastava, 2000). Studies 

also demonstrated that up to 1 mg of cells (which may be approximately 106 cells) 

lysis depending on the cell type might result in the release of approximately 2 µg (1-2 

µg/mL) of HSP (Anderson & Srivastava, 2000; Giuliano et al., 2011). HSPs are made 

up of several protein families with different molecular weights that function by 

altering or inhibiting denaturation or unfolding of cellular proteins (molecular 

chaperones) when responding to stress or high temperature (Wu et al., 2016). 

HSPs are a defence reaction activated by proteotoxic damage induced as a result of 

physiological or environmental stresses. Cells respond to the proteotoxic damage by 

increased expression of HSPs that act as molecular chaperones and maintain protein 

homeostasis (Östling et al., 2007). As molecular chaperones, HSPs are known for their 

roles in the assembly and disassembly of proteins, as well as stabilizing protein 

structure during physiological or stressful conditions (Gan, 2007). In addition, HSPs 

have been found to activate immune and recognition responses (Peetermans & Raats, 

1995; Srivastava et al., 1998), and their properties suggest that extracellular HSPs can 

act as alarmins (Pockley, 2001, 2003; Pockley et al., 2008; Williams & Ireland, 2008).  
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It has been observed that HSPs interact with approximately 15% of all the intracellular 

proteins following cellular insults, such as high temperature, oxidative stress, glucose 

deprivation, chemical exposure, Ischemia-Reperfusion (IR injury), ultraviolet 

radiation exposure, and infectious agents, including bacteria products (Giuliano et al., 

2011).  

The function of HSPs during stress goes beyond their intracellular localization and 

chaperone role because they are also capable of activating signalling pathways outside 

the cells (De Maio, 2011); with respect to HSPs signalling pathways, HSPs have been 

reported to have an immunomodulatory property because of their ability to mediate 

the stimulation of specific-peptide immunity (Pockley, 2001, 2003). A number of 

studies have demonstrated that HSPs have immunoregulatory properties due to their 

ability to activate the innate immune system, and HSPs were also reported to act as 

danger molecules by initiating immune responses (Gallucci et al., 2001; Srivastava et 

al., 1998).  

When HSPs act as molecular chaperones, they can bind to several peptides and 

proteins within their own cells of origin (Pockley, 2001, 2003). It has been reported 

that HSP isolated from mammalian cells can express antigenic peptide characterestics. 

HSP-peptide complex isolated in cells or reconstituted invitro can respond agains the 

cells that expressed the HSP peptide as T-cell epitopes – which may indicate the 

possible use of HSP for therapeutic purposes such as vaccination in immunotherapy 

of cancer, and infectious diseases (Anderson & Srivastava, 2000; Robert, 2003). This 

HSP-peptide complex can activate the innate immune cells, leading to both pro-

inflammatory and anti-inflammatory cytokines secretion (Asea et al., 2000; De et al., 

2000). In the same vein, HSP-pathogen-derived complexes can activate pathogen-

specific immune responses (Pockley, 2003).  

Many of the extracellular stress proteins, including HSPs, have been demonstrated to 

interact with cell surface receptors located on APCs (Figueiredo et al., 2009), these 

receptors include TLR2 and TLR4, CD14, CD40, CD91, CCR5, and scavenger 

receptors such LOX-1 (Figueiredo et al., 2009). Extensive work over many years has 

shown that HSPs are capable of activating immune responses (see Figure 1.4); for 

example, HSPs including Hsp60, Hsp70, Hsp90, and gp96 have been observed to 

induce the production of proinflammatory cytokines by monocytes/-macrophages and 

activate APCs in a similar way to that of the LPS and other bacterial products (Tsan 



16 
 

& Gao, 2004). Microbial HSPs can also activate human HSPs reactivity to T-cells, 

and these T-cells contribute to the ability of HSPs to immuno-regulate the immune 

system (van Eden et al., 2005). (See figure 1.4). 

 

 

 

 

Figure 1. 4: The interaction of heat shock protein and immune system. 

The complexity of HSPs interaction with the immune system. (1) Microbial HSPs 

activates both (3, 4,) innate and adaptive immune responses, which then lead to (5) 

elimination of pathogen causing the infection. Human HSPs are also involved in (7) 

immune response leading to (8) immunoregulation. In addition, (1) conserved 

microbial HSP antigen can activate (6) self-HSP (7) reactive T cells, and that can lead 

to (8) immunoregulation. And as a result, in the kinetic of microbial HSPs immunity, 

proinflammatory responses are because of inflammation dampening 

immunoregulation. Furthermore, both (1) microbial HSP and (2) human HSPs activate 

via the direct (10, 11) interaction with the innate immune receptors on the Treg cells, 

(12) leading to immunoregulation (Adapted from Hauet-Broere et al., 2006; van Eden 

et al., 2005).  
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1.2.2 Classification of HSPs 

HSPs were initially grouped into several families (see Table 1.1) based on their 

molecular weight in kDa (Kampinga et al., 2009). These groupings were later revised 

to encompass sequence data such that within each family, there is a high degree of 

homology between members.  It is now recognised that HSPs are highly conserved 

molecules that have been identified in all known living organisms (both prokaryotic 

and eukaryotic) (Bakthisaran et al., 2015). 

 

Table 1. 1: Classification of HSPs, their localisation, function, and 

nomenclature 

Name Molecular 

Masses 

(kDa) 

Localisation Chaperone Functions 

Small 

Hsps 

12-43 Cytosol, 

Nucleus 

Cytoskeletal stabilisation 

Hsp60 58-65 Cytosol, 

Mitochondria 

Protein folding 

Prevention of aggregation 

Hsp70 66-78 Cytosol, 

Mitochondria, 

Endoplasmic 

reticulum 

Prevent aggregation of the unfolded 

peptide, 

Protein refolding, 

Protection against stress, 

Downregulation of HSF1 activity, Bind 

to more than one protein peptide 

(extended polypeptide). 

Hsp90 82-90 Cytosol, 

Endoplasmic 

reticulum 

Prevention of aggregation 

Maintenance of HSF1, Bind to other 

proteins. 

Hsp100 97-120 Cytosol, 

Nucleus, 

Mitochondria 

Thermotolerance 

Protein refolding 

(Adapted from Bakthisaran et al., 2015; Kampinga et al., 2009; Robert, 2006; Pockley, 

2003). 
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As more genes have been cloned and analytical techniques have improved, it became 

evident that there was a lack of clarity in the nomenclature of HSPs. For example, the 

constitutive Hsp70 has in the past been referred to as: HSC70; HSC71, HSP71; or 

Hsp73 (Kampinga et al., 2009). More confusingly, Hsp70 has been used at various 

times to refer to Hsp72, Hsp73 or both, sometimes because the antibodies used were 

unable to distinguish between the family members. As a result, in consultation with 

the HUGO Gene Nomenclature Committee (HGNC), a revised nomenclature was 

proposed (Kampinga et al., 2009) so that the gene and protein had consistent names. 

Table 1.2 shows the old and revised names for the proteins referred to in this thesis. 

 

Table 1. 2: Revised Nomenclature for proteins referred to in Thesis 

HSP 

Family  

Revised 

family 

name 

Members 

refered to in 

thesis 

Old names Revised 

names 

Small Hsps HSPB Hsp27 MT2F; HMN2B; HSP27; 

HSP28; HSP25; HS.76067; 

DKFZp586P1322 

HSPB1 

Hsp60 HSPD Hsp60 HSP60; GroEL HSPD1 

Hsp70 HSPA Hsp73 HSC70; HSC71; HSP71; HSP73 HSPA8 

  Hsp72 HSP70-1; HSP72; HSPA1 HSPA1A 

Hsp90 HSPC Hsp90 HSP90AA1; HSPN; LAP2; 

HSP86; HSPC1; HSPCA; 

HSP89; HSP90; HSP90A; 

HSP90N; HSPCAL1; 

HSPCAL4; FLJ31884 

HSPC1 

(Adapted from Bakthisaran et al., 2015; Kampinga et al., 2009; Pockley, 2003). 
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1.2.3 Regulation of the Heat-Shock Response 

The role of HSPs in normal and stressed cells has been reported to require some 

complex regulatory processes that help in ensuring the production of correct 

expression pattern is achieved (Stephanou & Latchman, 2011) and such processes 

must be functional at the very beginning stage of embryonic development (Stephanou 

& Latchman, 2011). It has been demonstrated that genes encoding Hsp72 and Hsp90 

are among the first embryonic genes that are transcribed (Neidhardt et., 1984; Walsh 

et al., 1997).  

Heat shock factors (HSFs) are the main transcriptional modulator of the stress-induced 

expression of HSP genes (Östling et al., 2007). The heat-shock response (HSR) is a 

sophisticated protection or regulatory phenomenon which stimulates all living cells to 

respond to harm (Richter et al., 2010) and as a regulatory phenomenon, the proteotoxic 

challenge can result in the induction of many proteins such as HSPs (see figure 1.5), 

as well as chaperones and proteases which are essential in protecting proteins from 

denaturation (Maleki, 2016). Therefore, changes in temperature or environmental 

stress such as exposure to heavy metals (see figure 1.5) can also cause the expression 

of HSPs, including the Hsp70 family (Clark & Peck, 2009). Exposure of cells to 

stressful environmental conditions such as heat shock, oxidative stress, or pathologic 

conditions such as; ischemia, reperfusion, inflammation, tissue damage, infection, and 

mutant proteins associated with genetic diseases (Allen & Bayraktutan, 2009; Turer 

& Hill, 2010; Walker et al., 2001) can result in the increased expression of HSPs, 

which will then act as molecular chaperones or proteases (Jolly & Morimoto, 2000).  

Therefore, activation of HSPs following stressful conditions can be regulated at the 

transcriptional, translational, and post-translational levels (Gomez-Pastor et al., 2018; 

Akerfelt et al., 2010). Similarly, activation of HSPs following stress exposure is 

dependent on the activation of specific transcription factors known as the heat shock 

factors (HSFs). Following the activation, HSFs can then bind to heat shock elements 

(HSE), which form part of the regulatory/promotor elements of HSPs genes (Zhang et 

al., 2011; Akerfelt et al., 2010). Transcriptional activation of heat shock genes is a 

reversible and multistep process that converts inactivated HSF1 monomers into heat 

shock element (HSE) binding homotrimers, hyperphosphorylation, and leading to 

further modification that induce complete transcriptional competence (Ali et al., 1998). 

For example, HSF following homotrimerisation and phosphorylation bind to HSE to 
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enhance transcription of the HSP (Steurer et al., 2018; Vihervaara & Sistonen, 2014; 

Mosser et al., 1988).  

Six HSFs designated HSF1, HSF2, HSF3, HSF4, HSFX, and HSFY (Joutsen et al., 

2020) have been cloned in many organisms, and their functions have been 

characterised. Among these the human HSF1 and HSF3 gene products have been 

demonstrated to play a major role in regulating HSPs expression following thermal 

stress (Westerheide & Morimoto, 2005; Akerfelt et al., 2010; Barna et al., 2018), while 

on the other hand, HSF2 and HSF4 are involved in the gene regulation of HSPs in a 

non-stress related process, where their expressions are regulated by immune activation 

and cellular differentiation (Akerfelt et al., 2010). Although, transcriptional responses 

are mostly as a result of elevated temperature, the biochemical effect associated with 

in-vivo HSF activation can also be seen at normal physiological temperature by 

chemicals that block metabolic processes (Mosser et al., 1990; Vihervaara & Sistonen, 

2014).  

It has been reported that extracellular increase in expression of recombinant HSPs such 

as Hsp70 may be an indication that HSF is being activated (Sun et al., 2000). However, 

it has also been reported that both Hsp70 and Hsp90 negatively regulates activation of 

HSF (Abravaya & Biology, 1992; Ali et al., 1998; Stephanou & Latchman, 2011). 

Hsp90 antibodies activate HSE binding without heat shock, shown using co-

immunoprecipitation of Hsp90 with HSF1, which could be reversed by injection of 

purified Hsp90, and as a result, it has been argued that Hsp90 could negatively regulate 

HSF1 (Ali et al., 1998). The same study reported that Hsp90 antibodies accomplished 

this by directed supershifts (a reduction in the mobility of a protein-DNA complex 

relative to unbound DNA, due to the binding of an antibody to that complex) of heat-

activated HSF1 trimers during recovery from heat shock and specifically blocked heat-

induced transcription from chloramphenicol acetyltransferase controlled by the Hsp70 

promoter observed in both in-vitro and in-vivo; which then lead to delayed 

deactivation of HSF1-binding activity (Ali et al., 1998). Also, an increase in the 

expression of Hsp70 and Hsp90 could negatively regulate HSF1 by prevention of 

HSF1 trimeric formation on heat shock (Akerfelt et al., 2010) and the same study 

demonstrated that trimeric HSF1 could be inactivated when bound by chaperones, 

including Hsp90 and its co-chaperone p23. Activated HSF1 trimers can also interact 

with Hsp70 and its co-chaperone Hsp40, without suppressing the DNA-binding 
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activity of HSF1, but instead inhibited its transactivation capacity (Akerfelt et al., 

2010). Generally, it has been reported that HSR is one of the more commonly defined 

stress adaptations and is described by the rapid expression of a unique group of 

proteins, generally known as HSPs or stress proteins (Wheeler & Wong, 2007). 

 

 

 

Figure 1. 5: The conditions that regulates HSPs expression. 

HSFs function via a regulatory upstream promoter element called HSE. In the DNA-

bound form of a HSF, individual DNA-binding domain are able to recognise the HSE 

in the main channel of the double helix. Hence, activation of HSF and binding of HSE 

following cell exposure to a number of factors such as environmrntal, 

pathophysiological, and non-stress factors can lead to the increased expression of 

HSPs. The expressed HSPs in turn function as a chaperone (Adapted from Akerfelt et 

al., 2010; Morimoto, 1998).  
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1.2.4 Functions of Heat shock proteins  

Human HSPs are highly conserved proteins, and their expression is induced as a result 

of a wide range of physiological and environmental insults (Schmitt et al., 2007). All 

the HSPs discussed in this thesis (Hsp27, Hsp60, Hsp72, and Hsp73) have a role in 

proteostasis under normal and proteotoxic conditions. Therefore, each HSP is 

multifunctional, with role in protein folding as well as some signalling interactions. 

However, much work on HSPs has focused on their role in cell death (Bukau et al., 

2006; Caplan et al., 2007).  

1.3  Cell Death  

Each day in the human body, billions of cells die and are replaced with newly 

generated cells. This replacement of dead cells with the new ones is done naturally 

without leaving any trace behind, and that way, the human body maintains cell 

homeostasis (Maes & Breckpot, 2019; Serrano-Del Valle et al., 2019). The idea of the 

body conducting this process without the immune system noticing is imperative in 

order to prevent catastrophic consequences (Serrano Del Valle et al., 2019). 

Throughout the course of this physiological programmed cell death, mostly in the form 

of apoptosis, intracellular components are confined in membranous bodies (apoptotic 

bodies), which are later cleared through phagocytes without the activation of 

inflammatory immune responses (Arandjelovic & Ravichandran, 2015; Erwig & 

Henson, 2008; Gordon & Pluddemann, 2018). Hence, apoptosis has always been 

described as a non-immunogenic (tolerogenic process), while necrosis and necroptosis 

are observed to play a major role in inflammation and immune-associated processes 

(Poon et al., 2014; Yatim et al., 2015). Although, recently, new ideas concerning 

immunogenic cell death (ICD) have questioned this traditional concept and described 

apoptosis as potentially immunogenic (Galluzzi et al., 2017).  

This immunostimulatory type of apoptosis is grouped due to the ability of dying cells 

to induce highly adaptive immune responses against altered self-antigens, cancer-

derived neo-epitopes, tumor cells, or against pathogen-associated antigens as a result 

of infection (Galluzzi et al., 2017; Rock et al., 2011).  
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Another important factor required to elicit immune responses is adjuvanticity, which 

is the property of substances or molecules that can nonspecifically stimulate the 

immune response to the presence of an antigen and can be derived from the 

microorganism-associated molecular patterns (MAMPs) and DAMPs. These 

molecules are released by dying cells, which alert the immune system to the present 

danger for the organism (Fuchs & Steller, 2015; Land et al., 2016). The danger state 

can then be sensed through PRRs expressed by innate immune cells such as monocytes, 

macrophages, and DCs, which would then enhance activation of maturation of these 

cells to stimulate the adaptive aspect of the immune system (Heil & Land, 2014; 

Matzinger, 2002).  

1.3.1 HSPs and Apoptosis 

Apoptosis, which has as been referred to as programmed cell death or cellular suicide, 

is a process by which cells that are no longer required, activate intracellular death 

programmes without causing damage to their neighbouring tissues (Ahmad et al., 2009; 

Wong, 2011). Apoptosis occurs mainly during embryo development, cell division, 

aging, and cell homeostasis. However, this mechanism has also been reported to form 

some aspect of the immune defence mechanism during the onset of cancer and 

neurodegenerative and inflammatory diseases (Elmore, 2007; Lowe & Lin, 2000; 

Ouyang et al., 2012; Wong, 2011).  

Apoptosis occurs following activation of caspases, which is a group of aspartate-

specific cysteine proteases that activates the removal of specific cysteine or aspartic 

acid-containing peptide fragments from target substrates, and which then activates the 

action of a number of targeted substrates (Savitskaya & Onishchenko, 2015 Beere, 

2004; Wolf & Green, 1999). These caspases are present in an inactive state 

(zymogens), which following activation, play a major role in controlling cell death not 

only associated with apoptosis, but with pyroptosis, necroptosis, and inflammatory 

reactions as well (McIlwain et al., 2013, 2015).  
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Caspases are generally grouped according to their biological functions, for example in 

apoptosis-caspases -3, -7, -8, and -9, play a major role. Inflammatory caspases include 

-1, -4, -5, and -12, while in humans it is mainly caspases -1, -11, and -12. It is known 

that pro-inflammatory cytokines such as IL-β, TNF-α, and other inflammatory 

mediators increase following activation of the inflammatory caspases, leading to the 

stimulation of innate immune responses against cellular insults (Ikwegbue et al., 2017; 

McIlwain et al., 2013; Sakamaki & Satou, 2009).  

HSPs, as previously mentioned, are known for their numerous functions such as 

protein folding, translocation of organelles, assembly and dismantling of protein 

complexes, signal transduction, degradation of misfolded proteins, and reactive 

oxygen species (ROS) production in the mitochondria, which is known to also 

stimulate apoptosis (Bukau et al., 2006; Caplan et al., 2007). Interestingly, evidence 

has shown that HSPs have effects on apoptosis, which in most cases leads to 

suppression of apoptotic pathways (Kennedy et al., 2014). Amazingly, the same stress 

signals that activate apoptosis are responsible for the stimulating expression and 

release of HSPs (Kennedy et al., 2014). However, the production of HSPs prevents 

apoptosis by blocking pro-apoptosis factors, such as p53, Bax, Bid, and Akt, Apaf-1 

(Garrido et al., 1999; McIlwain et al., 2013; Kennedy et al., 2014). 

Hsp27 is expressed in a range of cells and tissues during specific phases of 

development and differentiation (Arrigo, 2017; Garrido et al., 1998). Overexpression 

of Hsp27 protects cells against apoptotic cell death; that is induced by stimuli such as 

hyperthermia, oxidative stress, ligation of the Fas/Apo-1/CD95 death receptors, and 

cytotoxic drugs (Garrido et al., 1996; Guo et al., 2015; Mehlen et al., 1996; Tan et al., 

2015). Hsp27 has been demonstrated to interact and inhibit components of stress and 

receptor-induced apoptotic pathway (extrinsic pathway) (Schmitt et al., 2007). Hsp27 

has also been demonstrated to have the capacity to inhibit the activation of some 

caspases such as caspase -9 (Concannon et al., 2001; Garrido et al., 1999; Gorman et 

al., 2005), by directly sequestering cytochrome c following its release from the 

mitochondria into the cytosol (Bruey et al., 2000; Lavoie et al., 1993). At a higher 

levels of intracellular Hsp27, it has been demonstrated that Hsp27 has an effect on 

caspase activation upstream of the mitochondria. This affect appears similar to the 

ability of Hsp27 to stabilize actin microfilaments (Lavoie et al., 1993).  
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Hsp27 binds to F-actin to prevent disruption of the cytoskeleton following heat shock 

and other stresses (Graceffa, 2011; Guay et al., 1997). It has been demonstrated that 

in L929 murine fibrosarcoma cells exposed to stresses leads to overexpression of 

Hsp27, which then helps to prevent the cytoskeletal disruption (Paul et al., 2002). This 

cytoskeletal disruption following overexpression of the Hsp27 can result in 

intracellular redistribution that precedes cytochrome c release (Paul et al., 2002). 

Hsp27 has been demonstrated to prevent the mitochondrial release of Smac and, as a 

result, can confer resistance of multiple myeloma cells to dexamethasone 

(glucocorticoid medication used to treat rheumatic illnesses) (Chauhan et al., 2003). 

Hsp27 raises the cells antioxidant state by reducing reactive oxygen species in the cells 

(Mehlen et al., 1996; Wang et al., 2016) and destroys the toxic effect of oxidized 

proteins (Kim et al., 2018; Rogalla et al., 1999); this may occur more specifically in 

neuronal cells (Wyttenbach et al., 2002). This is because the Hsp27 protective effect 

in neurone does not depends on the interaction of cytochrome c and involves 

phosphorylation of Hsp27 (Wyttenbach et al., 2002).  

Hsp27 also prevents apoptosis through regulating upstream signalling pathways, and 

Hsp27 has been shown to bind to protein kinase Akt, which has been reported as an 

important kinase during cell stress as well as many other signalling processes and in 

turn, Akt can phosphorylate Hsp27, thereby leading to the disruption of the function 

of both Hsp27 and Akt complexes (Rane et al., 2003). Hsp27 also affects one of the 

Fas-mediated apoptotic pathways and for example, the phosphorylated form of Hsp27 

directly interacts with Daxx, which connects with Fas signalling to the protein kinase 

Akt1 known to mediates caspase-independent cell death (Charette et al., 2000; 

Vidyasagar et al., 2012). Hsp27 associates directly with the serine, threonine (Akt) 

signalling pathway, and thus contributes to the inhibition of neutrophil-mediated 

apoptosis in a phosphorylation-dependent way (Rane et al., 2003). A study also 

demonstrated that Hsp27 increases IkBα ubiquitination and degradation, which leads 

to an increase in NF-kB activity and in return, increases cell survival (Parcellier et al., 

2003).  
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Even though the actual mechanism remains vague, further studies have demonstrated 

an interaction of Hsp72 with Apaf-1, which results in inhibition and multifaceted of 

apoptosome production (Beere, 2004; Millan et al., 2003; Ravagnan et al., 2001; 

Takayama et al., 2003). Hsp72, together with some Hsp40 homologs, has been 

reported to inhibit apoptosis emanating from nitric oxide production, and this can be 

achieved through inhibiting the mitochondrial translocation of Bax, required for 

mitochondrial cytochrome c release and activation of pro-caspase-9 (Beere, 2004; 

Goto et al., 2004).  

Intracellular human Hsp70s are highly conserved ATPase molecular chaperones 

moderating the correct folding of de novo protein and facilitating protein translocation 

across intracellular membranes, as well as being anti-apoptotic (Rios et al., 2006). 

Induced Hsp72 levels inhibit the apoptotic pathway at different places (Schmitt et al., 

2007). Hsp72 blocks caspase activation and, as a result, suppresses mitochondrial 

damage and nuclear fragmentation (Buzzard et al., 1998; Sabirzhanov et al., 2012). 

Similarly, it has been reported that Hsp72 inhibits apoptosis downstream of the release 

cytochrome c and upstream of the activated caspase-3 (Li et al., 2000). Hsp72 has been 

shown to bind directly to apoptosis protease-activating factor-1 (Apaf-1), which then 

prevents the recruitment of procaspase-9 to the apoptosome (Beere et al., 2000). The 

Hsp72 ATPase domain has been reported to play a role during this Hsp72 interaction 

(Mosser et al., 2000). Other reports have shown that Hsp72 interacts with procaspase-

3 and procaspase-7 and, as a result of this interaction, can prevent procaspase from 

maturating, leading to inhibition of the caspase-dependent apoptotic signalling 

(Komarova et al., 2004).  

However, a study argued that Hsp72 may not be responsible for the inhibition of 

caspase-dependent apoptosis, due to Hsp72 direct effect on caspase activation. Instead, 

following Hsp72 inhibition of cytochrome c release from mitochondria in response to 

cytotoxic stress, which may contribute to the permeability of the outer mitochondria 

membrane and therefore, mitochondria permeability fuction can then determines the 

fate of the cell (Steel et al., 2004). Hsp72 can also inhibit caspase-independent 

apoptosis pathways; because Hsp72 can prevent cell death even under the condition 

where caspase activation does not occur. This is possibly because Hsp72 is shown to 

have interactions with exogenous caspase inhibitors (Creagh et al., 2000). 

Overexpression of Hsp72 protects Apaf-1-/- cells from apoptotic cell death caused by 
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serum withdrawal (Ravagnan et al., 2001), which seems to suggest that the cytochrome 

c/Apaf-1/caspase was not the only pathway affected by Hsp72. As a matter of fact, 

Hsp72 can bind directly to apoptosis-inducing factor (AIF) and prevents AIF-

induction chromatin condensation (Ravagnan et al., 2001). Hsp72 was observed to 

neutralize the apoptogenic effects of AIF in cell-free medium, in intact cells 

microinjected with recombinant Hsp72 and AIF protein, and in cells transiently 

transfected possessing AIF cDNA (Ravagnan et al., 2001; Huang et al., 2012). The 

same study noted that endogenous levels of Hsp72 might be sufficient to regulate AIF-

mediated apoptosis since Hsp72 down-regulation by an anti-sense Hsp72 sensitized 

the cells to serum withdrawal and AIF (Ravagnan et al., 2001; Huang et al., 2012).  In 

general, Hsp72 is a major contributor of a negative regulator of the mitochondrial 

pathway of apoptosis that can inhibit apoptosis at different levels: such as the pre-

mitochondrial stage through blocking stress-inducing signalling; blocking the 

mitochondrial stage by inhibiting mitochondrial membrane permeabilization via 

blocking of Bax translocation; and finally, at the post-mitochondrial stage through 

interaction with AIF and Apaf-1 (Drew et al., 2014; Park et al., 2002; Schmitt et al., 

2007).  

Irrespective of all the reports concerning HSPs function in preventing apoptosis, the 

Hsp60 family which are mainly located in the mitochondria is known to forms a 

complex with Hsp10 that causes activation of pro-caspase-3 in cytochrome c-

dependent apoptosis (Opferman & Kothari, 2018; Gupta & Knowlton, 2002; Samali 

et al., 1999). Furthermore, cytosolic Hsp60 can associate with Bcl-2 antiapoptotic 

proteins, and Bax, resulting in the activation of pro-caspase-3 via caspase-9 

(Opferman & Kothari, 2018; Gupta & Knowlton, 2002; Samali et al., 1999). Even 

though HSPs may be playing a significant role in apoptosis. The role of HSPs 

functions in apoptosis remains complex (Beere, 2004; Takayama et al., 2003). It is 

also important to note that extracellular HSPs are unlikely to play a role in the 

activation of apoptosis. Instead, other factors, either extra-cellular or intra-cellular, 

such as irradiation, oxidative stress, and cytotoxic drugs (chemotherapy) have been 

reported as the main activators of apoptosis, while extracellular HSPs, however, have 

been implicated in resistance to apoptosis (Secli et al., 2021; Jan & Chaudhry, 2019; 

Franco et al., 2016).  
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Figure 1. 6: The apoptosis signalling pathways.  

Apotosis pathways can be grouped mainly into two extrinsic and intrinsic pathways 

and the third pathway is executioner. Stimulation of death receptors of the tumor 

necrosis factor superfamily including CD95 (APO-1/Fas) or tumor necrosis factor 

related apoptosis-inducing ligand (TRAIL) receptors by CD95 ligand (CD95-L) or 

TRAIL results in receptor aggregation and recruitment of the adaptor molecule Fas-

associated death domain (FADD) and caspase-8. (1) Following the recruitment, 

caspase-8 becomes activated and begin to initiate apoptosis through cleavage of 

downstream effector caspases. The mitochondrial pathway is activated by stress 

signals via the release of apoptogenic factors such as cytochrome c, apoptosis inducing 

factor (AIF), Smac/DIABLO from the mitochondrial intermembrane space. The 

release of cytochrome c into the cytosol induces (5) caspase-3 activation via formation 

of the cytochrome c/Apaf-1/caspase-9-containing apoptosome complex. The (4) 

Smac/DIABLO promotes caspase activation by neutralizing the inhibitory effects to 

inhibitor of apoptosis (IAPs), whereas (6) AIF causes DNA condensation. The 

receptor and the mitochondrial pathway can be interconnected at various levels such 

as (2) Bid, (3) a BH3 domain-containing protein of the Bcl-2 family that assumes 

cytochrome-c-releasing activity following cleavage by caspase-8. Activation of 

caspases is negatively regulated by the FLIP, which block caspase-8 activation at the 

mitochondrial by Bcl-2 family proteins and by blocking of apoptosis proteins (IAP) 

(Adapted from Jan & Chaudhry, 2019; Fulda & Debatin, 2006) 
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1.3.2 HSPs and Necrosis 

Historically, necrosis was reported as an accidental form of cell death, largely resulting 

because of stress by physiochemical stimuli, such as an unexpected change in 

temperature, osmotic pressure, or extreme pH (Yang et al., 2015). Morphologically, 

necrosis can be identified due to abnormal cell morphology such as swelling of 

organelles, increased cell volume, plasma membrane blebbing and rupturing, and 

escape of intracellular components (Miller, 2017). Necrosis, as previously mentioned, 

is associated with inflammation, which results in the release of intracellular materials, 

generally known as DAMPs which can induce inflammatory immune responses 

(Murakami et al., 2014; Venereau et al., 2015).  

DAMPs molecules such as HMGB1 and HSPs that are released from necrotic cells 

and, in turn, activate neighbouring cells via the receptor for advanced glycation end 

products (RAGE), causing them to secrete pro-inflammatory cytokines, chemokines, 

and adhesion molecules, which then induce further inflammation (Sims et al., 2010; 

Chen et al., 2007; Gallucci et al., 1999; Sauter et al., 2000; Shi et al., 2000). Studies 

have demonstrated that incubating necrotic cells into a sterile medium, such as the 

peritoneal space, enhances activation of neutrophils within minutes and macrophages 

a few hours (Kataoka et al., 2014; Lammermann et al., 2013; McDonald et al., 2010). 

It is also worth noting that, irrespective of the means of inducing necrotic cell death, 

proinflammatory responses are always observed; for example, either by freeze-thaw, 

heat shock, pressure-induced damage, or exposure to cytotoxic compounds has been 

shown to have an influence in the pro-inflammatory abilities of necrotic cells (Iyer et 

al., 2009; Kono et al., 2010, 2010). In sterile (non-pathogenic) injury, inflammation 

appears to be induced via the release of DAMPs such as HSPs from the necrotic cell 

(Martin, 2016).    
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1.3.3 HSPs and Oxidative Stress 

As a result of many mitochondrial oxidative respiratory reactions, as well as other 

cellular reactions including phagocytosis, inflammatory response, and also non-

cellular activities such as exposure to ionizing radiation, air pollutants, exercise, 

smoking, and ozone, cells regularly produce ROS and reactive nitrogen species (RNS) 

(Fubini & Hubbard, 2003; Ji, 1995; Lobo et al., 2010). This ROS and RNS negatively 

affect normal oxidant and antioxidant processes in maintaining cellular homeostasis, 

which then results in oxidative stress (Alfadda & Sallam, 2012; Brieger et al., 2012; 

Uttara et al., 2009). Accumulation of ROS and RNS are very chemically reactive and, 

therefore, can cause damage to the living system, by playing a role in oxidative tissue 

damage and tissue dysfunction (Di Meo et al., 2016; Uttara et al., 2009). Although, 

many reports on accumulated cellular ROS appear to be detrimental to cells. A number 

of studies have demonstrated that at low or moderate levels, ROS can play an 

important role, such as acting as secondary messengers in signal transduction, immune 

defence, antibacterial infections in the phagosome, vascular tone, and also in ROS-

induced apoptosis of cancer cells (Alfadda & Sallam, 2012; Finkel, 2011; Gonzalez et 

al., 2002; Lushchak, 2014; Mittler et al., 2011; Scandalios, 2002).  

The body makes use of the antioxidant system to disrupt the free radical cellular 

deleterious effects by changing them to less harmful substances under physiological 

conditions. However, this homeostasis can be abrogated following cellular stress, 

which can result in the accumulation of higher cellular levels of free radicals, mostly 

ROS; Thus, inducing several inflammatory cascades that have been demonstrated in 

many human inflammatory diseases (HIDs), such as arthritis, stroke, atherosclerosis, 

trauma, hepatitis, and cancer (Alfadda & Sallam, 2012; Hsieh & Yang, 2013; 

Schneeberger et al., 2013). The negative cellular effect of free radicals at high levels 

has been extensively studied (Dubrez et al., 2020; Mayer & Bukau, 2005; Shiber & 

Ravid, 2014) and biological systems can initiate a number of processes to regulate 

against these effects; one of which is to upregulate the expression of HSPs in response 

to these reactive species, which contrarily, can also result in oxidative stress (Dubrez 

et al., 2020; Mayer & Bukau, 2005; Shiber & Ravid, 2014).  
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DNA fragmentation has been shown to occur during cellular ROS-mediated 

genotoxicity (Ikwegbue et al., 2017). Nevertheless, it has been observed by a study 

that this effect can be reduced upon the introduction of Hsp72, which thus suggests 

that HSPs have protective effects against ROS-induced DNA strand breakages 

(Jacquier-Sarlin et al., 1994). Accumulated ROS levels have been reported to induce 

apoptosis, as well as associated with many inflammatory reactions, which contributes 

strongly to HIDs pathogenesis (Oyinloye et al., 2015). Therefore, it is conceivable to 

suggest that HSPs could also be cytoprotective in the pathogenesis of these HIDs 

(Ikwegbue et al., 2017).  

1.3.4 HSPs in Human Inflammatory Diseases (HID)  

In humans, inflammation is often the first line of defence following specific stress 

insults and can induce swelling, pain, heat, and redness of the affected area (Chen et 

al., 2018). This action helps in cellular repair and clearing away damaged necrotic 

cells, and as a result, also induce innate immunity (Ferrero-Miliani et al., 2007). 

However, unregulated inflammatory reactions over time can result in chronic 

inflammatory reactions and potentially increase tissue and cell destruction and this has 

been reported as the main cause of the pathogenesis in HIDs (Ikwegbue et al., 2017; 

Oyinloye et al., 2015). HSPs have also been demonstrated to inhibit inflammation via 

the prevention of pro-inflammatory cytokines such as TNF-α (Hauet-Broere et al., 

2006).  

1.3.4.1 Acute Respiratory Distress Syndrome (ARDS) 

Acute respiratory distress syndrome, also known as adult respiratory distress 

syndrome, occurs following inflammation disorder of the lungs (Famous et al., 2017). 

ARDS is well described as diffuse alveolar damage (DAD). The DAD occurs as a 

result of the influx of liquid into the alveoli spaces and due to imbalance between pro 

and anti-inflammatory cytokines (Villar et al., 2011; Ware & Matthay, 2000). This 

inflammatory imbalance in DAD, in most cases, develops to severe hypoxemia, 

stiffness of the lungs, pulmonary infiltration, and organ failure, but without resulting 

in cardiogenic pulmonary oedema (Villar et al., 2011; Ware & Matthay, 2000). In 

severe DAD cases, the alveoli sac permeability of the lung membrane is high; that 

encourages an influx of neutrophils, TNF, macrophages inhibitory factor (MIF), which 

has been described as the main source of development, progression, and pathogenesis 

of ARDS (Narasaraju et al., 2011).  
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HSPs are well described for their cytoprotective effects following cellular insults such 

as inflammatory diseases and HSPs have been reported to be upregulated during this 

infection phase (Bromberg et al., 2005). A study demonstrated that Hsp72 can repress 

inflammatory responses by maintaining cellular integrity, and as a result, prevents 

cellular damage and destruction associated with the pathology of ARDS and sepsis 

(Weiss et al., 2007). HSPs have been shown to maintain cellular integrity in ARDS 

(Chu et al., 1997; Slutsky, 2002). Evidence has shown that loss of pulmonary cells 

encourages cell division, which contributes increasingly to the pathogenesis of ARDS. 

However, expression of HSPs, including Hsp72, can help in the regulation of 

inflammation in ARDS which may lead to anti-inflammatory response being induce 

in pneumocytes and therefore, activate cell repair/integrity  (Weiss et al., 2007). Even 

though the mechanism of HSPs cytoprotective activities in ARDS is unknown, it is 

believed to function the same way in a range of lung inflammatory diseases such as 

sepsis and pneumocystis (Bromberg et al., 2008). 

1.3.4.2 Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a long-term autoimmune inflammatory disease that 

occurs as a result of the immune system attacking synovial fluid membranes, which 

are usually located at the joints (Bhattacharjee et al., 2016). RA, as well as other 

inflammatory diseases, is known to cause symptoms of stiffness, swelling, warmness, 

and pain of the affected joints and if not treated over time, it can cause severe 

inflammation, deformity, and many other functional abnormalities (Aletaha et al., 

2010; Smolen et al., 2016). Acute inflammation can cause the secretion of many 

inflammatory immune cytokines, chemokines, lymphocytes, and other immune 

substances at the affected site (Callahan & Pincus, 1997; Klareskog et al., 2011; Millar 

et al., 2013).  

RA can cause inflammation to the organism and increases the expression of HSPs, 

especially Hsp72 (Beere, 2004).  Hsp72 has both anti-apoptotic effects and also 

inhibits pro-inflammatory signals or factors that result in apoptosis, inflammatory 

pathways like activation of caspases, the release of cytochrome c, and development of 

apoptosome (Beere, 2004). Furthermore, it is not inconceivable that Hsp72 can be 

upregulated in the synovial membrane in RA fibroblast-like synoviocyte (RA-FLSs) 

(Schett et al., 1998) and in this condition for example, Hsp72 can modulate the effects 

of T-cells and control inflammation by blocking pro-inflammatory signals (Schett et 
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al., 1998). A study demonstrated that suppression of Hsp72 by small interfering RNA 

(siRNA) in an invitro experiment reduces inflammation by safeguarding RA-FLSs 

from nitric oxide-mediated apoptosis (Kang et al., 2009). This can suggest the pro-

apoptotic and negative function of Hsp72 in the pathogenesis of RA-FLSs infection; 

therefore, inhibition of Hsp72 expression in RA may be one of the main mechanisms 

of regulating severe inflammation seen in RA (Ikwegbue et al., 2017). Furthermore, it 

has been demonstrated that T-cells obtained from RA patients were able to respond 

with human Hsp60, and as a result, inhibit the activation of TNF-α via the activation 

of Th2 cytokine regulator (Pockley, 2003; van Roon et al., 1997). In line with this 

finding, some studies have demonstrated that T-cells can react to Hsp72 and Hsp60 

via the production of IL-4 and IL-10 regulatory cytokines, to then represses arthritis 

diseases in animal models (Anderton et al., 1995; Pockley, 2003). These findings may 

suggest that cross-reactive HSPs with T-cells could be one of the mechanisms of 

controlling HIDs such as RA under stressed physiological conditions (Anderton et al., 

1995; Pockley, 2003). 

1.3.4.3  Cancer 

Cancer is the abnormal invasion and proliferation of cells following unregulated cell 

divisions or mutated tumour suppressor genes (Karin & Greten, 2005; Wang et al., 

2018). Cancer remains one of the significant contributors to world morbidity and 

mortality, as the leading cause of death in individuals below the age of 85 years, 

irrespective of recent progresses in cancer treatment (Oyinloye et al., 2015; Torre et 

al., 2015). A study suggested that the mechanism by which cancer cells survive in the 

human body is through resistance to anti-proliferative signals and apoptotic cell death 

(Hanahan & Weinberg, 2000).  

Interestingly, studies have reported that this resistance to apoptosis and 

antiproliferative signals are in part supported by HSPs function in the refolding of 

denatured proteins (Calderwood et al., 2012; Ikwegbue et al., 2017). HSPs, as 

previously mentioned, inhibit proinflammatory and proapoptotic caspases through 

binding and blocking their activation and, therefore, increase cancer cell survival 

(Beere & Green, 2001). An increase in Hsp27 expression in prostate, ovarian, and 

bladder cancers have been shown to coincide with the down-regulation of p53 induced 

stimulation of the p21 gene and the upregulation of matrix metalloproteins (MMPs), 

which are involved in cancer cell migration, invasion, proliferation, and metastasis 
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(Wu et al., 2017). This observation shows that Hsp27 plays a major role in the 

prognosis, angiogenesis, proliferation, and metastasis of cancer cells (Ikwegbue et al., 

2017).  

In agreement with this, Hsp27 has been reported to aid epithelial-to-mesenchymal 

transition (EMT) in prostate cancer individuals (Vergara et al., 2013). EMT occurs 

during organ morphogenesis and embryogenesis, which is characterised by changes in 

the actin cytoskeleton, loss of apico basolateral polarity, and cell to cell junction break 

down, leading to multiplication and mobility of cancer cells (Vergara et al., 2013). 

Downregulation of Hsp27 using OGX-427, a second-generation antisense 

oligonucleotide (ASO), has been reported to decrease cancer cell invasion, migration, 

and phosphorylation of IL-6 dependent STAT3. Furthermore, overexpression of 

Hsp27 in cancer cells following chemotherapy has been extensively reported; however, 

it has been demonstrated also that downregulation of Hsp27 by OGX-427 help to 

enhance the efficacy of drug in some cancer plasma cell, nuclear translocation, and 

MMPs, which general may indicate as shown in EMT, that OGX-427 possibly can 

contribute in the processes of inhibiting cancer progression (Shiota et al., 2013). This 

observation indicates that Hsp27 is required for IL-6 to induce EMT, probably via the 

modulation of the STAT3 signalling pathways (Shiota et al., 2013).  

Hsp72 functions as a cancer cell survival factor by impeding TNF-α mediated 

apoptotic cell death, thereby encouraging carcinogenesis bypassing any immune 

response (Wu et al., 2017; Lianos et al., 2015). It has been reported that either Hsp72 

or Hsp90 are able to bind to and impede activation of Apaf-1 and indirectly discourage 

pro-caspase activation, apoptosis and encourage abnormal cell survival (Jego et al., 

2013). However, Hsp60 has been reported to show pro-carcinogenic activity via 

preventing clearing in neuroblastoma cells, cyclophilin D mediated mitochondrial cell 

death, and encouraging cell survival through NF-kB activation (Chaiwatanasirikul & 

Sala, 2011; Ghosh et al., 2010). Again, an in-vivo experiments have demonstrated that 

downregulation of Hsp72 aids cancer cell survival as a result of the reduced immune 

elimination of cancer cells (Chalmin et al., 2010).  
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Figure 1. 7: Model proposing the roles of HSPs in HIDs and Cancer 

The above model demonstrates the proposed roles that HSPs contribute to HIDs and 

cancer. (1) the onset of the stress signal; (2) stress activates inflammatory reaction 

which intend to repairing the damage caused by the stress; (3) production of ROS from 

the affected area; (4) activation of the HSF-1, that increases the synthesis of the 

cytoprotective HSPs; (5) activation of HSPs; (6) stress, as well as inflammation HSPs, 

activate the immune response and contributes to innate immune response; (7); 

cytoprotective HSPs inhibit further production of ROS, and inflammation, therefore, 

blocking excessive ROS and inflammation-mediated apoptosis through inhibition of 

pro-inflammatory and proapoptotic factors; (9) excessive apoptosis mediated ROS; (8) 

accumulation level of ROS leading to oxidative stress; (10) immune response, 

inflammatory reaction, accumulated ROS level and excessive apoptosis mediated by 

ROS because of antioxidant suppression, causing oxidative stress and chronic 

inflammation marked with increase cellular and tissue destruction; and (11) long term 

unregulated chronic inflammation degenerates to HIDs and cancer (Adapted from 

Ikwegbue et al., 2017). 
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1.4      Extracellular Heat shock proteins 

1.4.1    Functions of extracellular Heat Shock Proteins 

Members of the HSP families, such as Hsp27, Hsp60, Hsp72, Hsp73, and Hsp90, have 

been measured in the extracellular medium of a variety of cell types and also in human 

serum (Asea et al., 2000; Davies et al, 2006; Hightower & Guidon, 1989; Hunter-

Lavin et al., 2004; Raynor et al., 2008; Wright et al., 2000). The presence of HSPs in 

human serum may potentially be used as biomarkers for stress conditions such as 

inflammation, and pathogenic infections (Lechner et al., 2018).  

Three functions for HSPs in the extracellular environment have been proposed: cell 

protection, inter-cell signalling, and immune activation. 

Extracellular Hsp72 has been shown to be taken up by monocytes, which then became 

resistant to heat stress, and staurosporine-induced apoptosis (Guzhova et al., 1998). In 

similar experiments, extracellular Hsp72 and Hsp73 were taken up by glial cells, 

which were then shown to be resistant to heat stress, and TNF-α induced apoptosis 

(Guzhova 2001). Extracellular Hsp90 has been shown to induce cell migration in both 

a wound-healing model (Li et al., 2007) and a tumour migration model (Sidera et al., 

2008). Additionally, extracellular Hsp72 induced migration of neutrophils via 

chemotaxis in Boyden chamber assays, was also observed (Ortega et al., 2008).  

Extensive studies with extracellular HSPs have shown that they interact with the 

immune system; this is because many HSPs activate or regulate immune responses to 

many forms of injury or trauma (Calderwood et al., 2016; Williams & Ireland, 2008). 

Initially, research studies focused on the role of HSPs from damaged cells which occur 

due to cell necrosis (Basu et al., 2000). When these proteins are released into the 

extracellular medium (fluid) such as blood, HSPs such as Hsp72 may attach to the 

adjacent cells thereby, initiating signal transduction cascades and the production of 

antigenic peptides (Browne et al., 2007; Calderwood et al., 2007).  
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Hsp27, Hsp60, and Hsp72 released from damaged cells are capable of stimulating 

innate immune cells directly and thereby act as danger signalling molecules, and this 

observation was demonstrated to be similar to that of LPS (Ohashi et al., 2000; Wallin 

et al., 2002). Extracellular HSPs can be either membrane-bound or membrane-free, 

which means that extracellular HSPs interactions with cells can be different. They may 

either stimulate targeted cells or activate signalling pathways (De Miao & Vazquez, 

2013). It has been shown that extracellular HSPs, when applied directly to cells, 

whether as recombinant proteins or as cell exudates, can activate both host innate and 

adaptive immune response (Giuliano et al., 2011). HSPs may also act as indicators of 

stress, which are capable of triggering immune system cells, which could then act with 

the purpose of inhibiting insult spread (Ohashi et al., 2000; Wallin et al., 2002). For 

instance, the interaction of extracellular Hsp72 with the immune system caused vesicle 

export, associated with the activation of macrophages (De Maio, 2011; Magalhaes et 

al., 2010; Vega et a al., 2008). A further study demonstrated that C57BL/6 hepatocytes 

treated with recombinant Hsp72 activated an increased production of macrophage 

inflammatory protein 2 (MIP-2) (Galloway et al., 2008).  

It was suggested for years that Hsp27 was exclusively an intracellular chaperone 

protein with anti-apoptotic characteristics (Batulan et al., 2016). However, Hsp27 has 

been found in the extracellular media where it was able to modify transcription and 

therefore help in cell function, through interaction with specific membrane receptors 

(Batulan et al., 2016). Furthermore, Hsp72 has also been reported to be present 

extracellularly during trauma and sepsis (Aneja et al., 2006). Extracellular human 

Hsp72 has been shown to induce an innate pro-inflammatory immune in response to 

myocardial infection (Ferat-Osorio et al., 2014) although, before it is released into the 

extracellular medium, Hsp72 has an anti-inflammatory role, that helps to encourage 

cell protection from harmful agents (Ferat-Osorio et al., 2014). Extracellular 

recombinant Hsp27 was used to demonstrate that Hsp27 is a potent activator of human 

monocytes (PBMC) IL-10 production and a modest TNF-α inducer (De et al., 2000). 

Hsp27 could also activate MAPK pathways in monocytes which include extracellular 

signal-related kinase i.e., (ERK); 1/2, c-Jun N-terminal kinase; and p38; however, only 

p38 activation may be required for Hsp27-induced IL-10 secretion in monocytes, 

while Hsp27-induced TNF-α secretion is via ERK1/2 and p38 (Batulan et al., 2016; 

Calderwood et al., 2007; De et al., 2000).  
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1.4.2 Mechanisms of HSP release from cells 

HSPs can either be released into the extracellular space through necrosis of cells or 

through specific transport processes, although initially, it was thought that HSPs could 

only be released from necrotic cells (Basu et al., 2000; Saito et al., 2005), a view 

consistent with the danger model (Matzinger 1998; Matzinger 2002). Many studies 

have now argued that necrosis is not the only mechanism of release (Abboud et al., 

2008; Mambula & Calderwood, 2006; Mambula et al., 2006, 2007; Wheeler et al., 

2009b), since it has been observed that an increasing number of HSPs are released 

even in the absence of cell death (Abboud et al., 2008; Mambula & Calderwood, 2006; 

Mambula et al., 2006, 2007; Wheeler et al., 2009a). For example, a high levels of 

Hsp72 were demonstrated in a patient’s serum post exercise, which seems to suggest 

that HSPs may also be released in the absence of tissue necrosis (Giuliano et al., 2011). 

Furthermore, it has been demonstrated that HSPs are secreted from apoptotic cells as 

well as healthy cells under a variety of physiological and stress conditions (Banerjee 

et al., Davies et al, 2006; Hightower & Guidon, 1989; Hunter-Lavin et al., 2004; Li et 

al., 2007; Raynor et al., 2008).  

A major argument that has dominated many studies concerning the role of 

extracellular HSPs as endogenous danger signal molecules has been the lack of clarity 

on HSPs release mechanism (Tytell, 2005) from the intracellular to the extracellular 

environment (Henderson & Henderson, 2009). HSPs, such as Hsp72, lack the classic 

N-terminus leader sequence that is essential for the canonical protein secretory 

pathways, and it has been suggested that secretion is either via ATP-binding cassette 

(ABC) transporters (Hunter-Lavin et al., 2004; Mambula et al., 2007), exosomes 

(Clayton et al., 2005; Lancaster & Febbraio, 2005), or secretory-like particles 

(Evdonin et al., 2006). However, it is noteworthy that many proteins that are associated 

with the host immune response are also lacking the classic N-terminus leader sequence 

and, therefore, are secreted via non-classical (unconventional) pathways (Kim et al., 

2018; Giuliano et al., 2011). 
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The classic mechanism of protein secretion explains that cargo proteins move by the 

conventional pathway from the endoplasmic reticulum to the Golgi complex, then 

from the Golgi complex, they can subsequently travel to the trans-Golgi network 

(TGN) and eventually to the plasma membrane (Lee et al., 2004). This mechanism is 

activated by the recognition of a signal peptide (generally known as leader sequence) 

at the N-terminus of cargo proteins (Bonifacino & Glick, 2004). The steps involved in 

the secretory pathway are controlled by a number of regulatory proteins (Kim et al., 

2018). Effective regulation of the classic secretory pathway is essential for the life and 

health of the organism (Kim et al., 2018; Viotti, 2016). More recent discoveries have 

shown that many proteins can use alternative (or unconventional) secretory pathways 

that do not involve protein movement from the endoplasmic reticulum and Golgi 

complex (Malhotra, 2013; Ponpuak et al., 2015; Rabouille, 2017) and these alternative 

pathways involve the extracellular secretion of cytosolic proteins without the need for 

signal peptides (Ye, 2018; Rubartelli & Sitia, 1997); which then showed that the cell 

surface trafficking of transmembrane proteins through a route that can bypass the 

Golgi complex also exists (Kim et al., 2018). 

It has been reported that many unconventional protein secretion pathways are 

activated following cellular stresses, such as lack of nutrient (Cruz-Garcia et al., 2014), 

mechanical stress (Schotman et al., 2008), inflammation (Schroder & Tschopp, 2010), 

and endoplasmic reticulum (ER) stress (Gee et al., 2011; Jung et al., 2016). It has been 

observed that several diseases are linked with stresses at the cellular or organismal 

level (Fulda et al., 2010), which might highlight the potential of the unconventional 

protein secretion pathways as a target for therapeutic purposes (Kim et al., 2018).  

In the past, many investigators have neglected the fact that organisms can utilize 

unconventional secretory pathways (Cascales, 2008; Nickel & Seedorf, 2008; 

Prudovsky et al., 2003, 2008), which HSPs may possibly also be using during their 

movement to the extracellular environment as a result of cell stress (Dukay et al., 2019; 

Santos et al., 2017; Hall et al., 1990).  
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1.5 Contamination of HSPs by bacterial product 

As stated earlier, studies have concluded that HSPs can stimulate the innate immune 

system and are able to activate inflammatory cytokines such as TNF-α and IL-6 using 

CD14 and TLR mediated signal transduction pathways. However, there has been some 

criticism of this work, suggesting that the responses are as a result of LPS 

contamination of the recombinant HSPs used (Tsan & Gao, 2004, 2009). Evidence 

presented by Tsan & Gao (2004) suggested that the cytokine production effect of the 

recombinant HSPs; Hsp72, Hsp60, Hsp90, and Hsp27 may be due to associated 

bacterial contamination.  

Gao & Tsan (2004) showed using gene expression array, RT-PCR analysis, and 

ELISA, that after treating murine macrophages with 5µg/ml recombinant human 

Hsp60, 5µg/ml recombinant human Hsp70, in the presence or absence of added LPS 

(1ng/ml), that recombinant human HSPs did not induce the expression of any of the 

96 common cytokine genes in murine macrophages. In contrast, added LPS did induce 

the expression of a number of cytokine genes (Gao & Tsan, 2004). Furthermore, 

highly purified recombinant human Hsp60 with very low endotoxin activity was also 

unable to produce TNF-α release from murine macrophages at a concentration of up 

to 10µg/ml. While in contrast, a less purified recombinant human Hsp60 preparation 

was able to produce TNF-α at a low concentration of 1µg/ml (Gao & Tsan, 2003a). 

However, this issue of HSPs contamination was directly contradicted by another study, 

which showed that when mouse macrophages J774 were exposed to either 10ng/ml of 

LPS or 10µg/ml of human Hsp60 for 7 hours; that, the TNF-α secretion measured in 

the cultured supernatant were observed to be in the same magnitude when compared 

LPS-induced TNF-α secretion to human Hsp60-induced TNF-α secretion in 

macrophages J774 (Chen et al., 1999). This suggests that HSPs are able to induce 

cytokine production independent of bacterial contamination – is because, the same 

magnitude of TNF-α secretion reported by Chen et al., 1999, when they compared the 

level of TNF-α secretion, following treatment of J774 macrophages with 10µg/ml (i.e 

10000ng/ml) of human Hsp60 to 10ng/ml of LPS; showed that if HSPs-induced 

cytokines activity were totally due to LPS contamination, there should have been at 

least 1000-fold difference in the level of TNF-α secretion induced by human Hsp60. 

Figure 1.4 shows that both PAMPs and DAMPs may be sharing the same signalling 

pathways, which was where some studies based their argument regarding HSPs-
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induced cytokines being due to the endotoxin activities. Henderson et al. (2010) was 

able to demonstrate convincingly that HSPs do have immunostimulatory effects 

because of their observation that HSPs biological activities in addition to HSPs ability 

to activate and inhibit immune response is superior to that of LPS. For example, 

phosphorylation of Hsp60 on murine spermatozoa was reported essential in order for 

the spermatozoa to be capacitated. In addition, it was reported using fluorescently 

labelled LPS; that Hsp60 was not able to compete with the labelled LPS binding to 

monocytes and also, unlabelled LPS inhibited the binding of labelled LPS; which 

showed the possibility of non-functional LPS activity in recombinant HSPs 

preparations (Henderson et al., 2010). Proteins with more than one biological activity 

(function) as observed in HSPs are generally known as ‘moonlighting’ (Henderson et 

al., 2010)   
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Figure 1. 8: PAMPs and DAMPs share the same pathogen recognition 

receptors. 

TLR4 in the cell membrane recognises LPS from Gram-negative bacteria as well as 

DAMPs for cells, including HMGB-1 and HSPs. This PAMPS and DAMPS 

recognition by the TLR4 leads to the activation of NF-kB. Following activation of NF-

kB, proinflammatory gene expression can be activated. On the other hand, TLR2 in 

the cell membrane can only recognise peptidoglycan, located at the plasma membrane 

of most bacteria. This interaction led to the activation of NF-kB. Also, NOD, which 

are intracellular receptors, can recognise both peptidoglycan and DAMPs such as ATP, 

S100 proteins, and uric acid. NOD recognition of peptidoglycan and DAMPs can lead 

to the activation of receptor-interacting serine/threonine-protein kinase 2 (RIPK2), 

which then also activates NK-kB (Adapted from Ramadan & Paczesny, 2015; Tang et 

al., 2012).  
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1.6 Heat Shock Protein receptor proteins 

Any signalling pathway requires that the signal needs to bind to a receptor, and in the 

case of danger signals, the receptor has to be on cells of the immune system, and they 

may well have some commonality with receptors that recognise bacterial antigens 

(Matzinger 1998; Matzinger 2002). The innate immune system provides the body with 

the more immediate mechanism of recognising invading pathogen by recruiting PRRs 

such as TLRs (Werling & Jungi, 2003; Werling et al., 2006; Xing et al., 2016). PRRs 

identifies microbial moieties (PAMPs) and apoptotic cell-associated molecular pattern 

(ACAMPs) (Beauvillain et al., 2010). Monocytes play a significant role during 

inflammation and host defence, following exposure to pathogen antigens, they 

differentiate into macrophages, and produce and secrete pro-inflammatory cytokines 

and chemokines (Zhou et al., 2005). These cytokines and chemokines are essential in 

recruiting T and B lymphocytes to intensify the innate immune response (Zhou et al., 

2005).  

Monocytes/macrophages have been extensively described as APCs and help to initiate 

the adaptive immune response (Monaghan et al., 2019). TLRs are essential in the 

initiation of both innate and adaptive immune responses (Medzhitov et al., 1997; 

Visintin et al., 2001); they are mainly expressed on APC, including monocytes, 

macrophages, DCs, and B lymphocytes (Medzhitov et al., 1997). TLRs activate innate 

immune responses to invading microorganisms by recognising PAMPs (Ramadan & 

Paczesny, 2015; Tang et al., 2012). The TLR family and many of the ligands they 

recognise have now been identified (Nomura et al., 1994; D. Zhang et al., 2004; Akira 

et al., 2001) (see Table 1.3 below).   

In addition to numerous TLRs, there are also a number of danger signals such as the 

HSPs (bacterial HSPs and mammalian) that interact with TLRs. Human Hsp60 and 

Gp96 were reported as the first examples of non-pathogen TLR ligands (Vabulas et 

al., 2002), and since then, many other TLR/HSP interactions have been identified 

(Calderwood et al., 2016). 
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Table 1. 3: Receptors and the PAMPs recognised  

Receptor Cell PAMP binding HSP binding 

TLR1 Macrophages, Dendritic 

cells, Neutrophils, Mast 

cells.  

Lipopeptides and 

Mycobacteria 

 

TLR2 Macrophages, Dendritic 

cells, Neutrophils, Mast 

cells. 

LTA, Yeast 

Lipopeptide, 

Mycobacteria, LPS 

HSPs, HMGB1 

TLR3 Macrophages, Dendritic 

cells, Endo/epithelial cells. 

Viral dsRNA  

TLR4 Macrophages, Dendritic 

cells, Neutrophils, Mast 

cells, Eosinophil. 

LPS, Candida 

albican, 

Trypanosoma, Viral 

envelope proteins. 

HSPs, HMGB1,  

TLR5 Monocytes, Dendritic cells, 

iEC cell line 

Bacterial flagellin  

TLR6 Monocyte, Mast cell, 

Dendritic cell, Neutrophil 

Lippeptide, LTA, 

Yeast 

 

TLR7 Dendritic cell, Neutrophil, 

Eosinophil 

ssRNA, certain 

siRNA 

 

TLR8 Monocytes, Dendritic cell, 

Mast cell, Neutrophil 

Viral ssRNA  

TLR9 Dendritic cell, NK cell, 

Eosinophil, Neutrophil 

Bacterial and viral 

CpG DNA, 

Hemozoin from 

Plasmodium 

HMGB1 

CD14 Monocytes, macrophages, 

granulocyte 

LPS, LTA, PGN, HSPs 

CD40 B-cells, monocytes, 

macrophages, dendritic cells, 

endothelial cells, fibroblasts, 

and keratinocytes 

Mycobacterial HSPs 

CD91 Monocytes, macrophages, 

dendritic cell, B and T cells, 

neuronal cells, and 

fibroblasts 

Lipoprotein HSPs, 

Calreticulin, 

gp96 

CD36 Macrophages, Platelet, 

Endothelial cell.  

lipid from bacteria gp96, HSPs 

LOX-1 Monocytes, macrophage, 

foam cell, endothelial cell 

Lipoprotein HSPs 

SR-A Macrophage, dentritic cell, 

endothelial cell 

Proteins from 

Neisseria 

Calreticulin, 

gp96, HSPs 

CD11b Granulocytes, monocytes, 

NK cells, T- and B-cells, 

dendritic cells 

LPS  

(Adapted from Batulan et al., 2016; Kumagai & Akira, 2010; Lee & Kim, 2007; 

Schaefer, 2014; Binder et al., 2004).  
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1.6.1 CD14 

The cluster of differentiation 14 (CD14) is a 55kD differentiation biomarker protein 

discovered as a glycosylphosphatidylinositol (GPI) anchored protein bound on the 

outer part of immune cells such as monocytes, macrophages, dendritic cells, and 

polymorphonuclear leukocytes (Neutrophils, Eosinophils, basophils), as well as also 

being detected as a soluble protein in the blood (Hailman et al., 1994; Zamani et al., 

2013). There are two forms of CD14: membrane-bound (mCD14) and a soluble form 

of CD14 protein (sCD14) (Frey et al., 1992). The mCD14 form is anchored to the 

membrane by the GPI lipid tail and acts as a receptor of LPS when in a complex with 

LBP. While sCD14, without the lipid tail, circulates in the blood as a soluble protein 

(Pugin et al., 1993). Despite the fact that these forms of sCD14 bind LPS, CD14 on its 

own cannot begin a transmembrane activation signal because it requires the GPI 

anchor (Triantafilou et al., 2002).  

1.6.2 CD40 

CD40 is one of the notable costimulatory molecules. This CD40 receptor, is a member 

of the tumor necrosis factor (TNF) receptor family, which can be expressed by B-cells, 

APCs, and also by some non-immune cells and tumors (Elgueta et al., 2013). CD40 

binds to its ligand CD40L and, under inflammatory conditions, can also be expressed 

on T-cells (Elgueta et al., 2013; Yokota & Fujii, 2010). It has been shown that 

mycobacterial Hsp70 can bind strongly to CD40 and trigger the production of CC 

chemokines, such as CCL3, CCL4, and CCL5 (Wang et al., 2001; Yokota & Fujii, 

2010); Mycobacterium tuberculosum antigens interact with CD8+ T-cells through 

CD40, to induce the production of certain chemokines (RANTES, MIP-1α, and MIP-

1β) (Colaco et al., 2013). It has been demonstrated that only mycobacterial Hsp70 has 

this characteristic, not human Hsp70 (Colaco et al., 2013; Wang et al., 2001). However, 

other studies have demonstrated that APC CD40 specifically binds and internalizes 

human Hsp70 with bound peptide, and in ADP state, Hsp70 peptide complex can bind 

to the CD40, which is mediated by the NH2-terminal nucleotide binding region of 

Hsp70 (Becker et al., 2002; Yokota & Fujii, 2010). It was suggested that CD40 is a 

cochaperone type of receptor protein that regulates the absorption of extracellular 

Hsp70-peptide complexes by innate immune cells (i.e., macrophages and dendritic 

cells) (Becker et al., 2002). TNF-α secretion was shown to increase significantly when 

immune cells such as DCs from Crohn's disease patients were treated with Hsp70 or 
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CD40L. This TNF-α secretion was associated with extracellular signal-regulated 

kinase (ERK) and the p38 MAP kinase pathways (Whittall et al., 2006).  

1.6.3 Scavengers Receptors  

Scavenger receptors (SRs) are membrane-bound receptors that were initially believed 

to bind to and internalize low-density lipoprotein (LDL). However, recently they have 

been known to bind to different ligands, such as some endogenous proteins and 

pathogens (Homer-vanniasinkam et al., 2015). SRs are expressed on a variety of cell 

types, including myeloid cells, macrophages, dendritic cells, and some endothelial 

cells. They are also associated with the uptake and clearance of apoptotic cell bodies 

(Gough & Gordon, 2000; Peiser et al., 2002) and can internalise microorganisms and 

their products (Gough & Gordon, 2000; Peiser et al., 2002).  

Structurally SRs comprises a large family of different transmembrane cell surface 

glycoproteins that are specific to innate immune cells. Specific members of the SR 

family include SR-A, CD36, LOX-1, CD68, SREC (Areschoug & Gordon, 2009; 

Gordon, 2000; Mukhopadhyay & Gordon, 2004). HSPs have been shown to strongly 

bind to SRs, such as LOX-1 located on the human DC, and are therefore involved in 

HSPs binding to innate immune cells (Jeannin et al., 2005; Murshid et al., 2011). More 

specifically, it has been reported that Hsp70 can bind to immature DC, and 

macrophages via SRs receptors (Calderwood et al., 2016; Murshid et al., 2011; 

Delneste, 2004).  

1.6.4 CD91 

CD91 is a scavenger receptor composed of an α-chain that is non-covalently, linked 

with a β-chain (Cappelletti et al., 2014; Pawaria & Binder, 2011). The α-chain 

accommodates the extracellular domain, which is involved in ligand binding, while 

the β-chain accommodates the transmembrane and intracellular area with tyrosine 

phosphorylation (NPXY) motifs, which is mainly used for intracellular signal 

propagation (Cappelletti et al., 2014; Pawaria & Binder, 2011). CD91 belongs to the 

family of low-density lipoprotein receptor-related protein-1, which can also bind to 

α2-macroglobulin (Cappelletti et al., 2014). CD91 is expressed in many cells; 

monocytes, dendritic cells, macrophages, B-cells and T-cells, monocyte-derived 

dendritic cells (moDCs), as well as splenocytes and thymocytes (Cappelletti et al., 

2014).  Initially, it was believed that CD91 is a specific receptor for gp96, but CD91 

has also been identified to bind HSPs such as Hsp72, Hsp90, and calreticulin (Fischer 
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et al., 2010). Immunogenic HSPs, including Hsp72 have been shown to use CD91 in 

order to transmit signals to APCs, which leads to the priming of T-cell responses 

(Binder et al., 2012; Pawaria & Binder, 2011). It was also shown that primary APCs 

can be activated by Hsp72 in a CD91-dependent manner, directly showing that CD91 

is an HSP activated signalling receptor (Binder et al., 2012; Pawaria & Binder, 2011).   

1.6.5 CD36 

CD36 is an 88-kDa transmembrane glycoprotein, which functions as PRRs, and it is 

present in monocytes, macrophages, microvascular endothelial cells, adipose cells, 

and platelets (Ho et al., 2017; Park, 2014). As an important scavenger receptor, CD36 

regulates the uptake of oxidized LDL (oxLDL) and promotes foam cell formation 

leading to the pathogenesis of atherosclerosis (Ishii et al., 2004). It has been 

demonstrated that treatment of macrophages with OxLDL increases the Hsp70 

expression in the culture supernatant, which can induce and activate proinflammatory 

cytokine production such as IL-1 and IL-12 in a naive macrophage (Lee et al., 2008). 

An in-vitro study investigating the differentiation of peripheral blood monocytes into 

macrophages, has shown that CD36 is highly expressed during this transformation. 

CD36 was observed to be very high at the early stages of macrophage differentiation 

and then gradually decline back to baseline levels when the macrophages have 

matured (Ho et al., 2017). CD36 is also believed, to play a major role in the 

internalization (phagocytosis) of both gram-positive bacteria (via LTA) and gram-

negative bacteria (via LPS) (Cao et al., 2016). The signalling pathways involved in 

pathogen recognition and subsequent phagocytosis, through CD36 ultimately includes 

the activation of src-family kinases and MAP kinase pathways (Rahaman, 2010; 

Rahaman et al., 2006).    

1.6.6 LOX-1 

LOX-1 is a lectin-like protein of 52-kD molecular weight. It is a receptor for binding 

to ox-LDL (Chen, 2006; Mehta et al., 2006) and is primarily located on endothelial 

cells. The expression of LOX-1 in these cells is increased by ox-LDL, angiotensin II, 

endothelin, cytokines, shear stress, as well as other factors involved in atherosclerosis. 

This receptor was also found to be increased in the arteries of hypertensive, 

dyslipidemia, and diabetic patients (Chen, 2006) and may contribute to the progression 

and development of coronary heart diseases and atherosclerosis (Morawietz et al., 

1999).  
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1.6.7 SR-A 

SR-A also belongs to the family of membrane-bound scavenger receptors. This 

receptor binds to a wide range of protein ligands such as endogenous proteins, 

pathogens (Homer-vanniasinkam et al., 2015), and modified molecules, such as 

oxidized lipoproteins (oxLDL) (Platt & Gordon, 2001). In atherogenesis, LDL levels 

increase in the blood plasma, which can cause the presence of a high levels of LDLs 

attaching to the arterial walls, leading to oxLDL, and oxLDL, in particular, can cause 

activation of endothelial cells, which then attracts circulatory monocytes (Kunjathoor 

et al., 2002; Winther et al., 2000; Homer-vanniasinkam et al., 2015) and attracted 

monocytes differentiate into macrophages in the vessel wall, and when oxLDLs are 

endocytosised by these macrophages, with the help of SR pathways, this leads to the 

formation of lipid-filled ‘foam cells’ which initiates atherosclerotic plague formation. 

Therefore SR-A is believed to be one of the core receptors associated with foam cell 

formation, and therefore, ultimately, atherosclerosis (Kunjathoor et al., 2002; Winther 

et al., 2000).  

1.6.8 CD11b 

The long-established belief is that monocytes migrate to inflammatory sites and 

differentiate into macrophages, which then lead to accumulation of macrophages at 

the site of inflammation (Zheng et al., 2015). CD11b has been reported to play a role 

in the control of monocyte migration to the inflammatory sites (Zheng et al., 2015). In 

addition to its role in regulating leucocyte migration and adhesion, it is also believed 

that CD11b can modulate other aspects of the immune response (Ehirchiou et al., 2007; 

Zhenga et al., 2015). For example, it has been shown that CD11b can negatively 

regulate the TLR dependent inflammatory immune response by influencing pro-

inflammatory cytokines expression in macrophages (Kim et al., 2016). 

1.6.9 Toll-like receptors (TLRs) 

Toll-like receptors (TLRs) plays a major role in the activation of the immune response; 

and these receptors are capable of recognising both exogenous pathogen molecular 

(PAMPs) and endogenous molecules (DAMPs) (Takagi, 2011; Werling & Jungi, 

2003). TLR proteins are the human homologue of Drosophila toll protein that belongs 

to the IL-1 receptor family and contains a leucine-rich motif within its extracellular 

domain, which is associated with signalling pathways that involve IL-1 receptor-

associated kinase and NF-kB (Ohashi et al., 2000).  
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HSPs from different sources i.e., bacterial and mammalian, play an important role in 

the activation of monocytes/macrophages and hence, stimulates the production of pro-

inflammatory cytokines such as TNF-α, IL-1, IL-6, and IL-12 (Calderwood et al., 2016; 

Henderson et al., 2010) when they interact with NF-kB, TLR2, and TLR4 signal 

transduction pathways (Calderwood et al., 2016).  Treatment of cells with HSP has 

been shown to transiently increase TLR2 and TLR4 expression within 3 hours, and 

for TLR2 expression peaked at around 9 hours, before starting to decline from 12 hours 

onwards (Zhou & An, 2005). Hsp72 has also been demonstrated to upregulate the 

expression of a number of cytokines (TNF-α, IL-1β, and IL-6) in human monocytes 

by initially binding to TLRs and eliciting a rapid intracellular calcium flux and as a 

result, upregulate NF-kB (Asea et al., 2000). TLRs are mostly expressed on APCs 

such as macrophages, monocytes, B-lymphocytes, and DCs and key family members 

include TLR2, TLR3, TLR4, TLR5, and TLR9 (Zhou & An, 2005).  

1.6.9.1 Toll-like receptor 2 and 4  

TLR2 and TLR4 have long been identified as specific receptors of pathogenic 

molecules (PAMPs), such as LPS (Shimazu et al., 1999). As mentioned previously, 

extracellular Hsp72 activates the immune system via interaction with TLRs (ie TLR2, 

TLR4) on the surface of monocytes and macrophages (Ferat-Osorio et al., 2014). 

Therefore, extracellular Hsp72 is believed to exert a form of ‘endotoxin’ effect via 

TLR4 receptors (Gupta et al., 2013). Human Hsp60 activates a strong pro-

inflammatory immune response when binding to TLR2, TLR4, and CD14 (Habich et 

al., 2002). TLR2 and TLR4, among other members of the TLRs family, are considered 

essential in the recognition of both human and bacterial derived Hsp60. Of note, with 

regards to H. pylori, TLR2 and TLR5 are required to induce NF-kB activation and 

chemokines expression (Takenaka et al., 2017).  

1.6.9.2 Toll-like receptor 5 

TLR5 is one of the innate immune receptor proteins, which can be located on cell 

surfaces (Akira et al., 2006); structurally, TLR5 contain up to 19-25 tandem leucine 

rich (LRR) protein motifs, as well as a transmembrane, and intracellular domain 

(Smith et al., 2003; Song et al., 2017). It has been reported that bacterial flagellin can 

be recognised via TLR5 through its extracellular domain, which then activates the 

MyD88-dependent signalling pathway and then initiates NF-kB mediated pro-

inflammatory cytokines production (Song et al., 2017). Flagellin has been reported as 
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a prototypical PAMP, and it is believed that a specific 13 amino acid sequence on 

flagellin is involved in TLR5 recognition (Smith et al., 2003). 

1.6.9.3 Toll-like receptor 7 

During autoimmune diseases such as systemic lupus erythematosus (SLE), TLR7, 

which can be located on endosomes within DCs, has been reported to be involved in 

tissue inflammation (Christensena & Shlomchika, 2007; Krieg & Vollmer, 2007; 

Marshak-rothstein, 2006; Thibault et al., 2009). TLR7 is an endosomal innate immune 

sensor that can recognise single-stranded ribonucleic acid (RNA). It has been 

demonstrated that immuno-stained human myeloid dendritic cells (mDCs) with anti-

TLR7 antibody and anti-TLR9 antibody; showed expression of TLR7 and not TLR9, 

and in addition, RNA-virus showed interaction with TLR7 in human mDCs (Hemmi 

et al., 2002; Ito et al., 2002); therefore, the expression of TLR7 in mDCs and not TLR9 

suggests that TLR expression patterns may vary among several APCs (Hemmi et al., 

2002; Ito et al., 2002).  

TLR7 in plasmacytoid dendritic cells (pDC) was also observed to recognise viral RNA, 

which resulted in the activation of inflammatory immune response via MyD88 

dependent signalling (Davidson et al., 2011; Diebold et al., 2004; Lund et al., 2004), 

and that TRAF3 and IKKα were associated in immune response (Davidson et al., 2011; 

Diebold et al., 2004; Lund et al., 2004). A study also observed that, in the pathogenesis 

of systemic inflammatory diseases, TLR7 can mediate DCs inflammatory immune 

response (Chen et al., 2013). It has been shown that in many viral infections, TLR7 

ligation may stimulate signal transduction through MyD88 (Abe et al., 2007). 

Following MyD88 activation. Type 1 interferon (IFN) and pro-inflammatory 

cytokines are produced via cytosolic adaptor molecules, such as IL-1 receptor-

associated kinase (IRAK)-1/4, tumor necrosis factor receptor-associated factor 

(TRAF)-6, and IFN regulatory factor (IRF)-5/7 (Gohda et al., 2004).  A recent study 

has reported that HIV single-stranded RNA contributes as a potent immune activator 

via TLRs such as TLR7/8 (Baenziger et al., 2018). TLR7 has also been demonstrated 

to recognizes species and strains of Plasmodium the infectious parasite involved in 

malaria (Baccarella et al., 2013). 
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1.7 Specific HSP Responses  

It would be useful to look at a number of HSPs in a single system in order to explore 

how these responses vary between the different proteins and also to compare those to 

bacterial antigens.  Based on the literature, the most relevant HSPs for this type of 

study are: Hsp27, Hsp60, and Hsp72 (Dukay et al., 2019; Zininga et al., 2018; 

Guisasola et al., 2017; Batulan et al., 2016).  

1.7.1 Heat shock protein 27 (HSPB1) 

Hsp27 is an oligomeric protein that can function as a chaperone and it’s up-regulation 

can also act as a biomarker of some diseases such as cancer (Vahid et al., 2016). The 

increased expression of Hsp27 occurs to try decrease the local oxidative stress, and 

therefore Hsp27 can activate some antioxidant pathways (Kaigorodova et al., 2016; 

Vahid et al., 2016; Vidyasagar et al., 2012). Hsp27 can also play a major role during 

the inhibition of apoptosis and actin cytoskeletal remodelling (Charette et al., 2000; 

Garrido et al., 2003; Wang et l., 2014) by blocking Fas/Apo-1 cell surface receptor 

and its ligand that mediates apoptosis (Mehlen et al., 1996). Constitutive expression 

of human Hsp27 in murine L929 cells has been shown to inhibit Fas/APO-1 mediated 

cell death (Mehlen et al., 1996; Schulze-osthoff et al., 1996). 

Hsp27 belongs to the small molecular weight HSP family (ie with monomeric MWs 

of 12-43 kDa) (Vidyasagar et al., 2012) and is a highly conserved oligomeric protein 

related to alpha-crystallin proteins (Vahid et al., 2016). Heat shock and other stress 

inducing agents can cause rapid phosphorylation, the transcriptional activation of the 

gene, and elevated expression of the protein (Lambert & Landry, 2017). Hsp27 has 

the ability to oligomerize into very large aggregate up to 800kDa in size (Xu et al., 

2012). Extracellularly, Hsp27 has been shown to decrease the formation of acetylated 

human LDL, which otherwise would ultimately lead to the production of 

proinflammatory cytokines such as IL-1β (Xu et al., 2012). Hsp27 (and its murine 

homologue, Hsp25) functions as adenosine triphosphate (ATP)-independent 

chaperone in protein folding; it is also implicated in; cytoskeletal structural 

rearrangements, cell migration, metabolism, cell survival, growth and differentiation, 

mRNA stabilization, and tumor progression (Kostenko & Moens, 2009). Human 

Hsp27 can be detected intracellularly in a variety of covalently modified states 

corresponding to nonphosphorylated, monophosphorylated, biphosphorylated, and 

triphosphorylated (Loktionova et al., 1998). The two major phosphorylation sites of 
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human Hsp27 have been located at Ser-78 and Ser-82 on the protein (Landry et al., 

1992; Lavoie et al., 1995). These phosphorylation states of Hsp27 appear to protect 

the cells against cellular insults, and studies have reported that Hsp27 phosphorylation 

specifically plays a major role in neuroprotection (Stetler et al., 2012; Zahari et al., 

2015).  

Another major phosphorylation site was identified at Ser-15, which is located at the 

conserved Hsp27 kinase recognition sequence motif RXXS site (Gaestel et al., 1991; 

Landry et al., 1992). Hsp27 phosphorylation occurs as a response to heat shock, cell 

stress, pro-inflammatory stimuli, and exposure to various agonists, including phorbol 

12-myristoyl 13-acetate (PMA) (Alford et al., 2007) and its elevated expression and 

phosphorylation, following heat shock or stress, encourages cell survival (Schulze-

osthoff et al., 1996). Exogenous Hsp27 induces the production of IL-10 when exposed 

to human monocytes (Kodys, 2015). Hsp27 may also inhibit the production of a 

proinflammatory cytokine through the blockage of NF-kB in activated B-cells, as well 

as and activating anti-inflammatory cytokines, via mitogen-activated protein kinases 

(MAPK) (Jr et al., 2008; Batulan et al., 2016).  

1.7.2 Heat shock protein 60 (HSPD) 

Hsp60 plays a major role as a mitochondrial chaperone that interacts with chaperonin 

(Cpn)/Hsp10 (HSPE) to form a protein folding complex (Deocaris et al., 2006). Hsp60, 

acting as a stress protein, is a strong immunoregulatory protein that functions by 

regulating how innate immune cells respond following exposure to stressful conditions 

(Habich & Burkart, 2007). Studies have shown that Hsp60 can activate an 

inflammatory immune response from several cell types, including macrophages 

(Habich et al., 2002), and adipocytes (Marker et al., 2012). A study (Imatoh et al., 

2009) reported that increased levels of Hsp60 had been observed in type 2 diabetes 

patients, meaning that Hsp60 can potentially be used as a biomarker in this human 

disease (Märker et al., 2012). Hsp60 was also regarded like other HSPs as a danger 

signal to the immune system, following a demonstration that cells such as monocytes 

exposure to Hsp60 triggers an immune response (Ohashi et al., 2000). Stimulation of 

innate immunity by Hsp60 also results in the release of inflammatory mediator such 

as interleukin 6 (IL-6), CXCL1, and monocytes chemoattractant protein-1 in a time 

and concentration-dependent manner from cells of adipocyte line (3T3-L1) and in 

primary adipocytes from obese mice (Bru et al., 2008). Hsp60 may function as an 
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immunodominant target of autoantibodies and autoimmune T-cell in healthy 

individuals as well as in immune-compromised patients like those suffering from 

inflammatory diseases such as arthritis, type 1 diabetes, and atherosclerosis (Habich 

et al., 2006).  

Variations of Hsp60 from different bacterial species show >95% sequence homology 

at DNA and protein level, thus showing that it is highly conserved. Comparison of 

bacterial and human Hsp60 also shows an overall level of 55% sequence homology, 

which reaches 72% in certain domains of the 573-amino acid long protein (Grundtman 

et al., 2011). All animals (including humans) produce an innate and adaptive immune 

response against Hsp60, probably due to the antigenic similarity of prokaryotic and 

eukaryotic HSPs. This then presents the human body with the challenge that Hsp60 

should be recognised and responded against during infections (Grundtman et al., 2011). 

It has been reported that human Hsp60 appears to be involved in some autoimmune 

and inflammatory immune processes in the body; which lead to the assumption that 

autoimmune diseases are activated when proteins from infectious agents mimic that 

of the human, for example, bacteria Hsp60 mimicking human Hsp60 (Elfaitouri et al., 

2013; Perschinka et al., 2003). A similar observation was made following immune 

response against Chlamydia pneumonia Hsp60 that mimic host human Hsp60 in 

atheromas (Bulut et al., 2002; Giuliano et al., 2011; Kol et al., 1999; Ohashi et al., 

2000).   

It has been demonstrated that Hsp60 could trigger a strong pro-inflammatory immune 

response following exposure of Hsp60 to the cell of the innate immune system (Habich 

& Burkart, 2007). Results from a study showed that recombinant Hsp60 was able to 

activate monocytic cells to produce cytokines such as IL-6 (Takenaka et al., 2005). 

Chlamydia Hsp60 (cHSP60) has been implicated in the activation of the deleterious 

immune response in humans infected with Chlamydia (Kol et al., 1998; Bulut et al., 

2002). Microbial Hsp65, such as recombinant Mycobacterium bovis Hsp65 and human 

Hsp60 activates immune response in both periodontal disease and coronary heart 

disease (Hasan et al., 2012, 2005). Furthermore, both human Hsp60 and bacteria 

Hsp60, including C.  pneumoniae have been implicated in the activation of host cells, 

including macrophages and endothelial cells, leading to inflammatory immune 

response (Bulut et al., 2002; Giuliano et al., 2011; Honarmand, 2013; Kol et al., 1999).  
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1.7.3 Heat Shock Protein 72 (HSPA) 

The Hsp72, which belongs to the Hsp70 family, is well known for the folding of the 

newly synthesized polypeptide in ATP dependent manner, which then helps to 

maintain the dynamic stability of protein structure (Giffard et al., 2008). Intracellular 

Hsp72 protein-protein interaction may also result in the inhibition of protein 

aggregation (Giffard et al., 2008). Hsp72 are mainly found in the intracellular 

compartment (Abboud et al., 2008), and when released from cells, Hsp72 is able to 

induce an immune response against injuries or diseases such as stroke, 

neurodegenerative disease, epilepsy, and trauma (Campisi et al., 2003). Extracellularly 

Hsp72 activates innate immunity and therefore acts as a danger signal, which results 

in a robust immune response and thereby, facilitates host defences against pathogenic 

organisms (Magalhaes et al., 2010). Hsp72 overexpression also plays a protective role 

during injury (Geraci et al., 2011). The elevated expression of this protein can be 

caused as a result of high or low temperatures, heavy metals exposure, infections, 

alcohol, and growth factors (Simon et al., 1995). In fact, the most thermosensitive and 

most highly inducible HSPs are the 70-kDa family, which includes Hsp72 (Magalhaes 

et al., 2010; Marshall et al., 2006).  

Extracellular Hsp72 has been recognised as an immunomodulatory protein because of 

its effect on both innate and acquired immune responses (Kampinga et al., 2009; 

Wheeler & Wong, 2007). Hsp72 seems to specifically interact with many cells 

surfaces receptors, such as TLR2, TLR4, LOX-1, CD91, CD94, CD40, and 

chemokines receptors like CCR5 (Campisi et al., 2003; Johnson & Fleshner, 2006; 

Milani et al., 2002; Pockley, 2001; Pockley et al., 2008; Todryk et al., 2003). Hsp72 

is an inducible stress protein and has been reported as the most abundant of all HSPs 

for example, Hsp72 has been reported to make up of 1-2% of all the cellular protein 

which are rapidly activated during cell stress, including in the skeletal muscle cells 

(Rodrigues-krause et al., 2012) and this abundant stress protein is strongly involved in 

the recognition of PAMPs such as LPS interaction with TLR4, CD14, and MD-2 

(Wheeler et al., 2009b). Extracellular receptors such as CD90, CD40, TLR2, and 

TLR4 have been identified as proteins which enhances the mechanism by which 

mammalian HSPs such as Hsp72 exercise their functional effects on APCs (Valentinis 

et al., 2008) and in addition, Hsp72 exposure to macrophages has been shown to 

activate the production of cytokines in these macrophages during stress or injury, via 
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binding to TLR2 and TLR4 receptors (Galloway et al., 2008). The release of 

intracellular Hsp72 (iHsp72) into the extracellular environment serves as an upcoming 

danger signal to other cells (Rodrigues-krause et al., 2012). As a molecular chaperone, 

intracellular Hsp72 may interact with other signalling proteins; for example, the anti-

inflammatory function of intracellular Hsp72 is mediated by the interaction of 

intracellular Hsp72 with proteins that activate NF-kB, which can then cause 

production of anti-inflammatory cytokines such as IL-10 (Giffard et al., 2008).  
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1.8 Aims of the thesis. 

Extensive work for many years described HSPs as a unique family of proteins that are 

located intracellularly. However, during stress inducing conditions, they are released 

into the extracellular environment, where they may interact with some membrane 

proteins and thereby induce inflammatory immune responses. When acting 

intracellularly, they are also well known as immunoregulatory proteins due to their 

anti-inflammatory characteristics. Extracellular HSPs are recognised as one of the 

most abundantly released dangers signalling proteins or alarmin proteins, that follow 

any kind of cell insult.  

It is conceivable to assume that exogenous molecules such as bacterial products are 

not the only proteins that can induce an immune response because many studies have 

demonstrated that normally endogenous molecules such as HSPs, when present 

extracellularly are also capable inducing an inflammatory immune response. However, 

there is still some confliction regarding this, as some studies believe that HSPs are not 

able to induce immune responses independent of bacterial contamination. Even with 

the HSPs interaction with receptor proteins, many studies have reported that HSPs 

interact via CD14/TLR2 and CD14/TLR4, which are similar to what is observed with 

bacterial products such as LPS, LTA, and lipoprotein. This issue of whether 

extracellular HSPs can induce immune responses on their own or whether this occur 

due to bacterial endotoxin contamination is one of the main aims that this study will 

address. In studying extracellular HSPs interaction with the immune system, several 

studies have used a range of cell lines, including U937 cell lines which have been 

described to mimic human monocytes. However, a large number of these studies, if 

not all, used differentiated cell lines, including U937 cells and not naïve U937 cells. 

For example, they are differentiating U937 cells to U937 macrophages before 

undertaking studies with HSPs. Although, it was not surprising that researchers used 

differentiated U937 cells because U937 cells has been described as a model cell line 

that are used in biomedical research and to study the behaviour and differentiation of 

monocytes to macrophages. However, in this study naïve U937 will be treated with 

recombinant HSPs first, before differentiating to macrophages. This approach may 

help in understanding better on how extracellular HSPs interacts with cells in order to 

induce cytokines production.    



57 
 

This thesis aims to investigate the role of HSPs in inducing inflammatory immune 

responses. Initially, it will examine the response of cells to extracellularly added 

Hsp27, Hsp60 and Hsp72 - and comparing these to LPS (as a bacterial antigen), GroEL 

(as a bacterial antigen with high homology to Hsp60), and Hsp73 (as another member 

of the Hsp70 family with high homology to Hsp72). Therefore, the thesis research 

question to be addressed is: Can extracellular HSPs induce cytokine production 

independent of LPS contamination and if so what are the possible receptor proteins 

that these HSPs are interacting with in order to activate immune responses?  

1.8.1 The objectives of this thesis are to determine: 

1. The effects of treatments of naïve U937 cells with Hsp72 and Hsp27 cytokine 

production. 

2. Are there differences in the effects of treatments of naïve U937 cells and U937 

macrophages with Hsp72 and Hsp27 on cytokine production. 

3. Are the reported effects of Hsp72 and Hsp27 treatments on cytokine 

expression actually due to the HSPs, or due to bacterial contaminants within 

the HSP samples. 

4. The identification of cell surface-specific receptor proteins in human 

monocytic U937 cells and U937 macrophages and whether Hsp72 and Hsp27 

treatments have any effect on their expression. 

5. Whether blocking some of the cell surface receptors with blocking peptides 

affects Hsp72 and Hsp27 induced cytokine production. 
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2.1 Materials 
 

Table 2. 1: List of equipment 

Equipment Manufacturer Catalogue 

Number 

Evos auto FL microscope  Thermo Fisher Scientific AMAFD1000 

FormaTM Series 3 water  

Jacketed CO2 Incubator 

Thermo Fisher Scientific  

Heraeus Multifuge x1 Thermo Fisher Scientific 75004210 

Heraeus Fresco 17 Centrifuge Thermo Fisher Scientific 75002402 

Hermle Z323k refrigerated centrifuge VWR International 5210221 

Vortex mixer mini Thermo Fisher Scientific GBI-900-010E 

BD AccuriTM C6 flow cytometry 

 

BD Biosciences 7820099-01-

Rev-2 

Varioskan LUXTM   

Microplate reader 

Thermo Scientific   

Microtitre plate shaker, 120 VAC Stuart SSL5 

Sigma A 1-14 micro  

Centrifuge  

Sigma-Aldrich 12084 

TC120 heated circulating water bath Grant Instruments TC120-P5 

MSC-AdvantageTM Class II 

Biological Safety Cabinet 

Thermo Fisher Scientific 51025411 

EVOS XL core Thermo Fisher Scientific AMEX1000 

ILMVAC vacuum Fisher Scientific  

mySPIN 6  Thermo Fisher Scientific 75004061 

GRUNDIG Fridge    

ZANUSSI Freezer    

Accumet AB150 pH/mV Fisher Scientific 3308 

Isotemp Stir Fisher Scientific SP88857290 

Ohaus Pioneer analytical 

Balances      

OHAUS Pa84c 

Heat-stir UC152D Sigma-Aldrich Z761265 

Ice Maker - Scotsman Wolflabs AF103 
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Beckman coulter DxH500 Beckman DxH500 

G: Box Syngene Synoptic group D24V2/3345 

RevcoTM  UxF -86OC  ThermoFisher Scientific UXF30086D 

Gel electrophoresis tank Fisher Scientific 9.584654 

Mini Power Supply Fisher Scientific nanoPAC-500 

iBlot 2 GEL Life Technologies IB21001 

Bright-LineTM Haemocytometer  Sigma-Adrich Z359629 

Biotek 405 TS microplate washer 

 

Bio Tek Instriments 405 TS  
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Table 2. 2: List of consumables 

Consumables Manufacturer Catalogue 

Number 

0.5 ml centrifuge tubes Starlabs S1605-0000 

1.5 ml centrifuge tubes Starlabs  S1615-5500 

15 ml centrifuge tubes  SLS SLS8102 

50 ml centrifuge tubes SLS SLS8106 

Cell Culture flask 25cm3 Fisher Scientific 10568482 

Cell Culture flask 75cm3 Fisher Scientific 10364131 

Microplate 96 well flat Bottomed Fisher Scientific 10687551 

Maxisop 96-well plates Fisher Scientific 156572 

Microplate 96 well V-bottomed Fisher Scientific FB56424 

Adhesive plate seal Fisher Scientific 11524794 

Coomassie Protein Assay (Bradford) kit Fisher Scientific  10270014 

12-well Cell Culture Plates   Fisher Scientific 10253041 

6-well Cell Culture Plates   Fisher Scientific 10578911 

Virkon, 6 pack Fisher Scientific 12348667 

6 ml K2EDTA Hemogard Nu-Care VS367873 

BD Vacutainer Eclispse Needle Nu-Care VS368609 

BD VacutainerTM   one Use Holder Nu-Care VS364815 

Nitrocellulose Membrane Fisher Scientific 15296526 

Nitrile gloves, large Appleton Woods KB974 

Industrial methylated spirit Fisher 11482874 

10 uL Graduated TipOne Tip, 1000 loose Starlabs S1111-3000 

200 uL yellow tips, 1000 loose Starlabs S1111-0006 

300 uL graduated tips, 1000 loose Starlabs S1110-9000 

1000 uL blue tips, 1000 loose Starlabs S1111-6001 

5 mL Finn Style tips, 250 loose Starlabs E1009-5000 

3 mL Pasteur pipettes, 500 Starlabs E1414-0300 

iBlot 2 transfer stacks, nitrocellulose, regular,  Fisher 15296526 
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Table 2. 3: List of reagent and equipment used for cell culture and cell 

count. 

Reagents/Equipment Manufacturer Catalogue 

Number 

Antibiotic antimycotic solution 

(100x), stabilized 

Sigma-Aldrich A5955-100ML 

Fetal Bovine Serum Fisher Scientific 11573397 

RPMI 1640 with L-glutamine Lonza BE12-702F 

Trypan blue solution Sigma-Aldrich T8154-100ML 

Bright-LineTM Haemocytometer  Sigma-Adrich Z359629 

Cover slip 22mm x 22mm  

0.13mm to 0.17mm thick 

Fisher 12363138 

U937 cell line ATCC CRL-1593.2 

EVOS XL core Thermo Fisher 

 Scientific 

AMEX1000 
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Table 2. 4: List of proteins or materials used for treatment.  

Proteins Manufacturer Catalogue Number 

Recombinant Human Hsp70 StressMarq SPR-108B 

Recombinant Human Hsp60 StressMarq SPR-104B 

Recombinant Human Hsp27 Stressmarq SPR-105C 

Escherichia coli 0111: B4 

Lipopolysaccharide  

Sigma-Aldrich 066M4064V 

Recombinant Human Hsp73 StressMarq  

Escherichia coli GroEL protein Sigma-Adrich C7688 

Phorbol 12-myristate 13-acetate 

(PMA) 

Sigma-Adrich 19-144 

CD14 peptide Abcam Ab45882 

CD14 blocking peptide Stratech GTX89394-PEP 

CD36 peptide Abcam Ab190596 

Novus Biologicals™ CD11b/c Peptide Fisher Scientific 15717675 

TLR2 Blocking Peptide Sigma SBP3135 

TLR4 Blocking Peptide Sigma SBP3500765 

TLR5 Blocking peptide Sigma SBP3500374 

TLR7 Blocking peptide Sigma SBP3500374 

Hsp70 Mouse Monoclonal Antibody StressMarq SMC-100B 

Hsp27 Mouse Monoclonal Antibody StressMarq SMC-161B 

Hsp60 Mouse Monoclonal Antibody StressMarq SMC-111B 

FITC Mouse anti-Human  

CD11b/MAC-1 

BD BioSciences 562793 

FITC Mouse IgG1, k Isotype control BD BioSciences 555748 

PE Mouse anti-Human CD36 BD BioSciences 555455 

PE Mouse IgM, k Isotype control BD BioSciences 555584 

APC-CyTM7 Mouse anti-Human 

CD14 

BD BioSciences 557831 

APC-CyTM7 Mouse IgG2b, k 

Isotype control 

BD BioSciences 558061 

Propidium Iodide Staining Solution BD BioSciences 556463 

Polymyxin B Solution Sigma-Adrich BCBJ8934V 
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Table 2. 5: List of reagents used for ELISA. 

Reagents Manufacturer Catalogue Number 

Human IL-1β ELISA Ready-SET-GO eBioscience 15561087 

Human IL-10 ELISA Ready-SET-GO eBioscience 15541047 

Human TNF-α ELISA Ready-SET-GO eBioscience 15541127 

ELISA Wash buffer X1   

1 M Phosphoric acid   

 

Table 2. 6: List of Reagents used for flow-cytometry. 

Reagents Manufacturer Catalogue Number 

Dulbecco’s Phosphate buffered Saline 

Without Ca2+ and Mg2+  (DPBS) 

Lonza BE17-513f 

Blocking buffer   

CD Marker BD BioSciences  

Paraformaldehyde   

BD Cytofix/CytopermTM fixation and  

Permeabilization solution 

BD BioSciences 51-2090k2 
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Table 2. 7: List of Materials/Reagents used for western Blotting. 

Materials/Reagents Manufacturer Catalogue 

Number 

N’N’ Bismethylene acrylamide ACROS A0369095 

Acrylamide gel Fisher Bio 174364 

Tris base Fisher 1716649 

Glycine ACROS A0395771 

Sodium dodecyl sulphate (SDS) Fisher Scientific 1559949 

Sucrose AnalaR K31845686 

DL-dithiothreitol Sigma-Adrich  

Bromophenol blue FISONS 36084453 

Ethylenediaminetetraacetic acid Sigma-Adrich BCBV9961 

Sodium Chloride Fisher 1665066 

Tween 20 Sigma-Adrich 31014611 

Ammonium Persulphate Sigma-Adrich MKBW1233 

N,N,N’,N’-Tetramethylethylenediamine 

(TEMED) 

Sigma-Aldrich BCBR4495V 

PhenylmethylSulfonyl Flouride Sigma-Adrich 17H0823 

Amino-n-caproic acid Sigma-Adrich 51K00021 

Triton Sigma-Adrich 118H0297 

Benzamidine Sigma-Adrich  

Nitrocellulose Regular Stacks Sigma-Adrich  

Bovine Serum Albumin (BSA) Sigma-Adrich  

Precision Plus ProteinTM  

westernCTM Blottin standards 

Bio-Rad 161-0399 

West FEMTO chemiluminescent substrate, 

Trial kit 

Fisher 10391544 
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2.2 Buffers and Solutions 

2.2.1 ELISA Wash Buffer X5, pH 7.2 

Sodium Chloride (80 g) (0.684 of molarity), Potassium Chloride (2.0 g) (0.013 of 

molarity), Potassium dihydrogen phosphate (2.4 g) (0.010 of molarity), Sodium 

hydrogen phosphate (14.4 g) (0.051 of molarity), Tween 20 was added to 1800 mL of 

dH2O, stirred thoroughly, and pH adjusted to 7.2. The solution was then made up to 

2000 mL. 

ELISA X1 coating buffer 

ELISA X10 coating buffer (1 mL) was diluted in 9 mL of dH2O  

ELISA wash buffer X1 

ELISA wash buffer X5 (1 mL) was diluted in 4 mL of dH2O 

Assay diluent X1 

Assay diluent X5 (1 mL) was diluted in 4 mL of dH2O. 

1 M Phosphoric acid 

Concentrated Orthophosphoric acid (6.8 mL) was diluted with dH2O up to 100 mL. 

 

2.2.2 Cell extraction buffer 

Tris base (0.315g) (0.02 of molarity), EDTA (0.004g) (0.0001 of molarity) and DL-

dithiothreitol (0.01g) (0.0006 of molarity) was added to 100 mL of dH2O and pH 

adjusted to 7.4. This solution was supplemented with phenylmethylsulfonyl fluoride 

(0.035g) (0.002 of molarity), amino-n-caproic acid (0.065g) (0.004 of molarity), 

benzamidine (0.016g) (0.001 of molarity), Triton 100 ul. Top up to 100ml to make up 

to 0.1% solution and store at 4oC. This was prepared up to one month in advance. 

2.2.3 Phosphate Buffered Saline (PBS), pH 7.2. 

8.0 g of sodium chloride (0.0684 of molarity), 0.2 g of potassium chloride (0.001 of 

molarity), 0.24 g of potassium dihydrogen orthophosphate (0.0008 of molarity), and 

1.44 g of sodium dihydrogen orthophosphate (0.006 of molarity) were added to 1800 

mL of dH2O, stirred thoroughly and pH adjusted to 7.2. The solution was then made 

up to 2000 mL. 
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2.2.4 SDS-PAGE buffers 

1.5 M Tris-HCl, pH 8.8 

Tris base (18.5g) was added to 40 mL of dH2O, and pH adjusted to 8.8 with 1 M HCl. 

This solution was then made up to 100 mL with dH2O. 

0.5 M Tris-HCl, pH 6.8 

Tris base (3.0g) was added to 40 mL of dH2O, and pH adjusted to 6.8 with 1 M HCl. 

This solution was then made up to 100 mL with dH2O. 

Acrylamide-bis 

N’N Bismethylene acrylamide (0.8g) and Acrylamide (30g) were added to 100 mL of 

dH2O, stirred thoroughly then filtered through whatman #1 filter paper.  

10 % SDS solution 

SDS (10.0g) was added to 100 mL of dH2O. 

10 % Ammonium persulphate  

Ammonium persulphate (0.1g) was added to 1 mL of dH2O.This was freshly prepared 

when needed. 

0.05% Bromophenol blue 

Bromophenol blue (0.01g) was added to 20 mL of dH2O. 

Non-Reducing sample buffer 

Sucrose (2.4g), 0.5 M Tris-HCl pH 6.8 (2.0 mL), 10 % SDS solution (9.0 mL), 0.05 % 

bromophenol blue (0.4 mL) was added to 9.1 mL dH2O and stirred thoroughly. 

Reducing sample buffer 

DL-dithiothreitol (0.02g) was added to the non-reducing sample buffer. 

Electrode Buffer, pH 8.3 

Tris base (5.4g), glycine (25.92g), 10 % SDS solution (9.0 mL) was added to 900 mL 

of dH2O and stirred thoroughly. This buffer was freshly prepared or a day prior to use 

and stored at 4oC. 
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2.2.5 Western blotting wash buffers  

Tris buffer solution (TBS) 

Tris base (2.42g) and NaCl (29.22g) was added to 750 mL dH2O, adjusted pH to 7.5 

then made up to 1L with dH2O 

Washing Solution (TTBS) 

Tween 20 (0.05 % v/v) was added to 500 mL of TBS and stirred thoroughly. 

Blocking solution 

BSA (1 % w/v) was added to 50 mL of TBS and stirred thoroughly. 

Antibody buffer 

BSA (1% w/v) was added to 100 mL of TTBS and stirred thoroughly.   

2.2.6 Flow Cytometry Solutions 

Antibody wash buffer (v/v) 

5% foetal bovine serum (FBS) was added to Dulbecco’s phosphate-buffered saline 

(DPBS), pH 7.2. 

Paraformaldehyde 4 % (w/v) 

2.0 g of paraformaldehyde and 100 µL of 5 M sodium hydroxide (NaOH) were added 

to 40 mL of Dulbecco's phosphate-buffered saline (DPBS). This was incubated at 56oC 

in a heated stirrer or water bath until the paraformaldehyde was completely dissolved. 

The pH was adjusted to 7.4 with 100 µL 5 M HCl, and the solution was made up to 

50 mL with DPBS. This was stored at 4oC for a maximum of seven days. 
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2.3 Methods 

2.3.1  Cell culture conditions 

Cell culture and cell treatment were performed using an aseptic technique in a class II 

tissue culture safety cabinet. All cells were grown or incubated at 37oC in a humidified 

atmosphere of 5% CO2 unless otherwise stated. 

2.3.2  Preparation of cell culture media (10% RPMI) 

RPMI 1640 (500 mL) medium was equilibrated at 37oC and then supplemented with 

10% (50 mL) FBS; 1% (5 mL) antimycotic solution was also into 10% FBS of RPMI 

1640. 1mL aliquots of 10% RPMI were regularly plated onto 12-well tissue culture 

plates and examined under an inverted light microscope for infection and integrity of 

the cell culture media. 

2.3.3  Thawing of frozen cell line 

1ml vials of cells were removed from liquid nitrogen and rapidly thawed at 37oC until 

almost completely defrosted. 9ml of pre-warmed 10% RPMI was then dispensed into 

a 25cm2 tissue culture flask, and the thawed cell suspension was then added. The flask 

was incubated at 37oC with 5% CO2, and the cells regulated were observed under an 

inverted light microscope for viability. 

2.3.4  Growth of U937 cell line 

U937 human monocytic cell lines were cultured in 25cm2 plastic tissue culture vented 

flask using 10% RPMI and were seeded at a density of 2-9 x 105 cells/ml. The cells 

were passaged every 3-4 days routinely or when confluent in 10% RPMI suspension 

and regularly treated for cell viability using the trypan blue exclusion method. The 

growth pattern of U937 cells in culture medium (10% RPMI) is made up of four phases: 

(1): the lag – at this latent phase (0 – 24 hours), U937 cells adapt to the cell culture 

conditions, (2): the log – at this exponential phase (48 – 96 hours), U937 cells actively 

proliferate and increase in cell density and is recommended to determine cellular 

functions at this phase; (3): the stationary – at this phase the exponential increase in 

cell numbers gradually slows, and (4): the death – at this phase, cellular death 

predominate due to lack of nutrients leading to reduction in viable cells.   
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2.3.5  Preparation of heat-inactivated serum (HI-FBS) 

FBS was heat-inactivated to inactivate heat-sensitive components like growth factors 

and complement proteins that may seriously affect experimental results. FBS was 

allowed to thaw at 370C before being placed in a 56oC water bath for 30 minutes 

afterward stored at -20oC until required. 

2.3.6  Preparation of U937 cells for treatment 

Viable U937 cell cultured in 10 % FBS RPMI (Section 2.3.2) in a tissue culture flask 

was transferred into a 15 mL tube and centrifuged for 5 minutes at 500 g. The 

supernatant was removed and discarded. The cell pellet was gently resuspended in 10 % 

HI-RPMI at 5 x 105 cells/ml density and centrifuged at 500 g for 5 minutes; the 

washing step using HI-RPMI was repeated 3 times. Following the washing steps, the 

cell pellet, was resuspended in HI-RPMI and was then ready for use via in variety of 

experimental treatments. Following treatment, cells were plated out in a 12-well plate 

and incubated as required at 37oC in a humidified atmosphere with 5% CO2.  

2.3.7  Transformation of U937 cells into U937 macrophages 

U937 human monocytic cells were grown as described previously and prior to 

experimental treatments, the cells were removed from cell culture flasks, and viability 

was assessed as described in section 2.3.8. Transformation of U937 cells into 

macrophages was achieved using a suspension of cells actively growing in the log 

phase and with >95% viability. Cells were centrifuged at 500g for 5minutes at 25oC. 

10% FBS phenol red-free RPMI (phenol red-free was due to the change in pH as the 

cells metabolites is released following cells growth; for example cell growth change 

the RPMI pH 8 to a low pH, which causes phenol red medium to turn yellow) 

supernatant was removed, and cell re-suspended in 10% heat-inactivated FBS 

(10%HI-RPMI); centrifuged at 500g for 5minutes for 3 times, followed by 

resuspension in 10% HI-FBS (10% HIRPMI) containing 10 ng/ml phorbol 12-

myristate 13-acetate (PMA) or 0.1 µmol/ml 1,25-dihydroxyvitamin D3 (VitD3). PMA 

and VitD3 were used because they are stimuli commonly used in the study of cell 

differentiation to macrophages; and PMA were observed to induce at least 200-fold 

TNF-α secretion increase difference when compared to VitD3 (see Table 2.8). Cells 

were then plated out into 12-well cell culture plates at 5 x 105 cells/mL in 1ml/well 

and incubated for 24 hours at 37oC in a humidified atmosphere with 5% CO2 to enable 

differentiation of the cells to occur. After 24 hours, the media was removed, and cells 
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were gently washed with 10% HIRPMI, then 1ml/well fresh 10% HIRPMI was added. 

The U937 macrophages were then deemed ready for experimental treatment. 

When U937 cell lines are transformed into U937 macrophages, the cells became 

adherent to the well surfaces, form clusters, and do exhibit morphological changes, 

which include becoming larger in appearance, granular with large lysosomes. Some 

cells also appear to display pseudopodia, and most cells cease to rapidly proliferate 

(Figure 2.1). Cell differentiation was confirmed by assessing cytokine secretion and 

CD14 cell expression from the differentiated cells, which included measuring TNF-α 

secretion in the cell supernatant. Undifferentiated naïve U937 cells showed little or no 

TNF-α secretion and no CD14 expression compared to cells differentiated with either 

PMA or VitD3 (Table 2.8 and Chapter 5).  
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Figure 2. 1 (A) normal U937 cells and transformed U937 Cells with (B) 

PMA (C) VitD3 

Naïve U937 cells were transformed into U937 macrophages using 10ng/ml PMA (B) 

or 0.1µmol/ml VitD3 (C), following incubation for 24 hours at 37oC in a humidified 

atmosphere with 5% CO2. The Images were generated on Evos Life technologies 

microscope x40.  

 

Table 2. 8: Cytokine secretion following U937 cells treated with PMA or 

VitD3. 

U937 cells (h) TNF-α (pg/ml) 

0 0.055 ±SD 

24 0.060±SD 

U937 cell + PMA (h) TNF-α (pg/ml) 

0 0.784±SD 

24 245.405±SD 

U937 + VITD3 (h) TNF-α (pg/ml) 

0 0.613±SD 

24 14.317±SD 

U937 cells differentiated to macrophage using 10 ng/mL PMA or 0.1µmol/ml VitD3, 

and incubated for 24 h. Cells were centrifuged, and supernatant retrieved were 

measured for TNF-α secretion by ELISA. TNF-α secretion from (Table 2.8), was 

obtained from three independent experiment replicates undertaken with sample tested 

for TNF-α at each experiment.  
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2.3.8  Cell counting and viability assay. 

Trypan blue is a non-permeable cell membrane DNA dye; used to determine the 

viability of cells present in the cell suspension. This dye exclusion assay functions on 

the principle that viable cells have intact cell membranes, which trypan blue and other 

similar dyes. In contrast, necrotic cells allow the dye to pass through the cell 

membrane due to loss of integrity of the cell membrane and therefore is stain the DNA 

inside the cells. Routinely cell counts and viability were performed in duplicate with 

50µl of (25 µL cells and 25 µL of trypan blue) cell/trypan blue suspension using a 

haemocytometer and viewed under a light microscope.  

2.3.9  Peripheral blood mononuclear cells (PBMCs) isolation from  

  whole blood 

Firstly, ethical approval was obtained in accordance with English law, which was 

issued by the Faculty of Medicine, Dentistry and Life Sciences Research Ethics 

Committee (See Appendix 13). The research was discussed with the potential 

participants verbally in order to allow them to decide if they intend or wish to 

participate on the study. Consented participants were invited to Chester Medical 

School, University of Chester Phlebotomy room, where 20mL of blood were collected 

into K2EDTA anticoagulated tubes from healthy consented participants through the 

vein by a trained Phlebotomist. The participants were mainly University of Chester 

students aged 18 – 60.  

Collected K2EDTA anticoagulated blood was layered onto a centrifuge tube with a 

sterile endotoxin-tested solution of polysucrose and sodium diatrizoate, that was 

adjusted to a density of 1.077 g/mL; is a ready to use commercially (Sigmaaldrich 

company) prepared medium generally, described as (Histopaque-1077). Histopaque-

1077 facilitates rapid retrieving of viable lymphocytes and other mononuclear cells. 

During centrifugation, red blood cells are aggregated by polysucrose and rapidly 

sediment. Granulocytes then become slightly hypertonic, which increases their rate of 

sedimentation, and as a result, also pellet at the bottom of the centrifuge tube. In 

contrast, lymphocytes and other mononuclear cells remain at the plasma/Histopaque-

1077 interface. Contamination of red blood cells is negligible.  
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Figure 2. 2 Isolation of PBMCs using Histopaque-1077. 

(A): whole blood layered onto Histopaque-1077 in centrifuge tube; (B): Whole blood 

separates into different compartment (Adapted from Reeves & Sinclair, 2014) 

 

Platelets are then predominantly removed by low-speed centrifugation during the 

washing steps. Venous whole blood was collected using K2EDTA vacutainers. 3 mL 

of Histopaque-1077 was pipetted into 15 mL centrifuge tube and was brought to room 

temperature (25oC). Aliquots (3 mL) of whole blood was carefully layered onto the 

upper gradient of 15 mL tube with Histopaque-1077. This was centrifuged at 400 g 

for 30 minutes at room temperature. This was because centrifuging at lower 

temperatures such as 4oC, may result in cell clumping and thereby, poor cell recovery. 

The tube was carefully removed from the centrifuge, and distinct opaque layers were 

observed. Using Pasteur pipette, the plasma was aspirated and discarded to within 0.5 

cm of the upper layer. Upper layer cells were transferred into a new 15 mL tube and 

marked mononuclear. Mononuclear was washed by adding 10 mL of isotonic PBS and 

centrifuge for 10 minutes at 250 g. The supernatant was removed and discarded. The 

pellet was re-suspended in PBS by gently drawing it in and out of a Pasteur pipette; 

this step was repeated two times. PBMCs were then re-suspended in 10 % HI-RPIMI 

(5 mL) followed by counting and viability testing using trypan blue exclusion (Section 

2.3.8). PBMCs and were then diluted with 10 % HI-RPMI to adjust cell density to 1 x 

106 cells/mL and plated out in 12-well cell culture plates at 1mL/well, respectively. 
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Following any experimental treatment, these cells were then incubated in humidified 

5 % CO2 at 37oC.  

2.3.10 ELISA quality control 

The protocol in carrying out this test method (Sections 2.3.11, 2.3.12, and 2.3.13) was 

strictly adhered to as recommended by the manufacturer to ensure that the test 

consistent. This was also monitored by the comparing the standard curve (Appendix 

9.1) obtained from the supplied quality control sample diluted to different 

concentrations, following the manufacturer's instructions. The control absorbance 

measured each time between ± ≤ 1 absorbance at 450nm wavelength. The calibration 

consistently gave R2 of ≥0.99 and Standard deviations (SD) of 0.01; 0.03 and 0.02 on 

IL-1β; TNF-α; and IL-10, respectively.  

2.3.11 Determination of TNF-alpha concentration by ELISA 

The concentration of TNF-α was measuring using the commercially available ELISA 

kit (eBioscience). 

ELISA X 10 coating buffer was diluted 1:10 in distilled water. 48µl of Capture anti-

body solution was added to 12ml of X 1 coating buffer and used to coat the ELISA 

plate with 100ul/well. The plate was then sealed and incubated at 4oC overnight. The 

plate was then washed three times with ELISA wash buffer X 1 (Section 2.2.1) with a 

1 minute soaking time interval using the Biotek 405 TS microplate washer. The plate 

was then blotted dry, and all wells were blocked with 200µl/well of X 1 of X 5 ELISA 

diluent and incubated for 1 hour at 25oC. The plate was washed by soaking with 

ELISA buffer and blotted dry using absorbing material. 0-500 pg/ml standard was 

prepared by diluting TNF-α stock in X 1 assay diluent. Samples were applied to the 

plate, either diluted or undiluted. If required, samples and standard were diluted in X 

1 assay diluent, and 100µl/well were applied to the appropriate wells. The plate was 

sealed and incubated for either 2 hours at 25oC or 4oC overnight. The plate was then 

washed and blotted as before, and 100µl/well of detection anti-body diluted in X 1 

ELISA diluent was added and incubated for 1 hour at 25oC. The plate was washed and 

dried as before, and 100µl/well of peroxidase labelled avidin diluted in X 1 ELISA 

diluent was then added and incubated for 1 hour at 25oC. The plate was then washed 

five times with a 1 minute soak time between washes and blotted dry. 100µl/well 1 X 

TMB substrate was then added to the plate and incubated for a further 15 minutes at 

25oC before the addition of 50µl 1M orthophosphoric acid to stop the reaction. The 
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plate was then read at 450nm wavelength using a Thermo-scientific Varioskanlux 

plate reader. Absorbance values were converted to TNF-α concentration using 

PrismTM software. 

2.3.12 Determination of IL-10 concentration by ELISA 

The concentration of IL-10 was measuring using the commercially available ELISA 

kit (eBioscience). 

ELISA X 10 coating buffer was diluted 1:10 in distilled water. 48µl of Capture anti-

body solution was added to 12ml of X 1 coating buffer and used to coat the ELISA 

plate with 100ul/well. The plate was then sealed and incubated at 4oC overnight. The 

plate was then washed three times with ELISA wash buffer X 1 (Section 2.2.1) with a 

1 minute soaking time interval using the Biotek 405 TS microplate washer. The plate 

was then blotted dry, and all wells were blocked with 200µl/well of X 1 of X 5 ELISA 

diluent and incubated for 1 hour at 25oC. The plate was washed by soaking with 

ELISA buffer and blotted dry using absorbing material. 0-300 pg/ml standard was 

prepared by diluting IL-10 stock in X 1 assay diluent. Samples were applied to the 

plate, either diluted or undiluted. If required, samples and standard were diluted in X 

1 assay diluent, and 100µl/well were applied to the appropriate wells. The plate was 

sealed and incubated for either 2 hours at 25oC or 4oC overnight. The plate was then 

washed and blotted as before, and 100µl/well of detection anti-body diluted in X 1 

ELISA diluent was added and incubated for 1 hour at 25oC. The plate was washed and 

dried as before, and 100µl/well of peroxidase labelled avidin diluted in X 1 ELISA 

diluent was then added and incubated for 1 hour at 25oC. The plate was then washed 

five times with a 1 minute soak time between washes and blotted dry. 100µl/well 1 X 

TMB substrate was then added to the plate and incubated for a further 15 minutes at 

25oC before the addition of 50µl 1M orthophosphoric acid to stop the reaction. The 

plate was then read at 450nm wavelength using a Thermo-scientific Varioskanlux 

plate reader. Absorbance values were converted to TNF-α concentration using 

PrismTM software. 
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 2.3.13 Determination of IL-1β concentration by ELISA 

The concentration of IL-1β was measuring using the commercially available ELISA 

kit (eBioscience). 

ELISA X 10 coating buffer was diluted 1:10 in distilled water. 48µl of Capture anti-

body solution was added to 12ml of X 1 coating buffer and used to coat the ELISA 

plate with 100ul/well. The plate was then sealed and incubated at 4oC overnight. The 

plate was then washed three times with ELISA wash buffer X 1 (Section 2.2.1) with a  

1-minute soaking time interval using the Biotek 405 TS microplate washer. The plate 

was then blotted dry, and all wells were blocked with 200µl/well of X 1 of X 5 ELISA 

diluent and incubated for 1 hour at 25oC. The plate was washed by soaking with 

ELISA buffer and blotted dry using absorbing material. 0-150 pg/ml standard was 

prepared by diluting IL-1β stock in X 1 assay diluent. Samples were applied to the 

plate, either diluted or undiluted. If required, samples and standard were diluted in X 

1 assay diluent, and 100µl/well were applied to the appropriate wells. The plate was 

sealed and incubated for either 2 hours at 25oC or 4oC overnight. The plate was then 

washed and blotted as before, and 100µl/well of detection anti-body diluted in X 1 

ELISA diluent was added and incubated for 1 hour at 25oC. The plate was washed and 

dried as before, and 100µl/well of peroxidase labelled avidin diluted in X 1 ELISA 

diluent was then added and incubated for 1 hour at 25oC. The plate was then washed 

five times with a 1 minute soak time between washes and blotted dry. 100µl/well 1 X 

TMB substrate was then added to the plate and incubated for a further 15 minutes at 

25oC before the addition of 50µl 1M orthophosphoric acid to stop the reaction. The 

plate was then read at 450nm wavelength using a Thermo-scientific Varioskanlux 

plate reader. Absorbance values were converted to TNF-α concentration using 

PrismTM software. 
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2.3.14 Protein extraction  

Expression of HSPs was analysed in cell extracts following pre-treatment of U937 

cells/U937 macrophages with each of the HSPs (Hsp72, Hsp60, and Hsp27) diluted in 

10% HIRPMI to give 1000ng/mL stock solution; the ≤1000ng/mL HSPs treatment 

was reported by (Tsan & Gao, 2004) as capable of inducing cytokine production. HSPs 

were then assessed, to check that a significant amount of recombinant HSP hasn’t 

entered the cells. Following treatment, cells were incubated for 72 h, and a sample was 

collected at 0, 24, 48, and 72 h, respectively. Collected samples: 1 mL of 5 x 105 

cells/mL density were transferred to 1.5 mL microcentrifuge tube; then centrifuged at 

500 g for 5 minutes at 25oC. The supernatant was discarded, and the pellet was re-

suspended in 500 µL extraction buffer (section 2.2.2). Cells were incubated in a freezer 

-80oC for 10 minutes. Following incubation, cells were vortex and centrifuged for 20 

minutes at 13,500 g, at 4oC. The supernatant was retained and used for SDS-PAGE.  

2.3.15 Determination of protein concentration of samples 

The protein concentration of the samples was determined using Coomassie protein-

dye assay (originally described by Bradford in 1976). When mixed with a protein 

solution, the dye, which is an acidic reagent, changes from brown colour (465 nm) to 

blue (595 nm) in proportion to the concentration of protein present in the sample. 

Sample protein determination was compared with a standard, which is usually 

prepared by series of dilution of bovine serum albumin (BSA) (2 – 0.125 mg/mL). 

BSA was diluted in an appropriate buffer, usually in the same buffer as the sample 

(Extraction buffer). A standard curve was created using BSA and extraction buffer as 

recommended (see table 2.9). 
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Table 2. 9: BSA standard curve dilution 

Buffer volume  

(µL) 

BSA stock solution  

(µL) 

Final BSA concentration 

(µg/mL) 

0 100 2000 

100 300 1500 

200 200 1000 

250 150 750 

300 100 500 

350 50 250 

375 25 125 

395 5 25 

400 0 0 

 

Protein concentrations were determined using the microplate method. 10 µl of both 

standard and unknown samples were pipetted into plate wells. 300 µl of the CooAssay 

dye was added to each well containing both standard and unknown samples. The plate 

was incubated for 10 minutes at room temperature, after which sample absorbance was 

measured at 595 nm using a Varioskanlux plate reader. If sample concentrations were 

higher than the standard protein range, samples were appropriately diluted.  

2.3.16 SDS-PAGE electrophoresis 

Following cellular protein extraction (Section 2.3.13), sodium dodecyl sulfate-

polyacrylamide electrophoresis (SDS-PAGE) was used to analyse the proteins within 

the extracts. Following sample preparation (Section 2.3.14), all samples were 

normalised such that the same amount of protein was present in all the samples. After 

sample normalization, samples were then diluted 1:1 with sample buffer (Section 2.2.4) 

and were denatured by heating to 85oC for 10 minutes. The samples were allowed to 

cool for 10 minutes before loading onto the stacking gel. Precision Plus® protein 

standards were also used as a reference for molecular weights and did not require any 

pre-treatments before use. 

Solution and buffer were prepared in advance (Section 2.2.4), and the mini-protein® 

II electrophoresis apparatus was assembled as stated by the manufacturer and run as 

described by Laemmli (1970). 
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10 % separating (resolving) gels were prepared by adding 6.05 mL dH2O with 3.75 

mL of 1.5 M Tris-HCl pH8.8, 150 µL of 10 % SDS solution, and 5.0 mL of 

acrylamide-bis in a small side-arm flask. This solution was degassed under a vacuum 

for 10 minutes. Following degassing, 50 µL of fresh 10 % ammonium persulphate and 

7.5 µL of TEMED were added. The solution was gently agitated, then quickly and 

carefully pipetted between the glass plates of the gel cassette to prevent mixing with 

air until 1 cm from the top of the inner plate. This was immediately overlaid with 500 

µL of dH2O and left to polymerise for 1 hour. 

Once polymerised, the excess dH2O was poured off, and 3 % stacking gel was 

prepared which act to concentrate large sample volumes required for better band 

resolution. 3.15 mL of dH2O was added to 1.25 mL of 0.5 M Tris-HCl pH 6.8, 50 µL 

of 10 % SDS solution, and 500 µL acrylamide-bis in a small side-arm flask. This was 

degassed for 10 minutes under vacuum, then 50 µL of 10 % ammonium persulphate 

and 5 µL of TEMED were added. The solution was gently agitated and added to the 

top of the previously polymerised resolving gel within the glass cassette. A well 

forming comb was placed into the apparatus and the stacking gel and left to polymerise 

for 1 hour. The well combs were removed by pulling them straight up slowly and 

gently, and the apparatus was lowered into the vertical gel tank. Electrode buffer was 

added to both the inner chamber and the outer tank, so that about 1 cm of the bottom 

part of the gel was immersed, as well as the upper part of the tank to ensure the wells 

were filled. A 25 µL volume of each sample and a 5 µL volume of Precision Plus® 

standard were then loaded into the wells of the stacking gel and run at 150 V for 1 

hour or until the bromophenol blue dye was within 2 mm from the bottom of the 

separating (resolving) gel. 

After electrophoresis was complete, the buffer was poured off, and the gel was 

carefully removed and stained for total protein (Section 2.3.15) or transferred to a 

western blotting chamber and electrophoretically transferred onto nitrocellulose 

membranes for probing with specific anti-bodies (Section 2.2.16). 
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2.3.17 SDS-PAGE total protein stain 

To visualise the proteins on the SDS-PAGE gels, Imperial Protein Stain was used. 

After electrophoresis, the gel was removed from the apparatus, and stacking gels were 

removed from separating gels and washed three times with dH2O with gentle shaking. 

20 mL of protein stain was then applied to each gel for 1 hour with gentle shaking. 

The stain was poured away, and the gel was again washed with dH2O to obtain a clear 

background on the gel with clear and intensely blue-stained protein bands. This was 

maximised by overnight washing with dH2O. The gel was visualised and 

photographed using the G: Box Syngene fluorescence and chemiluminescence 

imaging system.  

2.3.18 Western blotting 

Following SDS-PAGE electrophoresis (Section 2.3.14), gels were transferred onto 

nitrocellulose membrane for western blotting using the iBlot 2 dry blotting system and 

iBlot2 Nitrocellulose Regular Stacks. Solution and buffers were prepared in advance 

(Section 2.2.5) iBlot2 nitrocellulose membrane (filter paper) were soaked in dH2O. 

Following the electrophoretic transfer, the stacking gel was removed from the gel 

using a razor blade, and iBlot2 apparatus was then assembled as described below from 

the bottom upwards: 
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Figure 2. 3: Transfer of the protein band from SDS-PAGE on to a  

  membrane. (Retrived from Biolegend, 2021) 

Care was taken when placing the nitrocellulose membrane on top of the gel to ensure 

no air bubbles were present and good contact was made. It was also necessary to place 

the absorbent pad on top of the top stack such that the electrical contacts were aligned 

with the corresponding electrical contacts on the blotting surface of iBlot2 gel transfer 

device. The iBlot2 device lid was closed and latched carefully to ensure that the 

transfer stack and electrical contacts do not shift. The transfer was carried out for 7 

minutes. After the transfer was completed, the nitrocellulose membrane was removed 

and immuno-stained using specific anti-bodies (Section 2.3.17). 

2.3.19 Immuno-staining of Western blots 

Buffers and solutions were prepared in advance (Section 2.2.5). Following Western 

blotting, the membrane was incubated for 1 hour at 25oC in a blocking solution. The 

blocking solution was then, removed and the membrane was washed three times for 5 

minutes per wash with 25 mL washing solution. The membrane was then incubated 

with the primary antibody (see Table 2.4) in antibody buffer and incubated for 1 hour 

at 25oC or overnight at 4oC. The solution was removed and discarded, and the 

membrane was washed three times for 5 minutes per wash with 25 mL washing 

solution. The blot was then incubated with HRP labelled secondary antibody buffer 

for 1 hour at 25oC. The membrane was washed further for five times with 25 mL 
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washing solution and then incubated with 500 µL of Supersignal West Femto 

chemiluminescent substrate for 5 minutes. The blot was then visualised and 

photographed using G: Box Syngene fluorescence and chemiluminescence imaging 

system. 

2.3.20 Flow cytometry 

Flow cytometry was used to measure the expression of cell surface proteins, including 

CD14, CD36, CD11b, TLR2, TLR4, TLR5, and TLR7, respectively. Following 

treatment of U937 cells or U937 macrophages in the presence or absence of HSPs, 

1x106 cells/mL were then plated in a 6-well plate and incubated at 37oC in a humidified 

atmosphere of 5% CO2 for 24 h. After incubation, the cells (either treated in the 

presence or absence with Hsp72 or Hsp27); were transferred to 1.5 mL 

microcentrifuge tubes and centrifuged for 5 minutes at 500 g; the supernatant was 

removed and discarded. The cell pellet was re-suspended in 100 µL of DPBS and then 

transferred to a V-bottomed 96-well plate and centrifuged for 5 minutes at 500 g; the 

supernatant was removed and discarded. The cell pellet was resuspended in blocking 

buffer (5 % FBS in DPBS); 100 µL/well and incubated for 5 minutes at 25oC. Then, 5 

µL/well of anti-CD14; anti-CD36; anti-CD11b; anti-TLR2; anti-TLR4; anti-TLR5; or 

anti-TLR7, and 10µL propidium iodide (PI) solution was then added and incubated in 

the dark for 1 hour at 4oC. PI is a fluorescent dye that stains DNA and used to assess 

cell viability. The choice of fluorescent markers was considered for the spectral 

overlap and the capabilities of the BD AccuriTM C6 flow cytometry. Following 

incubation, cells were centrifuged at 500 g for 5 minutes; the supernatant was removed 

and discarded. 100µL/well of blocking buffer was added and centrifuged at 500 g for 

5 minutes. The supernatant was removed and discarded. To analyse the sample 

immediately; the cell pellet was re-suspended in 100µL of DPBS and centrifuged at 

500g for 5 minutes. The supernatant was removed and discarded, then the cell pellet 

was re-suspended in 100µL DPBS, and the sample analysed immediately using BD 

AccuriTM C6 (Appendix 11.1), according to each protein fluorochromes. (See table 

2.10)  
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Table 2. 10: Analysed fluorochrome of Immuno-stained proteins  

Antibody Analysed Fluorochrome 

CD14 APC-CyTM7-FL3 

CD36 PE-FL2 

CD11b FITC-FL1 

TLR2 PE-FL2 

TLR4 PE-FL2 

TLR5 APC-Alexa Fluor®-FL4 

TLR7 PE-FL2 

 

However, if the sample were to be analysed later than the sample preparation day, the 

sample needs to be fixed in paraformaldehyde. Following discarded blocking buffer 

supernatant, the cell pellet was re-suspended in 70 µL/well of 4 % paraformaldehyde 

for 10 minutes and incubated at 4oC. Following fixing in 4 % paraformaldehyde, 70 

µL/well of DPBS was added, then centrifuge at 500 g for 5 minutes, and the 

supernatant was removed and discarded; the washing procedure was repeated two 

times. The cell pellet was re-suspended in DPBS and incubated at 4oC until required 

for analysis.  

2.3.21 Statistical Analysis 

All statistical analysis was performed using GraphPad Prism™ 7 version (GraphPad 

Software, Inc, San Diego, USA). Each set of the experiments were done at least three 

times with three replicates undertaken for each of the independent experiments tested. 

The means from each independent experiment were analysed and presented. Shapiro-

Wilk test was used to test for data normality; and data were presented in a line graphs 

or vertical bar charts. All data are presented as mean ± standard error of the mean 

(SEM) unless stated otherwise in the legend, and data were analysed using either a 

one-way ANOVA or two-way ANOVA with appropriate post hoc multiple 

comparison test. One-way analysis of variance is used to determine if there are any 

statistically significant differences between means of two or more independent groups. 

A two-way analysis of variance is used to compare the mean differences between 

groups that have been divided on two independent variables. Student t-test was used 

to determine if there is a significant difference between means of two groups, which 

may be related in certain features, was used to confirm (one-way ANOVA results) in 
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determining if HSP treatment had any effect on the cell expression of receptor proteins. 

Student t-test was used because it is suitable for comparing the means between two 

groups, i.e. -HSP/+Receptor protein and +HSP/+Receptor protein in U937 cells or 

U937 macrophages (See Chapter 5).  
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The effect of 

recombinant heat shock 

protein on cytokine 

production from U937 

cells and U937 

macrophages 
 

 

       
 



       

87 
 

3.1 Introduction 

Apart from exogenous molecules such as LPS, that are well known to induce 

inflammatory immune responses (Condotta & Richer, 2017; Dando et al., 2014); there 

are some other inherent endogenous molecules, that can also induce an immune 

response. These endogenous molecules, such as HSPs, are upregulated during cellular 

sress; therefore, they are considered as stress proteins (Calderwood et al., 2005b; 

Srivastava, 2000). Extracellular HSPs, can induce an inflammatory immune response 

in several ways. For example, host exposure to pathogens or prokaryotic such as 

bacteria, can cause upregulation of HSPs, and these HSPs can then act as a dominant 

antigen during the immunological response to such pathogen (Burnie et al., 2006; 

Calderwood, Mambula, & Gray, 2007; De Maio & Vazquez, 2013; Young & Elliott, 

1989). It has been reported that mammalian cells can increasingly express HSPs of 

different families, such as Hsp70; and in addition of bacteria or bacteria proteins such 

as gram-negative LPS and gram-positive LTA, these HSPs expression can also occur 

during injury or trauma caused by other factors such as physical, chemical biological, 

nutritional, or immunological factors (Hunter-Lavin et al., 2004). Such high levels of 

HSPs expression may be pro-inflammatory, which can induce cytokine gene 

transcription, and then lead to pro-inflammatory cytokine secretion (Asea et al., 2000; 

Asea et al., 2002). As well as pro-inflammatory, HSP expression can also be anti-

inflammatory, which are commonly seen in inflammatory diseases such as rheumatoid 

arthritis (RA) (Borges et al., 2012; van Eden et al., 2005). RA can be activated by 

cross-reactive T-cells (the T-cells here activaten macrophages and transform them to 

become tissue that destroy cells); which can recognise mammalian common epitopes 

and immunogenic prokaryotic HSPs in autoimmune response, such as RA (Hauet-

Broere et al., 2006; van Eden et al., 2005). It has been reported that application of 

functional mammalian HSPs, can regulate pro-inflammatory responses to bacterial 

HSPs epitopes, which can then lead to the suppression of inflammatory diseases 

(Kingston et al., 1996; Spierings & van Eden, 2017; Yokota & Fujii, 2010); and as a 

result, studies reported that human HSPs can function as both immunostimulatory and 

immunosuppressive protein (Daniels et al., 2004; van Eden et al., 2005).  

 

 

 



       

88 
 

Human HSPs, as previously mentioned, is the most abundant of intracellular proteins, 

which make up 10% of all the intracellular proteins. For example, to explain HSP 

intracellular abundance; HSP estimate was that 1 gram of tissue contains about 2.5 mg 

of HSPs (Giuliano et al., 2011), and that this can be increased to be approximately 15% 

of all the intracellular proteins during cell stress. This increased levels of HSP 

expression can be due to a number of factors such as high temperature, oxidative stress, 

glucose starvation, and infectious agents such as LPS (Anderson & Srivastava, 2000; 

Giuliano et al., 2011). Therefore, human HSPs are increased in response to danger as 

a protective response, but they are also immunoregulating proteins (Spierings & van 

Eden, 2017).  

At the early beginning of HSP study, bacteria HSPs such as GroEL and Mycobacterial 

Hsp60 were reported as the only HSPs that can induce proinflammatory cytokines 

secretion from monocyte-derived cells and macrophages (Retzlaff et al., 1994; Bethke 

et al., 2002). However, later in the study of HSP; studies demonstrated that human 

recombinant HSPs such as Hsp72, Hsp27, and Hsp60 can also induce cytokine 

secretion from human PBMCs, monocytes, and macrophages (Zininga et al., 2018; 

Binder, 2014; Bethke et al., 2002). Human HSPs including Hsp72, Hsp27, and Hsp60 

can be either actively or passively released into the extracellular environment from 

damaged cells (Calderwood et al., 2016; Santos et al., 2017; Dukay et al., 2019).  

The function of these extracellular human HSPs is not fully understood. Some studies 

reported that extracellular Hsp72 activates monocytes, macrophages, and dendritic 

cells via innate immune receptors such as TLRs (Asea, 2006; Chase et al., 2007; 

Muralidharan & Mandrekar, 2013), while on the other hand, HSPs, including Hsp72, 

have also been demonstrated as a negative regulator of the inflammatory immune 

response (Ferat-Osorio et al., 2014).  

Cytokines are generally used as an inflammatory immune response biomarker, that 

showed whether an immune response was predominantly pro- or anti-inflammatory 

cytokines. (Ng et al., 2003; Kessler et al., 2017). Cytokines are soluble small proteins 

that are important in the control of the growth and activity of other immune system; 

and when released, they can signal the immune system to respond to infection and 

disease; and as well as mediate normal cellular processes in the body (Opal & DePalo, 

2000).  
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Pro-inflammatory cytokines are mainly produced by activated macrophages and are 

essential in the up regulation of inflammatory immune responses (Arango & 

Descoteaux, 2014; Scull et al., 2010). Pro-inflammatory cytokines including IL-1β, 

IL-6, and TNF-α are involved during pathological processes, such as pathological pain 

(Clark, Old, & Malcangio, 2013; Leung & Cahill, 2010; Zhou et al., 2016). IL-1β is a 

potent proinflammatory cytokine that is essential for the host defence response against 

infection or injury; its secretion function as a proinflammatory biomarker (Kany et al., 

2019), and it can be produced and secreted by many cells, such as macrophages (Kany 

et al., 2019; Dinarello, 2018). TNF-α is also a pro-inflammatory cytokine produced by 

monocytes and macrophages following acute inflammation as a result of a response to 

cell damage, caused by infection or malignant transformation such as cancer 

(Parameswaran & Patial, 2010; Dugue & Descoteaux, 2014). In this study TNF-α and 

IL-1β were used because both are typical proinflammatory response biomarkers, 

which are most commonly used in the study of activation of immune cell to produce 

proinflammatory immune responses (Alunno et al., 2017; Zininga et al., 2018; Kany 

et al., 2019; Zamani et al., 2013; Ferat-osorio et al., 2014). 

Anti-inflammatory cytokines are basically immunoregulatory molecules that can 

control pro-inflammatory cytokine response (Sultani et al., 2012). Examples of anti-

inflammatory cytokines include IL-1 receptor antagonist, IL-4, IL-10, IL-11, and IL-

13. However, there are some cytokines that may be grouped as either pro or anti-

inflammatory (Zhang & An, 2007). Such cytokines include leukaemia inhibitory 

factor, interferon-alpha, IL-6, and transforming growth factor-beta (TGF-β) (Chalise 

et al., 2013; Yoshimura & Muto, 2011; Zhang & An, 2007). IL-10 is an anti-

inflammatory cytokine that inhibits the activities of Th1, NK cells, and macrophages, 

all of which are required for complete pathogen clearance (Lyer & Cheng, 2012; 

Couper et al., 2008). Many different cell types can produce IL-10, which function as 

an anti-inflammatory biomarker (Steen et al., 2020; Lyer & Cheng, 2012; Couper et 

al., 2008). Generally, it has been reported that in an acute immune response, TNF-α 

and IL-1β are primarily secreted (Ott et al., 2007; Leal et al., 2013), which then induce 

a secondary immune response; at this point, IL-10 is secreted to regulate the immune 

response (Zhang & An, 2007). IL-10 was used in this study because it is an anti-

inflammatory biomarker which is most commonly used in the study of anti-
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inflammatory immune response (Tukaj & Kaminski, 2019; Hulina et al., 2018; 

Chimal-Ramirez et al., 2016). 

U937 cells have been reported to mimic human monocytes and are one of the most 

commonly used models for investigating monocytes differentiation and other 

functions of differentiated cells. VitD3 and PMA are among U937 cell line stimuli, 

that are commonly used in the study of U937 cells differentiation to macrophages 

(Yang et al., 2017; Zamani et al., 2013). The cytoprotective role of human HSPs on 

different cell types, including U937 cells, has been investigated; however, much of 

these studies have not looked at the effect of direct extracellular HSPs treatment on 

U937 cells before differentiating them to macrophages (Lourdes et al., 2015).  

The function of extracellular HSPs was still not clear and even remained controversial. 

To gain a more detailed understanding in the ability of extracellular HSPs to induce 

immune responses, the aim of this chapter was to evaluate the response of U937 human 

monocytic cell lines and macrophages to recombinant human HSPs. Hsp27, Hsp60, 

and Hsp72 were the most relevant HSPs for this type of study as each have been 

reported to stimulate cytokines release (Dukay et al., 2019; Zininga et al., 2018; 

Guisasola et al., 2017; Batulan et al., 2016). Therefore, Hsp27, Hsp60, and Hsp72 

were used in this study because each of these HSPs has been studied to be present 

extracellularly and their presence in extracellular environment can lead to activation 

of immune cells to produce cytokines (Batulan et al., 2016; Xu et al., 2012; Marker et 

al., 2012; Magalhaes et al., 2010; Campisi et al., 2003; Habich et al., 2002). The 

responses to those HSPs will be compared to LPS (as a bacterial antigen), GroEL (as 

a bacterial antigen with high homology to Hsp60), and Hsp73 (as another member of 

the Hsp70 family with high homology to Hsp72).  

Naïve U937 and macrophage cells were treated with recombinant HSPs: Hsp72, 

Hsp73, Hsp60, Hsp27, and bacterial recombinant Hsp60 (GroEL). Proinflammatory 

cytokines (TNF-α, and IL-1β) and anti-inflammatory cytokine (IL-10) 

secretion/expression were measured in cells secretion (cells supernatant) and 

intracellular cell extract by ELISA. The changes in HSPs inside the cell were estimated 

by western blot.  
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3.2 Methods 

All preparations and cell culture experiments were carried out within a Class II tissue 

culture safety cabinet.  

3.2.1 Preparation of cells for treatment 

U937 cells and U937 cell macrophages (i.e., differentiated U937) were prepared as 

described (Section 2.3.6 and Section 2.3.7). 

3.2.2 Preparation of heat shock proteins solutions for experimental use 

Commercially prepared recombinant heat shock proteins used for the experiments 

include Hsp72, Hsp60, GroEL, Hsp27, Hsp73. These recombinant heat shock proteins 

were diluted in 10 % HI-RPMI to give 1, 10, 100, and 1000ng/ml stock solution. 

3.2.3 Preparation of LPS for experiments 

LPS from E. coli O111:B4 was reconstituted to Dimethyl sulfoxide (DMSO) at 

1mg/ml and allowed to dissolve. LPS was then further diluted in 10 % HI-RPMI to 

give 1000ng/ml stock solution. 

3.2.4 Measurement of secreted cytokines 

Following cell treatment with recombinant HSPs for up to 72 h, the cell suspension 

was transferred from the wells into a 1.5 mL microcentrifuge tube and centrifuged at 

500 g for 5 min, and the supernatant was transferred to a clean 1.5 ml microcentrifuge 

tube. The supernatant was used either fresh or was frozen at -80oC until required. 

Cytokine secretion of IL-1β, TNF-α, IL-10 were measured (as described in sections 

2.3.11, 2.3.12, and 2.3.13). 

3.2.5 Protein extract from U937 cells and U937 macrophages 

Following incubation of U937 cells and U937 macrophages with HSPs for up 72 h, 

cell proteins were extracted (as described in section 2.3.14). Cell’s protein quantity 

was measured (as in section 2.3.15), and intracellular cytokine secretion of IL-1β, 

TNF-α, IL-10 were also measured (as described in sections 2.3.11, 2.3.12, and 2.3.13). 

3.2.6 Detection of HSPs 

Following treatment, U937 cells and U937 macrophages were prepared for analysis 

using the methods described (Section 2.3.16). HSPs were visualised following protein 

separation by SDS-PAGE (Section 2.3.17) and identification by Western blotting 

(Section 2.3.18). 
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3.3 Results 

3.3.1 The effect of exogenous HSP concentration on cytokine secretion from 

 U937 cells 

Figure 3.1C shows, treatment of U937 cells with recombinant human Hsp72 for 24 h 

resulted in an increase in IL-10 secretion (P<0.001). The amount of IL-10 secretion is 

dependent on the concentration of Hsp72 that the U937 cells were exposed to. When 

the cells were exposed to 1 ng/mL Hsp72, an increase in the secretion of 3.6 pg/mL 

IL-10 was observed. This secretion increased to 8.3 pg/mL at 10 ng/mL Hsp72 and 

19.9 pg/mL at 100 ng/mL Hsp72, and to 50 pg/mL of IL-10 at the highest amount of 

Hsp72 used (1000 ng/mL). The same treatment of cells with Hsp72 had no significant 

effect on either IL-1β or TNF-α secretion when compared with untreated U937 cells 

(Figure 3.1A and B).  

Figure 3.2C shows, that following incubation of U937 cells with recombinant human 

Hsp60 for 24 h, an increase (P<0.001) in IL-10 secretion was observed. The 

concentration of IL-10 secretion showed a dose-dependent relationship. When the 

cells were exposed to 1 ng/mL Hsp60, an increase in the secretion of 2.6 pg/mL IL-10 

was observed. This secretion increased to 7.0 pg/mL at 10 ng/mL Hsp60 and 19.0 

pg/mL at 100 ng/mL Hsp60, and to 47.1 pg/mL of IL-10 at the highest amount of 

Hsp60 used (1000 ng/mL). The same treatment of cells with Hsp60 had no significant 

effect on either IL-1β or TNF-α secretion when compared with untreated U937 cells 

(Figure 3.2A and B).  

Figure 3.3C, shows a similar response with bacterial Hsp60 (GroEL) treatment with 

human monocytic U937 cells for 24 h. This treatment resulted in an increase in IL-10 

secretion (P<0.001). When the cells were exposed to 1 ng/mL GroEL, an increase in 

the secretion of 16.2 pg/mL IL-10 was observed. This secretion increased to 30.1 

pg/mL at 10 ng/mL GroEL and 34.3 pg/mL at 100 ng/mL GroEL, and to 37.8 pg/mL 

of IL-10 at the highest amount of GroEL used (1000 ng/mL). The same treatment of 

cells with GroEL had no significant effect on either IL-1β or TNF-α secretion when 

compared with untreated U937 cells (Figure 3.3A and B).  
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Figure 3.4C, shows that incubation of human monocytic U937 cells with human 

Hsp27 resulted in an increase in IL-10 secretion (P<0.001). When the cells were 

exposed to 1 ng/mL Hsp27, an increase in the secretion of 5.1 pg/mL IL-10 was 

observed. This secretion increased to 10.9 pg/mL at 10 ng/mL Hsp27 and 21.9 pg/mL 

at 100 ng/mL Hsp27, and to 47.9 pg/mL of IL-10 at the highest amount of Hsp27 used 

(1000 ng/mL). The same treatment of cells with Hsp27 had no significant effect on 

either IL-1β or TNF-α secretion when compared with untreated U937 cells (Figure 

3.4A and B).  

The results showed that the level of IL-10 secretion was dependent on the dose of HSP 

treatment to U937 cells (ie IL-10 secretion increased as HSP treatment increased) and 

the same level of HSP exposure had no effect on IL-1β and TNF-α secretion in U937 

cells.   
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Figure 3. 1: The effects of Hsp72 concentration on U937 cells  

U937 cells suspended in 10% HIRPMI were treated with different concentrations of Hsp72 

for 24 h. cells were then centrifuged, and supernatant retrieved were measured for cytokine 

secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 secretion, respectively, were 

measured following treatment of U937 cells with different Hsp72 concentrations. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between Hsp72 and 

Control (HI-RPMI) treatments at each concentration are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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Figure 3. 2: The effects of Hsp60 concentration on U937 cells 

U937 cells suspended in 10% HIRPMI were treated with different concentrations of Hsp60 

for 24 h. cells were then centrifuged, and supernatant retrieved were measured for cytokine 

secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 secretion, respectively, were 

measured following treatment of U937 cells with different Hsp60 concentrations. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between Hsp60 and 

Control (HI-RPMI) treatments at each concentration are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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Figure 3. 3: The effects of Gram-negative bacterial Hsp60 (GroEL)  

  concentration on U937 cells 

U937 cells suspended in 10% HIRPMI were treated with different concentrations of GroEL 

for 24 h. cells were then centrifuged, and supernatant retrieved were measured for cytokine 

secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 secretion, respectively, were 

measured following treatment of U937 cells with different GroEL concentrations. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between GroEL and 

Control (HI-RPMI) treatments at each concentration are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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Figure 3. 4: The effects of Hsp27 concentration on U937 cells  

U937 cells suspended in 10% HIRPMI were treated with different concentrations of Hsp27 

for 24 h. cells were then centrifuged, and supernatant retrieved were measured for cytokine 

secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 secretion, respectively, were 

measured following treatment of U937 cells with different Hsp27 concentrations. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between Hsp27 and 

Control (HI-RPMI) treatments at each concentration are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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3.3.2  The effect of exogenous HSP concentration on cytokine secretion from 

 U937 macrophages. 

Figure 3.5, shows the effects of Hsp72 on U937 cells following differentiation of U937 

cells to macrophages using 10ng/ml PMA. Treatment of U937 macrophages with 

human recombinant Hsp72 for 24 h resulted in an increase (P<0.001) IL-1β secretion. 

The amount of IL-1β secretion is dependent on the amount of Hsp72 that the U937 

macrophages were exposed to. When the cells were exposed to 1 ng/mL Hsp72, an 

increase in the secretion of 4.3 pg/mL IL-1β was observed. This secretion increased 

to 13.9 pg/mL at 10 ng/mL Hsp72 and 20.6 pg/mL at 100 ng/mL Hsp72. At the highest 

amount of Hsp72 used (1000 ng/mL) a level of 60.5 pg/mL of IL-1β was secreted 

(Figure 3.5A). The same treatment showed increases in TNF-α secretion (P<0.001) in 

a dose-dependent manner; at 1 ng/ml (14.2 pg/ml) (P<0.01), 10 ng/ml (47.9 pg/ml), 

100 ng/ml (99.9 pg/ml), and 1000 ng/ml (530.2 pg/ml) (P<0.001) respectively, when 

compared with untreated U937 macrophages 0 ng/ml (0.7 pg/ml) (Figure 3.5B). The 

level of IL-10 secretion also showed an increase with Hsp72 in a concentration-

dependent manner as observed with IL-1β and TNF-α secretion; following incubation 

of Hsp72 with U937 macrophages; the IL-10 secretion showed an increase in a dose-

dependent manner. At 1 ng/ml (45.8 pg/ml) (P<0.01), 10 ng/ml (79.2 pg/ml), 100 

ng/ml (100.9 pg/ml), and 1000 ng/ml (214.6 pg/ml) (P<0.001) respectively when 

compared with untreated U937 macrophages 0 ng/ml (0.6 pg/ml) (Figure 3.5C).   

Figure 3.6, shows the effect of incubation of human Hsp60 with U937 macrophages 

for 24 h. Figure 3.6A showed an increase in IL-1β secretion (P<0.001). The result 

obtained demonstrate that IL-1β secretion increases with increasing Hsp60 

concentration. The IL-1β secretion mean difference at 1 ng/ml (5.9 pg/ml) (P<0.05), 

10 ng/ml (12.3 pg/ml), 100 ng/ml (16.6 pg/ml), and 1000 ng/ml (53.7 pg/ml) (P<0.01) 

respectively when compared with untreated U937 macrophages 0 ng/ml (0.7 pg/ml) 

(Figure 3.6A). The same treatment with Hsp60 also showed increase in TNF-α 

secretion (P<0.001) in dose-dependent manner. The mean differences of TNF-α 

secretion showed at 1 ng/ml (49.40 pg/ml), 10 ng/ml (81.6 pg/ml), 100 ng/ml (197.0 

pg/ml), and 1000 ng/ml (721.9 pg/ml) (P<0.001) respectively, when compared with 

the untreated U937 macrophages at 0 ng/ml (0.7 pg/ml) (Figure 3.6B). Similarly, IL-

10 secretion (P<0.001) increases with the increase in Hsp60 amount exposed on U937 

macrophages for 24 h. The mean difference of IL-10 secretion showed at 1 ng/ml (17.6 
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pg/ml) (P<0.5), 10 ng/ml (102.1 pg/ml), 100 ng/ml (182.1 pg/ml), 1000 ng/ml (368.6 

pg/ml) (P<0.001) respectively, when compared with untreated U937 macrophages at 

0 ng/ml (0.6 pg/ml) (Figure 3.6C). 

In figure 3.7 the effect of incubation of gram-negative bacteria Hsp GroEL, with U937 

macrophages for 24 h on ILs 1β & 10 as well as TNF-α secretion were studied. The 

result obtained showed an increase in IL-1β secretion (P<0.001) with exposure to 

GroEL at a range of concentrations. The mean differences of IL-1β secretion showed 

at 1 ng/ml GroEL (19.8 pg/ml), 10 ng/ml (23.5 pg/ml), 100 ng/ml (42.8 pg/ml), and 

1000 ng/ml (88.2 pg/ml) (P<0.001) respectively when compared with untreated U937 

macrophages 0 ng/ml (0.7 pg/ml) (Figure 3.7A). The same treatment showed an 

increase in TNF-α secretion (P<0.001) in a dose-dependent manner with GroEL. The 

mean differences showed at 1 ng/ml GroEL (37.5 pg/ml), 10 ng/ml (81.5 pg/ml), 100 

ng/ml (102.1 pg/ml), and 1000 ng/ml (197.6 pg/ml) (P<0.001) respectively when 

compared with 0 ng/ml (0.7 pg/ml) (Figure 3.7B). The same treatment with GroEL 

also showed dose-dependent increase in IL-10 secretion (P<0.001). The mean 

differences at 1 ng/ml GroEL (12.4 pg/ml) (P<0.5), 10 ng/ml (25.9 pg/ml), 100 ng/ml 

(69.5 pg/ml), and 1000 ng/ml (127.2 pg/ml) (P<0.001) when compared with untreated 

U937 macrophages at 0 ng/ml (0.6 pg/ml) (Figure 3.7C). 
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Figure 3.8, shows the effects on secretion of IL-1β, IL-10 and TNF-α, following 

treatment with human Hsp27 on differentiated U937 macrophages for 24 h. IL-1β 

secretion showed an increase (P<0.001) upon exposure to Hsp27 in dose-dependent 

manner. The result showed increase in IL-1β secretion (P<0.001) as the Hsp27 dose 

also increase. The mean difference of IL-1β secretion showed at 1 ng/ml (6.2 pg/ml), 

10 ng/ml (17.8 pg/ml), 100 ng/ml (29.2pg/ml), and 1000 ng/ml (106.9 pg/ml) (P<0.001) 

respectively when compared with untreated U937 macrophages 0 ng/ml (0.7 pg/ml) 

(Figure 3.8A). The same treatment with Hsp27 showed an increase in TNF-α secretion 

(P<0.001) in a dose-dependent manner. The mean differences showed at 1 ng/ml 

Hsp27 (42.6 pg/ml), 10 ng/ml (91.7 pg/ml), 100 ng/ml (201.7 pg/ml), and 1000 ng/ml 

(720.2 pg/ml) (P<0.001) respectively when compared with 0 ng/ml (0.7 pg/ml) (Figure 

3.8). In figure 3.8C again a similar trend was observed with Hsp27 on IL-10 secretion 

(P<0.001). The mean differences at 1 ng/ml Hsp27 (36.0 pg/ml), 10 ng/ml (141.5 

pg/ml), 100 ng/ml (279.4 pg/ml), and 1000 ng/ml (361.0 pg/ml) (P<0.001) when 

compared with untreated U937 macrophages at 0 ng/ml (0.6 pg/ml). 

The results showed that the effect of incubation of U937 macrophages with different 

concentration of HSPs showed a dose-dependent on cytokine production (i.e., 

cytokine secretion increased as concentration of HSP treatment also increased).      
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Figure 3. 5: The effects of Hsp72 concentration on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h were suspended in 10% HIRPMI, then treated with different concentrations 

of Hsp72 for 24 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 

secretion, respectively, were measured following treatment of U937 macrophage with 

different Hsp72 concentrations. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp72 and Control (HI-RPMI) treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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Figure 3. 6:  The effects of Hsp60 concentration on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h were suspended in 10% HIRPMI, then treated with different concentrations 

of Hsp60 for 24 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 

secretion, respectively, were measured following treatment of U937 macrophage with 

different Hsp60 concentrations. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp60 and Control (HI-RPMI) treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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Figure 3. 7: The effects of GroEL concentration on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h were suspended in 10% HIRPMI, then treated with different concentrations 

of GroEL for 24 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 

secretion, respectively, were measured following treatment of U937 macrophage with 

different GroEL concentrations. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between GroEL and Control (HI-RPMI) treatments at 

each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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Figure 3. 8: The effects of Hsp27 concentration on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h were suspended in 10% HIRPMI, then treated with different concentrations 

of Hsp27 for 24 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion by ELISA. (A) IL-1β, (B) TNF-α, and (C) IL-10 

secretion, respectively, were measured following treatment of U937 macrophage with 

different Hsp27 concentrations. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp27 and Control (HI-RPMI) treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001).  



       

105 
 

3.3.3 The Effect of Hsp72 or Hsp73 on cytokine secretion from U937 cells  

Treatment of undifferentiated U937 cells with Hsp72 for 72 h resulted in an increase 

in IL-10 secretion (up to 45.2 pg/mL) (P<0.001) at 24 h (Figure 3.9C), after which it 

decreased to 33.7 pg/mL at 72 h (P<0.01) when compared to 24 h (45.2 pg/mL). The 

same treatment had no effect on IL-1β and TNF-α secretion (Figure 3.9A and B). The 

lack of effects on Hsp72 IL-1β and TNF-α secretion was confirmed when looking at 

shorter time points up to 24 h following Hsp72 treatment (Figure 3.9D and E). 

Observations at shorter time periods, showed that the secretion of IL-10 increased even 

within 2 h following Hsp72 exposure (15.0 pg/mL), after which IL-10 secretion 

increased in a time-dependent manner that peaked at 24 h (Figure 3.9F). Significant 

differences were observed at 2 h until 22 h between Hsp72 and Control (P<0.01) when 

compared to 24 h (Figure 3.9C and F).  

Figure 3.10 shows the effect of treatment of U937 cells with Hsp73 for 72 h. The 

results in figure 3.10C showed an increase in IL-10 secretion (up to 42.5 pg/mL) 

(P<0.001), with a non-significant decrease up till 72 h (P>0.05). The same treatment 

with Hsp73 had no effects on IL-1β and TNF-α secretion (Figure 3.10A, B, D, and E). 

The lack of effect on Hsp73 IL-1β and TNF-α secretion was confirmed when looking 

at shorter points following Hsp73 treatment up to 24 h (Figure 3.10D and E). At shorter 

time periods, the IL-10 secretion could be observed within 2 h (15.9 pg/mL) with 

Hsp73, after which a steady increase in secretion was observed up till 24 h (Figure 

3.10F).  

The results showed that treatment of U937 cells with Hsp72 and Hsp73 had no effect 

on TNF-α and IL-1β secretion, but the same treatment had an effect in IL-10 secretion.   
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Figure 3. 9: Time-dependent effect of Hsp72 on U937 cells  

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of Hsp72 and 

incubated up to 24 h, and 72 h, respectively. cells were then centrifuged, and 

supernatant retrieved were measured for cytokine secretion at different times by 

ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, 

were measured following treatment of U937 cells with Hsp72. Data are presented as 

mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s 

multiple comparison post hoc test. Significant differences between Hsp72 and Control 

(HI-RPMI) treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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Figure 3. 10: Time-dependent effect of Hsp73 on U937 cells  

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of Hsp73 and 

incubated up to 24 h, and 72 h, respectively. cells were then centrifuged, and 

supernatant retrieved were measured for cytokine secretion at different times by 

ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, 

were measured following treatment of U937 cells with Hsp73. Data are presented as 

mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s 

multiple comparison post hoc test. Significant differences between Hsp73 and Control 

(HI-RPMI) treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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3.3.4 The effect of Hsp60 on cytokine secretion from U937 cells  

Treatment of undifferentiated U937 cells with Hsp60 resulted in an increased IL-10 

secretion (up to 44.8 pg/mL) (P<0.001), after which it decreased to 34.8 pg/mL at 72 

h (P<0.01) when compared to 24 h (44.8 pg/mL) (Figure 3.11C). The same treatment 

had no effect on IL-1β and TNF-α secretion (Figure 3.11A, B, D, and E). The lack of 

effect on Hsp60 IL-1β and TNF-α secretion was confirmed when looking at shorter 

time points up to 24 h following Hsp60 treatment. Over the shorter time periods, the 

secretion of IL-10 was observed to increase within 2 h (14.9 pg/mL) with Hsp60, after 

which a steady increase was observed up to 24 h (Figure 3.11F). Significant 

differences were observed at 2 h until 22 h between Hsp60 and Control (P<0.05 – 

P<0.01) when compared to 24 h (Figure 3.11F).  

3.3.4.1 The effect of GroEL on cytokine secretion from U937 cells  

Treatment of U937 cells with GroEL resulted in an increased IL-10 secretion over the 

first 24 h (up to 38.7 pg/mL) (P<0.001), after which it decreased to 32.0 pg/mL at 72 

h (P<0.01) when compared to 24 h (38.7 pg/mL) (Figure 3.12C). The same treatment 

had no effect on IL-1β and TNF-α secretion (Figure 3.12A and B). The lack of effect 

on GroEL TNF-α and Il-1β secretion was confirmed when looking at shorter time 

points up to 24 h following GroEL treatment (Figure 3.12D and E). At the shorter time 

periods, the GroEL induction secretion of IL-10 was observed within 2 h (13.2 pg/mL) 

with GroEL, and then showed a steady increase with time over 24 h (Figure 3.12F). 

Significant differences were observed at 2 h until 22 h between GroEL and Control 

(P<0.05 – P<0.01) when compared to 24 h (Figure 3.12F). 

The results showed that treatment of U937 cells with human Hsp60 and bacterial 

Hsp60 (GroEL) had no effect on TNF-α and IL-1β secretion, but the same treatment 

had an effect in IL-10 secretion.   
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Figure 3. 11: Time-dependent effect of Hsp60 on U937 cells  

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of Hsp60 and 

incubated up to 24 h, and 72 h, respectively. cells were then centrifuged, and 

supernatant retrieved were measured for cytokine secretion at different times by 

ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, 

were measured following treatment of U937 cells with Hsp60. Data are presented as 

mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s 

multiple comparison post hoc test. Significant differences between Hsp60 and Control 

(HI-RPMI) treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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Figure 3. 12: Time-dependent effect of GroEL on U937 cells  

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of GroEL and 

incubated up to 24 h, and 72 h, respectively. cells were then centrifuged, and 

supernatant retrieved were measured for cytokine secretion at different times by 

ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, 

were measured following treatment of U937 cells with GroEL. Data are presented as 

mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s 

multiple comparison post hoc test. Significant differences between GroEL and Control 

(HI-RPMI) treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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3.3.5 The effect of Hsp27 on cytokine secretion from U937 cells 

Figure 3.13C and F, showed that the treatment of U937 cells with Hsp27 resulted in 

an increased IL-10 secretion (up to 45.5 pg/mL) (P<0.001), after which it decreased 

to 40.9 pg/mL at 72 h (P<0.05) when compared to 24 h (45.2 pg/mL). The same 

treatment had no effect on TNF-α secretion (Figure 3.13A and B). The lack of effect 

on Hsp27 IL-1β and TNF-α secretion was confirmed when looking at shorter time 

points up to 24 h following Hsp27 treatment (Figure 3.13D and E). Over the shorter 

time period, the secretion of IL-10 increased within 2 h (14.6 pg/mL) and increased in 

a time-dependent manner that peaked at 24 h (45.5 and 45.9 pg/mL) respectively 

(Figure 3.13C and F). Significant differences were observed at 2 h until 22 h between 

Hsp72 and Control (P<0.05 – P<0.01) when compared to 24 h (Figure 3.13F).  

The results showed that treatment of U937 cells with Hsp27 had no effect on TNF-α 

and IL-1β secretion, but the same treatment had an effect in IL-10 secretion.   
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Figure 3. 13: Time-dependent effects of Hsp27 on U937 cells  

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of Hsp27 and 

incubated up to 24 h, and 72 h, respectively. cells were then centrifuged, and 

supernatant retrieved were measured for cytokine secretion at different times by 

ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, 

were measured following treatment of U937 cells with Hsp27. Data are presented as 

mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s 

multiple comparison post hoc test. Significant differences between Hsp27 and Control 

(HI-RPMI) treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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3.3.6 The effect of Hsp72 on cytokine secretion from U937 PMA macrophage 

Differentiated U937 macrophages (using PMA) were used for the subsequent 

experiments. Treatment of U937 macrophages with Hsp72 resulted in an increased 

TNF-α secretion (up to 537 pg/mL) (P<0.001) up to 24 h, after which it decreased to 

249 pg/mL at 72 h (P<0.001) when compared to 24 h (537 pg/mL) (Figure 3.14B). 

The same treatment showed an increase in IL-1β secretion (up to 117.6 pg/mL) 

(P<0.001) over the first 48 h, after which it decreased to 86.9 pg/mL at 72 h (P<0.001) 

when compared to 48 h 117.6 pg/mL (Figure 3.14A). Similarly, the same treatment 

also resulted in an increased IL-10 secretion (up to 430 pg/mL) (P<0.001) at 48 h, after 

which it also decreased to 320 pg/mL (P<0.001) at 72 h (Figure 3.14C). The cytokine 

secretion on U937 cells differentiated with PMA to macrophage was confirmed when 

looking at shorter time points up to 6 h following Hsp72 treatment (Figure 3.14D, E, 

and F). Over the shorter time period, the secretion of IL-1β, TNF-α, and IL-10 

increased within 1 h (to 149.2; 85.8; and 67.9 pg/mL respectively) (Figure 3.14D, E, 

and F) with Hsp72. The secretion of IL-1β, TNF-α, and IL-10 was also observed 

between 2 h to 6 h (Figure 3.14D, E, and F), and remained significantly higher than 

control at all times up till 6 h (P<0.01 – P<0.001) (Figure 3.14). 

The results demonstrated that Hsp72 activate pro- and anti-inflammatory cytokines 

secretion from U937 macrophages (U937 cells differentiated to macrophages using 

PMA).   
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Figure 3. 14: Time-dependent effect of Hsp72 on U937 PMA macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp72 

and incubated up to 72 h. cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with Hsp72. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp72 and Control (HI-RPMI) 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.6.1 The effect of Hsp72 on cytokine secretion from U937 VitD3 macrophage 

In this section, the U937 cells were differentiated to U937 macrophages using VitD3. 

Figure 3.15A, shows that treatment of U937 macrophages with Hsp72 resulted in an 

increased IL-1β secretion at 24 h (up to 24.2 pg/mL) (P<0.001), after which it 

decreased to 15.6 pg/mL at 72 h (P<0.01) when compared to 24 h (24.2 pg/mL). TNF-

α secretion also increased (up to 31.8 pg/mL) (P<0.001) at 24 h, after which it 

decreased non-significantly to 31.7 pg/mL at 72 h (P>0.05) when compared to 24 h 

31.8 pg/mL (Figure 3.15B). The same treatment also resulted in increased IL-10 

secretion at 24 h (up to 16.6 pg/mL) (P<0.001), after which IL-10 secretion remained 

relatively constant up till 72 h when compared to 24 h 16.6 pg/mL (Figure 3.15C). The 

cytokine secretion on U937 cells differentiated with VitD3 to macrophage was 

confirmed when looking at shorter time points up to 6 h following Hsp72 treatment. 

The secretion of IL-1β; TNF-α; and IL-10 could be observed to increase within 1 h 

(9.9; 19.7; and 10.5 pg/mL) with Hsp72 (Figure 3.15D, E, and F).  

The results demonstrated that Hsp72 activate pro- and anti-inflammatory cytokines 

secretion from U937 cells differentiated to macrophages using VitD3.   
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Figure 3. 15: Time-dependent effect of Hsp72 on U937 VitD3 macrophages  

U937 cells differentiated to U937 macrophage using VitD3 0.1 µmol/ml and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp72 

and incubated up to 72 h. cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with Hsp72. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp72 and Control (HI-RPMI) 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.6.2 The effect of Hsp73 on cytokine secretion from U937 PMA macrophage 

In these experiments, differentiation of U937 cells to U937 macrophages was via using 

PMA. Figure 3.16A, shows that the treatment of U937 macrophages with Hsp73 

resulted in an increased IL-1β secretion (up to 87.2 pg/mL at 24 h and 48 h) (P<0.001), 

after which it decreases to 60.7 pg/mL (P<0.001) at 72 h when compared to 48 h 87.2 

pg/mL. Figure 3.16B shows that TNF-α secretion also increased (up to 168 pg/mL at 

48 h) (P<0.001), after which it remained relatively constant at 152 pg/mL at 72 h 

(P<0.001) when compared to 48 h 168 pg/mL. The same treatment also resulted in a 

steady increase over time for IL-10 secretion (up to 596 pg/mL) (P<0.001) at 72 h 

(Figure 3.16C).  

3.3.6.3 The effect of Hsp73 on cytokine secretion from U937 VitD3 macrophage 

The following experiments were undertaken using differentiated of U937 cells (U937 

macrophages) using VitD3. Figure 3.17A shows that treatment of U937 macrophages 

with Hsp73 resulted in an increased IL-1β secretion (up to 20.6 pg/mL at 24 h) 

(P<0.001), after which it decreased to 12.7 pg/mL at 72 h (P<0.001) when compared 

with 24 h 20.6 pg/mL (Figure 3.17A). TNF-α secretion increased (up to 81.5 pg/mL) 

(P<0.001), after which it remains relatively constant at 75.9 pg/mL at 72 h (P<0.001) 

when compared to 24 h 81.5 pg/mL (Figure 3.17B). The same treatment also resulted 

in an increased IL-10 secretion (up to 30.7 pg/mL) (P<0.001) at 72 h (Figure 3.17C). 

There was a significant difference in IL-β, TNF-α, and IL-10 secretion between Hsp73 

and control (P<0.001) (Figure 3.17).   

The results showed that Hsp73 activate both pro- and anti-inflammatory cytokines 

secretion from U937 cells differentiated to macrophages using either PMA or VitD3.   
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Figure 3. 16: Time-dependent effect of Hsp73 on U937 PMA macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp73 

and incubated up to 72 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with Hsp73. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp73 and Control (HI-RPMI) treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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Figure 3. 17: Time-dependent effect of Hsp73 on U937 VitD3 macrophages  

U937 cells differentiated to U937 macrophage using VitD3 0.1 µmol/ml and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp73 

and incubated up to 72 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with Hsp73. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp73 and Control (HI-RPMI) treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.7 The effect of Hsp60 on cytokine secretion from U937 PMA macrophage  

The effects of Hsp60 following PMA differentiation of U937 cells to U937 

macrophages were investigated on cytokine secretion. Treatment of U937 

macrophages with Hsp60 resulted in increased IL-1β (up to 148.9 pg/mL at 48 h) 

(P<0.001), after which it remained relatively level at 139.6 pg/mL after 72 h (P<0.001), 

when compared to 48 h 148.9 pg/mL (Figure 3.18A). TNF-α secretion increased (up 

to 772 pg/mL at 24 h) (P<0.001), after which it decreased substantially 227 pg/mL at 

72 h (P<0.001) when compared to 24 h 772 pg/mL (Figure 3.18B). The same U937 

macrophage treatment resulted in an increased IL-10 secretion (up to 443 pg/mL at 24 

h) (P<0.001). After which, there was a small decrease of 358 pg/mL (P<0.001) at 72 

h (Figure 3.18C). The cytokine secretion on cells differentiated with PMA to 

macrophages was confirmed when looking at a shorter time period up to 6 h, following 

Hsp60 treatment. The secretion of IL-1β, TNF-α, and IL-10 could be observed to 

increase within 1 h (26.5; 39.1 and 35.5 pg/mL) with Hsp60 (Figure 3.18D, E, and F). 

There was a steady rise in TNF-α and IL-10 secretion over the first 6 h, while with IL-

1β, the appeared to be a lag of 5 h before substantial rise could be detected (Figure 

3.18D, E, and F). Significant differences were observed up to 6 h between Hsp60 and 

control (P<0.001) (Figure 3.18D, E, and F).  

The results showed that Hsp60 are able to activate both pro- and anti-inflammatory 

cytokines secretion from U937 cells differentiated to macrophages using PMA.   
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Figure 3. 18: Time-dependent effect of Hsp60 on U937 PMA macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, They, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of 

Hsp60 and incubated up to 72 h. Cells were then centrifuged, and supernatant retrieved 

were measured for cytokine secretion at different time points by ELISA. (A & D) IL-

1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured 

following treatment of U937 macrophage with Hsp60. Data are presented as mean ± 

SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between Hsp60 and Control (HI-

RPMI) treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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3.3.7.1 The effect of Hsp60 on cytokine secretion from U937 VitD3 macrophage  

The following experiments were using the VitD3 differentiation of U937 cells to U937 

macrophages. Figure 3.19A, shows that the treatment of U937 macrophages with 

Hsp60 resulted in increased IL-1β secretion (up to 17.1 pg/mL) at 72 h. The same 

Hsp60 treatment showed an increase in TNF-α secretion (up to 3.27 pg/mL) (P<0.001), 

after which it decreased to 31.7 pg/mL at 72 (Figure 3.19B). Similarly, the same Hsp60 

treatment of U937 macrophage resulted in a steady increased IL-10 secretion (up to 

16.4 pg/mL) at 24 (P<0.001), after which they remain relatively constant (Figure 

3.19C). The effect of cytokine secretion on U937 cells differentiated with VitD3 to 

U937 macrophage was confirmed when looking at shorter time points up to 6 h 

following Hsp60 treatment. The secretion of IL-1β, TNF-α, and IL-10 could be 

observed to increase within 1 h (12.1; 46.2; and 12.3 pg/mL) with Hsp60 (Figure 

3.19D, E, and F). Significant differences were observed at 1 h until 6 h between Hsp60 

and control (P<0.01 – P<0.001) (Figure 3.19D, E, and F). 

The results demonstrated that Hsp60 activate pro- and anti-inflammatory cytokines 

secretion from U937 cells differentiated to macrophages using VitD3.   
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Figure 3. 19: Time-dependent effect of Hsp60 on U937 VitD3 macrophages  

U937 cells differentiated to U937 macrophage using VitD3 0.1 µmol/ml and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp60 

and incubated up to 72 h. cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with Hsp60. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp60 and Control (HI-RPMI) 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.7.2 The effect of GroEL on cytokine secretion from U937 PMA macrophage 

In this section, U937 cells were differentiated to U937 macrophages using PMA. 

Figure 3.20A, shows that the treatment of U937 macrophages with GroEL resulted in 

an increased IL-1β secretion at 48 h (up to 56.2 pg/mL) (P<0.001), after which it 

decreased to 43.4 pg/mL at 72 h when compared to 48 h (56.2 pg/mL) (P<0.001). 

Similar treatment with GroEL showed TNF-α secretion (up to 174 pg/mL) (P<0.001) 

at 72 h (Figure 3.20B). The same U937 macrophage treatment resulted in an increased 

IL-10 secretion (up to 315 pg/mL) (P<0.001) at 72 h (Figure 3.20C). The effect of 

cytokine secretion on U937 cells differentiated with PMA to U937 macrophage was 

confirmed when looking at shorter time points up to 6 h following GroEL treatment. 

The secretion of IL-1β, TNF-α, and IL-10 could be observed to increase within 1 h 

(31.5; 34.6 and 40.0 pg/mL) respectively with GroEL (Figure 3.20D, E, and F). 

Significant differences were observed at 1 h until 6 h between GroEL and control 

(P<0.001) (Figure 3.20D, E, and F).  

The results demonstrated that bacterial Hsp60 (GroEL) activate pro- and anti-

inflammatory cytokines secretion from U937 cells differentiated to macrophages 

using PMA.   
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Figure 3. 20: Time-dependent effect of GroEL on U937 PMA macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of GroEL 

and incubated up to 72 h. cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with GroEL. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between GroEL and Control (HI-RPMI) 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.7.3 The effect of GroEL on cytokine secretion from U937 VitD3 macrophage 

In this section, U937 cells were differentiated to U937 macrophages (using VitD3). 

Figure 3.21A, shows that the treatment of U937 macrophages with GroEL resulted in 

an increased IL-1β secretion (up to 11.8 pg/mL) (P<0.001) at 72 h. The same GroEL 

treatment showed TNF-α secretion (up to 43.0 pg/mL) (P<0.001) at 72 h (Figure 

3.21B). Similarly, U937 macrophage treatment with GroEL resulted in an increased 

IL-10 secretion (up to 18.2 pg/mL) (P<0.001) at 72 h also (Figure 3.21C). The effect 

of cytokine secretion on U937 cells differentiated with VitD3 to U937 macrophage 

was confirmed when looking at shorter time points up to 6 h following GroEL 

treatment. The secretion of IL-1β, TNF-α, and IL-10 could be observed to increase 

within 1 h (9.6; 44.8; and 12.4 pg/mL) respectively with GroEL (Figure 3.21D, E, and 

F). Significant differences were observed at 1 h until 6 h between GroEL and control 

(P<0.01 – P<0.001) (Figure 3.21D, E, and F). 

The results demonstrated that bacterial Hsp60 (GroEL) are able to induce pro- and 

anti-inflammatory cytokines secretion from U937 cells differentiated to macrophages 

using VitD3.   
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Figure 3. 21: Time-dependent effect of GroEL on VitD3 U937 macrophages  

U937 cells differentiated to U937 macrophage using VitD3 0.1 µmol/ml and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of GroEL 

and incubated up to 72 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with GroEL. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between GroEL and Control (HI-RPMI) 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.8 The effect of Hsp27 on cytokine secretion from U937 PMA macrophage 

In this section, U937 cells were differentiated to U937 macrophages using PMA. 

Figure 3.22A, showed that the Hsp27 treatment of U937 macrophages with Hsp27 

resulted in an increased IL-1β secretion (up to 94.1 pg/mL) (P<0.001), after which it 

decreased to 89.1 pg/mL at 72 h (P<0.001) when compared to 48 h 94.1 pg/mL. The 

same Hsp27 treatment showed TNF-α secretion increase (up to 697 pg/mL) at 24 h 

(P<0.001), after which it decreased to 207 pg/mL at 72 h (P<0.001) when compared 

to 24 h 697 pg/mL (Figure 3.22B). The same Hsp27 treatment also resulted in an 

increased IL-10 secretion (up to 427 pg/mL) at 48 h (P<0.001), after which also 

decreased to 341 pg/mL (P<0.001) at 72 h when compared to 48 h 427 pg/mL (Figure 

3.22C). The effect of cytokine secretion on U937 cells differentiated with PMA to 

macrophage was confirmed when looking at shorter time points up to 6 h following 

Hsp72 treatment. The secretion of IL-1β, TNF-α, and IL-10 could be observed to 

increase within 1 h (31.0; 94.9; and 36.0 pg/mL) respectively with Hsp27 (Figure 

3.22D, E, and F). Significant differences were observed at 1 h until 6 h between Hsp27 

and control (P<0.01 – P<0.001) (Figure 3.22D, E, and F). 

The results demonstrate that exposure of U937 cells, differentiated to macrophages 

using PMA, to human Hsp27 are able to produce pro- and anti-inflammatory cytokines.   
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Figure 3. 22: Time-dependent effect of Hsp27 on U937 PMA macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp27 

and incubated up to 72 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with Hsp27. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp27 and Control (HI-RPMI) 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.8.1 The effect of Hsp27 on cytokine secretion from U937 VitD3 macrophage 

In this section, U937 cells were differentiated to U937 macrophages (using VitD3). 

Figure 3.23A, shows that the treatment of U937 macrophages with Hsp27 resulted in 

an increased IL-1β secretion (up to 11.5 pg/mL) (P<0.001) at 72 h. The same treatment 

with Hsp27 showed TNF-α secretion (up to 41.7 pg/mL) (P<0.001), after which it 

decreased slightly to 41.5 pg/mL at 72 h (Figure 3.23B). The same Hsp27 treatment 

also resulted in an increased IL-10 secretion (up to 17.7 pg/mL) at 24 h (P<0.001), 

after which also it slightly decreased to 17.1 pg/mL at 72 h (Figure 3.23C). The effect 

of cytokine secretion on U937 cells differentiated with VitD3 to macrophage was 

confirmed when looking at shorter time points up to 6 h following Hsp27 treatment. 

The secretion of IL-1β, TNF-α, and IL-10 could be observed to increase within 1 h 

(11.9; 81.0; and 11.8 pg/mL) respectively with Hsp27 (Figure 3.23D, E, and F). 

Significant differences were observed at 1 h until 6 h between Hsp27 and control 

(P<0.01 – P<0.001) (Figure 3.23D, E, and F). 

The results demonstrated that Hsp27 activate pro- and anti-inflammatory cytokines 

secretion from U937 cells differentiated to macrophages using VitD3.   
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Figure 3. 23: Time-dependent effect of Hsp27 on U937 VitD3 macrophages  

U937 cells differentiated to U937 macrophage using VitD3 0.1 µmol/ml and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp27 

and incubated up to 72 h. Cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with Hsp27. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp27 and Control (HI-RPMI) 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.9 The effect of LPS on cytokine secretion from U937 PMA macrophage 

In this section, U937 cells were differentiated to U937 macrophages using PMA. 

Figure 3.24A, shows that the treatment of U937 macrophages with LPS resulted in an 

increased IL-1β secretion (up to 102.7) (P<0.001) at 72 h. Similar LPS treatment 

showed TNF-α secretion (up to 1023 pg/mL) at 24 h (P<0.001), after which it 

decreased to 174 pg/mL at 72 h (P<0.001) when compared to 24 h (1023 pg/mL) 

(Figure 3.24B). The same U937 macrophage treatment with LPS resulted in an 

increased IL-10 secretion (up to 254 pg/mL) at 24 h (P<0.001), after which also 

decreased to 140 pg/mL (P<0.001) at 72 h when compared to 24 h (254 pg/mL) (Figure 

3.24C). The effect of cytokine secretion on U937 cells differentiated with PMA to 

U937 macrophage was confirmed when looking at shorter time points up to 6 h 

following LPS treatment. The secretion of IL-1β, TNF-α, and IL-10 could be observed 

to increase within 1 h (89.9; 982.0; and 42.8 pg/mL) respectively with LPS (Figure 

3.24D, E, and F). Significant differences were observed at 1 h until 6 h between LPS 

and control (P<0.001) (Figure 3.24D, E, and F).  

The results demonstrated that LPS activate pro- and anti-inflammatory cytokines 

secretion from U937 cells differentiated to macrophages using PMA.   
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Figure 3. 24: Time-dependent effect of LPS on U937 PMA macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of LPS 

and incubated up to 72 h. cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with LPS. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between LPS and Control (HI-RPMI) treatments 

at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.3.9.1 The effect of LPS on cytokine secretion from U937 VitD3 macrophage 

In this section, U937 cells were differentiated to U937 macrophages (using VitD3). 

Figure 3.25A, shows that the treatment of U937 macrophages with LPS resulted in an 

increased IL-1β secretion (up to 31.0) at 48 h (P<0.001), after which it decreased to 

18.4 pg/mL (P<0.001) at 72 h when compared to 48 h (31.0 pg/mL) (P<0.001). Similar 

treatment with LPS showed TNF-α secretion (up to 37.7 pg/mL) (P<0.001) at 72 h 

(Figure 3.25B). The same U937 macrophage treatment with LPS resulted in an 

increased IL-10 secretion (up to 11.4 pg/mL) (P<0.001) at 72 h (Figure 3.25C). The 

effect of cytokine secretion on U937 cells differentiated with VitD3 to U937 

macrophage was confirmed when looking at shorter time points up to 6 h following 

LPS treatment. The secretion of IL-1β, TNF-α, and IL-10 could be observed to 

increased within 1 h (10.6; 105; and 13.0 pg/mL) respectively with LPS (Figure 3.25D, 

E, and F). Significant differences were observed at 1 h until 6 h between LPS and 

control (P<0.01 – P<0.001) (Figure 3.25D, E, and F). 

The results demonstrated that LPS activate pro- and anti-inflammatory cytokines 

secretion from U937 cells differentiated to macrophages using VitD3.   
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Figure 3. 25: Time-dependent effect of LPS on U937 VitD3 macrophages  

U937 cells differentiated to U937 macrophage using VitD3 0.1 µmol/ml and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of LPS 

and incubated up to 72 h. cells were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of U937 macrophage with LPS. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between LPS and Control (HI-RPMI) treatments 

at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.4 Protein quantification from U937 cells and U937 macrophages 

 extract 

Figure 3.26A, showed that following treatment of U937 cells with Hsp72 for 72 h, the 

cell protein content of the cell extract on U937 cells did not significantly change 

(P>0.05). The cell count was taken into account, and the cell count was observed to 

continue to increase up to 72 h (Appendix 9.1). The same observation was made, 

following treatment of U937 cells differentiated to U937 macrophages (using PMA) 

with Hsp72. The cell content protein did not significantly change (P>0.05) (Figure 

3.26B). The cell count of differentiated U937 cells to macrophage, was not taken into 

account. This was because at this time period, most of the cells are adherent to the 

tissue culture well plate. However, the appearance suggested that the cell number 

could be increasing up to 72 h.   

Figure 3.28A, shows that following treatment of naïve U937 cells with Hsp60 for 72 

h, the cell protein content of the cell extract on U937 cells did not significantly change 

(P>0.05). Cell’s count was performed following treatment of naïve U937 cells with 

Hsp60 up to 72 h, and the cell count was observed to continue to increase up to 72 h 

(Appendix Table 9.1). A similar observation was made, following treatment of U937 

cells differentiated to macrophage (using PMA) with Hsp60. The cell content protein 

did not significantly change (P>0.05) (Figure 3.28B). Cell’s count was not performed 

on the U937 cells differentiated to macrophages, because at this time period, the cells 

had adhered to the tissue culture well plate. However, the appearance suggested that 

the cell number could be increasing up to 72 h.  

Figure 3.30A, shows that following treatment of naïve U937 cells with Hsp27 for 72 

h, the cell protein content of the cell extract on U937 cells did not significantly change 

(P>0.05). The cell count was taken into account, and the cell count was observed to 

continue to increase up to 72 h (Appendix Table 9.1). The same treatment of Hsp27 

on U937 macrophages showed a significant difference (P<0.01 – P<0.001) when 

compared to untreated cells (Figure 3.30B). The cell count of differentiated U937 cells 

to macrophage, was not taken into account. This was because at this time period, most 

of the cells are adherent to the tissue culture well plate. However, the appearance 

suggested that the cell number could be increasing up to 72 h.   
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Recombinant human Hsp72, Hsp27, and Hsp60 were respectively probed with their 

specific anti-HSPs using Western blot techniques. The result showed that Hsp72, 

Hsp27, and Hsp60 were specific to their specific antibodies by binding with its specific 

proteins and, as a result, was detected by blotting. As shown in figure 3.27A, 3.29A, 

and 3.31A, western blot analysis on the naïve U937 cells extract following treatment 

with human recombinant HSPs (Hsp72, Hsp60, and Hsp27), showed the presence of 

intracellular Hsp72, Hsp60, and Hsp27 at the different time period. The same 

observation was made looking at the western blot analysis on differentiated U937 cells 

to U937 macrophage cell extract following treatment with recombinant human HSPs 

including Hsp72, Hsp60, and Hsp27 for 72 (Figure 3.27B, 3.29B, and 3.31B).  

Measuring intracellular HSP by Western blot is to check if HSP is present 

intracellularly and possibly to determine that massive amounts of recombinant HSP 

treatment have not entered the cells, which might impact on cell activity. It has been 

shown that HSPs, including Hsp72 and Hsp27, may confer a new mechanism of 

immunoregulatory function in cells affected by factors associated with cellular 

response to stress (Banerjee et al., 2011; Guzhova et al., 1997). 

The results showed that treatments of naïve U937 cells and U937 macrophages with 

recombinant HSP, relatively may not have generally contributed massively to the total 

amount of intracellular proteins. In addition, anti-HSP bind to their specific protein 

and formed detectable band by Western blot, showing the presence of HSP 

intracellularly. However, because a loading control was not used; this Western blot 

are limited and may be unreliable to draw any conclusions from. 
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Figure 3. 26: Cells protein quantification  

Following U937 cells suspended in 10 % HI-RPMI or U937 cells differentiated to 

U937 macrophages using 10 ng/mL PMA in 10 % HI-RPMI, and then incubated for 

24 h. before treated with Hsp72 respectively and incubated for 72 h. cell extract from 

U937 cells and U937 macrophages was carried out using extraction buffer. Bradford 

assay was used to determine the protein quantity on the extracted samples (A) U937 

cells (B) U937 macrophages. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp72 treated and untreated at each time point 

are shown ns (non-significant). 
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Figure 3. 27.1:  Western blots to probe human Hsp72.  

10 % gel was cast and loaded with the following A (U937 cell): Lane 1 – Ladder; Lane 

2 – Empty; Lane 3 - 0 h; Lane 4 - 24 h; Lane 5 – 48 h; and Lane 6 – 72 h U937 cells 

extract (loaded at the same concentration 3.4 µg); Lane 7 - pure human Hsp72 (0.2125 

µg). B (U937 macrophage): Lane 1 – Ladder, Lane 2 – empty; Lane 3 - 0 h; Lane 4 - 

24 h; Lane 5 – 48 h; and Lane 6 – 72 h U937 macrophages (loaded at the same 

concentration 4.85 µg), Lane 7 pure human Hsp72 (0.2125 µg). The blot was probed 

with 1:1000 dilution of anti-Hsp70 followed by anti-mouse IgG peroxidase at 1:1000 

dilution. Blots were stained with supersignal west femto chemiluminescent substrate 

for 5 mins. The image is a representative of one experiment. Overall, the experiment 

and images were performed at least three times (See Appendix 12.1).  

Figure 3. 27.2:  Semi-quantification of Hsp72 in SDS-PAGE using 

densitometry 

The Gel analyser of ImageJ was used to measured protein band of each lane of the 

gels and the grayscale value of the lane selection was 32-bit. The bands selection was 

always positioned at the centre of the gel lane. (C) U937 cells, and (D) U937 

macrophages. Data are presented as mean ± SEM, n=3. Statistical analysis was by 

one-way ANOVA with Bonferroni’s multiple comparison post hoc test. There is no 

significant difference at different time points.  
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Figure 3. 28: Cells protein quantification  

Following U937 cells suspended in 10 % HI-RPMI or U937 cells differentiated to 

U937 macrophages using 10 ng/mL PMA in 10 % HI-RPMI, and then incubated for 

24 h. before treated with Hsp60 respectively and incubated for 72 h. cell extract from 

U937 cells and U937 macrophages was carried out using extraction buffer. Bradford 

assay was used to determine the protein quantity on the extracted samples (A) U937 

cells (B) U937 macrophages. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp60 treated and untreated at each time point 

are shown ns (non-significant). 
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Figure 3. 29.1:  Western blots to probe human Hsp60.  

10 % gel was cast and loaded with the following A (U937 cells): Lane 1 - Ladder; 

Lane 2 – Empty; Lane 3 - 0 h; Lane 4 - 24 h; Lane 5 – 48 h; and Lane 6 – 72 h U937 

cells extract (loaded at the same concentration 2.5 µg); Lane 7 pure human Hsp60 

(0.225 µg); B (U937 macrophage): Lane 1 – Ladder, Lane 2 – Empty; Lane 3 - 0 h; 

Lane 4 - 24 h; Lane 5 – 48 h; and Lane 6 – 72 h U937 macrophages extract (loaded at 

the same concentration 4.0 µg) Hsp60 treatment, Lane 7 pure human Hsp60 (0.225 

µg); The blot was probed with 1:4000 dilution of anti-Hsp27 followed by anti-mouse 

IgG peroxidase at 1:4000 dilution. Blots were stained with supersignal west femto 

chemiluminescent substrate for 5 mins. The image is a representative of one 

experiment. Overall, the experiment and images were performed at least three times 

(See Appendix 12.2).  

 

Figure 3. 29.2:  Semi-quantification of Hsp60 in SDS-PAGE using 

densitometry 

The Gel analyser of ImageJ was used to measured protein band of each lane of the 

gels and the grayscale value of the lane selection was 32-bit. The bands selection was 

always positioned at the centre of the gel lane. (C) U937 cells, and (D) U937 

macrophages. Data are presented as mean ± SEM, n=3. Statistical analysis was by 

one-way ANOVA with Bonferroni’s multiple comparison post hoc test. Significant 

differences between each time points are shown: * (P<0.05), ns (non-significant).  
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Figure 3. 30: Cells protein quantification  

Following U937 cells suspended in 10 % HI-RPMI or U937 cells differentiated to 

U937 macrophages using 10 ng/mL PMA in 10 % HI-RPMI, and then incubated for 

24 h. before treated with Hsp27 respectively and incubated for 72 h. cell extract from 

U937 cells and U937 macrophages was carried out using extraction buffer. Bradford 

assay was used to determine the protein quantity on the extracted samples (A) U937 

cells (B) U937 macrophages. Data are presented as mean ± SEM, n=3. Statistical 

analysis was by two-way ANOVA with Bonferroni’s multiple comparison post hoc 

test. Significant differences between Hsp27 treated and untreated at each time point 

are shown ns (non-significant). 
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Figure 3. 31.1:  Western blots to probe human Hsp27. 

10 % gel was cast and loaded with the following A (U937 cell): Lane 1 - Ladder; Lane 

2 – Empty; Lane 3 - 0 h; Lane 4 - 24 h; Lane 5 – 48 h; and Lane 6 – 72 h U937 cells 

extract (loaded at the same concentration 3.4 µg); Lane 7 pure human Hsp27 ( 0.25 

µg); B (U937 macrophage): Lane 1 – Ladder, Lane 2 – Empty; Lane 3 - 0 h; Lane 4 - 

24 h; Lane 5 – 48 h; and Lane 6 – 72 h U937 macrophages extract (loaded at the same 

concentration 4.6 µg) Hsp27 treatment, Lane 7 pure human Hsp27 (0.25 µg); The blot 

was probed with 1:2000 dilution of anti-Hsp27 followed by anti-mouse IgG 

peroxidase at 1:2000 dilution. Blots were stained with supersignal west femto 

chemiluminescent substrate for 5 mins. The image is a representative of one 

experiment. Overall, the experiment and images were performed at least three times 

(See Appendix 12.3).  

Figure 3. 31.2:  Semi-quantification of Hsp27 in SDS-PAGE using 

densitometry 

The Gel analyser of ImageJ was used to measured protein band of each lane of the 

gels and the grayscale value of the lane selection was 32-bit. The bands selection was 

always positioned at the centre of the gel lane. (C) U937 cells, and (D) U937 

macrophages. Data are presented as mean ± SEM, n=3. Statistical analysis was by 

one-way ANOVA with Bonferroni’s multiple comparison post hoc test. Significant 

differences between each time points are shown: * (P<0.05), ns (non-significant).  
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3.4.1 The effect of Hsp treatment on intracellular cytokine concentration in 

U937 cell 

The intracellular concentration of TNF-α and IL-10 did not increase up significantly 

from the control, even after 72 h, whichever HSP was added exogenously (Figure 

3.32B and C, Figure 3.33B and C, Figure 3.34B and C).  

Treatment of undifferentiated U937 cells with Hsp72 for 72 h, and then cytokines 

expression was measured on the cells extract following Hsp72 treatment, resulted in 

an increase IL-1β expression up to (up to 122.5 pg/ml) at 24 h (P<0.05 – P<0.001), 

after which it decreases to 19.2 pg/ml at 72 h when compared to 24 h (122.5 pg/ml) 

(P<0.001) (Figure 3.32A). The same treatment of Hsp72 on undifferentiated U937 

cells, had no effect on the expression of TNF-α and IL-10 (Figure 3.32B, and C). 

Figure 3.33A, shows that the treatment of naïve U937 cells with Hsp60 for 72 h, 

resulted in an increased IL-1β expression from naïve U937 cell extract (up to 91.8 

pg/mL) at 24 h (P<0.05 – P<0.001), after which it reduced to 11.9 pg/mL at 72 h, when 

compared to 24 h (91.8 pg/mL) (P<0.001). The same treatment of Hsp60 on naïve 

U937 cells, had no significant effect on both TNF-α and IL-10 expression (Figure 

3.33B, and C). 

The effect of Hsp27 following the treatment of naïve U937 cells with Hsp27 for 72 h, 

and the cytokine expression from U937 cells extract was investigated. Cytokine 

expression from U937 cells extracts resulted in an increase IL-1β secretion (up to 

141.1 pg/ml) at 24 h (P<0.05 – P<0.001), after which it reduced to 53.4 pg.ml at 72 h 

when compared to 24 h (141.1 pg/ml) (P<0.001) (Figure 3.34A). The same treatment 

of Hsp27 on naïve U937 cells, had no significant effect on TNF-α and IL-10 

expression (Figure 3.34B, and C).  

Results here showed that recombinant HSP activate intracellular expression of IL-1β 

in naïve U937 cells and the same treatment had no effect in TNF-α and IL-10 

expression.  
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Figure 3. 32: Hsp72 treated U937 cell extract cytokine measurement. 

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of Hsp72 and 

incubated up to 72 h. cells suspension were then centrifuged, and the supernatant 

discarded. The cell pellet was resuspended in an extraction buffer. Cell extract was 

measured for cytokine expression at different time points by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 expression, respectively was measured following cell extract. 

Data are presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA 

with Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and Control (HI-RPMI) treatments at each time point are shown *(P<0.05), ** 

(P<0.01), *** (P<0.001), or ns (non-significant).  
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Figure 3. 33: Hsp60 treated U937 cell extract cytokine measurement. 

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of Hsp60 and 

incubated up to 72 h. cells suspension were then centrifuged, and the supernatant 

discarded. The cell pellet was resuspended in an extraction buffer. Cell extract was 

measured for cytokine expression at different time points by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 expression, respectively was measured following cell extract. 

Data are presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA 

with Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp60 and Control (HI-RPMI) treatments at each time point are shown *(P<0.05), ** 

(P<0.01), *** (P<0.001), or ns (non-significant). 
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Figure 3. 34: Hsp27 treated U937 cell extract cytokine measurement. 

U937 cells suspended in 10% HIRPMI were treated with 1000 ng/mL of Hsp27 and 

incubated up to 72 h. cells suspension were then centrifuged, and the supernatant 

discarded. The cell pellet was resuspended in an extraction buffer. Cell extract was 

measured for cytokine expression at different time points by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 expression, respectively was measured following cell extract. 

Data are presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA 

with Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and Control (HI-RPMI) treatments at each time point are shown *(P<0.05), ** 

(P<0.01), *** (P<0.001), ns (non-significant). 
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3.4.2 The cytokines expression from U937 macrophage cell extract 

Treatment of U397 macrophages with Hsp72 and cytokine expression measured from 

U937 macrophages extract, resulted in an increased IL-1β expression (up to 168.8 

pg/mL) (P<0.001), after which it decreased to 162.6 pg/ml at 72 h (P<0.001) when 

compared to 48 h 168.8 pg/mL (Figure 3.35A). The same treatment with Hsp72 

resulted in an increased TNF-α expression (up to 79.7 pg/ml) (P<0.001), after which 

decreased to 74.8 pg/mL (P<0.001) at 72 h (Figure 3.35B). As well as IL-1β and TNF-

α, the same treatment with Hsp72 also resulted in an increased IL-10 expression (up 

to 23.2 pg/mL) (P<0.001) (Figure 3.35C).  

Figure 3.36A, showed that cytokine expression in cell extract following treatment of 

U937 macrophages with Hsp60 resulted in an increase in IL-1β expression (up to 

166.9 pg/mL) (P<0.001), after which it decreased to 165.2 pg/mL at 72 h (P<0.001) 

when compared to 24 h 166.9 pg/mL. The same treatment with Hsp60 showed an 

increased TNF-α expression (up to 113.1 pg/mL) (P<0.001), after which it decreased 

to 72.9 pg/mL (P<0.001) at 72 h (Figure 3.36B). The same treatment with Hsp60 also 

resulted in an increase in IL-10 expression (up to 17.8 pg/mL) (P<0.001) (Figure 

3.36C).  

Treatment of U937 macrophages with Hsp27 and cytokine expression measured 

showed an increase in IL-1β expression (164.8 pg/mL) (P<0.001), after which it 

decreased to 155.7 pg/mL at 48 h (P<0.001) when compared to 24 h 164.8 pg/mL 

(Figure 3.37A). The same treatment with Hsp27 demonstrated increase TNF-α 

expression (up to 324.3 pg/mL) (P<0.001), after which decreased to 74.8 pg/mL 

(P<0.001) at 72 h when compared to 48 h 324.3 pg/mL (Figure 3.37B). The same 

treatment with Hsp27 also showed an increase in IL-10 expression (up to 29.9 pg/mL) 

(P<0.001), after which it decreased to 15.8 pg/mL (P<0.01) at 48 h when compared to 

24 h 29.9 pg/mL (Figure 3.37C). 

Results here showed that recombinant HSP activate intracellular expression of IL-1β, 

TNF-α and IL-10 in U937 cells differentiated to macrophages using PMA.  
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Figure 3. 35: Hsp72 treated U937 macrophage extract cytokine 

measurement. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp72 

and incubated up to 72 h. cells were then centrifuged, and the supernatant discarded. 

The cell pellet was resuspended in an extraction buffer. Cell extract was then measured 

for cytokine expression at different time points by ELISA. (A) IL-1β, (B) TNF-α, and 

(C) IL-10 expression, respectively was measured following U937 macrophage cell 

extract. Data are presented as mean ± SEM, n=3. Statistical analysis was by two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test. Significant differences 

between Hsp72 and Control (HI-RPMI) treatments at each time point are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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Figure 3. 36: Hsp60 treated U937 macrophage extract cytokine 

measurement. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp60 

and incubated up to 72 h. cells were then centrifuged, and the supernatant discarded. 

The cell pellet was resuspended in an extraction buffer. Cell extract was then measured 

for cytokine expression at different time points by ELISA. (A) IL-1β, (B) TNF-α, and 

(C) IL-10 expression, respectively was measured following U937 macrophage cell 

extract. Data are presented as mean ± SEM, n=3. Statistical analysis was by two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test. Significant differences 

between Hsp60 and Control (HI-RPMI) treatments at each time point are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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Figure 3. 37: Hsp27 treated U937 macrophage extract cytokine 

measurement. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of Hsp27 

and incubated up to 72 h. cells were then centrifuged, and the supernatant discarded. 

The cell pellet was resuspended in an extraction buffer. Cell extract was then measured 

for cytokine expression at different time points by ELISA. (A) IL-1β, (B) TNF-α, and 

(C) IL-10 expression, respectively was measured following U937 macrophage cell 

extract. Data are presented as mean ± SEM, n=3. Statistical analysis was by two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test. Significant differences 

between Hsp27 and Control (HI-RPMI) treatments at each time point are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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3.5 Discussion 

Studies have demonstrated increases in cytokine secretion from U937 macrophages 

following treatment, or incubation, of U937 macrophages with human HSPs, or 

bacterial antigens such as LPS or bacterial HSPs (Zhou et al., 2005; Panjwani et al., 

2002; Asea et al., 2000). Many of these studies have not measured the cytokines 

secretion following direct incubation of U937 cells with HSPs before differentiating 

into macrophages (Zhou et al., 2005; Panjwani et al., 2002; Asea et al., 2000). In order 

to gain a better understanding of the cytokine stimulatory effects of HSPs, in this 

chapter; Firstly, HSPs were incubated directly with U937 cells, which was not the case 

in the literature, and the same HSPs treatments were performed on naïve U937 cells 

differentiated to U937 macrophages using PMA or VitD3 as stimuli (Section 2.3.7). 

This was carried out to determine the ability of naïve U937 cells and U937 

macrophages to secrete cytokines after they are treated with HSPs. Both U937 cells 

and U937 macrophages were treated with HSPs of different molecular weights and 

origins, such as Hsp72, Hsp73, Hsp60, GroEL, and Hsp27. U937 cells and U937 

macrophages were used because human monocytic cell line (U937 cells) has been 

reported to mimics human monocytes and following treatment of U937 cells with 

stimuli (PMA or VitD3), U937 cells differentiation to macrophages (Ho et al., 1996; 

Zamani et al., 2013; Baek et al., 2009). Macrophage has been reported to contain some 

dynamic interface between the extracellular environment and the host response to 

injury via cytokine secretion (Ho et al., 1996; Zamani et al., 2013; Baek et al., 2009). 

Sandwich ELISA begins with immobilization of an antibody (captured antibody) on 

the microtiter plate. Following blocking the plate surface, which aims to inhibit any 

forms of non-specific adsorption of other proteins, the antigen in the sample is then 

able to react with the immobilized captured antibody. The antigen bound to the 

captured antibody is then known as sandwich with enzyme-labeled antibody colour 

development (Sakamoto et al., 2018).  

Western blot (WB) is used to measure specific protein molecules that may be present 

in the mixture of proteins that are associated with a tissue or cell (Mahmood & Yang, 

2012). For example, WB is used to demonstrate protein abundance, kinase activity, 

protein-protein interactions (Bass et al., 2017). A study evaluated the serodiagnostic 

potential of Hsp70 and Hsp83 using ELISA and western blot (Kaur & Kaur, 2013). 
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3.5.1 U937 cells transformation to U937 macrophages using PMA or VitD3 

U937 cells are non-adherent, autonomously proliferating cells, that are oval in shape 

with an irregular nucleus (Bertram et al., 2008). As previously mentioned, many 

researchers have used U937 cells as an in-vitro model to study cell differentiation, and 

they have monoblastic properties, making them capable of being differentiated to 

macrophage-like cells, when exposed to cell inducers, including PMA and VitD3 

(Yang et al., 2017; Zamani et al., 2013; Passmore et al., 2001; López, 2018; Dodd et 

al., 1983; Takahashi et al., 2014; Hmama et al., 1999; Baek et al., 2009).  

Although, some studies differentiated U937 cells to macrophages by incubation of 

U937 cells with PMA for 48 h (López, 2018; Kitamura et al., 2004). In this study, 

however, U937 cells were incubated with PMA or VitD3 for 24 h; and following U937 

cells incubation with either PMA or VitD3, most of the cells became >95% adherent 

to the tissue culture well plate (Chapter 2). A similar response was also demonstrated 

when PMA treated cells, including U937 cells, showed growth arrest following 6 h 

incubation with PMA and were observed to be almost 100% adherent cells after 24 h 

(Baek et al., 2009); Song and his group also demonstrated U937 cell differentiation to 

macrophages following 1, 2.5, or 10 ng/mL PMA incubation for 24 h (Song et al., 

2015); and VitD3 was demonstrated to differentiate U937 cell to macrophages at 24 h 

(Baek et al., 2009). Following incubation of U937 cells with PMA, U937 cells 

transform from non-adherent cells to adherent cells through an increase of the 

adhesion molecules (Passmore et al., 2001), and as a result, it is reasonable to expect 

a 24 h treatment of U937 cells with PMA or VitD3 to differentiate non-adherent U937 

cells to adherent U937 macrophages.  

PMA function by causing changes in the gene expression of U937 cells, through 

activation of protein kinase c (PKC), which then causes U937 cells to differentiate into 

a macrophage-like morphology (Biggs et al., 1998; Jalagadugula et al., 2008; Song et 

al., 2015). PMA also has an effect on many transcriptional factors that bind to Cis-

regulatory elements such as NF-kB (Song et al., 2015). The cell differentiation process 

using PMA as stimuli can also change in the B2 integrin family, such as CD11a, 

CD11b, CD11c, and CD18, which are generally known as adhesive receptor proteins 

(Arnaout, 2016; Fagerholm et al., 2019). VitD3 on the other hand, is a secosteroid 

stimuli, that can differentiate cells to macrophages by signalling through an 

intracellular receptor (Sirajudeen et al., 2019; Kim et al., 2012). In addition, VitD3 
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receptor (VDR), are a group of steroid nuclear hormone receptors, which can control 

gene expression by directly regulating the transcription of specific genes (Pike & 

Meyer, 2010; Pike et al., 2016). As demonstrated in this study, morphologically, there 

was a difference between naïve U937 cells and transformed U937 cells to 

macrophages (Figure 2.1). The difference that were observed, following exposure of 

U937 cell to PMA or VitD3, for 24 hours; the U937 cells changed from their original 

appearance and assumed distinctive macrophages characteristics such as flat, irregular 

shape, pseudopodia, cytoplasmic protrusion, and have phagocytic activity (Minafra et 

al., 2011; Valdes & Urcuqui-Inchima, 2018 Daigneault., 2010; Park et al., 2003; 

Zamani et al., 2013; Passmore et al., 2001).  

3.5.2 HSP concentrations and cytokine secretion 

Following incubation of undifferentiated U937 cells with HSPs, including human 

recombinant Hsp72, Hsp60, Hsp27, and bacterial GroEL for 24 h (Section 3.3.1), the 

rate of IL-10 secretion increased with increased HSPs concentration. This implies that 

the level of the immune response can be influenced by the dose of HSPs (Peracoli et 

al., 2013; Hulina et al., 2018). However, the same treatment showed no significant 

detectable IL-β and TNF-α secretion in U937 cells, which could be due to the 

undifferentiated state of U937 cells lacking some specific receptors such as CD14, or 

other molecules that can aid in the proinflammatory immune response (Passmore et 

al., 2001). This observation of determining if the dose of HSP can influence the level 

of cytokine secretion from naïve U937 cells were not common in the literature, 

because most of the literature in the study of HSP firstly differentiates naïve U937 

cells to macrophages before HSP treatment.   

The same HSPs treatments on U937 cells differentiated to U937 macrophages using 

PMA showed a dose-dependent increase in IL-1β, TNF-α, and IL-10 when compared 

to control (HIRPMI), which demonstrates that HSPs can induce both pro and anti-

inflammatory immune responses in a dose-dependent manner. It is important to note 

that cytokine secretion peaked at 1000 ng/ml when compared to 0, 1, 10, and 100 

ng/ml (Section 3.3.1, and 3.3.2) and as a result, in this study 1000 ng/mL of HSPs 

treatment were used throughout. A study demonstrated that human monocytes or 

monocytes derived DCs, treated with human HSPs, and as well as microbial HSPs, at 

different concentrations, showed a dose-dependent increase in the secretion of 

cytokines such as TNF-α and IL-12 (Wang et al., 2005; Solveig et al., 2001). In the 
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same vein, Cohen-Sfady et al. (2005) investigated the effect of cytokine secretion 

following 72 h B-cells treatment with human Hsp60, at different concentrations (5 – 

25 uh/ml). The cultured supernatant obtained from B-cells, were measured for 

cytokine content by ELISA; their results showed that, while the untreated B-cells did 

not secrete any detectable cytokines, B-cells stimulated with human Hsp60 showed a 

significant increase in cytokines (IL-10 and IL-6) in a dose-dependent manner (Cohen-

Sfady et al., 2005). The results, as demonstrated by other studies, are consistent with 

the results obtained by this study. Although, it is also important to mention that this 

study looked at different sources of HSPs under the same experimental environment, 

unlike as demonstrated in the literature, in which studies looked at individual HSP at 

different time and experimental conditions.  

3.5.2.1 Effect of HSPs on U937 cells and U937 macrophages cytokine secretion 

The type of inflammatory responses observed when measuring the cytokine secretion 

from U937 cells and U937 macrophages respectively by ELISA were dependent on 

the type of cells used in the experiment (i.e., U937 cells or U937 macrophages) 

(Martinez & Gordon, 2014). When U937 cells were directly treated with HSPs, only 

IL-10 secretion was observed, which implies, as previously mentioned, that HSPs can 

induce anti-inflammatory immune responses, and the same treatment showed no pro-

inflammatory immune responses. A recent study has reported that U937 cells are 

mainly in an undifferentiated inactive monocytic state. This could explain why U937 

cells, when treated with HSPs, can only secrete anti-inflammatory cytokine such as 

IL-10 (Chimal-Ramirez et al., 2016).  

In addition of the study of cell differentiation, U937 cells are also used in the study 

chemotaxis (Kew et al., 1997). This is because, in an undifferentiated state, U937 cells 

do not express chemoattractant receptors and therefore, do not show any movement 

toward any stimulus (Kew et al., 1997). This could explain why naïve U937 cells are 

not able to secrete TNF-α and IL-1β cytokines. However, when differentiated to 

macrophages can secrete both TNF-α and IL-1β cytokines (Chimal-ramírez et al., 

2016; Ferat-osorio et al., 2014; Zininga et al., 2018; Kany et al., 2019; Alunno et al., 

2017; Tukaj & Kaminski, 2019).  
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For many years, recombinant HSPs preparations such as Hsp70, Hsp60, Hsp27, Hsp90, 

and gp96 from different sources (such as bacterial and mammalian), have been 

demonstrated as a potent activator of the innate immune response (Zininga et al., 2018; 

van Noort et al., 2012; Zugel & Kaufmann, 1999). Studies have specifically reported 

that these recombinant HSPs preparations can activate monocytes and macrophages 

cells to produce proinflammatory cytokines, such as TNF-α, IL-1, IL-6, IL-12, and IL-

1β (Kany et al., 2019; Alunno et al., 2017). Extracellular HSPs have also been 

demonstrated to induce increased level of MHCI, MHCII, and costimulatory 

molecules, such as CD40, CD80, and CD86; which are molecules that are indicative 

of cells maturation (as shown using dendritic cells) (ten Broeke et al., 2013; Singh-

Jasuja et al., 2000; Luo et al., 2008). Furthermore, the ability of HSPs to activate 

cytokine secretion has been reported to be mediated through the CD14/TLR2/TLR4 

complex signal transduction pathways, which then lead to activation of MAPKs and 

NF-kB (Zhou et al., 2005). Similarly in this study, U937 macrophages treated with 

LPS, also, showed increased level of cytokines secretion (Bethke et al., 2002; Tsan & 

Gao, 2004; Ferat-osorio et al., 2014; Panjwani et al., 2002; Zamani et al., 2013).  

3.5.2.2 Hsp72 or Hsp73 cytokine secretion 

Inflammation is a result of a response to infection, heat shock, and cellular stress. 

When the host system is attacked by the infectious agent, HSPs such as Hsp70 family 

are secreted to the extracellular, where they can induce an immune response that are 

aimed to provide protection to the host (Bruemmer-Smith et al., 2001), These 

protective characteristics of HSPs, such as Hsp72 and Hsp73 are as a result of 

inhibitory effect of HSP on the inflammatory signalling pathways; including NF-kB 

transcription factor, which the HSPs effects may help to dampens the effect of the 

infection to the cells (Chen et al., 2006). Hsp72 and Hsp73 share almost the same level 

of sequence homology but are different in their expression characteristics. For 

example, Hsp73 are constitutively expressed, while Hsp72 are stress-induced (Liu et 

al., 2008). 

Intracellularly, Hsp73 are located mostly in the cytoplasm, nuclei, and nucleoli, and 

Hsp72, on the other hand, are located in the nuclei and nucleoli (Ellis et al., 2000). 

However, in event of stress, such as during heat shock, the distribution of Hsp72 and 

Hsp73 can co-localised throughout the cell, which then suggests that both proteins 

isoforms in trying to protect cell structures, can respond together to the molecules and 



       

157 
 

components that initiated the stress (Ellis et al., 2000). The results in this thesis showed 

that recombinant Hsp72 stimulates the production of pro-inflammatory cytokines such 

as TNF-α and IL-1β in U937 macrophages. This could be due to the Hsp72 interaction 

with CD14 and TLRs, such as TLR2 and TLR4, which may possibly caused activation 

of MAPK and NF-kB pathways (Fang et al., 2011; Thériault et al., 2005). Hsp72 are 

well known for their immunoregulatory function. It has been reported that following 

Hsp72-induced proinflammatory cytokines production such as TNF-α; Hsp72 can also 

initiate stimulation of IL-10 secretion (Anti-inflammatory cytokine), which can then 

inhibit TNF-α production (Luo et al., 2008). 

3.5.2.3 Hsp60 cytokine secretion 

Human Hsp60 and its bacterial equivalent GroEL can interact with CD14, 

TLR2/TLR4, and MAPK to stimulate the production of TNF-α and IL-1β (Ueki et al., 

2002; Maguire et al., 2002). It has also been reported that Hsp60 shares this pathway 

with LPS (Fleischer et al., 2008; Kol, Lichtman et al., 2000). LPS is the main 

component of the outer membrane of gram-negative bacteria such E. coli, which can 

stimulate monocytes/macrophages via TLR4, resulting in the production of pro-

inflammatory cytokines such as TNF-α (Wan et al., 2016; Fang et al., 2004). Hsp60 

share the same α2-macroglobulin receptor binding site with other HSPs such as Hsp72. 

Even though, Hsp60 binding sites are separate from receptors of other HSPs such as 

the Hsp70 family and small HSPs such as Hsp27, this is because of the similarities of 

their binding sites with LPS (Habich et al., 2002 ). For example, Human Hsp60 has 

been shown to bind specifically to LPS in a saturable manner via the binding LKGK 

motif region (Gan, 2007; Habich et al., 2005). 

3.5.2.4 Hsp27 cytokine secretion 

It has been reported that small HSPs such as Hsp27 can induce anti-inflammatory 

response while other HSPs such as Hsp60 and Hsp70 can induce pro-inflammatory 

responses (De et al., 2000; Henderson & Pockley, 2010; Johnson et al., 2005; Kaiser 

et al., 2014). However, results obtained in this thesis showed that when U937 cells or 

U937 macrophages were treated with recombinant HSPs, including human and 

bacterial recombinant HSPs, at different time intervals, depending on the cell type 

(U937 cells or U937 macrophages) are able to induce cytokines production. This 

observation suggests that both Hsp27 and other higher molecular mass of HSPs can 

induce pro-inflammatory immune response in a time-dependent manner. These results 
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were supported by other studies (Zhang et al., 2004; Binder et al., 2004; De Maio & 

Vazquez, 2013; Schmitt et al., 2007).  

Many cell membrane receptors (CD91, CD40, CD36, CD14, TLRs, and SR-A) have 

been identified as receptors that aids extracellular HSPs such as Hsp27 to induce 

cytokines secretion. (Binder et al., 2004; Calderwood et al., 2007). Hsp27 has been 

reported similarly as also seen in other HSPs, to interact with TLRs and as well as 

other receptor proteins, leading to the activation of NF-kB and then cytokine 

production. Hsp27 treatment with human macrophages has been reported to promote 

NF-kB transcriptional activation, protein expression, and secretion of cytokines 

(Batulan et al., 2016). Hsp27 activates MAPK pathways (Alford et al., 2007), IkB 

kinase (IKK) complex to stimulate pro-inflammatory cytokines such as TNF-α, which 

are regulated by NF-kB. Furthermore, it has been reported that, this is possibly the 

process by which Hsp27 are able to modulate production of inflammatory cytokines 

(Sur, 2008).  

3.5.3 Cell extract protein quantification 

Incubation of U937 cells and U937 macrophages with recombinant HSPs, including 

Hsp72, Hsp60, and Hsp27 for 72 h, cell extract from U937 cells and U937 

macrophages at a different time from 0 h to 72 h, were prepared using cell extraction 

buffer. In addition, cell extracts from untreated U937 cells and U937 macrophages 

were also prepared. The cell counts of naïve U937 cells showed an increase up to 72 

h (Appendix Table 9.1), while cell count of differentiated U937 cells to macrophages 

were not performed, this is because the high number of the cells had adhered to the 

tissue culture well plate. The amount of protein in the cell extract was determined 

using Bradford assay (Section 2.3.15). The result demonstrates that there were more 

proteins in the U937 cell extract than U937 macrophages. This outcome could be due 

to the adherence characteristic of U937 macrophages, making it difficult to retrieve all 

the cells from the cell culture plate. Studies have demonstrated that following U937 

cell differentiation, the cell adheres to the culture environment (Song et al., 2015).  

Protein quantification demonstrated in this study showed that, although, there were 

some differences between U937 macrophages treated with Hsp27 compared to 

untreated (Figure 3.30B), which may be suggesting that Hsp27 may have entered the 

U937 macrophages. However, it is possible that, in general, HSPs do not significantly 
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enter the cells when compared to the number of proteins in cells treated with HSPs to 

untreated cells withn HSPs (Section 3.4).  

If HSPs can be secreted from intracellular to the extracellular environment as reported 

by many studies, including this thesis (Pockley & Henderson, 2018; Batulan et al., 

2016; Calderwood et al., 2016), then could HSPs be able to also demonstrates 

permeability from the extracellular environment to the intracellular? In this thesis, the 

cell protein content change following HSPs treatment was not significant in most cases 

(Figure 3.26, 3.27.2; 3.28, 3.29.2; and 3.30, 3.31.2). It could be that extracellular HSPs 

interact with cell membrane proteins differently compared to their intracellular 

interaction with other proteins that aids in their transportation to the extracellular 

environment. 

A study reported that the cell membrane is the first to be affected during environmental 

stress such as heat shock. The cell membrane connects the extracellular and the 

intracellular signals, which encourage cross interaction between the heat shock 

response and cell membrane, because heat shock can induce some changes in the 

fluidity of membranes, and as a result, membrane lipid remodelling can occur 

(Bromberg & Weiss, 2016). HSPs are transported to the plasma membrane with the 

help of other proteins that have transmembrane domains that aid protein transportation 

(Armijo et al., 2014; Li & Srivastava, 2004). A study also reported that HSPs 

membrane anchorage might result from the direct interaction of HSPs with lipid 

components (Shevtsov et al., 2020). Although, as demonstrated in this thesis, there 

was no evidence of a significant increase in the amount of protein content in both U937 

cells and U937 macrophages after being treated with recombinant HSPs when 

compared to the untreated cells with HSPs.  

3.5.3.1 Detection of intracellular HSPs   

The western blot experiments showed the presence of specific HSPs in both U937 

cells and U937 macrophages. Regarding whether HSP entered cells after treated with 

recombinant HSP, the result showed that relatively, there may not be significant 

difference in the amount of HSPs measured when compared untreated cells and treated 

cells with recombinant HSPs, as shown in the mixture of the protein quantification 

(Figure 3.26, 3.28, 3.30) and relative level HSP band intensity by densitometry (Figure 

3.27.2, 3.29.2, 3.31.2). This shows that possibly recombinant HSPs were not 

increasingly measured intracellularly (which could be due to the amount recombinant 
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HSP exposed to the cells) and may also suggest that recombinant HSPs mostly interact 

with the cell membrane proteins in order to initiate inflammatory immune responses.  

This HSPs interaction with cell membrane proteins has been demonstrated in other 

studies (Chidlow et al., 2014; Kaur & Kaur, 2013; Tang et al., 2016). The results 

obtained in this chapter seem to suggest that extracellular HSPs incubated with U937 

cells do not contribute significantly to the total amount of all the intracellular proteins 

measured by Bradford assay. Furthermore, semiquantification with densitometry 

(Figure 3.27.2, 3.29.2, 3.31.2) seem to also suggest that recombinant HSP treatment 

was not relatively significant intracellularly. It is important to also note that although, 

Western blots samples were normalised to ensure the same amount of protein was 

loaded onto the gel; the result obtained would have been better with the use of a 

loading control such as β-actin or GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase), as these loading controls are proteins described to be present in equal 

amount in all cells (Pillai-Kastoori et al., 2020; Butler et al., 2019; Taylor et al., 2013).  

The results obtained in this thesis could also suggest that U937 cells contain 

intracellular HSPs of different molecular weights, because HSPs probe in U937 cell 

and U937 macrophage cell extract, confirmed the presence of different molecular 

weight of HSPs in both cells, showing that each of the HSPs antibodies specifically 

binds to their individual HSPs that could be present in the mixture of proteins 

measured in the protein quantification. Western blot technique used in the HSPs probe, 

is known to be more specific than Bradford assays (Mahmood & Yang, 2012). This 

observation then supports the hypothesis that intracellular HSPs help to maintain 

protein homeostasis (Schmitt et al., 2006; Calderwood, 2018).  

3.5.3.2 Cytokine expression from cell extract 

The cytokines expression from U937 cell extract measurement by ELISA showed 

significance in the level of IL-1β expression compared to the control (HI-RPMI) 

(Figure 3.32A, 3.33A, and 3.34A), which was suprising, because there was no IL-1β 

secretion, when looking at the cytokine secretion measured in the supernatant of naïve 

U937 cells treated with recombinant HSP (Figure 3.9A, D; 3.11A, D; and 3.13A, D). 

However, these results seem to suggest that HSPs can activate an intracellular 

proinflammatory immune response. Interestingly, there was no TNF-α or IL-10 

expression, which may also mean that intracellularly, HSPs were not able to induce 

immune responses.  
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This different observation of IL-1β expression in U937 cell extract could be due to 

dual-functional characteristic of IL-1β, as cytokine that may be present in both 

expressing cells and intracellularly by a responsive cell (Luheshi et al., 2009); which 

is possible that HSPs treatment may have created responsiveness in U937 cells.  

Cytokine is well described as a soluble mediator, which is released from expressing 

cells to activate transmembrane receptor proteins on activated cells. However, other 

cytokines such as IL-1β are known to have an additional effect intracellularly (Luheshi 

et al., 2009; Lopez-Castejon & Brough, 2011). A study reported that IL-1β is 

expressed without signal sequence and does not function through the conventional 

route where proteins are expressed; instead, IL-1β recruits more than one non-

conventional secretory pathway that aid in its expression (Lopez-Castejon & Brough, 

2011; Luheshi et al., 2009).  

The same cytokine expression measured by ELISA in extracts of U937 macrophages 

showed an increase in IL-β, TNF-α, and IL-10 expression when compared to control 

(HIRPMI) (Section 3.4.2).  This result suggests that HSPs can activate intracellular 

pro and anti-inflammatory immune responses (Figure 3.35, 3.36, and 3.37). These 

results are consistent with cytokine secretion from U937 macrophages treated with 

recombinant HSPs. These similarities in cytokine secretion and expression in U937 

macrophages could suggest that, following activation of protein kinase c (during U937 

cells differentiation to U937 macrophages using PMA). Cytokines such as IL-β, TNF-

α, and IL-10 expression could have been facilitated into the extracts from U937 

macrophages. The cytokine expression in U937 macrophage could be consistent with 

the report that PKC has been demonstrated as a member of protein serine and threonine 

kinase, which are essential in intracellular signal transduction (Loegering & Lennartz, 

2011; Lim et al., 2015; Biggs et al., 1998; Jalagadugula et al., 2008; Song et al., 2015). 

It was also reported that altering activities of PKC, affects TLR signalling and, thereby, 

affect cytokine expression or secretion (Cheng et al., 2011; Loegering & Lennartz, 

2011; St-Denis et al., 1998; Chen et al., 2005). The role of intracellular HSPs in 

cytokine expression have not been shown in the literature. 
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3.6 Summary 
The results presented in this chapter demonstrated that human recombinant HSPs can 

stimulate cytokine secretion from human monocytic U937 cells and U937 

macrophages, which means that they can induce inflammatory immune responses. 

However, there was a difference in cytokine secretion between the cells. As mentioned 

earlier, this could be due to the state of cells (undifferentiated versus differentiated). 

The upregulation of IL-10 observed in this study may be indicative of 

immunoregulatory function of HSPs, as reported in the literature. Previous work has 

not challenged cells with several HSPs in the same set of experiments – i.e., they have 

used either Hsp72, Hsp60, or Hsp27. The surprising result of this Chapter is the 

similarity of the responses between the different HSPs, and to that seen with LPS. 

Possible reasons for this are: the same receptors are utilised by the different HSPs and 

LPS, as suggested by (Mollen et al., 2006; Ramadan & Paczesny, 2015; Tang et al., 

2012) or the effect of HSPs is due to contamination, as suggested by Tsan & Gao 

(2004). It is therefore important to determine which of these is more likely, and the 

following Chapters will address these possibilities. It is also important to demonstrate 

that the effects observed are reflective of those seen in the human body -i.e, primary 

cells, so the following Chapter will use primary cells in comparison to U937 cells.   
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4.1 Introduction 

In the previous chapter, the results obtained showed cytokine secretion at different 

time points following treatment of naïve U937 cells and U937 macrophages with HSPs. 

However, the reported HSPs ability to activate APCs to produce cytokine has been 

controversial (Gan, 2007). APCs, including monocytes and macrophages, are 

heterogeneous parts of immune cells that mediate the cellular immune response 

through processing and presenting antigens to be recognised by T-cells (Gaudino & 

Kumar, 2019; Hughes et al., 2016).  

Studies observed that mycobacterial recombinant HSPs, can induce the release of pro-

inflammatory cytokines from monocytes and macrophages (Bethke et al., 2002; 

Ménoret, 2004). However, the same studies reported that human HSPs such as Hsp60 

and Hsp72 were also capable of inducing cytokine production from monocytes, 

macrophages, and PBMCs (Bethke et al., 2002; Ménoret, 2004).  

A clinical trial reported that in-vitro cytokine production by human PBMCs can be 

essential and reliable for measuring immunocompetence, and a rapid in-vitro release 

of cytokine by PBMCs may serve as an indication of their activation in vivo (Bryant 

et al., 1994). PBMCs were exposed to extracellular HSPs such as Hsp10, Hsp27, 

Hsp60, and Hsp70, and expression of anti-inflammatory and pro-inflammatory 

cytokines were observed (Kaiser et al., 2014). Cytokines including IL-12, IL-10, IFNϒ, 

and TNF-α expression were observed in a flow cytometry staining technique, after 

treating PBMCs with bacterial heat shock protein (GroEL) at a different time interval 

(16h – 96h) (Nalbant & Sayg, 2016). A study showed that it requires stimuli for 

PBMCs to be able to secrete cytokines; their report was based on the observation that 

no IL-6 secretion in freshly isolated PBMCs cultured in the absence of stimuli. While 

on the opposite, there were IL-1α, and IL-6 secretion from PBMCs treated with some 

stimuli such LPS, Phytohemagglutinin (PHA) or S. epidermidis (Schindler et al., 

1990). 

In the previous Chapter, monocytes and macrophages were treated with commercially 

prepared recombinant human HSPs such as Hsp72, Hsp60, and Hsp27; and following 

the treatment, IL-1β, TNF-α, and IL-10 secretion were observed. The HSPs cytokine 

secretion may be similar to that seen with LPS which occurs via the CD14/TLRs signal 

transduction pathway (Gao & Tsan, 2003b), and as a result, it has been argued that, 

the cytokine secretion induced by HSPs were actually due to bacteria contamination 
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(Gao & Tsan, 2003, 2003). Gao & Tsan (2003) explained the effect of LPS on the 

reported HSPs-induced cytokines secretion, by showing that recombinant Hsp70, that 

contained 1.4 pg/µg of LPS and then purified, before treating RAW264-7 murine 

macrophages with 5 µg/mL of purified recombinant Hsp70; showed no TNF-α 

secretion. While on the contrary, the same treatment of RAW264-7 murine 

macrophages with less purified 1 µg/mL of recombinant Hsp70, that contained 0.2 

ng/µg of LPS, was able to induce TNF-α secretion up to the same levels as that of the 

0.2 ng/mL of LPS-induced TNF-α secretion (Gao & Tsan, 2003). The same group 

demonstrated a similar result using recombinant human Hsp60; they observed that 

highly purified recombinant Hsp60 with low endotoxin activity was not able to 

activate TNF-α secretion from murine macrophages even at a concentration up to 10 

µg/mL. However, there was TNF-α secretion, when less purified recombinant human 

Hsp60 was used at a lower concentration of 1 µg/mL (Gao & Tsan, 2003a). Similarly, 

another study also showed that contamination of recombinant Hsp70 with endotoxin 

that was below 10 IU/mg was unable to induce cytokine secretion, even in the presence 

of soluble recombinant CD14 or via activation of the p38 mitogen-activated protein 

kinase signalling pathways. This then seems to suggest that an endotoxin-free Hsp70 

does not activate APC (Bausinger et al., 2002).  

LPS properties can be influenced by extreme heat or high temperature. It has been 

reported that extremed high temperature can affect structural and physiological 

properties of bacteria, such as bacteria cell membrane, RNA, DNA, ribosome, protein, 

and enzymes (Russell, 2003). Furthermore, Conformation (fold stability) which is the 

ability of a protein to maintain its biological potential following its exposure to 

physical or chemical stress (Scheiblhofer et al., 2017). In addition, conformational 

stability can increasinly influence the ability of APCs to completely process antigens. 

For example, starting from antigen uptake to the final presentation of antigenic 

peptides (Fagain, 1995; Nick Pace, Scholtz, & Grimsley, 2014; Sinnathamby et al., 

2004). The type of stress, such as pH, denaturant, temperature, and environmental 

redox that protein is exposed to, may determine how biologically active the protein 

can be in comparison with its original properties before the exposure (Kishore et al., 

2012). Evidence has emerged that conformational stability may influence the protein 

antigen within endosomal compartments of APCs (Accapezzato et al., 2005).  
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Polymyxin B is a lipopeptide antibiotic obtained from Bacillus polymyxa. Polymyxin 

B main structures are polycationic peptide ring and tripeptide side chain with a tail 

containing fatty acid (Zavascki et al., 2007; Poirel et al., 2017). Polymyxin B is a 

rapid-acting bactericidal agent with a detergent-like mode of action (Evans et al., 1999; 

Hermsen et al., 2003; Tam et al., 2005). Polymyxins interact with LPS located at the 

outer membrane of Gram-negative bacteria and are later taken up through the ‘self-

promoted uptake’ pathway (Kang et al., 2000). The polycationic peptide ring binds to 

the outer membrane, thereby displacing the calcium and magnesium ion bridges that 

encourage LPS stability (Evans et al., 1999; Hermsen et al., 2003). This is possible 

because of LPS affinity to these polycationic peptides, which are at least three orders 

of magnitude greater than divalent cations such as Ca2+ and Mg2+; and these cause the 

peptides to competitively displace these Ca2+ and Mg2+, which then lead to disruption 

of the Gram-negative bacteria outer membrane (Zavascki et al., 2007; Poirel et al., 

2017). The fatty acid side chain in addition, interacts with the LPS, contributing to the 

introduction of polymyxins into the outer membrane. Polymyxins then produce a 

disruptive physiochemical effect leading to permeability changes in the outer 

membrane (Hermsen et al., 2003). The affected membrane now develops transient 

cracks that allow passage of different molecules, such as hydrophobic compounds, 

small proteins, and more importantly, encourage the uptake of the perturbing peptide 

itself, which results in cell death (Hermsen et al., 2003) (hence the term ‘self-promoted 

uptake’) (Zavascki et al., 2007).  

The ability of  HSPs to induce inflammatory immune responses, are still controversial, 

especially on the area of HSPs contaminations with LPS (Bausinger et al., 2002; Gan, 

2007; Gao & Tsan, 2003b; Habich et al., 2005; Osterloh et al., 2004; Quintana & 

Cohen, 2005), and this continues to put the ability of HSPs to induce cytokine 

secretion from immune cells to question. Therefore, this chapter will investigate if the 

HSPs induced cytokines effects are due to bacterial contaminations and in addition, to 

determine if HSPs can induce immune response in freshly isolated human PBMCs, 

that would help to determine if human recombinant HSPs can have the same effect in 

primary cells (PBMCs) as reported in U937 cells (undifferentiated and differentiated) 

in the previous chapter. The aim of this chapter is to determine whether the HSPs-

induced cytokines production was due to the HSPs-induced or LPS contamination and 

the response seen in naïve U937 is reflective of primary cells.  
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The effect of denatured HSPs (dHsp) in both U937 cells differentiated to macrophage 

using PMA and freshly isolated human PBMCs cytokine secretion will be determined 

first by ELISA. This technique of denaturing HSPs by boiling was based on the report 

that the biological properties of HSP can be sensitive to boiling (Piotrowicz & 

McCartney, 1986; Fujii et al., 2002; Neter et al., 1973; Vikstrom, 2002; Kol et al., 

2000). However, some studies argued that there is a possibility of boiling inactivating 

LPS also (Piotrowicz & McCartney, 1986; Fujii et al., 2002); and that was why this 

study adopted other approaches in addressing whether HSP-induce cytokines secretion 

were completely due to LPS. Secondly, HSPs will be treated with polymyxin B before 

introduced to U937 macrophages, and cytokines secretion from U937 macrophage 

will then be measure by ELISA. This can help to determine if polymyxin B will have 

any effect on HSP-induced cytokine activities. This is because polymyxin B is well 

described to inhibit and inactivate LPS activities by binding lipid A-KDO2 region of 

LPS (Wang et al., 2015). Thirdly, the effect of anti-HSP antibodies on the HSP-induce 

cytokine secretion was employed by preincubating HSPs with their specific antibodies, 

and cytokines were then measured by ELISA. This approach was based on the fact 

that proteins are specific to their antibodies. These three methods were employed to 

give confidence in determining if HSPs can induce inflammatory immune responses 

independent of contamination, such as LPS.  
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4.2 Methods 

All preparations and cell culture experiments were carried out within a Class II tissue 

culture safety cabinet.  

4.2.1 Preparation of cells for treatment 

U937 cell macrophages were prepared as described (Section 2.3.7), and PBMCs were 

prepared and isolated as described in the methods (section 2.3.9).  

4.2.2 Preparation of heat shock proteins for the experiment 

Heat shock proteins used for the experiments include Hsp72, Hsp60, GroEL, and 

Hsp27. These HSPs were diluted in 10 % HI-RPMI to give 1000ng/ml stock solution. 

For denatured HSPs (dHSPs – e.g. dHsp72) that aimed at excluding possible 

contamination, the stock solution was heated at 100oC for 10 minutes and allow to 

cool before adding them to the cells. In accordance with this HSPs boiling technique, 

a study demonstrated that Hsp70 boiling at 100oC was to exclude the possibility of 

endotoxin contamination (Aneja et al., 2006). Furthermore, wet heat at 100oC boiling 

has been demonstrated to cause a significant reduction in the LPS endotoxin activity 

(Gao et al., 2006; Piotrowicz et al., 1986; Fujii et al., 2002).   

4.2.3 Preparation of LPS for experiments 

LPS from E. coli O111:B4 was reconstituted in Dimethyl sulfoxide (DMSO) at 

1mg/ml and allowed to dissolve. LPS was then further diluted in 10 % HI-RPMI to 

give 1000ng/ml stock solution. 

4.2.4 Treatment of U937 macrophages with HSPs and polymyxin B 

Hsp72, Hsp60, Hsp27 (1000 ng/ml) or LPS (1000ng/ml), was pre-incubated with or 

without polymyxin B (5, 10, 15, and 20 µg/ml) for 20, 40, and 60 minutes respectively, 

before being added to U937 macrophages for 6 hours. The 20 µg/mL of polymyxin B 

for 1 h was a result of optimization, as demonstrated in this thesis (Section 4.3.3.1).  
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4.2.5 HSPs pre-treated with specific anti-HSPs on U937 macrophage 

Hsp72; Hsp60; GroEL; and Hsp27 were diluted in 10 % HIRPMI to give 1000ng/mL 

stock solution. Hsp72; Hsp60; GroEL; and Hsp27 were then pre-treated with 20µg/ml 

for 1 h with their specific anti-Hsp antibodies such as anti-Hsp72, anti-Hsp60, anti-

GroEL, and anti-Hsp27 respectively before being applied to U937 macrophages for 6 

h. 

4.2.6 Measurement of secreted cytokines 

Following treatment, the cell suspension was transferred from the wells into a 1.5 mL 

microcentrifuge tube and centrifuged at 500 g for 5 min, and the supernatant was 

transferred to a clean 1.5 ml microcentrifuge tube. The supernatant was used either 

fresh or frozen at -80oC until required. Cytokine secretion of TNF-α, IL-10, and IL-1β 

was measured (Section 2.3.11, 2.3.12, and 2.3.13). 
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4.3 Results 

4.3.1 Effect of Hsp72 and dHsp72 cytokine secretion from U937 macrophage 

Treatment of U937 macrophages with Hsp72 or dHsp72 resulted in an increased IL-

1β secretion (up to 45.9 pg/mL) (P<0.001) compared to dHsp72 (12.5 pg/mL) at 24 h 

(Figure 4.1A). The same treatment at shorter time points showed Hsp72 IL-1β 

secretion increased in a time-dependent manner that peaked at 3 h (up to 400.0 pg/mL) 

(P<0.001) compared to 3 h dHsp72 (up to 32.3 pg/mL) (Figure 4.1D). Significant 

differences were observed at 1 h until 6 h between Hsp72 and dHsp72 (P<0.001) 

(Figure 4.1D). Hsp72 TNF-α at 24 h secretion increased (up to 541.0 pg/mL) (P<0.001) 

when compared to dHsp72 (up to 181.0 pg/mL) (Figure 4.1B). The same treatment at 

shorter time points showed that Hsp72 TNF-α secretion increased in a time-dependent 

manner that peaked at 6 h (up to 597.0 pg/mL) (P<0.001) compared to dHsp72 (up to 

38.2 pg/mL) (Figure 4.1E). Significant differences were observed at 1 h until 5 h 

between Hsp72 and dHsp72 (P<0.001) (Figure 4.1E). Hsp72 IL-10 at 24 h secretion 

also increased (up to 211.0 pg/mL) (P<0.001) compared to dHsp72 (up to 55.7 pg/mL) 

(Figure 4.1C). The same treatment at shorter time points showed Hsp72 IL-10 

secretion increase in a time-dependent manner that peaked at 5 h (up to 111.0 pg/mL) 

(P<0.001) compared to dHsp72 (up to 17.9 pg/mL) (Figure 4.1F). Significant 

differences were also observed at 1 h until 6 h between Hsp72 and dHsp72 (P<0.001) 

(Figure 4.1F).  
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Figure 4: 1: Effect of Pure and denatured Hsp72 on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HI-RPMI and treated with 1000 ng/mL of either 

pure Hsp72 (Hsp72) or denatured Hsp72 (dHsp72) by boiling at 100oC for 10 minutes 

and incubated up to 24 h. U937 macrophages were then centrifuged, and the 

supernatant was retrieved and measured for cytokine secretion (concentrations) at 

different time points by ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 

secretion, respectively, were measured following treatment of U937 macrophage with 

Hsp72 or dHsp72. Data are presented as mean ± SEM, n=3. Statistical analysis was 

by two-way ANOVA with Bonferroni’s multiple comparison post hoc test. Significant 

differences between Hsp72 and dHsp72 treatments at each time point are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.3.2 Effect of Hsp60 and dHsp60 cytokine secretion from U937 macrophage 

U937 macrophages treated with Hsp60 or dHsp60 for 24 h, increased (P<0.001) in IL-

1β secretion was observed at Hsp60 (up to 30.9 pg/mL) compared to dHsp60 (8.8 

pg/mL) (Figure 4.2A). The same treatment at shorter time points showed Hsp60 IL-

1β secretion increased in a time dependent manner that peaked at 6 h (up to 113.0 

pg/mL) (P<0.001) compared to dHsp60 (up to 42.1 pg/mL) (Figure 4.2D). Significant 

differences were observed at 1 h until 5 h between Hsp60 and dHsp60 (P<0.001) 

(Figure 4.2D). Hsp60 TNF-α at 24 h secretion increased (up to 827.0 pg/mL) (P<0.001) 

when compared to dHsp60 (up to 52.6 pg/mL) (Figure 4.2B). The same treatment at 

shorter time points showed Hsp60 TNF-α secretion increased in a time dependent 

manner that peaked at 6 h (up to 1393.7 pg/mL) (P<0.001) compared to dHsp60 (up 

to 356.0 pg/mL) (Figure 4.2E). Significant differences were observed at 1 h until 5 h 

between Hsp60 and dHsp60 (P<0.001) (Figure 4.2E). Hsp60 IL-10 at 24 h secretion 

also increased (up to 352.0 pg/mL) (P<0.001) compared to dHsp60 (up to 17.2 pg/mL) 

(Figure 4.2C). The same treatment at shorter time points showed increased Hsp60 IL-

10 secretion in a time dependent manner that peaked at 6 h (up to 152.0 pg/mL) 

(P<0.001) compared to dHsp60 (up to 17.0 pg/mL) (Figure 4.2F). There were 

significant differences at 1 h until 5 h between Hsp60 and dHsp60 (P = <0.001) (Figure 

4.2F).  
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Figure 4: 2: Effect of Pure and denatured Hsp60 on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of either 

pure Hsp60 (Hsp60) or denatured Hsp60 (dHsp60) by boiling at 100oC for 10 minutes 

and incubated up to 24 h. U937 macrophages were then centrifuged, and the 

supernatant was retrieved and measured for cytokine secretion (concentrations) at 

different time points by ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 

secretion, respectively, were measured following treatment of U937 macrophage with 

Hsp60 or dHsp60. Data are presented as mean ± SEM, n=3. Statistical analysis was 

by two-way ANOVA with Bonferroni’s multiple comparison post hoc test. Significant 

differences between Hsp60 and dHsp60 treatments at each time point are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.3.2.1 Effect of GroEL and dGroEL cytokine secretion from U937 macrophage 

Following U937 macrophages treated with with bacteria Hsp60 (GroEL) or dGroEL 

for 24 h, increased (P<0.001) in IL-1β secretion was observed at GroEL (up to 92.7 

pg/mL) compared to dGroEL (33.7 pg/mL) (Figure 4.3A). The same treatment at 

shorter time points showed GroEL IL-1β secretion increased in a time-dependent 

manner that peaked at 4 h (up to 35.0 pg/mL) (P<0.001) compared to dGroEL (up to 

16.0 pg/mL) (Figure 4.3D). Significant differences were observed at 1 h until 6 h 

between GroEL and dGroEL (P<0.001) (Figure 4.3D). GroEL TNF-α at 24 h secretion 

increased (up to 214.8 pg/mL) (P<0.001) when compared to dGroEL (up to 123.2 

pg/mL) (Figure 4.3B). The same treatment at shorter time points showed GroEL TNF-

α secretion increased in a time-dependent manner that peaked at 4 h (up to 87.8 pg/mL) 

(P<0.001) compared to dGroEL (up to 65.4 pg/mL) (Figure 4.3E). There were no 

significant differences observed at 1, 2, and 3 h (P>0.05); and significant was observed 

at 5 h between GroEL and dGroEL (P<0.05) (Figure 4.3E). GroEL IL-10 at 24 h 

secretion also increased (up to 173.0 pg/mL) (P<0.001) compared to dGroEL (up to 

56.5 pg/mL) (Figure 4.3C). The same treatment at shorter time points showed 

increased GroEL IL-10 secretion in a time-dependent manner that peaked at 5 h (up 

to 79.3 pg/mL) (P<0.001) compared to dGroEL (up to 55.5 pg/mL) (Figure 4.3F). 

There were no significant differences at 0 h until 3 h between GroEL and dGroEL 

(P>0.05) (Figure 4.3F). Significant differences were observed at 6 h (P<0.001) 

between GroEL and dGroEL (Figure 4.3F). 

 

 

 

 



       

175 
 

 

0 24

0

50

100

150

200

250

Time (hour)

T
N

F
-

, 
p

g
/m

l GroEL

dGroEL

***
B

 

0 1 2 3 4 5 6

0

50

100

150

Time (hour)

T
N

F
-

, 
p

g
/m

l

GroEL

dGroEL

E

*** *** *

 

0 1 2 3 4 5 6

0

50

100

150

Time (hour)

IL
-1

0
, 

p
g

/m
l

GroEL

dGroEL

***
**

F

**

0 24

0

50

100

150

Time (hour)

IL
-1


, 
p

g
/m

l

GroEL

dGroEL

A

***

0 1 2 3 4 5 6

0

10

20

30

40

50

Time (hour)

IL
-1


, 
p

g
/m

l

GroEL

dGroEL

***

D

0 24

0

50

100

150

200

Time (hour)

IL
-1

0
, 
p

g
/m

l

GroEL

dGroEL

***

C

 

Figure 4: 3 Effect of Pure and denatured GroEL on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of either 

pure GroEL (GroEL) or denatured GroEL (GroEL) by boiling at 100oC for 10 minutes 

and incubated up to 24 h. U937 macrophage was then centrifuged, and supernatant 

retrieved were measured for cytokine secretion at different time points by ELISA. (A 

& D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured 

following treatment of U937 macrophage with GroEL or GroEL. Data are presented 

as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s 

multiple comparison post hoc test. Significant differences between GroEL and 

dGroEL treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** 

(P<0.001). 
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4.3.3  Effect of Hsp27 and dHsp27 cytokine secretion from U937 macrophage 

U937 macrophages treated with Hsp27 or dHsp27 for 24 h, showed an increased 

(P<0.001) in IL-1β secretion (up to 55.6 pg/mL) compared to dHsp27 (21.4 pg/mL) 

(Figure 4.4A). The same treatment at shorter time points showed Hsp27 IL-1β 

secretion increased in a time-dependent manner that peaked at 6 h (up to 233.0 pg/mL) 

(P<0.001) compared to dHsp27 (up to 42.4 pg/mL) (Figure 4.4D). Significant 

differences were observed at 1 h until 5 h between Hsp27 and dHsp27 (P<0.001) 

(Figure 4.4D). The same treatment showed Hsp27 TNF-α at 24 h secretion increased 

(up to 698.0 pg/mL) (P<0.001) when compared to dHsp27 (up to 84.2 pg/mL) (Figure 

4.4B). The same treatment at shorter time points showed Hsp27 TNF-α secretion 

increased in a time-dependent manner that peaked at 6 h (up to 702.0 pg/mL) (P<0.001) 

compared to dHsp27 (up to 91.2 pg/mL) (Figure 4.4E). Significant differences were 

observed at 1 h until 5 h between Hsp27 and dHsp27 (P<0.001) (Figure 4.4E). The 

same treatment also showed Hsp27 IL-10 at 24 h secretion (up to 359.6 pg/mL) 

(P<0.001) compared to dHsp27 (up to 52.9 pg/mL) (Figure 4.4C). The same treatment 

at shorter time points showed Hsp27 IL-10 secretion in a time-dependent manner that 

peaked at 6 h (up to 123.0 pg/mL) (P<0.001) compared to dHsp27 (up to 46.7 pg/mL) 

(Figure 4.4F). Significant differences were also observed at 1 h until 5 h between 

Hsp27 and dHsp27 (P<0.001) (Figure 4.4F).  
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Figure 4: 4: Effect of Pure and denatured Hsp27 on U937 macrophages  

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h, were then suspended in 10% HIRPMI and treated with 1000 ng/mL of either 

pure Hsp27 (Hsp27) or denatured Hsp27 (dHsp27) by boiling at 100oC for 10 minutes 

and incubated up to 24 h. U937 macrophages were then centrifuged, and supernatant 

retrieved were measured for cytokine secretion at different time points by ELISA. (A 

& D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured 

following treatment of U937 macrophage with Hsp27 or dHsp27. Data are presented 

as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s 

multiple comparison post hoc test. Significant differences between Hsp27 and dHsp27 

treatments at each time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.3.4 Effect of Hsp72 and dHsp72 cytokine secretion from PBMCs 

PBMCs treated with Hsp72 or dHsp72 for 24 h, increased (P<0.001) in IL-1β secretion 

was observed at Hsp72 (up to 591.0 pg/mL) compared to dHsp72 (291.0 pg/mL) 

(Figure 4.5A). The same treatment at shorter time points showed a significant 

difference in IL-1β secretion in a time-dependent manner that peaked at 6 h (up to 8.1 

pg/mL) compared to dHsp72 (up to 2.7 pg/mL) (Figure 4.5D). Significant differences 

were also observed at 1 h until 5 h between Hsp72 and dHsp72 (P<0.001) (Figure 

4.5D). The same treatment showed Hsp72 TNF-α at 24 h secretion increased (up to 

1045.0 pg/mL) (P<0.001) compared to dHsp27 (up to 456.0 pg/mL) (Figure 4.5B). 

The same treatment at shorter time points showed Hsp72 TNF-α secretion increased 

in a time-dependent manner that peaked at 5 h (up to 164.0 pg/mL) (P<0.001) 

compared to dHsp27 (up to 101.0 pg/mL) (Figure 4.5E). Significant differences were 

observed at 1 h until 6 h between Hsp72 and dHsp72 (P<0.001) (Figure 4.5E). Hsp72 

IL-10 at 24 h secretion also increased (up to 34.7 pg/mL) (P<0.001) compared to 

dHsp72 (up to 30.0 pg/mL) (Figure 4.5C). The same treatment at shorter time points 

showed a significant difference in IL-10 Hsp72 secretion that peaked at 1 h (up to 39.0 

pg/mL) compared to dHsp72 (up to 30.0 pg/mL) (Figure 4.5F). Significant differences 

were observed at 2 h until 6 h between Hsp72 and dHsp72 (P<0.001) (Figure 4.5F).  
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Figure 4: 5: Effect of Pure and denatured Hsp72 on PBMCs  

PBMCs were suspended in 10% HI-RPMI and treated with 1000 ng/mL of either pure 

Hsp72 (Hsp72) or denatured Hsp72 (dHsp72) by boiling at 100oC for 10 minutes and 

incubated up to 24 h. PBMCs were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of PBMCs with Hsp72 or dHsp72. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp72 and dHsp72 treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.3.5  Effect of Hsp60 and dHsp60 cytokine secretion from PBMCs 

 Following PBMCs treatment with Hsp60 or dHsp60 for 24 h, increased (P<0.001) in 

IL-1β secretion was observed at Hsp60 (up to 2015.0 pg/mL) compared to dHsp60 

(464.0 pg/mL) (Figure 4.6A). The same treatment at shorter time points showed Hsp60 

IL-1β secretion increased in a time dependent manner that peaked at 6 h (up to 13.3 

pg/mL) (P<0.001) compared to dHsp60 (up to 6.9 pg/mL) (Figure 4.6D). Significant 

differences were observed at 1 h until 5 h (P<0.001) between Hsp60 and dHsp60 

(Figure 4.6D). Hsp60 TNF-α at 24 h secretion increased (up to 2685.0 pg/mL) 

(P<0.001) when compared to dHsp60 (up to 1358.0 pg/mL) (Figure 4.6B). The same 

treatment at shorter time points showed Hsp60 TNF-α secretion increased in a time 

dependent manner that peaked at 6 h (up to 592.0 pg/mL) (P<0.001) compared to 

dHsp60 (up to 101.0 pg/mL) (Figure 4.6E). Significant differences were observed at 

1 h until 5 h between Hsp60 and dHsp60 (P<0.001) (Figure 4.6E). Hsp60 IL-10 at 24 

h secretion also increased (up to 135.0 pg/mL) (P<0.001) compared to dHsp60 (up to 

35.6 pg/mL) (Figure 4.6C). The same treatment at shorter time points showed Hsp60 

IL-10 secretion increased in a time dependent manner that peaked at 1 h (up to 37.1 

pg/mL) compared to dHsp60 (up to 32.2 pg/mL) (4.6F).  Significance differences were 

observed at 2 h until 6 h IL-10 secretion between Hsp60 and dHsp60 (P>0.001) (Figure 

4.6F).  
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Figure 4: 6: Effect of Pure and denatured Hsp60 on PBMCs  

PBMCs were suspended in 10% HI-RPMI and treated with 1000 ng/mL of either pure 

Hsp60 (Hsp60) or denatured Hsp60 (dHsp60) by boiling at 100oC for 10 minutes and 

incubated up to 24 h. PBMCs were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion, respectively, were measured following 

treatment of PBMCs with Hsp60 or dHsp60. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp60 and dHsp60 treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.3.6 Effect of Hsp27 and dHsp27 cytokine secretion from PBMCs 

Following PBMCs treatment with Hsp27 or dHsp27 for 24 h, increased (P<0.001) in 

IL-1β secretion was observed at Hsp27 (up to 892.0 pg/mL) compared to dHsp72 

(617.0 pg/mL) (Figure 4.7A). The same treatment at shorter time points showed a 

significant difference (P>0.001) in Hsp27 IL-1β secretion that peaked at 6 h (up to 

11.3 pg/mL) compared to dHsp27 (up to 5.8 pg/mL) (Figure 4.7D). Significance 

differences were observed at 2 h until 6 h IL-10 secretion between Hsp60 and dHsp60 

(P>0.001) (Figure 4.7D). Hsp27 TNF-α at 24 h secretion increased (up to 2572.0 

pg/mL) (P<0.001) when compared to dHsp27 (up to 901.0 pg/mL) (Figure 4.7B). The 

same treatment at shorter time points showed Hsp27 TNF-α secretion increased in a 

time-dependent manner that peaked at 6 h (up to 144.0 pg/mL) (P<0.001) compared 

to dHsp27 (up to 101.0 pg/mL) (Figure 4.7E). Significant differences were observed 

at 1 h until 5 h between Hsp27 and dHsp27 (P<0.001) (Figure 4.7E). Hsp27 IL-10 at 

24 h secretion also increased (up to 124.0 pg/mL) (P<0.001) compared to dHsp27 (up 

to 52.0 pg/mL) (Figure 4.7C). The same treatment at shorter time points showed no 

significant differences between Hsp27 and dHsp27 (P>0.001) at 0 h and 4 h (Figure 

4.7F). There was IL-10 secretion significant difference in Hsp27 at 1 – 3 h and 5 – 6 

h (P<0.5 – P<0.001) when compared to dHsp27 (Figure 4.7F).  
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Figure 4: 7: Effect of Pure and denatured Hsp27 on PBMCs  

PBMCs were suspended in 10% HI-RPMI and treated with 1000 ng/mL of either pure 

Hsp27 (Hsp27) or denatured Hsp27 (dHsp27) by boiling at 100oC for 10 minutes and 

incubated up to 24 h. PBMCs were then centrifuged, and supernatant retrieved were 

measured for cytokine secretion at different time points by ELISA. (A & D) IL-1β, (B 

& E) TNF-α, and (C & F) IL-10 secretion respectively was measured following 

treatment of PBMCs with Hsp27 or dHsp27. Data are presented as mean ± SEM, n=3. 

Statistical analysis was by two-way ANOVA with Bonferroni’s multiple comparison 

post hoc test. Significant differences between Hsp27 and dHsp27 treatments at each 

time point are shown: *(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.4  Optimisation of Polymyxin B effect on Hsp and LPS  

4.4.1 Optimisation of Polymyxin B effect on Hsp72 induce cytokine secretion 

Figure 4.8, shows the effects of polymyxin B preincubated with 1000 ng/mL Hsp72 

on U937 cells, following differentiation of U937 cells to macrophages using 10ng/ml 

PMA. Treatment of U937 macrophages with human recombinant Hsp72 preincubated 

with polymyxin B for up to 60 minutes, resulted in a dose-dependent decrease (P<0.05 

– P<0.01) in cytokines secretion. The amount of cytokine secretion is dependent on 

the amount of polymyxin B preincubated with Hsp72 at a different time up to 60 

minutes (Figure 4.8). When the cells were exposed to preincubated 5 µL/mL of 

polymyxin B with 1000 ng/mL Hsp72, an increase in the secretion of up to 219.1 

pg/mL IL-1β was observed at 20 minutes (Figure 4.8A). The same 20 minutes 

preincubation of polymyxin B showed decrease (P<0.05 – P<0.01) in IL-1β secretion 

in a dose-dependent manner; at 10 µL/mL (up to 173.8 pg/mL), 15 µL/mL (up to 154.0 

pg/mL), and 20 µL/mL (up to 145.8 pg/mL) (Figure 4.8A). The same decrease in IL-

1β secretion was observed at the longer time period up to 60 minutes (Figure 4.8A). 

Similarly, the same treatment showed an increase in TNF-α secretion (up to 494.2 

pg/mL) following treatment of U937 macrophage with preincubated 1000 ng/mL 

Hsp72 with 5 µL/mL of polymyxin B at 20 minutes; after which TNF-α secretion 

decreases (up to 306.8 pg/mL) at 60 minutes (Figure 4.8B); a similar effect was 

observed in TNF-α secretion at different concentration of polymyxin B preincubated 

with Hsp72 as the time increase up to 60 minutes (Figure 4.8B). The treatment also 

showed an increase in IL-10 secretion (up to 98.3 pg/mL) following Hsp72 

preincubation with 5 µL/mL of polymyxin B at 20 minutes, after which IL-secretion 

decreases (up to 77.6 pg/mL) at 60 minutes (Figure 4.8C). IL-10 secretion was also 

observed to decrease as the amount of polymyxin B exposure to Hsp72 increases up 

to 20 µL/mL, for a time period up to 60 minutes (Figure 4.8C).  
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Figure 4: 8: Effect of polymyxin B on Hsp72 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in fresh 10% HIRPMI and then 

treated with preincubated 1000 ng/mL of Hsp72 with various polymyxin B 

concentrations and incubated at a different time up to 1 h. Hsp72 preincubated with 

polymyxin B was then applied to the U937 macrophage for 6 h. U937 macrophage 

was then centrifuged, and supernatant retrieved were measured for cytokine secretion 

at different concentrations and time points respectively by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with (Hsp72 + polymyxin B). Data are presented as mean ± SEM, 

n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between Hsp72 treatments 

(Hsp72+Polymyxin B) at each concentration and time point are shown: *(P<0.05), ** 

(P<0.01), *** (P<0.001) (See Appendix 10.1-10.4). 
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4.4.2 Optimization of Polymyxin B effect on Hsp60 induce cytokine secretion. 

Figure 4.9, shows the effects of polymyxin B preincubated with 1000 ng/mL Hsp60 

on U937 cells, following differentiation of U937 cells to macrophages using 10ng/ml 

PMA. Treatment of U937 macrophages with human recombinant Hsp60 preincubated 

with polymyxin B for up to 60 minutes, resulted in a dose-dependent decrease (P<0.05 

– P<0.01) in cytokines secretion. The amount of cytokine secretion is dependent on 

the amount of polymyxin B preincubated with Hsp60 at a different time up to 60 

minutes (Figure 4.9). When the cells were exposed to preincubated 5 µL/mL of 

polymyxin B with 1000 ng/mL Hsp60, an increase in the secretion of up to 93.1 pg/mL 

IL-1β was observed at 20 minutes (Figure 4.9A). The same 20 minutes preincubation 

of polymyxin B showed decrease (P<0.05 – P<0.01) in IL-1β secretion in a dose-

dependent manner; at 10 µL/mL (up to 84.7 pg/mL), 15 µL/mL (up to 74.3 pg/mL), 

and 20 µL/mL (up to 68.2 pg/mL) (Figure 4.9A). The same decrease in IL-1β secretion 

was observed at the longer time period up to 60 minutes (Figure 4.9A). Similarly, the 

same treatment showed an increase in TNF-α secretion (up to 1220.1 pg/mL) 

following treatment of U937 macrophage with preincubated 1000 ng/mL Hsp60 with 

5 µL/mL of polymyxin B at 20 minutes; after which TNF-α secretion decreases (up to 

984.0 pg/mL) at 60 minutes (Figure 4.9B); a similar effect was observed in TNF-α 

secretion at different concentration of polymyxin B preincubated with Hsp60 as the 

time increase up to 60 minutes (Figure 4.9B). The treatment also showed an increase 

in IL-10 secretion (up to 108.1 pg/mL) following Hsp60 preincubation with 5 µL/mL 

of polymyxin B at 20 minutes, after which IL-secretion decreases (up to 87.1 pg/mL) 

at 60 minutes (Figure 4.9C). IL-10 secretion was also observed to decrease as the 

amount of polymyxin B exposure to Hsp60 increases up to 20 µL/mL, for a time period 

up to 60 minutes (Figure 4.9C).  
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Figure 4: 9: Effect of polymyxin B on Hsp60 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in fresh 10% HIRPMI and then 

treated with preincubated 1000 ng/mL of Hsp60 with various polymyxin B 

concentrations and incubated at a different time up to 1 h. Hsp60 preincubated with 

polymyxin B was then applied to the U937 macrophage for 6 h. U937 macrophage 

was then centrifuged, and supernatant retrieved were measured for cytokine secretion 

at different concentrations and time points respectively by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with (Hsp60 + polymyxin B). Data are presented as mean ± SEM, 

n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between Hsp60 treatments 

(Hsp60+Polymyxin B) at each concentration and time point are shown: *(P<0.05), ** 

(P<0.01), *** (P<0.001) (See Appendix 10.5-10.8).  

 



       

188 
 

4.4.3 Optimization of Polymyxin B effect on Hsp27 induce cytokine secretion. 

Figure 4.10, shows the effects of polymyxin B preincubated with 1000 ng/mL Hsp27 

on U937 cells, following differentiation of U937 cells to macrophages using 10ng/ml 

PMA. Treatment of U937 macrophages with human recombinant Hsp27 preincubated 

with polymyxin B for up to 60 minutes, resulted in a dose-dependent decrease (P<0.05 

– P<0.01) in cytokines secretion. The amount of cytokine secretion is dependent on 

the amount of polymyxin B preincubated with Hsp27 at a different time up to 60 

minutes (Figure 4.10). When the cells were exposed to preincubated 5 µL/mL of 

polymyxin B with 1000 ng/mL Hsp27, an increase in the secretion of up to 269.0 

pg/mL IL-1β was observed at 20 minutes (Figure 4.10A). The same 20 minutes 

preincubation of polymyxin B showed decrease (P<0.05 – P<0.01) in IL-1β secretion 

in a dose-dependent manner; at 10 µL/mL (up to 254.1 pg/mL), 15 µL/mL (up to 217.1 

pg/mL), and 20 µL/mL (up to 204.0 pg/mL) (Figure 4.10A). The same decrease in IL-

1β secretion was observed at the longer time period up to 60 minutes (Figure 4.10A). 

Similarly, the same treatment showed an increase in TNF-α secretion (up to 709.0 

pg/mL) following treatment of U937 macrophage with preincubated 1000 ng/mL 

Hsp27 with 5 µL/mL of polymyxin B at 20 minutes; after which TNF-α secretion 

decreases (up to 506.1 pg/mL) at 60 minutes (Figure 4.10B); a similar effect was 

observed in TNF-α secretion at different concentration of polymyxin B preincubated 

with Hsp27 as the time increase up to 60 minutes (Figure 4.10B). The treatment also 

showed an increase in IL-10 secretion (up to 121.1 pg/mL) following Hsp27 

preincubation with 5 µL/mL of polymyxin B at 20 minutes, after which IL-secretion 

decreases (up to 108.1 pg/mL) at 60 minutes (Figure 4.10C). IL-10 secretion was also 

observed to decrease as the amount of polymyxin B exposure to Hsp27 increases up 

to 20 µL/mL, for a time period up to 60 minutes (Figure 4.10C).  
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Figure 4: 10: Effect of polymyxin B on Hsp27 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in fresh 10% HIRPMI and then 

treated with preincubated 1000 ng/mL of Hsp27 with various polymyxin B 

concentrations and incubated at a different time up to 1 h. Hsp27 preincubated with 

polymyxin B was then applied to the U937 macrophage for 6 h. U937 macrophage 

was then centrifuged, and supernatant retrieved were measured for cytokine secretion 

at different concentrations and time points respectively by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with (Hsp27 + polymyxin B). Data are presented as mean ± SEM, 

n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between Hsp27 treatments 

(Hsp27+Polymyxin B) at each concentration and time point are shown: *(P<0.05), ** 

(P<0.01), *** (P<0.001) (See Appendix 10.9-10.12). 
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4.4.4 Optimization of Polymyxin B effect on LPS induce cytokine secretion. 

Figure 4.11, shows the effects of polymyxin B preincubated with 1000 ng/mL LPS on 

U937 cells, following differentiation of U937 cells to macrophages using 10ng/ml 

PMA. Treatment of U937 macrophages with human recombinant LPS preincubated 

with polymyxin B for up to 60 minutes, resulted in a dose-dependent decrease (P<0.05 

– P<0.01) in cytokines secretion. The amount of cytokine secretion is dependent on 

the amount of polymyxin B preincubated with LPS at a different time up to 60 minutes 

(Figure 4.11). When the cells were exposed to preincubated 5 µL/mL of polymyxin B 

with 1000 ng/mL LPS, an increase in the secretion of up to 154.1 pg/mL IL-1β was 

observed at 20 minutes (Figure 4.11A). The same 20 minutes preincubation of 

polymyxin B showed decrease (P<0.05 – P<0.01) in IL-1β secretion in a dose-

dependent manner; at 10 µL/mL (up to 149.6 pg/mL), 15 µL/mL (up to 143.9 pg/mL), 

and 20 µL/mL (up to 133.1 pg/mL) when compared to 5 µL/mL (up to 154.1 pg/mL) 

(Figure 4.11A). The same decrease in IL-1β secretion was observed at the longer time 

period up to 60 minutes (Figure 4.11A). Similarly, the same treatment showed an 

increase in TNF-α secretion (up to 1944.5 pg/mL) following treatment of U937 

macrophage with preincubated 1000 ng/mL LPS with 5 µL/mL of polymyxin B at 20 

minutes; after which TNF-α secretion decreases (up to 1660.1 pg/mL) at 60 minutes 

(Figure 4.11B); a similar effect was observed in TNF-α secretion at different 

concentration of polymyxin B preincubated with LPS as the time increase up to 60 

minutes (Figure 4.11B). The treatment also showed an increase in IL-10 secretion (up 

to 101.1 pg/mL) following LPS preincubation with 5 µL/mL of polymyxin B at 20 

minutes, after which IL-secretion decreases (up to 77.7 pg/mL) at 60 minutes (Figure 

4.11C). IL-10 secretion was also observed to decrease as the amount of polymyxin B 

exposure to LPS increases up to 20 µL/mL, for a time period up to 60 minutes (Figure 

4.11C).  
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Figure 4: 11: Effect of polymyxin B on LPS induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in fresh 10% HIRPMI and then 

treated with preincubated 1000 ng/mL of LPS with various polymyxin B 

concentrations and incubated at a different time up to 1 h. LPS preincubated with 

polymyxin B was then applied to the U937 macrophage for 6 h. U937 macrophage 

was then centrifuged, and supernatant retrieved were measured for cytokine secretion 

at different concentrations and time points respectively by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with (LPS + polymyxin B). Data are presented as mean ± SEM, 

n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between LPS treatments 

(LPS+Polymyxin B) at each concentration and time point are shown: *(P<0.05), ** 

(P<0.01), *** (P<0.001) (See Appendix 10.13-10.16). 
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4.4.5 The effect of Polymyxin B on Hsp72 induce cytokine secretion. 

Figure 4.12 shows a significant decrease in IL-β, TNF-α, and IL-10 secretion 

following Hsp72 pre-incubation with polymyxin B compared to Hsp72 without 

polymyxin B pre-incubation. Figure 4.12A (Hsp72 + Polymyxin B) shows IL-β 

secretion up to 166.5 pg/mL and (Hsp72 – Polymyxin B) shows up to 263.1 pg/mL 

respectively (P<0.001). The same treatment with (Hsp72 + Polymyxin B) TNF-α 

secretion shows up to 256.9 pg/mL and (Hsp72 – Polymyxin B) up to 597.8 pg/mL 

respectively (P<0.001) (Figure 4.12B); Similar result were observed in IL-10 up to 

44.2 pg/mL and 106.9 pg/mL following (Hsp72 + Polymyxin B) and (Hsp72 – 

Polymyxin B) respectively (P<0.001) (Figure 4.12C). Figure 4,12A, B, C also shows 

a significant decrease in IL-β, TNF-α, and IL-10 secretion when LPS was pre-

incubated with polymyxin B compared to LPS without polymyxin B pre-incubation; 

IL-β secretion was up to 101.5 pg/mL (LPS + Polymyxin B) and up to 163.0 pg/mL 

(LPS – Polymyxin B) respectively (P<0.001) (Figure 4.12A); TNF-α secretion also 

showed up to 978.9 pg/mL (LPS + Polymyxin B) and up to 7932.7 pg/mL (LPS – 

Polymyxin B) respectively (P<0.001) (Figure 4.12B); IL-10 secretion, similarly, 

showed up to 22.3 pg/mL (LPS + Polymyxin B) and 296.4 pg/mL (LPS + Polymyxin 

B) respectively (P<0.001) (Figure 4.12C). There were no significant differences 

between HI-RPMI pre-incubated with or without polymyxin B. However, Hsp72 pre-

incubated with polymyxin B showed a significant increase (P<0.001) in IL-β, TNF-α, 

and IL-10 secretion when compared to HI-RPMI pre-incubated with polymyxin B, the 

same result was demonstrated with LPS (Figure 4.12A, B, C).   
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Figure 4: 12: Effect of polymyxin B on Hsp72 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in a fresh 10% HIRPMI and then 

treated with preincubated 1000 ng/mL of Hsp72 or LPS with 20 µl/mL of polymyxin 

B for 60 minutes. Hsp72 or LPS preincubated with polymyxin B was then applied to 

the U937 macrophage for 6 h. U937 macrophage was then centrifuged, and 

supernatant retrieved were measured for cytokine secretion by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with (Hsp72 + polymyxin B). Data are presented as mean ± SEM, 

n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between Hsp72 and 

(Hsp72+Polymyxin B), LPS, and (LPS+Polymyxin B) treatments are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.4.6 The effect of Polymyxin B on Hsp60 induce cytokine secretion. 

Figure 4.13 shows a significant decrease in IL-β, TNF-α, and IL-10 secretion 

following Hsp60 pre-incubation with polymyxin B compared to Hsp60 without 

polymyxin B pre-incubation. Figure 4.13A (Hsp60 + Polymyxin B) shows IL-β 

secretion up to 97.1 pg/mL and (Hsp60 – Polymyxin B) shows up to 103.9 pg/mL 

respectively (P<0.01). The same treatment with (Hsp60 + Polymyxin B) TNF-α 

secretion shows up to 512.1 pg/mL and (Hsp60 – Polymyxin B) up to 1432.7 pg/mL 

respectively (P<0.001) (Figure 4.13B); Similar result were observed in IL-10 up to 

54.2 pg/mL and 154.9 pg/mL following (Hsp72 + Polymyxin B) and (Hsp60 – 

Polymyxin B) respectively (P<0.001) (Figure 4.13C). Figure 4.13A, B,C also shows 

a significant decrease in IL-β, TNF-α, and IL-10 secretion when LPS was pre-

incubated with polymyxin B compared to LPS without polymyxin B pre-incubation; 

IL-β secretion was up to 101.5 pg/mL (LPS + Polymyxin B) and up to 163.0 pg/mL 

(LPS – Polymyxin B) respectively (P<0.001) (Figure 4.13A); TNF-α secretion also 

showed up to 978.9 pg/mL (LPS + Polymyxin B) and up to 7932.7 pg/mL (LPS – 

Polymyxin B) respectively (P<0.001) (Figure 4.13B); IL-10 secretion, similarly, 

showed up to 22.3 pg/mL (LPS + Polymyxin B) and 296.4 pg/mL (LPS + Polymyxin 

B) respectively (P<0.001) (Figure 4.13C). There were no significant differences 

between HI-RPMI pre-incubated with or without polymyxin B. However, Hsp72 pre-

incubated with polymyxin B showed a significant increase (P<0.001) in IL-β, TNF-α, 

and IL-10 secretion when compared to HI-RPMI pre-incubated with polymyxin B, the 

same result was demonstrated with LPS (Figure 4.13A, B, C).   
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Figure 4: 13: Effect of polymyxin B on Hsp60 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in a fresh 10% HIRPMI and then 

treated with preincubated 1000 ng/mL of Hsp60 or LPS with 20 µl/mL of polymyxin 

B for 60 minutes. Hsp60 or LPS preincubated with polymyxin B was then applied to 

the U937 macrophage for 6 h. U937 macrophage was then centrifuged, and 

supernatant retrieved were measured for cytokine secretion by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with (Hsp60 + polymyxin B). Data are presented as mean ± SEM, 

n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between Hsp60 and 

(Hsp60+Polymyxin B), LPS and (LPS+Polymyxin B) treatments are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.4.7 The effect of Polymyxin B on Hsp27 induce cytokine secretion. 

Figure 4.14 shows a significant decrease in IL-β, TNF-α, and IL-10 secretion 

following Hsp27 pre-incubation with polymyxin B compared to Hsp27 without 

polymyxin B pre-incubation. Figure 4.14A (Hsp27 + Polymyxin B) shows IL-β 

secretion up to 69.0 pg/mL and (Hsp27 – Polymyxin B) up to 299.3 pg/mL 

respectively (P<0.001) (Figure 4.14A); The same treatment with (Hsp27 + Polymyxin 

B) TNF-α secretion shows up to 218.1 pg/mL and (Hsp27 – Polymyxin B) up to 721.3 

pg/mL respectively (P<0.001) (Figure 4.14B); Similar results were observed in IL-10 

up to 50.3 pg/mL and 126.1 pg/mL following (Hsp27 + Polymyxin B) and (Hsp27 – 

Polymyxin B) respectively (P<0.001) (Figure 4.14C). Figure 4.14 also showed a 

significant decrease in IL-β, TNF-α, and IL-10 secretion when LPS was pre-incubated 

with polymyxin B compared to LPS without polymyxin B pre-incubation; IL-β 

secretion was up to 101.5 pg/mL (LPS + Polymyxin B) and up to 163.0 pg/mL (LPS 

– Polymyxin B) respectively (P<0.001) (Figure 4.14A); TNF-α secretion also showed 

up to 994.9 pg/mL (LPS + Polymyxin B) and up to 7932.7 pg/mL (LPS – Polymyxin 

B) respectively (P<0.001) (Figure 4.14B); IL-10 secretion, similarly, showed up to 

22.3 pg/mL (LPS + Polymyxin B) and 296.4 pg/mL (LPS + Polymyxin B) respectively 

(P<0.001) (Figure 4.14C). There were no significant differences between HI-RPMI 

pre-incubated with or without polymyxin B. However, Hsp72 pre-incubated with 

polymyxin B showed a significant increase (P<0.001) in IL-β, TNF-α, and IL-10 

secretion when compared to HI-RPMI pre-incubated with polymyxin B, the same 

result was demonstrated with LPS (Figure 4.14A, B, C).   
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Figure 4: 14: Effect of polymyxin B on Hsp27 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in a fresh 10% HIRPMI and then 

treated with preincubated 1000 ng/mL of Hsp27 or LPS with 20 µl/mL of polymyxin 

B for 60 minutes. Hsp27 or LPS preincubated with polymyxin B was then applied to 

the U937 macrophage for 6 h. U937 macrophage was then centrifuged, and 

supernatant retrieved were measured for cytokine secretion by ELISA. (A) IL-1β, (B) 

TNF-α, and (C) IL-10 secretion, respectively was measured following treatment of 

U937 macrophage with (Hsp27 + polymyxin B). Data are presented as mean ± SEM, 

n=3. Statistical analysis was by two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Significant differences between Hsp27and 

(Hsp27+Polymyxin B), LPS, and (LPS+Polymyxin B) treatments are shown: 

*(P<0.05), ** (P<0.01), *** (P<0.001). 
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4.5 Effect of HSP/Anti-Hsp on U937 macrophages cytokine secretion 

4.5.1 Effect of Hsp72/Anti-Hsp72 on U937 macrophages cytokine secretion 

Following the pre-incubation of Hsp72 with anti-Hsp72 for 1 h and then applied to 

U937 macrophages for 6 h. IL-1β secretion was measured by ELISA, and the result 

obtained showed a significant decrease (P<0.001) in IL-1β secretion (up to 72.8 pg/mL) 

on Hsp72 pre-incubation with anti-Hsp72 (Figure 4.15A); compared to the IL-1β 

secretion (up to 258.3 pg/mL) with no anti-Hsp72 pre-incubation (P<0.001) (Figure 

4.15A). There was a significant increase (P<0.001) in IL-1β secretion on U937 

macrophages following Hsp72 and (Hsp72+Anti-Hsp72), respectively, compared to 

Anti-Hsp72 (Figure 4.15A). The same treatment showed significant (P<0.001) 

decrease on TNF-α secretion (up to 89.6 pg/mL) following (Hsp72 + Anti-Hsp72) 

treatment; compared to (up to 596.7 pg/mL) on Hsp72 treatment (Figure 4.15B). There 

was an increase (P<0.001) in TNF-α on both (Hsp72 + Anti-Hsp72) and Hsp72 

treatment compared to Anti-Hsp72 treatment (Figure 4.15B). The same treatment also 

showed significant (P<0.001) decrease on IL-10 secretion (up to 63.9 pg/mL) 

following (Hsp72 + Anti-Hsp72) treatment; compared to (up to 104.4 pg/mL) on 

Hsp72 treatment (Figure 4.15C). There was an increase (P<0.001) in IL-10 on both 

(Hsp72 + Anti-Hsp72) and Hsp72 treatments compared to Anti-Hsp72 treatments 

(Figure 4.15C).   
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Figure 4: 15: Effect of Hsp72/Anti-Hsp72 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in a fresh 10% HIRPMI and then 

treated with 1000 ng/mL Hsp72 preincubated with 20 µl/mL anti-Hsp72; or anti-

Hsp72 for 1 h. Hsp72 treatment, Hsp72 preincubated with anti-Hsp72, or anti-Hsp72 

were later then applied to U937 macrophage for 6 h. U937 macrophage was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A) IL-1β, (B) TNF-α, and (C) IL-10 secretion respectively was measured. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72, and (Hsp72+Anti-Hsp72) or anti-Hsp72 treatments are shown: *(P<0.05), ** 

(P<0.01), *** (P<0.001). 
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4.5.2 Effect of Hsp60/Anti-Hsp60 on U937 macrophages cytokine secretion 

Following the pre-incubation of Hsp60 with anti-Hsp60 for 1 h and then applied to 

U937 macrophages for 6 h. IL-1β secretion was measured by ELISA, and the result 

obtained showed a significant decrease (P<0.001) in IL-1β secretion (up to 64.2 pg/mL) 

on Hsp60 pre-incubation with anti-Hsp60 (Figure 4.16A); compared to the IL-1β 

secretion (up to 131.4 pg/mL) with no anti-Hsp60 pre-incubation (P<0.001) (Figure 

4.16A). There was a significant increase (P<0.001) in IL-1β secretion on U937 

macrophages following Hsp60 and (Hsp60 + Anti-Hsp60), respectively, compared to 

Anti-Hsp60 (Figure 4.16A). The same treatment showed significant (P<0.001) 

decrease on TNF-α secretion (up to 663.9 pg/mL) following (Hsp60 + Anti-Hsp60) 

treatment; compared to (up to 1395.0 pg/mL) on Hsp60 treatment (Figure 4.16B). 

There was an increase (P<0.001) in TNF-α on both (Hsp60 + Anti-Hsp60) and Hsp60 

treatment compared to Anti-Hsp60 treatment (Figure 4.16B). The same treatment also 

showed significant (P<0.001) decrease on IL-10 secretion (up to 55.3 pg/mL) 

following (Hsp60 + Anti-Hsp60) treatment; compared to (up to 151.8 pg/mL) on 

Hsp60 treatment (Figure 4.16C). There was an increase (P<0.001) in IL-10 on both 

(Hsp60 + Anti-Hsp60) and Hsp60 treatment compared to Anti-Hsp60 treatment 

(Figure 4.16C).   
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Figure 4: 16: Effect of Hsp60/Anti-Hsp60 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in a fresh 10% HIRPMI and then 

treated with 1000 ng/mL Hsp60 preincubated with 20 µl/mL anti-Hsp60; or anti-

Hsp60 for 1 h. Hsp60 treatment, Hsp60 preincubated with anti-Hsp60, or anti-Hsp60 

were later then applied to U937 macrophage for 6 h. U937 macrophage was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A) IL-1β, (B) TNF-α, and (C) IL-10 secretion respectively was measured. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp60, and (Hsp60+Anti-Hsp60) or anti-Hsp60 treatments are shown: *(P<0.05), ** 

(P<0.01), *** (P<0.001). 
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4.5.2.1 Effect of GroEL/Anti-GroEL on U937 macrophages cytokine secretion 

Following the pre-incubation of GroEL with anti-GroEL for 1 h and then applied to 

U937 macrophages for 6 h. IL-1β secretion was measured by ELISA, and the result 

obtained showed a significant decrease (P<0.001) in IL-1β secretion (up to 15.3 pg/mL) 

on GroEL pre-incubation with anti-GroEL (Figure 4.17A); compared to the IL-1β 

secretion (up to 28.8 pg/mL) with no anti-GroEL pre-incubation (P<0.001) (Figure 

4.17A). There was a significant increase (P<0.001) in IL-1β secretion on U937 

macrophages following GroEL and (GroEL + Anti-GroEL), respectively, compared 

to Anti-GroEL (Figure 4.17A). The same treatment showed significant (P<0.001) 

decrease on TNF-α secretion (up to 47.0 pg/mL) following (GroEL + Anti-GroEL) 

treatment; compared to (up to 85.9 pg/mL) on GroEL treatment (Figure 4.17B). There 

was an increase (P<0.001) in TNF-α on both (GroEL + Anti-GroEL) and GroEL 

treatment compared to Anti-GroEL treatment (Figure 4.17B). The same treatment also 

showed significant (P<0.001) decrease on IL-10 secretion (up to 36.6 pg/mL) 

following (GroEL + Anti-GroEL) treatment; compared to (up to 62.6 pg/mL) on 

GroEL treatment (Figure 4.17C). There was an increase (P<0.001) in IL-10 on both 

(GroEL + Anti-GroEL) and GroEL treatment compared to Anti-GroEL treatment 

(Figure 4.17C).   
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Figure 4: 17: Effect of GroEL/Anti-GroEL induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in a fresh 10% HIRPMI and then 

treated with 1000 ng/mL GroEL preincubated with 20 µl/mL anti-GroEL; or anti-

GroEL for 1 h. GroEL treatment, GroEL preincubated with anti-GroEL, or anti-GroEL 

were later then applied to U937 macrophage for 6 h. U937 macrophage was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A) IL-1β, (B) TNF-α, and (C) IL-10 secretion respectively was measured. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

GroEL, and (GroEL+Anti-GroEL) or anti-GroEL treatments are shown: *(P<0.05), 

** (P<0.01), *** (P<0.001). 
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4.5.3 Effect of Hsp27/Anti-Hsp27 on U937 macrophages cytokine secretion 

Figure 4.18A, showed that the pre-incubation of Hsp27 with anti-Hsp27 for 1 h and 

then applied to U937 macrophages for 6 h. IL-1β secretion was measured by ELISA, 

and the result obtained showed a significant decrease (P<0.001) in IL-1β secretion (up 

to 128.3 pg/mL) on Hsp27 pre-incubation with anti-Hsp27; compared to the IL-1β 

secretion (up to 296.1 pg/mL) with no anti-Hsp27 pre-incubation (P<0.001). There 

was a significant increase (P<0.001) in IL-1β secretion on U937 macrophages 

following Hsp27 and (Hsp27 + Anti-Hsp27), respectively, compared to anti-Hsp27 

(Figure 4.18A). The same treatment showed significant (P<0.001) decrease on TNF-

α secretion (up to 218.5 pg/mL) following (Hsp27 + Anti-Hsp27) treatment; compared 

to (up to 710.6 pg/mL) on Hsp27 treatment (Figure 4.18B). There was an increase 

(P<0.001) in TNF-α on both (Hsp27 + Anti-Hsp27) and Hsp27 treatments compared 

to Anti-Hsp27 treatments (Figure 4.18B). The same treatment also showed significant 

(P<0.001) decrease on IL-10 secretion (up to 56.0 pg/mL) following (Hsp27 + Anti-

Hsp27) treatment; compared to (up to 122.8 pg/mL) on Hsp27 treatment (Figure 

4.18C). There was an increase (P<0.001) in IL-10 on both (Hsp27 + Anti-Hsp27) and 

Hsp27 treatments compared to Anti-Hsp27 treatments (Figure 4.18C).   
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Figure 4: 18: Effect of Hsp27/Anti-Hsp27 induce cytokine secretion. 

U937 cells differentiated to U937 macrophage using 10 ng/mL PMA and incubated 

for 24 h in 10% HIRPMI, were then resuspended in a fresh 10% HIRPMI and then 

treated with 1000 ng/mL Hsp27 preincubated with 20 µl/mL anti-Hsp27; or anti-

Hsp27 for 1 h. Hsp27 treatment, Hsp27 preincubated with anti-Hsp27, or anti-Hsp27 

were later then applied to U937 macrophage for 6 h. U937 macrophage was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A) IL-1β, (B) TNF-α, and (C) IL-10 secretion respectively was measured. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by two-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27, and (Hsp27+Anti-Hsp27) or anti-Hsp27 treatments are shown: *(P<0.05), ** 

(P<0.01), *** (P<0.001). 
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4.6 Discussion 

4.6.1 Background 

The overall aims of this chapter were to determine if the observed cytokine secretion 

from both naïve U937 cells and U937 macrophages, as demonstrated in the previous 

chapter, was a unique property of transformed cells, or was due to contamination.  

PBMCs, which refers to any peripheral blood cells such as lymphocytes, and 

monocytes were also included in this chapter, to demonstrate if HSPs can induce 

cytokine secretion from primary cells, equivalent to that demonstrated in U937 

cells/U937 macrophages (Chapter 3). This is important because U937 macrophages 

are transformed cells and determined HSPs effects on PBMCs indicate more closely 

how cells of the immune system respond in-vivo to these HSPs. 

LPS is the main component of the outer membrane of the Gram-negative bacterial cell 

wall, and it has been reported as one of the most potent modulators of the innate 

immune system (Gao, 2006), having a toxic on the host, such as causing fever, 

disseminated intravascular coagulation (DIC), and haemodynamic changes that can be 

damaging to organs (Morrison & Ryan, 1979; Rietschel & Brade, 1992; Park & Lee, 

2013). Contamination of recombinant proteins expressed and derived from Gram-

negative bacteria which contain LPS constitutes a serious challenge in laboratory 

research (Cardoso et al., 2007). Recombinant HSP preparations have been found to be 

contaminated with LPS (Gao & Tsan, 2003a; Gao & Tsan, 2003b). It is important to 

exclude possible LPS contribution to recombinant HSP effects on immune cells. 

Therefore, fourfold approaches were used in this chapter to investigate whether 

reported HSP-induced cytokine secretion from cells, were due to LPS contamination. 

The fourfold approaches are inclusion of PBMCs in the experiments to compared 

responses to primary cells; comparing naïve HSPs with denatured HSPs; treatment of 

naïve HSPs with polymyxin B to degrade LPS; inhibiting of HSP activity with specific 

anti-HSP antibodies.  
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4.6.2 HSP induced cytokine secretion from PBMCs 

The treatment of cells (PBMCs and U937 macrophages) with recombinant Hsp72, 

Hsp60, and Hsp27, showed secretion of both pro-and anti-inflammatory cytokines. 

However, it is also important to note that the responses to HSPs were not identical 

between U937 macrophages and PBMCs – such as in the case of Hsp72-induced IL-

1β and TNF-α secretion were higher in PBMCs, but lower in IL-10 secretion. There 

were also unidentical responses in PBMCs treated with Hsp60 and Hsp27, compared 

to U937 macrophages. The differences in the patterns between U937 macrophages and 

PBMCs were not surprising as U937 cells are derived from a monocytic tumour 

whereas the PBMCs have a mixture of cells, being dominated by lymphocytes (80-

90%) and monocytes (10 – 20%) (Acosta Davila & Hernandez De Los Rios, 2019). 

However, PBMCs are primary cells, so the results suggest that the HSP-dependent 

cytokine secretion from U937 cells, as shown in Chapter 3 were not a unique property 

of the transformed line.   

4.6.3 Comparison of the effects of pure HSPs and denatured HSPs on cytokine 

secretion from U937 cells 

Heat denaturation is a standard procedure in which proteins lose their structural 

properties, and as a result, their biological functions are also affected. However, it has 

been shown that heat may have little effect on LPS activity (Piotrowicz & McCartney, 

1986; Fujii et al., 2002; Neter et al., 1973; Vikstrom, 2002; Kol et al., 2000). Therefore, 

in this system, it was used as a way to inhibit the HSP stimulated cytokines secretion. 

In the case of heat denaturation, it almost totally inhibited cytokines secretion. 

However, the levels of cytokines secretion observed in heat denaturation may be due 

to the significant residual activity. Residual activity following treatment with heat may 

be due to a number of factors: LPS contamination, the heat resistance of HSPs (Tsan 

& Gao, 2004); or the heat resistance of epitopes involved in receptor binding (Habich 

et al., 2004).  

The results presented here, suggest that HSPs can induce cytokine production 

independent of bacterial contamination. However, there was significant residual 

activity following heat denaturation in several cases. LPS at a concentration of up to 

0.2 ng/mL has been reported as being sufficient to induce TNF-α secretion, and also 

although, heat treatment may inactivate 99% of the LPS, there may still be sufficient 

LPS residual to induced TNF-α secretion (Tsan & Gao, 2004), either suggesting that 
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a degree of the activity was due to LPS contamination, or the heat treatment did not 

totally denature the HSP. It is also important to consider that LPS may be inactivated 

by heat (Piotrowicz & McCartney, 1986; Fujii et al., 2002).   

Neter et al. (1973) reported that heating LPS in a boiling water bath can reduce the 

LPS immunogenicity in rabbits by 95% and does not have any effect on the LPS 

antigenicity (Neter et al., 1973). Similarly, Piotrowicz & McCartney, (1986) and Fujii 

et al., (2002) demonstrated that boiling E. coli derived LPS significantly reduced LPS 

endotoxin activity. Vikstrom (2002), reported as well that immunosuppressive activity 

of Shigella sonnei LPS can also be affected by heat. In addition, boiling LPS was also 

reported to significantly reduced the endotoxin activity as well as TNF-α inducing 

activity of E. coli LPS (Gao et al., 2006). A similar reported observation was made by 

a study that tried to exclude possible endotoxin contamination by heating Hsp60 and 

E. coli samples to a temperature (100oC) for 20 minutes before applying to PBMCs. 

Their results showed that heat treatment abolished the Hsp60 ability to induce IL-6 

secretion, unlike LPS heat treatment (Kol et al., 2000). The boiling effect on LPS was 

based on the fact that HSPs are heat sensitive, while LPS are heat resistant (Piotrowicz 

& McCartney, 1986; Fujii et al., 2002; Neter et al., 1973; Vikstrom, 2002; Kol et al., 

2000).  

Therefore, it could be argued that the result in this chapter suggests that LPS is 

responsible for some of the activity reported in chapter 3, supporting the conclusion 

of Gao & Tsan (2003a; 2003b). However, many studies have used LPS at much higher 

concentration (typically greater than 100 ng/mL) than those present in the recombinant 

HSPs preparation (Piotrowicz & McCartney, 1986; Fujii et al., 2002; Neter et al., 1973; 

Vikstrom, 2002; Kol et al., 2000). Gao & Tsan (2003a; 2003b) showed that 

concentrations of LPS lower than 1 ng/mL induced TNF-α secretion by macrophages. 

HSP preparations used in these studies had even lower LPS contamination than those 

used by Gao & Tsan (2003a; 2003b), suggesting that the activity observed in this thesis 

may not be due to LPS contamination.   

4.6.4 The effect of polymyxin B treatment on HSP induced cytokine secretion 

from U937 macrophages  

Polymyxin B is known as a rapidly acting bactericidal agent that interacts with LPS at 

the outer cell membrane, and as a result displace ions such as Ca2+ and Mg2+ that aid 
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in LPS stability (Harm et al., 2016). The strong binding of polymyxin B to LPS has 

allowed its use, not as an antibiotic, but as an LPS neutralizing agent (Harm et al., 

2016). Previous studies have demonstrated that polymyxin B was able to neutralize 

LPS effects (Cardoso et al., 2007; Carvaillon & Haeffner-Cavaillon, 1986). Therefore, 

evaluating if HSP-induce cytokine secretion will be affected as a result of 

preincubation of HSPs with polymyxin B before applied to U937 macrophages can 

help to better understand if HSPs can activate cytokine production independent of 

bacterial contamination.   

A previous study reported that the possible challenge with polymyxin B exposure was 

that a high concentration of polymyxin B could also be toxic to cells (Tynan et al., 

2012). Hence, optimization of the polymyxin B dose-dependent effect with HSPs on 

U937 macrophages was performed. The result obtained here demonstrated that up to 

20 µl/mL polymyxin B preincubated with 1000 ng/mL Hsp72, Hsp60, Hsp27, or LPS 

respectively for up to 1 h showed a small but significant reduction in cytokine 

secretion in a dose and time-dependent manner. A study demonstrated that 10 µg/mL 

of polymyxin B is an appropriate concentration for inhibiting LPS in dendrtic cells 

activated by LPS without causing adverse cellular effects (Tynan et al., 2012). The 

same study also reported that 50µg/mL Polymyxin B induced partial increased 

expression of CD80, CD40, and MHC II, while 100 µg/mL polymyxin B was reported 

to be toxic to the DCs (Tynan et al., 2012). It has been demonstrated in this study that 

even up to 20 µl/mL of polymyxin B can inhibit LPS without causing harm to the cell. 

Recombinant HSPs were preincubated with 20 µl/mL of polymyxin B for 1 h, before 

then applied to U937 macrophages and detectable cytokines secretions were observed. 

This observation showed that even in the presence of polymyxin B, recombinant HSPs 

can still induce detectable levels of cytokines. Previous studies also have distinguished 

LPS effects on HSPs induced immune responses by using polymyxin B to bind LPS 

and thereby removed it from recombinant HSPs (Zininga et al., 2018; Li et al., 2014; 

Bakthisaran et al., 2015; Rayner et al., et al., 2010). The effect of polymyxin B has 

been shown to inhibit LPS, but also inactivate any HSP bound to LPS (Gao & Tsan 

2003a; 2003b; Zininga et al., 2017). The results obtained in this chapter showed that 

in general, there was a small, but significant reduction in cytokine production by HSPs 

in U937 macrophages when compared to (HSPs + Polymyxin B). This small reduction 
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in cytokine production may also be due to polymyxin B inhibiting the functional 

activity of HSPs (Zininga et al., 2017).  

Polymyxin B preincubation with HSPs, as previously mentioned, has been widely 

used to demonstrate that HSPs are able to induce inflammatory immune responses 

independent of LPS contamination. However, there has been a growing argument 

around the inability of polymyxin B to completely inactivate LPS. While this method 

has been reported to be effective for some proteins, it has been demonstrated that 

passing recombinant Hsp70 through a column charged with ATP helps to further 

remove LPS contamination (Pooe et al., 2017). This may suggest that polymyxin B 

treatment alone is insufficient to completely eliminate LPS that may be present within 

the core of the HSPs such as Hsp70 or LPS residual bound to the substrate of the HSPs 

binding cavity (Zininga et al., 2018). However, the small reduction in HSP activity 

reported here suggests that the HSPs induction of cytokine secretion is not totally due 

to LPS contamination, as polymyxin B did not completely abrogate cytokine secretion. 

This observation shows that even in the absence of LPS, recombinant HSP can induce 

some levels of cytokine production in immune cells. To better understand HSPs role 

on cytokine secretion, the use of specific anti-HSP antibodies to inhibit activity were 

also employed. 

 4.6.5 Inhibition of HSPs induced secretion of cytokines from U937 macrophages 

with specific antibodies  

Preincubation of human recombinant HSPs and Gram-negative bacteria Hsp60 

(GroEL) with their specific antibodies for 1 h before applied to U937 macrophages 

(Section 4.2.5), significantly blocked HSPs cytokine activation when comparing HSPs 

alone versus treatment with HSPs + Anti-HSPs. The same result was observed 

between GroEL and (GroEL + Anti-GroEL), which showed that HSPs specifically 

bind to their anti-body and, as a result, were not able to effectively interact with 

specific cell membrane proteins, and therefore reduced HSPs-induce cytokine 

secretion from U937 macrophages. This is a similar finding to another study where 

preincubation of cells with a specific antibody raised against Chlamydia Hsp60 

(cHsp60) with cHsp60 was able to bind to cHsp60 and as a result, reduced cHsp60 

signalling and the same preincubation with LPS, did not inhibit LPS signaling (Bulut 

et al., 2002), which suggest that anti-cHsp60 was not specific to LPS (Bulut et al., 

2002).  
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4.7 Summary 

The results presented in this chapter demonstrated that although HSPs induce an 

inflammatory immune response in a similar manner to LPS (Gao & Tsan, 2003b), 

which may have suggested that the ability of HSPs to activate cytokine secretion, was 

probably due to LPS contamination (Gao & Tsan, 2003a, 2003b; Bausinger et al., 2002; 

Gan, 2007; Gao & Tsan, 2003b; Habich et al., 2005; Osterloh et al., 2004). Taken 

together, the results from three different approaches (heat denaturation of HSPs, 

treatment of HSPs with polymyxin B, and inhibition with specific neutralising 

antibodies): Firstly, the denaturing HSP by boiling showed that HSP may no longer 

be present after boiling and the cytokine effect observed could be due to LPS residual 

in recombinant HSP – meaning that HSP activity contribute greatly to the total amount 

of cytokines induced by recombinant HSP. Secondly, Polymyxin B method showed 

that polymyxin B inactivate LPS activities that may be present in recombinant HSP, 

which then suggest that the level of cytokine secretion seen was due to HSP. The third 

techniques (preincubation of Anti-HSP with HSP before applied to cell) showed that 

HSP binding to their specific antibodies inhibited HSPs interaction with receptor 

proteins and as a result reduced the level of cytokine production – again, showing that 

HSP can induce cytokine production independent of LPS contamination. These three 

approaches strongly suggest that cytokine secretion observed following exposure of 

U937 macrophages to HSPs were not entirely due to bacteria endotoxin activity.  

This support data from, several studies that concluded that HSPs do stimulate cytokine 

secretion and that this activity was not due to LPS contamination of recombinant HSP 

(Henderson et al., 2010; Bulut et al., 2002).  

The next chapter will look at the possible receptor proteins used by these HSPs to 

stimulate immune responses.  
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The expression of 

CD14, CD36, CD11b, 
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5.1 Introduction 

Results obtained from the previous chapters showed that HSPs can induce 

inflammatory immune responses, even in the absence of bacterial contamination. 

Therefore, one possibility could be that in order for HSPs to be able to activate immune 

cells to secret cytokines, they must interact with specific cell receptor proteins. HSPs 

have been postulated to interact with APC via receptor proteins. However, these HSPs 

receptor proteins have yet to be formally identified (Binder et al., 2000). Molecules 

such as LPS and LTA, that can stimulate the immune system, have been extensively 

studied and shown to interact with receptors such as CD14/TLR4 and CD14/TLR2, 

respectively (Zanoni et al., 2011; Arroyo-Espliguero et al., 2004; Schröder et al., 2003). 

Some human HSPs, including Hsp72, Hsp27, Hsp60, and Gp96, has been shown to 

interact with CD91, CD40, CD36, CD14, TLRs, and SR-A (Butulan et al., 2016; 

Vabulas & Schild, 2002), with CD91, reportedly being an HSPs familiar receptor 

protein (Basu et al., 2001; Zhou & Binder, 2014; Pawaria & Binder, 2011; Gulic et al., 

2013). Extracellular Hsp72 was observed to specifically bind to both TLR2 and TLR4 

on APC and induce immunoregulatory effects such as cytokine release (Asea, 2008). 

Hsp72 and Hsp27, were used in this chapter, because both proteins are abundant and 

have been shown to be secreted from cells under different conditions (Asea et al; 2002; 

Banerjee et al., 2011). Determining the possible cell surface receptors such as GPI-

anchored, scavenger, integrin, and TLRs on U937 cells and U937 macrophages can 

give an indication of the possible pathways that may be aiding HSPs ability to induce 

inflammatory immune responses.       

Circulating monocytes in mammals provide essential protection against bacterial 

infections such as the ones caused by Gram-negative bacteria (Bosshart & 

Heinzelmann, 2016) through LPS exposure (Bosshart & Heinzelmann, 2016). The 

exposure can then result in monocyte migration to the lymph node, then differentiate 

into dendritic cells, which then present antigen to CD4+ and CD8+ T-cells with 

increased efficiency (Cui et al., 2014; Liu, Menoret, & Vella, 2017). This presentation 

of antigens to T-cell then initiates activation of adaptive immune responses against the 

Gram-negative bacteria (Bosshart & Heinzelmann, 2016; Sallusto & Lanzavecchia, 

2010). Also, following tissue damage or infection (Yang et al., 2014), circulating 

monocytes have the capacity to differentiate into macrophages and initiate 

phagocytosis of invading pathogens (Epelman, Lavine, & Randolph, 2014).  
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Monocytes/Macrophages are very important effector cells in chronic inflammatory 

diseases and in fighting infectious agents (Lee et al., 2020; Farina et al., 2004). For 

monocytes to carry out their functions, monocytes need to be activated, either by 

inflammatory cytokines produced by the adaptive immune system or through direct 

stimulation by bacterial products (Farina et al., 2004). Monocytes express some 

specific receptor proteins such as CD14, CD11b, CD11c in humans (Frederic 

Geissmann & Littman, 2003; Landmann et al., 2000), which can monitor 

environmental changes (Yang et al., 2014). Monocytes can also change their 

functional phenotype depending on the environmental stimulation. Evidence from 

murine and human studies suggests that an increase in monocyte secretion indicates 

inflammation, which may be pro-inflammatory or anti-inflammatory depending upon 

tissue damage or infection  (Frederic Geissmann & Littman, 2003; Je´roˆ me et al., 

2010; Yang et al., 2014).  

A study has suggested that CD14 expression might be possible in U937 and HL-60 

cell lines following treatment with different stimuli such as VitD3 and LPS (Zamani 

et al., 2013). It has also been reported that cells, including monocytes and macrophages, 

may express CD36 (Collot-teixeira et al., 2007), which is associated with the clearance 

of cell debris and phagocytosis, and therefore plays a major role during tissue repair 

and inflammation resolution (Woo et al., 2016). When cells such as monocytes are 

activated, they undergo phenotypic modification, which can change the expression of 

adhesion molecules on the cell surface (Cifarelli et al., 2007). These changes 

encourage adhesion to the endothelial cells and the movement through the endothelial 

layer to inflammatory sites (Cifarelli et al., 2007; Kazushige Kawai et al., 2005). 

CD11b, expressed on leukocytes such as monocytes, granulocytes, and the subset of 

lymphocytes (Kazushige Kawai et al., 2005), is one of the molecules which helps in 

mediating strong binding to endothelial cells, as well as migration through the vascular 

wall (Cifarelli et al., 2007).  
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TLR stimulation activates a variety of immune responses such as cytokine production 

and the expression of costimulatory molecules. This does not only kill pathogens but 

can activate the adaptive immune system (Farina et al., 2004). As demonstrated in the 

previous chapters, HSPs can induce proinflammatory cytokines by monocytes, and 

macrophages. HSPs have been reported to activate monocytes/macrophages to secrete 

cytokines via interactions with CD14, TLR2, and TLR4 (Habich et al., 2002). TLRs 

are expressed in innate immune cells and are primarily grouped into either cell surface 

or intracellular subfamilies, depending on their localization. Cell surface TLRs include 

TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, while intracellular TLRs include 

TLR3, TLR7, TLR8, TLR9, TLR11, TLR12, and TLR13 (Kawasaki & Kawai, 2014). 

One of the main issues surrounding TLRs signalling pathways, is whether or not 

endosomal TLRs can also be located in the plasma membrane. Although, the 

possibility of endosomal TLRs, being located in the plasma membrane is not fully 

understood. However, a number of recent studies have shown that endosomal TLRs, 

including TLR7, can also be located in the plasma membrane (Mielcarska et al., 2021; 

Fukui et al., 2018; Agier et al., 2016).  

The overall aim of this chapter is to determine the expression of; CD14, CD36, 

CD11b, TLR2, TLR4, TLR5, and TLR7 in monocytes and macrophages and whether 

Hsp72 and Hsp27 have any effect on the expression levels of these proteins.  
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5.2 Methods 

All preparation and cell culture experiments were carried out within a Class II tissue 

culture safety cabinet. 

5.2.1 Preparation of cells for treatment 

U937 cells and U937 cell macrophages were prepared as described (Section 2.3.6 and 

Section 2.3.7). 

 5.2.2 Preparation of heat shock proteins for the experiment 

Heat shock proteins used for the experiments are Hsp72 and Hsp27. Heat shock 

proteins were diluted in 10 % HI-RPMI to give 1000ng/ml stock solution. 

5.2.3 Measurement of receptor proteins 

Flow cytometry was used to measure receptor proteins on naïve U937 cells (Section 

2.3.6, and 2.3.20) and on U937 macrophages (Section 2.3.7, and 2.3.20). Cells were 

incubated with 5µl anti-human receptor proteins including anti-CD14: APC-CyTM7, 

anti-CD36: PE, anti-CD11b/MAC: FITC, anti-TLR2: PE, anti-TLR4: PE, anti-TLR5: 

APC- Alexa Fluor®, anti-TLR7: PE, and 10µl Propidium iodide staining solution for 

1 hour at 4oC in the dark. PBMCs incubated with 10ng/ml PMA for 24 hours for 

PBMCs differentiated to macrophages were used as control cells. The differentiated 

PBMCs were immuno-stained with 5µl anti-CD14, anti-CD36, anti-CD11b, anti-

TLR2, anti-TLR4, anti-TLR5, anti-TLR7 respectively, and 10µl Propidium iodide 

staining solution before analysis cells were gated to include only viable cells as shown 

in figure 5.1.  
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Figure 5.1: Cell gating strategy for measuring of cell surface   

  receptor proteins using flow cytometry. 

Cells such as A: (naïve U937 cells), B: (U937differentiated with PMA), and C: 

(PBMCs differentiated with PMA), showed how these cells were gated using flow 

cytometry to ensure that only viable cells were analysed and not cell debris (Figure 

5.1A, B, and C).  

 

Figure 5.2: Expression of cell surface receptor proteins from   

  freshly isolated PBMCs. 

Figure 5.2 showed, PBMCs were differentiated using 10 ng/mL PMA in 10% HI-

RPMI, and then incubated for 24 h. Some of the proportion of differentiated PBMCs 

were then immuno-stained with some cell surface receptor antibodies and analysed 

using flow cytometry against the cells that were not immuno-stained with these 

antibodies (i.e., isotype matched was used as a control). Examples as shown in figure 

5.1: A: (-Anti-CD14/+Anti-CD14), B: (-Anti-CD36/+Anti-CD36), C: (-Anti-

CD11b/+Anti-CD11b), D: (-Anti-TLR2/+Anti-TLR2), E: (-Anti-TLR4/+Anti-TLR4), 

F: (-Anti-TLR5/+Anti-TLR5), and G: (-Anti-TLR7/+Anti-TLR7). These served as 

controls to ensure that the antibodies are working and specific.  
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Table 5. 1: Each of the receptor proteins (Figure 5.2) geometric mean 

fluorescent intensity (GMFI).  

Protein Fluorochrome -Protein (GMFI) +Protein (GMFI) 

CD14 APC-CyTM7-FL3 29801.35 61329.72 

CD36 PE-FL2 4947.63 31801.10 

CD11b FITC-FL1 759.93 2173.84 

TLR2 PE-FL2 4947.63 6793.50 

TLR4 PE-FL2 4947.63 17192.18 

TLR5 APC-Alexa Fluor®-FL4 469.02 11282.72 

TLR7 PE-FL2 4947.63 14666.44 

 

From the (Figure 5.2) and (Table 5.1) PBMCs differentiated to macrophage showed 

expression of CD14, CD36, CD11b, TLR2, TLR4, TLR5, and TLR7 when compared 

the GMFI obtained the flow cytometry used in the analysis. The GMFI from these 

traces between immuno-stained (+Protein i.e., immune-stained with receptor) cells 

and not immuno-stained (-Protein i.e., not immune-stained with receptors) cells 

indicates that these antibodies (section 5.2.3) were able to distinguish the expression 

of each of the analysed proteins. 
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5.3 Results 

5.3.1 Expression of receptor protein on U937 cells treated with Hsp72.  

5.3.1.1 Expression of CD14 on U937 cells treated with Hsp72.  

A fluorescent activated flow cytometer was used to assess the proportion of U937 cells 

that could be positively determined to express CD14 by immuno-staining with the 

anti-CD14 antibody. Figure 5.3.1A showed that the proportion of undifferentiated 

U937 cells were labelled similarly, as observed in U937 cells without immuno-

staining with the anti-CD14 antibody. This indicates that this antibody was not able to 

distinguish the expression of CD14 in these undifferentiated U937 cells. The same 

observation was made following preincubated cells with Hsp72, before again 

immunostaining to determine the expression of CD14 (Figure 5.3.1B). The flow-

cytometry traces in both Figure 5.3.1A and 5.3.1B, appear very similar. The geometric 

mean fluorescence intensity (GMFI) derived from these traces (Figure 5.3.2C), 

indicates either no CD14 expression; in the presence or absence of preincubation of 

undifferentiated U937 cells with Hsp72 was detected or the antibody used in these 

experiments non-specifically interfered with the assay.    
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Figure 5.3.1: CD14 expression on U937 cells treated with Hsp72.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp72 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

CD14, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp72/-CD14 compared with -Hsp72/+CD14). B: (+Hsp72/-CD14 compared with 

+Hsp72/+CD14). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.3.2: CD14 expression on U937 cells treated with Hsp72. 

Treatment of U937 cells with or without Hsp72, and with or without anti-CD14 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.3.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test and t-test performed as 

well. There was no significant difference when comparing +/- CD14 expression via 

specific immunostaining with anti-CD14 ie -Hsp72/-CD14 with -Hsp72/+CD14 

(P>0.05). Even, when comparing the effects on CD14 expression by Hsp72 treatment, 

using the anti-CD14 antibody ie -Hsp72/+CD14 with +Hsp72/+CD14, no significant 

difference was determined (P>0.05).  
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5.3.1.2 Expression of CD36 on U937 cells treated with Hsp72.  

Activated fluorescent cell counting was used to evaluate the proportion of U937 cells 

that could be positively determined to express CD36 by immuno-staining with the 

anti-CD36 antibody. Figure 5.4.1A showed that the proportion of U937 cells were 

more highly labelled when compared to cells without immunostaining with the anti-

CD36 antibody. This indicates that this antibody was able to distinguish the expression 

of CD36 in these naïve U937 cells compared to control (P<0.001 and 3.0-fold 

difference).  In figure 5.4.1B, the cells were preincubated with Hsp72, before again 

immunostaining to determine the expression of CD36. The flow-cytometry traces 

appeared very similar to those in figure 5.4.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.4.2C), indicating that the proportion of the cell’s 

expression of CD36 in the presence or absence of preincubation with Hsp72 was not 

significantly different (P>0.05).  
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Figure 5.4.1: CD36 expression on U937 cells treated with Hsp72.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp72 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

CD36, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp72/-CD36 compared with -Hsp72/+CD36). B: (+Hsp72/-CD36 compared with 

+Hsp72/+CD36). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.4.2: CD36 expression on U937 cells treated with Hsp72.  

Treatment of U937 cells with or without Hsp72, and with or without anti-CD36 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.4.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD36 expression via specific immunostaining with anti-CD36 ie -Hsp72/-CD36 with 

-Hsp72/+CD36 (P<0.001). However, when comparing the effects on CD36 expression 

by Hsp72 treatment, using the anti-CD36 antibody ie -Hsp72/+CD36 with 

+Hsp72/+CD36, no significant difference was determined (P>0.05).  
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5.3.1.3 Expression of CD11b on U937 cells treated with Hsp72.  

Activated fluorescent cell counting was used to evaluate the proportion of U937 cells 

that could be positively determined to express CD11b by immuno-staining with anti-

CD11b antibody. Figure 5.5.1A showed that the proportion of U937 cells were more 

highly labelled when compared to cells without immunostaining with the anti-CD11b 

antibody. This indicates that this antibody was able to distinguish the expression of 

CD11b in these naïve U937 cells compared to control (P<0.001 and 1.6-fold 

difference).  In figure 5.5.1B, the cells were preincubated with Hsp72, before again 

immunostaining to determine the expression of CD11b. The flow-cytometry traces, 

appeared very similar to those in figure 5.5.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.5.2C), indicated that the proportion of CD11b expression 

in these cells, in the presence or absence of preincubation with Hsp72, was not 

significantly different (P>0.05).  
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Figure 5.5.1: CD11b expression on U937 cells treated with Hsp72.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp72 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

CD11b, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: 

(-Hsp72/-CD11b compared with -Hsp72/+CD11b). B: (+Hsp72/-CD11b compared 

with +Hsp72/+CD11b). Data are presentative of one experiment. Overall, the 

experiment was performed and analysed in three replicates for each treatment. 
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Figure 5.5. 2: CD11b expression on U937 cells treated with Hsp72.  

Treatment of U937 cells with or without Hsp72, and with or without anti-CD11b 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.5.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test and t-test performed as 

well. There was a large and significant difference when comparing +/- CD11b 

expression via specific immunostaining with anti-CD11b ie -Hsp72/-CD11b with -

Hsp72/+CD11b (P<0.001). However, when comparing the effects on CD11b 

expression by Hsp72 treatment, using the anti-CD11b antibody ie -Hsp72/+CD11b 

with +Hsp72/+CD11b, no significant difference was determined (P>0.05).  
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5.3.1.4 Expression of TLR2 on U937 cells treated with Hsp72.  

Fluorescence intensity from flow cytometry was used to evaluate the proportion of 

U937 cells that could be positively determined to express TLR2 by immuno-staining 

with the anti-TLR2 antibody. Figure 5.6.1A showed that the proportion of U937 cells 

were more highly labelled when compared to cells without immunostaining with the 

anti-TLR2 antibody. This indicates that this antibody was able to distinguish the 

expression of TLR2 in these naïve U937 cells compared to control (P<0.001 and 2.4-

fold difference).  In figure 5.6.1B, the cells were preincubated with Hsp72, before 

again immunostaining to determine the expression of TLR2. The flow-cytometry 

traces appeared very similar to those in figure 5.6.1A, and analysis of the GMFI 

obtained from these traces (Figure 5.6.2C), indicated that the proportion of the TLR2 

expression in these cells in the presence or absence of preincubation with Hsp72 were 

not significantly different (P>0.05).  
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Figure 5.6.1: TLR2 expression on U937 cells treated with Hsp72. 

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp72 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR2, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp72/-TLR2 compared with -Hsp72/+TLR2). B: (+Hsp72/-TLR2 compared with 

+Hsp72/+TLR2). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.6.2: TLR2 expression on U937 cells treated with Hsp72.  

Treatment of U937 cells with or without Hsp72, and with or without anti-TLR2 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.6.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR2 expression via specific immunostaining with anti-TLR2 ie -Hsp72/-TLR2 with 

-Hsp72/+TLR2 (P<0.001). However, when comparing the effects on TLR2 expression 

by Hsp72 treatment, using the anti-TLR2 antibody ie -Hsp72/+TLR2 with 

+Hsp72/+TLR2, no significant difference was determined (P>0.05).  
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5.3.1.5 Expression of TLR4 on U937 cells treated with Hsp72.  

Flow cytometry was used to assess the proportion of U937 cells that could be 

positively determined to express TLR4 by immuno-staining with the anti-TLR4 

antibody. Figure 5.7.1A showed that the proportion of U937 cells were more highly 

labelled when compared to cells without immunostaining with the anti-TLR4 antibody. 

This indicates that this antibody was able to distinguish the expression of TLR4 in 

these naïve U937 cells compared to control (P<0.001 and 5.9-fold difference).  In 

figure 5.7.1B, the cells were preincubated with Hsp72, before again immunostaining 

to determine the expression of TLR4. The flow-cytometry traces appeared very similar 

to those in figure 5.7.1A, and analysis of the GMFI obtained from these traces (Figure 

5.7.2C), indicated that the proportion of the cell’s expression TLR4 in the presence or 

absence of preincubation with Hsp72 was relatively similar, and not significantly 

different (P>0.05).  
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Figure 5.7.1: TLR4 expression on U937 cells treated with Hsp72. 

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp72 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR4, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp72/-TLR4 compared with -Hsp72/+TLR4). B: (+Hsp72/-TLR4 compared with 

+Hsp72/+TLR4). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.7.2: TLR4 expression on U937 cells treated with Hsp72.  

Treatment of U937 cells with or without Hsp72, and with or without anti-TLR4 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.7.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR4 expression via specific immunostaining with anti-TLR4 ie -Hsp72/-TLR4 with 

-Hsp72/+TLR4 (P<0.001). However, when comparing the effects on TLR4 expression 

by Hsp72 treatment, using the anti-TLR4 antibody ie -Hsp72/+TLR4 with 

+Hsp72/+TLR4, no significant difference was determined (P>0.05).  
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5.3.1.6 Expression of TLR5 on U937 cells treated with Hsp72.  

Fluorescence-activated cell counting was used to assess the proportion of U937 cells 

that could be positively determined to express TLR5 by immuno-staining with the 

anti-TLR5 antibody. Figure 5.8.1A showed that the proportion of U937 cells were 

more highly labelled when compared to cells without immunostaining with the anti-

TLR5 antibody. This indicates that this antibody was able to distinguish the expression 

of TLR5 in these naïve U937 cells compared to control (P<0.001 and >10.0-fold 

difference).  In figure 5.8.1B, the cells were preincubated with Hsp72, before again 

immunostaining to determine the expression of TLR5. The flow-cytometry traces 

appeared very similar to those in figure 5.8.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.8.2C), indicated that the proportion of the cell’s expression 

TLR5 in the presence or absence of preincubation with Hsp72 was not significantly 

different (P>0.05).  
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Figure 5.8.1: TLR5 expression on U937 cells treated with Hsp72. 

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp72 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR5, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp72/-TLR5 compared with -Hsp72/+TLR5). B: (+Hsp72/-TLR5 compared with 

+Hsp72/+TLR5). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.8.2: TLR5 expression on U937 cells treated with Hsp72.  

Treatment of U937 cells with or without Hsp72, and with or without anti-TLR5 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.8.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR5 expression via specific immunostaining with anti-TLR5 ie -Hsp72/-TLR5 with 

-Hsp72/+TLR5 (P<0.001). However, when comparing the effects on TLR5 expression 

by Hsp72 treatment, using the anti-TLR5 antibody ie -Hsp72/+TLR5 with 

+Hsp72/+TLR5, no significant difference was determined (P>0.05).  
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5.3.1.7 Expression of TLR7 on U937 cells treated with Hsp72.  

Fluorescence intensity was used to assess the proportion of U937 cells that could be 

positively determined to express TLR7 by immuno-staining with the anti-TLR7 

antibody. Figure 5.9.1A showed that the proportion of U937 cells were more highly 

labelled when compared to cells without immunostaining with the anti-TLR7 antibody. 

This indicates that this antibody was able to distinguish the expression of TLR7 in 

these naïve U937 cells compared to control (P<0.001 and 5.9-fold difference).  In 

figure 5.9.1B, the cells were preincubated with Hsp72, before again immunostaining 

to determine the expression of TLR7. The flow-cytometry traces appeared very similar 

to those in figure 5.9.1A, and analysis of the GMFI obtained from these traces (Figure 

5.9.2C), indicated that the proportion of the cell’s expression TLR7 in the presence or 

absence of preincubation with Hsp72 was similar, and showed no significant 

difference (P>0.05).  
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Figure 5.9.1: TLR7 expression on U937 cells treated with Hsp72.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp72 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR7, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp72/-TLR7 compared with -Hsp72/+TLR7). B: (+Hsp72/-TLR7 compared with 

+Hsp72/+TLR7). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.9.2: TLR7 expression on U937 cells treated with Hsp72.  

Treatment of U937 cells with or without Hsp72, and with or without anti-TLR5 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.9.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR7 expression via specific immunostaining with anti-CD36 ie -Hsp72/-TLR7 with 

-Hsp72/+TLR7 (P<0.001). However, when comparing the effects on TLR7 expression 

by Hsp72 treatment, using the anti-TLR7 antibody ie -Hsp72/+TLR7 with 

+Hsp72/+TLR7, no significant difference was determined (P>0.05).  
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5.3.2 Expression of receptor protein on U937 cells treated with Hsp27.  

5.3.2.1 Expression of CD14 on U937 cells treated with Hsp27.  

A fluorescent activated flow cytometer was used to assess the proportion of U937 cells 

that could be positively determined to express CD14 by immuno-staining with the 

anti-CD14 antibody. Figure 5.10.1A showed that the proportion of undifferentiated 

U937 cells were labelled similarly, as observed in U937 cells without immuno-

staining with the anti-CD14 antibody. This indicates that this antibody was not able to 

distinguish the expression of CD14 in these undifferentiated U937 cells. The same 

observation was made following preincubated cells with Hsp27, before again 

immunostaining to determine the expression of CD14 (Figure 5.10.1B). The flow-

cytometry traces in both Figure 5.10.1A and F.10B, appear very similar. The GMFI 

derived from these traces (Figure 5.10.2C), indicates that either there is no change in 

CD14 expression or that the assay antibody is unable to specifically detect the antigen, 

in the presence or absence of preincubation of undifferentiated U937 cells with Hsp27.   
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Figure 5:10.1: CD14 expression on U937 cells treated with Hsp27.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp27 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

CD14, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp27/-CD14 compared with -Hsp27/+CD14). B: (+Hsp27/-CD14 compared with 

+Hsp27/+CD14). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5:10. 2: CD14 expression on U937 cells treated with Hsp27.  

Treatment of U937 cells with or without Hsp27, and with or without anti-CD14 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.10.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was no significant difference when comparing +/- CD14 

expression via specific immunostaining with anti-CD14 ie -Hsp27/-CD14 with -

Hsp27/+CD14 (P>0.05). Even, when comparing the effects on CD14 expression by 

Hsp27 treatment, using the anti-CD14 antibody ie -Hsp27/+CD14 with 

+Hsp27/+CD14, no significant difference was determined (P>0.05).  
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5.3.2.2 Expression of CD36 on U937 cells treated with Hsp27.  

Fluorescence-activated flow cytometry was used to assess the proportion of U937 cells 

that could be positively determined to express CD36 by immuno-staining with the 

anti-CD36 antibody. Figure 5.11.1A showed that the proportion of U937 cells were 

more highly labelled when compared to cells without immuno-staining with the anti-

CD36 antibody. This indicates that this antibody was able to distinguish the expression 

of CD36 in these naïve U937 cells compared to control (P<0.01 and 2.0-fold 

difference).  In figure 5.11.1B, the cells were preincubated with Hsp27, before again 

immunostaining to determine the expression of CD36. The flow-cytometry traces 

appeared very similar to those in figure 5.11.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.11.2C), indicates that the proportion of the cells expressing 

CD36 in the presence or absence of preincubation with Hsp27 was similar, and showed 

no significant difference (P>0.05).  
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Figure 5.11. 1: CD36 expression on U937 cells treated with Hsp27. 

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp27 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

CD36, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp27/-CD36 compared with -Hsp27/+CD36). B: (+Hsp27/-CD36 compared with 

+Hsp27/+CD36). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.11. 2: CD36 expression on U937 cells treated with Hsp27. 

Treatment of U937 cells with or without Hsp27, and with or without anti-CD36 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.11.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD36 expression via specific immunostaining with anti-CD36 ie -Hsp27/-CD36 with 

-Hsp27/+CD36 (P<0.01). However, when comparing the effects on CD36 expression 

by Hsp27 treatment, using the anti-CD36 antibody ie -Hsp27/+CD36 with 

+Hsp27/+CD36, no significant difference was determined (P>0.05).  
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5.3.2.3 Expression of CD11b on U937 cells treated with Hsp27.  

Fluorescence-activated cell counting was used to assess the proportion of U937 cells 

that could be positively determined to express CD11b by immuno-staining with anti-

CD11b antibody. Figure 5.12.1A showed that the proportion of U937 cells were more 

highly labelled when compared to cells without immunostaining with the anti-CD11b 

antibody. This indicates that this antibody was able to distinguish the expression of 

CD11b in these naïve U937 cells compared to control (P<0.01 and 1.6-fold difference).  

In figure 5.12.1B, the cells were preincubated with Hsp27, before again 

immunostaining to determine the expression of CD11b. The flow-cytometry traces 

appeared very similar to those in figure 5.12.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.12.2C), indicates that the proportion of the cells expressing 

CD11b in the presence or absence of preincubation with Hsp27 was not significant 

(P>0.05).  
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Figure 5.12. 1: CD11b expression on U937 cells treated with Hsp27.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp27 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

CD11b, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: 

(-Hsp27/-CD11b compared with -Hsp27/+CD11b). B: (+Hsp27/-CD11b compared 

with +Hsp27/+CD11b). Data are presentative of one experiment. Overall, the 

experiment was performed and analysed in three replicates for each treatment. 
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Figure 5.12. 2: CD11b expression on U937 cells treated with Hsp27.  

Treatment of U937 cells with or without Hsp27, and with or without anti-CD11b 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.12.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD11b expression via specific immunostaining with anti-CD11b ie -Hsp27/-CD11b 

with -Hsp27/+CD11b (P<0.01). However, when comparing the effects on CD11b 

expression by Hsp27 treatment, using the anti-CD11b antibody ie -Hsp27/+CD11b 

with +Hsp27/+CD11b, no significant difference was determined (P>0.05).  
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5.3.2.4 Expression of TLR2 on U937 cells treated with Hsp27.  

Flow cytometry was used to assess the proportion of U937 cells that could be 

positively determined to express TLR2 by immuno-staining with the anti-TLR2 

antibody. Figure 5.13.1A & 5.13.2C showed that the proportion of U937 cells were 

more highly labelled when compared to cells without immunostaining with the anti-

TLR2 antibody. This indicates that this antibody was able to distinguish the expression 

of TLR2 in these naïve U937 cells compared to control (P<0.001 and 2.2-fold 

difference).  In figure 5.13.1B, the cells were preincubated with Hsp27, before again 

immunostaining to determine the expression of TLR2. The flow-cytometry traces 

appeared very similar to those in figure 5.13.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.13.2C), indicates that the proportion of cells expressing 

TLR2 in the presence or absence of preincubation with Hsp27 were not significant 

(P>0.05).  
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Figure 5.13. 1: TLR2 expression on U937 cells treated with Hsp27. 

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp27 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR2, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp27/-TLR2 compared with -Hsp27/+TLR2). B: (+Hsp27/-TLR2 compared with 

+Hsp27/+TLR2). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.13. 2: TLR2 expression on U937 cells treated with Hsp27.  

Treatment of U937 cells with or without Hsp27, and with or without anti-TLR2 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.13.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR2 expression via specific immunostaining with anti-TLR2 ie -Hsp27/-TLR2 with 

-Hsp27/+TLR2 (P<0.001). However, when comparing the effects on TLR2 expression 

by Hsp27 treatment, using the anti-TLR2 antibody ie -Hsp27/+TLR2 with 

+Hsp27/+TLR2, no significant difference was determined (P>0.05).  
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 5.3.2.5 Expression of TLR4 on U937 cells treated with Hsp27.  

Fluorescence intensity of flow cytometry analysis was used to assess the proportion 

of U937 cells that could be positively determined to express TLR4 by immuno-

staining with the anti-TLR4 antibody. Figure 5.14.1A showed that the proportion of 

U937 cells were more highly labelled when compared to cells without immunostaining 

with the anti-TLR4 antibody. This indicates that this antibody was able to distinguish 

the expression of TLR4 in these naïve U937 cells compared to control (P<0.001 and 

3.9-fold difference).  In figure 5.14.1B, the cells were preincubated with Hsp27, before 

again immunostaining to determine the expression of TLR4. The flow-cytometry 

traces appeared very similar to those in figure 5.14.1A, and analysis of the GMFI 

obtained from these traces (Figure 5.14.2C), indicates that the proportion of the cells 

expressing TLR4 in the presence or absence of preincubation with Hsp27 showed no 

significant difference (P>0.05).  
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Figure 5.14. 1: TLR4 expression on U937 cells treated with Hsp27.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp27 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR4, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp27/-TLR4 compared with -Hsp27/+TLR4). B: (+Hsp27/-TLR4 compared with 

+Hsp27/+TLR4). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.14. 2: TLR4 expression on U937 cells treated with Hsp27.  

Treatment of U937 cells with or without Hsp27, and with or without anti-TLR4 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.14.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR4 expression via specific immunostaining with anti-TLR4 ie -Hsp27/-TLR4 with 

-Hsp27/+TLR4 (P<0.001). However, when comparing the effects on TLR4 expression 

by Hsp27 treatment, using the anti-TLR4 antibody ie -Hsp27/+TLR4 with 

+Hsp27/+TLR4, no significant difference was determined (P>0.05).  
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5.3.2.6 Expression of TLR5 on U937 cells treated with Hsp27.  

Fluorescence intensity of flow cytometry measurements was used to assess the 

proportion of U937 cells that could be positively determined to express TLR5 by 

immuno-staining with the anti-TLR5 antibody. Figure 5.15.1A showed that the 

proportion of U937 cells were more highly labelled when compared to cells without 

immunostaining with the anti-TLR5 antibody. This indicates that this antibody was 

able to distinguish the expression of TLR5 in these naïve U937 cells compared to 

control (P<0.001 and >10.0-fold difference).  In figure 5.15.1B, the cells were 

preincubated with Hsp27, before again immunostaining to determine the expression 

of TLR5. The flow-cytometry traces appeared very similar to those in figure 5.15.1A, 

and analysis of the GMFI obtained from these traces (Figure 5.15.2C), indicates that 

the proportion of cells expressing TLR5 in the presence or absence of preincubation 

with Hsp27 was similar, and showed not significant (P>0.05).  
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Figure 5.15. 1: TLR5 expression on U937 cells treated with Hsp27.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp27 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR5, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp27/-TLR5 compared with -Hsp27/+TLR5). B: (+Hsp27/-TLR5 compared with 

+Hsp27/+TLR5). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.15. 2: TLR5 expression on U937 cells treated with Hsp27.  

Treatment of U937 cells with or without Hsp27, and with or without anti-TLR4 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.15.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR5 expression via specific immunostaining with anti-TLR5 ie -Hsp27/-TLR5 with 

-Hsp27/+TLR5 (P<0.001). However, when comparing the effects on TLR5 expression 

by Hsp27 treatment, using the anti-TLR5 antibody ie -Hsp27/+TLR5 with 

+Hsp27/+TLR5, no significant difference was determined (P>0.05).  
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5.3.2.7 Expression of TLR7 on U937 cells treated with Hsp27.  

In order to assess the proportion of U937 cells that could be positively determined to 

express TLR7 by immuno-staining with anti-TLR7 antibody, flow cytometry was used. 

Figure 5.16.1A showed that the proportion of U937 cells were more highly labelled 

when compared to cells without immunostaining with the anti-TLR7 antibody. This 

indicates that this antibody was able to distinguish the expression of TLR7 in these 

naïve U937 cells compared to control (P<0.001 and 6.2-fold difference).  In figure 

5.16.1B, the cells were preincubated with Hsp27, before again immunostaining to 

determine the expression of TLR7. The flow-cytometry traces appeared very similar 

to those in figure 5.16.1A, and analysis of the GMFI obtained from these traces (Figure 

5.16.2C), indicates that the proportion of cells expressing TLR7 in the presence or 

absence of preincubation with Hsp27 was similar, and showed no significant 

difference (P>0.05).  
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Figure 5.16. 1: TLR7 expression on U937 cells treated with Hsp27.  

1x106/mL U937 cells were suspended in 10 % HI-RPMI before treated with 1000 

ng/mL Hsp27 and incubated for 6 h. U937 cell suspension was then centrifuged, and 

the supernatant was discarded. The cell pellet was then immuno-stained with Anti-

TLR7, and flow cytometry analysis was performed using BD AccuriTM C6 plus. A: (-

Hsp27/-TLR7 compared with -Hsp27/+TLR7). B: (+Hsp27/-TLR7 compared with 

+Hsp27/+TLR7). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.16. 2: TLR7 expression on U937 cells treated with Hsp27.  

Treatment of U937 cells with or without Hsp27, and with or without anti-TLR4 

antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) was 

determined from traces in figure 5.16.1A, B using the software on BD analyser. Data 

are presented as mean ± SEM, n=3. Statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR7 expression via specific immunostaining with anti-TLR7 ie -Hsp27/-TLR7 with 

-Hsp27/+TLR7 (P<0.001). However, when comparing the effects on TLR7 expression 

by Hsp27 treatment, using the anti-TLR7 antibody ie -Hsp27/+TLR7 with 

+Hsp27/+TLR7, no significant difference was determined (P>0.05).  
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5.3.3 Expression of receptor protein on U937 macrophages cells treated with 

Hsp72.  

5.3.3.1 Expression of CD14 on U937 macrophages treated with Hsp72.  

In this section, the fluorescence intensity of flow cytometry measurement was used to 

assess the proportion of differentiated U937 cells (U937 macrophages) that could be 

positively determined to express CD14 by immuno-staining with the anti-CD14 

antibody. Figure 5.17.1A showed that the proportion of U937 macrophages were more 

highly labelled when compared to U937 macrophages without immunostaining with 

the anti-CD14 antibody. This indicates that this antibody was able to distinguish the 

expression of CD14 in these U937 macrophages compared to control (P<0.001 

and >10.0-fold difference).  In figure 5.17.1B, the U937 macrophages were 

preincubated with Hsp72, before again immunostaining to determine the expression 

of CD14. The flow-cytometry traces, appeared very similar to those in figure 5.17.1A, 

and analysis of the GMFI obtained from these traces (Figure 5.17.2C), indicates that 

the proportion of the cells expressing CD14, in the presence or absence of 

preincubation with Hsp72, was similar, and not significant (P>0.05).  
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Figure 5.17. 1: CD14 expression on U937 macrophages treated with Hsp72.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp72 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with Anti-CD14, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp72/-CD14 

compared with -Hsp72/+CD14). B: (+Hsp72/-CD14 compared with +Hsp72/+CD14). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.17. 2: CD14 expression on U937 macrophages treated with Hsp72.  

Treatment of U937 macrophages with or without Hsp72, and with or without anti-

CD14 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.17.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD14 expression via specific immunostaining with anti-CD14 ie -Hsp72/-CD14 with 

-Hsp72/+CD14 (P<0.001). However, when comparing the effects on CD14 expression 

by Hsp72 treatment, using the anti-CD14 antibody ie -Hsp72/+CD14 with 

+Hsp72/+CD14, no significant difference was determined (P>0.05).  
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5.3.3.2 Expression of CD36 on U937 macrophages treated with Hsp72.  

Flow cytometry was used to assess the proportion of U937 macrophages that could be 

positively determined to express CD36 by immuno-staining with the anti-CD36 

antibody. Figure 5.18.1A showed that the proportion of U937 macrophages were more 

highly labelled when compared to U937 macrophages without immunostaining with 

the anti-CD36 antibody. This indicates that this antibody was able to distinguish the 

expression of CD36 in these U937 macrophages compared to control (P<0.001 and 

4.9-fold difference). In figure 5.18.1B, the U937 macrophages were preincubated with 

Hsp72, before again immunostaining to determine the expression of CD36. The flow-

cytometry traces appeared very similar to those in figure 5.18.1A, and analysis of the 

GMFI obtained from these traces (Figure 5.18.2C), indicates that expression of CD36 

in these cells, in the presence or absence of preincubation with Hsp72 was similar, and 

showed no significance (P>0.05).  
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Figure 5.18.1: CD36 expression on U937 macrophages treated with  

   Hsp72. 

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp72 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with Anti-CD36, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp72/-CD36 

compared with -Hsp72/+CD36). B: (+Hsp72/-CD36 compared with +Hsp72/+CD36). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.18. 2: CD36 expression on U937 macrophages treated with Hsp72.  

Treatment of U937 macrophages with or without Hsp72, and with or without anti-

CD14 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.18.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD36 expression via specific immunostaining with anti-CD36 ie -Hsp72/-CD36 with 

-Hsp72/+CD36 (P<0.001). However, when comparing the effects on CD36 expression 

by Hsp72 treatment, using the anti-CD36 antibody ie -Hsp72/+CD36 with 

+Hsp72/+CD36, no significant difference was determined (P>0.05).  
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5.3.3.3 Expression of CD11b on U937 macrophages treated with Hsp72.  

To assess the proportion of U937 cells differentiated to macrophage that could be 

positively determined to express CD11b, immuno-staining with anti-CD11b antibody 

and flow cytometry was used. Figure 5.19.1A showed that the proportion of U937 

macrophages were more highly labelled when compared to U937 macrophages 

without immunostaining with the anti-CD11b antibody. This indicates that this 

antibody was able to distinguish the expression of CD11b in these U937 macrophages 

compared to control (P<0.001 and 4.7-fold difference).  In figure 5.19.1B, the U937 

macrophages were preincubated with Hsp72, before again immunostaining to 

determine the expression of CD11b. The flow-cytometry traces appeared similar to 

those in figure 5.19.1A, and analysis of the GMFI obtained from these traces (Figure 

5.19.2C), indicates that the proportion of the expression of the cell CD11b in the 

presence or absence of preincubation with Hsp72 was not significant (P>0.05).  
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Figure 5.19. 1: CD11b expression on U937 macrophages treated with 

Hsp72.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp72 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with Anti-CD11b, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp72/-CD11b 

compared with -Hsp72/+CD11b). B: (+Hsp72/-CD11b compared with 

+Hsp72/+CD11b). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.19. 2: CD11b expression on U937 macrophages treated with 

Hsp72.  

Treatment of U937 macrophages with or without Hsp72, and with or without anti-

CD11b antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.19A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD11b expression via specific immuno-staining with anti-CD11b ie -Hsp72/-CD11b 

with -Hsp72/+CD11b (P<0.001). However, when comparing the effects on CD11b 

expression by Hsp72 treatment, using the anti-CD11b antibody ie -Hsp72/+CD11b 

with +Hsp72/+CD11b, no significant difference was determined (P>0.05).  
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5.3.3.4 Expression of TLR2 on U937 macrophages treated with Hsp72.  

Flow cytometry was used to assess the proportion of U937 macrophage cells that were 

positively expressing TLR2 by immuno-staining with the anti-TLR2 antibody. Figure 

5.20.1A showed that the proportion of U937 macrophages were more highly labelled 

when compared to U937 macrophages without immunostaining with the anti-TLR2 

antibody. This indicates that this antibody was able to distinguish the expression of 

TLR2 in these U937 macrophages compared to control (P<0.001 and >10.0-fold 

difference).  In figure 5.20.1B, the U937 macrophages were preincubated with Hsp72, 

before again immunostaining to determine the expression of TLR2. The flow-

cytometry traces, appeared very similar to those in figure 5.20.1A, and analysis of the 

GMFI obtained from these traces (Figure 5.20.2C), indicates that TLR2 expression, in 

the presence or absence of preincubation with Hsp72, was similarly the same and not 

significant (P>0.05).  
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Figure 5.20. 1: TLR2 expression on U937 macrophages treated with hsp72.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp72 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with Anti-TLR2, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp72/-TLR2 

compared with -Hsp72/+TLR2). B: (+Hsp72/-TLR2 compared with +Hsp72/+TLR2). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.20. 2: TLR2 expression on U937 macrophages treated with Hsp72.  

Treatment of U937 macrophages with or without Hsp72, and with or without anti-

TLR2 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.20.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR2 expression via specific immunostaining with anti-TLR2 ie -Hsp72/-TLR2 with 

-Hsp72/+TLR2 (P<0.001). However, when comparing the effects on TLR2 expression 

by Hsp72 treatment, using the anti-TLR2 antibody ie -Hsp72/+TLR2 with 

+Hsp72/+TLR2, no significant difference was determined (P>0.05).  
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5.3.3.5 Expression of TLR4 on U937 macrophages treated with Hsp72.  

Flow cytometry was used to assess the proportion of U937 macrophages that are 

positive for express TLR4 expression by using immuno-staining with an anti-TLR4 

antibody. Figure 5.21.1A showed that the proportion of U937 macrophages were more 

highly labelled when compared to U937 macrophages without immunostaining with 

the anti-TLR4 antibody. This indicates that this antibody was able to distinguish the 

expression of TLR4 in these U937 macrophages compared to control (P<0.001 and 

8.6-fold difference).  In figure 5.21.1B, the U937 macrophages were preincubated with 

Hsp72, before again immunostaining to determine the expression of TLR4. The flow-

cytometry traces, appeared very similar to those in figure 5.21.1A, and analysis of the 

GMFI obtained from these traces (Figure 5.21.2C), indicates that the proportion of 

cells expressing TLR4, in the presence or absence of preincubation with Hsp72, was 

very similar and not significant (P>0.05).  
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Figure 5.21. 1: TLR4 expression on U937 macrophages treated with Hsp72.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp72 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with Anti-TLR4, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp72/-TLR4 

compared with -Hsp72/+TLR4). B: (+Hsp72/-TLR4 compared with +Hsp72/+TLR4). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.21. 2: TLR4 expression on U937 macrophages treated with Hsp72.  

Treatment of U937 macrophages with or without Hsp72, and with or without anti-

TLR4 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.21.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR4 expression via specific immunostaining with anti-TLR4 ie -Hsp72/-TLR4 with 

-Hsp72/+TLR4 (P<0.001). However, when comparing the effects on TLR4 expression 

by Hsp72 treatment, using the anti-TLR4 antibody ie -Hsp72/+TLR4 with 

+Hsp72/+TLR4, no significant difference was determined (P>0.05).  
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5.3.3.6 Expression of TLR5 on U937 macrophages treated with Hsp72.  

Fluorescence intensity measurement using flow cytometry was used to assess the 

proportion of U937 macrophages that could be specifically determined to express 

TLR5 by immuno-staining with an anti-TLR5 antibody. Figure 5.22.1A showed that 

the proportion of U937 macrophages were more highly labelled when compared to 

U937 macrophages without immunostaining with the anti-TLR5 antibody. This 

indicates that this antibody was able to distinguish the expression of TLR5 in these 

U937 macrophages compared to control (P<0.001 and >10.0-fold difference).  In 

figure 5.22.1B, the U937 macrophages were preincubated with Hsp72, before again 

immunostaining to determine the expression of TLR5. The flow-cytometry traces, 

appeared very similar to those in figure 5.22.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.22.2C), indicates that the proportion of expression of TLR5 

in these cells, the presence or absence of preincubation with Hsp72, was similar, and 

showed a non-significant difference (P>0.05).  
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Figure 5.22. 1: TLR5 expression on U937 macrophages treated with Hsp72.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp72 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with Anti-TLR5, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp72/-TLR5 

compared with -Hsp72/+TLR5). B: (+Hsp72/-TLR5 compared with +Hsp72/+TLR5). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 

-H
sp

72
/-T

LR
5

-H
sp

72
/+

TLR
5

+H
sp

72
/-T

LR
5

+H
sp

72
/+

TLR
5

0

2000

4000

6000

Treatment

G
M

F
I

-Hsp72/+TLR5

+Hsp72/-TLR5

-Hsp72/-TLR5

+Hsp72/+TLR5

ns
***

C

 

Figure 5.22.2: TLR5 expression on U937 macrophages treated with hsp72. 

Treatment of U937 macrophages with or without Hsp72, and with or without anti-

TLR5 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.22.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR5 expression via specific immunostaining with anti-TLR5 ie -Hsp72/-TLR5 with 

-Hsp72/+TLR5 (P<0.001). However, when comparing the effects on TLR5 expression 

by Hsp72 treatment, using the anti-TLR5 antibody ie -Hsp72/+TLR5 with 

+Hsp72/+TLR5, no significant difference was determined (P>0.05).  
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5.3.3.7 Expression of TLR7 on U937 macrophages treated with Hsp72.  

Fluorescence-activated cell counting was used to assess the proportion of U937 

macrophages that could be positively determined to express TLR7 by immuno-

staining with the anti-TLR7 antibody. Figure 5.23.1A showed that the proportion of 

U937 macrophages were more highly labelled when compared to U937 macrophages 

without immunostaining with the anti-TLR7 antibody. This indicates that this 

antibody was able to distinguish the expression of TLR7 in these U937 macrophages 

compared to control (P<0.001 and >10.0-fold difference).  In figure 5.23.1B, the U937 

macrophages were preincubated with Hsp72, before again immunostaining to 

determine the expression of TLR7. The flow-cytometry traces appeared very similar 

to those in figure 5.23.1A, and analysis of the GMFI obtained from these traces (Figure 

5.23.2C), indicates that the expression of TLR7 in the presence or absence of 

preincubation with Hsp72 was similar (P>0.05).  
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Figure 5.23. 1: TLR7 expression on U937 macrophages treated with Hsp72.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp72 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with Anti-TLR7, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp72/-TLR7 

compared with -Hsp72/+TLR7). B: (+Hsp72/-TLR7 compared with +Hsp72/+TLR7). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.23. 2: TLR7 expression on U937 macrophages treated with Hsp72.  

Treatment of U937 macrophages with or without Hsp72, and with or without anti-

TLR7 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.23.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR7 expression via specific immuno-staining with anti-TLR7 ie -Hsp72/-TLR7 with 

-Hsp72/+TLR7 (P<0.001). However, when comparing the effects on TLR7 expression 

by Hsp72 treatment, using the anti-TLR7 antibody ie -Hsp72/+TLR7 with 

+Hsp72/+TLR7, no significant difference was determined (P>0.05).  
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5.3.4 Expression of receptor protein on U937 macrophages cells treated with 

Hsp27.  

5.3.4.1 Expression of CD14 on U937 macrophages treated with Hsp27.  

Flow cytometry was used to assess the proportion of U937 macrophages that express 

CD14 as determined by immuno-staining with the anti-CD14 antibody. Figure 

5.24.1A showed that the proportion of U937 macrophages were more highly labelled 

when compared to U937 macrophages without immunostaining with the anti-CD14 

antibody. This indicates that this antibody was able to distinguish the expression of 

CD14 in these U937 macrophages compared to control (P<0.001 and >10.0-fold 

difference).  In figure 5.24.1B, the U937 macrophages were preincubated with Hsp27, 

before again immunostaining to determine the expression of CD14. The flow-

cytometry traces, appeared very similar to those in figure 5.24.1A, and analysis of the 

GMFI obtained from these traces (Figure 5.24.2C), indicates that the proportion of 

CD14 expressing cells, in the presence or absence of preincubation with Hsp27, was 

similarly showing a non-significant difference (P>0.05).  
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Figure 5.24. 1: CD14 expression on U937 macrophages treated with Hsp27. 

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp27 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immunno-stained with anti-CD14, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp27/-CD14 

compared with -Hsp27/+CD14). B: (+Hsp27/-CD14 compared with +Hsp27/+CD14). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.24. 2: CD14 expression on U937 macrophages treated with Hsp27.  

Treatment of U937 macrophages with or without Hsp27, and with or without anti-

CD14 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.24.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD14 expression via specific immuno-staining with anti-CD14 ie -Hsp27/-CD14 with 

-Hsp27/+CD14 (P<0.001). However, when comparing the effects on CD14 expression 

by Hsp27 treatment, using the anti-CD14 antibody ie -Hsp27/+CD14 with 

+Hsp27/+CD14, no significant difference was determined (P>0.05).  
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5.3.4.2 Expression of CD36 on U937 macrophages treated with Hsp27.  

Flow cytometry was used to assess the proportion of differentiated U937 macrophages 

that were positively expressing CD36 as determined by immuno-staining with the anti-

CD36 antibody. Figure 5.25.1A showed that the proportion of U937 macrophages 

were more highly labelled when compared to U937 macrophages without 

immunostaining with the anti-CD36 antibody. This indicates that this antibody was 

able to distinguish the expression of CD36 in these U937 macrophages compared to 

control using this methodology (P<0.001 and 2.2-fold difference).  In figure 5.25.1B, 

the U937 macrophages were preincubated with Hsp27, before again immunostaining 

to determine the expression of CD36. The flow-cytometry traces appeared very similar 

to those in figure 5.25.1A, and analysis of the GMFI obtained from these traces (Figure 

5.25.2C), indicates that the proportion of cells expressing CD36 in the presence or 

absence of preincubation with Hsp27 were similar and not significant (P>0.05).  
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Figure 5.25. 1: CD36 expression on U937 macrophages treated with Hsp27.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp27 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with anti-CD36, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp27/-CD36 

compared with -Hsp27/+CD36). B: (+Hsp27/-CD36 compared with +Hsp27/+CD36). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.25. 2: CD36 expression on U937 macrophages treated with Hsp27.  

Treatment of U937 macrophages with or without Hsp27, and with or without anti-

CD36 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.25.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD36 expression via specific immunostaining with anti-CD36 ie -Hsp27/-CD36 with 

-Hsp27/+CD36 (P<0.001). However, when comparing the effects on CD36 expression 

by Hsp27 treatment, using the anti-CD36 antibody ie -Hsp27/+CD36 with 

+Hsp27/+CD36, no significant difference was determined (P>0.05).  
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5.3.4.3 Expression of CD11b on U937 macrophages treated with Hsp27.  

Fluorescence-activated cell counting via flow cytometry was used to assess the 

proportion of differentiated U937 cells (U937 macrophages) that are positive for the 

expression of CD11b by immuno-staining with anti-CD11b antibody. Figure 5.26.1A 

showed that the proportion of U937 macrophages were more highly labelled when 

compared to U937 macrophages without immunostaining with the anti-CD11b 

antibody. This indicates that this antibody was able to distinguish the expression of 

CD11b in these U937 macrophages compared to control (P<0.001 and 5.4-fold 

difference).  In figure 5.26.1B, the U937 macrophages were preincubated with Hsp27, 

before again immunostaining to determine the expression of CD11b. The flow-

cytometry traces appeared very similar to those in figure 5.26.1A and analysis of the 

GMFI obtained from these traces (Figure 5.26.2C), indicates that the proportion of 

cells expressing CD11b in the presence or absence of preincubation with Hsp27 was 

similar, and showed a non-significant different (P>0.05).  
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Figure 5.26. 1: CD11b expression on U937 macrophages treated with 

Hsp27.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp27 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with anti-CD11b, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp27/-CD11b 

compared with -Hsp27/+CD11b). B: (+Hsp27/-CD11b compared with 

+Hsp27/+CD11b). Data are presentative of one experiment. Overall, the experiment 

was performed and analysed in three replicates for each treatment. 
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Figure 5.26. 2: CD11b expression on U937 macrophages treated with 

Hsp27.  

Treatment of U937 macrophages with or without Hsp27, and with or without anti-

CD11b antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.26.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

CD11b expression via specific immuno-staining with anti-CD11b ie -Hsp27/-CD11b 

with -Hsp27/+CD11b (P<0.001). However, when comparing the effects on CD11b 

expression by Hsp27 treatment, using the anti-CD11b antibody ie -Hsp27/+CD11b 

with +Hsp27/+CD11b, no significant difference was determined (P>0.05).  
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5.3.4.4 Expression of TLR2 on U937 macrophages treated with Hsp27.  

Fluorescence intensity from flow cytometry experiments were used to assess the 

proportion of U937 macrophage cells that were positive for expression of TLR2 by 

immuno-staining with the anti-TLR2 antibody. Figure 5.27.1A showed that the 

proportion of U937 macrophages were more highly labelled when compared to U937 

macrophages without immunostaining with the anti-TLR2 antibody. This indicates 

that this antibody was able to distinguish the expression of TLR2 in these U937 

macrophages compared to control (P<0.001 and >10.0-fold difference).  In figure 

5.27.1B, the U937 macrophages were preincubated with Hsp27, before again 

immunostaining to determine the expression of TLR2. The flow-cytometry traces 

appeared very similar to those in figure 5.27.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.27.2C), indicates that the proportion of the cells expressing 

TLR2 in the presence or absence of preincubation with Hsp27 was relatively similar, 

and showed no significant difference (P>0.05). 
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Figure 5.27. 1: TLR2 expression on U937 macrophages treated with Hsp27.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp27 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with anti-TLR2, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp27/-TLR2 

compared with -Hsp27/+TLR2). B: (+Hsp27/-TLR2 compared with +Hsp27/+TLR2). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.27. 2: TLR2 expression on U937 macrophages treated with Hsp27.  

Treatment of U937 macrophages with or without Hsp27, and with or without anti-

TLR2 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.27.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR2 expression via specific immuno-staining with anti-TLR2 ie -Hsp27/-TLR2 with 

-Hsp27/+TLR2 (P<0.001). However, when comparing the effects on TLR2 expression 

by Hsp27 treatment, using the anti-TLR2 antibody ie -Hsp27/+TLR2 with 

+Hsp27/+TLR2, no significant difference was determined (P>0.05).  
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5.3.4.5 Expression of TLR4 on U937 macrophages treated with Hsp27.  

Flow cytometry was used to assess the proportion of U937 cells differentiated to 

macrophages that were positive for the expression of TLR4 by immuno-staining with 

the anti-TLR4 antibody. Figure 5.28.1A showed that the proportion of U937 

macrophages were more highly labelled when compared to U937 macrophages 

without immunostaining with the anti-TLR4 antibody. This indicates that this 

antibody was able to distinguish the expression of TLR4 in these U937 macrophages 

compared to control (P<0.001 and >10.0-fold difference).  In figure 5.28.1B, the U937 

macrophages were preincubated with Hsp27, before again immunostaining to 

determine the expression of TLR4. The flow-cytometry traces appeared very similar 

to those in figure 5.28.1A, and analysis of the GMFI obtained from these traces (Figure 

5.28.2C), indicates that the proportion of cells expressing TLR4 in the presence or 

absence of preincubation with Hsp27 was relatively similar, and showed no-

significant (P>0.05). 
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Figure 5.28. 1: TLR4 expression on U937 macrophages treated with Hsp27.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp27 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with anti-TLR4, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp27/-TLR4 

compared with -Hsp27/+TLR4). B: (+Hsp27/-TLR4 compared with +Hsp27/+TLR4). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.28. 2: TLR4 expression on U937 macrophages treated with Hsp27.  

Treatment of U937 macrophages with or without Hsp27, and with or without anti-

TLR4 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.28.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR4 expression via specific immuno-staining with anti-TLR4 ie -Hsp27/-TLR4 with 

-Hsp27/+TLR4 (P<0.001). However, when comparing the effects on TLR4 expression 

by Hsp27 treatment, using the anti-TLR4 antibody ie -Hsp27/+TLR4 with 

+Hsp27/+TLR4, no significant difference was determined (P>0.05).  
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5.3.4.6 Expression of TLR5 on U937 macrophages treated with Hsp27.  

Fluorescence-activated cell counting was used to assess the proportion of U937 cells 

differentiated to macrophage that could be positively determined to express TLR5 by 

immune-staining with the anti-TLR5 antibody. Figure 5.29.1A showed that the 

proportion of U937 macrophages were more highly labelled when compared to U937 

macrophages without immunostaining with the anti-TLR5 antibody. This indicates 

that this antibody was able to distinguish the expression of TLR5 in these U937 

macrophages compared to control (P<0.001 and >10.0-fold difference).  In figure 

5.29.1B, the U937 macrophages were preincubated with Hsp27, before again 

immunostaining to determine the expression of TLR5. The flow-cytometry traces 

appeared very similar to those in figure 5.29.1A, and analysis of the GMFI obtained 

from these traces (Figure 5.29.2C), indicates that the proportion of the cells expressing 

TLR5 in the presence or absence of preincubation with Hsp27 was relatively similar, 

and showed no-significant difference (P>0.05). 
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Figure 5.29. 1: TLR5 expression on U937 macrophages treated with Hsp27.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp27 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with anti-TLR5, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp27/-TLR5 

compared with -Hsp27/+TLR5). B: (+Hsp27/-TLR5 compared with +Hsp27/+TLR5). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.29. 2: TLR5 expression on U937 macrophages treated with Hsp27.  

Treatment of U937 macrophages with or without Hsp27, and with or without anti-

TLR5 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.29.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR5 expression via specific immuno-staining with anti-TLR5 ie -Hsp27/-TLR5 with 

-Hsp27/+TLR5 (P<0.001). However, when comparing the effects on TLR5 expression 

by Hsp27 treatment, using the anti-TLR5 antibody ie -Hsp27/+TLR5 with 

+Hsp27/+TLR5, no significant difference was determined (P>0.05).  
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5.3.4.7 Expression of TLR7 on U937 macrophages treated with Hsp27.  

Flow cytometry was used to assess the proportion of U937 macrophage cells that could 

be positively determined to express TLR7 by immuno-staining with the anti-TLR7 

antibody. Figure 5.30.1A showed that the proportion of U937 macrophages were more 

highly labelled when compared to U937 macrophages without immunostaining with 

the anti-TLR7 antibody. This indicates that this antibody was able to distinguish the 

expression of TLR7 in these U937 macrophages compared to control (P<0.001 

and >10.0-fold difference).  In figure 5.30.1B, the U937 macrophages were 

preincubated with Hsp27, before again immunostaining to determine the expression 

of TLR7. The flow-cytometry traces appeared very similar to those in figure 5.30.1A, 

and analysis of the GMFI obtained from these traces (Figure 5.30.2C), indicates that 

the proportion of cells expressing TLR7, in the presence or absence of preincubation 

with Hsp27 was similar, with no significant difference (P>0.05). 
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Figure 5.30. 1: TLR7 expression on U937 macrophages treated with Hsp27.  

1x106/mL U937 cells differentiated to U937 macrophages were suspended in 10 % 

HI-RPMI before treated with 1000 ng/mL Hsp27 and incubated for 6 h. U937 

macrophage suspension was then centrifuged, and the supernatant was discarded. The 

cell macrophages pellet was then immuno-stained with anti-TLR7, and flow 

cytometry analysis was performed using BD AccuriTM C6 plus. A: (-Hsp27/-TLR7 

compared with -Hsp27/+TLR7). B: (+Hsp27/-TLR7 compared with +Hsp27/+TLR7). 

Data are presentative of one experiment. Overall, the experiment was performed and 

analysed in three replicates for each treatment. 
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Figure 5.30. 2: TLR7 expression on U937 macrophages treated with Hsp27.  

Treatment of U937 macrophages with or without Hsp27, and with or without anti-

TLR7 antibody immuno-staining. The geometric mean fluorescence intensity (GMFI) 

was determined from traces in figure 5.30.1A, B using the software on BD analyser. 

Data are presented as mean ± SEM, n=3. Statistical analysis was performed by one-

way ANOVA with Bonferroni’s multiple comparison post hoc test, and a t-test was 

performed as well. There was a large and significant difference when comparing +/- 

TLR7 expression via specific immuno-staining with anti-TLR7 ie -Hsp27/-TLR7 with 

-Hsp27/+TLR7 (P<0.001). However, when comparing the effects on TLR7 expression 

by Hsp27 treatment, using the anti-TLR7 antibody ie -Hsp27/+TLR7 with 

+Hsp27/+TLR7, no significant difference was determined (P>0.05).  
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Table 5. 2: Receptor proteins GMFI of naïve U937 cell or U937 macrophages treated with or without Hsp72 or receptor  

  antibodies. 

Treatment -Hsp72/ 

-Receptor 

-Hsp72/ 

+Receptor 

+Hsp72/ 

-Receptor 

+Hsp72/ 

+Receptor 

-Hsp72/ 

-Receptor 

-Hsp72/ 

+Receptor 

+Hsp72/ 

-Receptor 

+Hsp72/ 

+Receptor 

Receptor U937 cell (GMFI) U937 cell (GMFI) U937 macrophages (GMFI) U937 macrophages (GMFI) 

CD14 No response No response No response No response 829.2 19402.0 873.8 20669.0 

CD36 3755.0 11464.0 3720.0 11539.0 1258.0 6175.0 1177.0 5562.0 

CD11b 913.3 1539.0 914.1 1555.0 191.3 904.4 193.0 904.6 

TLR2 3724.0 9092.0 3818.0 9453.0 311.1 3485.0 371.8 3842.0 

TLR4 3794.0 22582.0 3804.0 22023.0 1634.0 14143.0 1670.0 14951.0 

TLR5 368.7 9076.0 393.4 8877.0 240.5 4371.1 235.0 4844.0 

TLR7 3823.0 23292.0 3802.0 23673.0 448.0 2153.9 435.2 19693.0 
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       Table 5. 3: Receptor proteins GMFI of naïve U937 cell or U937 macrophages treated with or without Hsp27 or receptor 

   antibodies. 

Treatment -Hsp27/ 

-Receptor 

-Hsp27/ 

+Receptor 

+Hsp27/ 

-Receptor 

+Hsp27/ 

+Receptor 

-Hsp27/ 

-Receptor 

-Hsp27/ 

+Receptor 

+Hsp27/ 

-Receptor 

+Hsp27/ 

+Receptor 

Receptor U937 cell (GMFI) U937 cell (GMFI) U937 macrophages (GMFI) U937 macrophages (GMFI) 

CD14 No response No response No response No response 936.1 19447.0 828.2 18887.0 

CD36 5586.0 11542.0 5472.0 12065.0 2544.0 5837.0 2774.0 5586.0 

CD11b 817.0 1361.0 815.8 1280.0 195.5 1067.0 193.6 1016.0 

TLR2 3295.0 7348.0 3360.0 6989.0 237.9 3260.0 340.1 3037.0 

TLR4 3627.0 14405.0 3593.0 15650.0 1604.0 19590.0 1808.0 19711.0 

TLR5 371.3 8573.0 406.1 8191.0 256.6 4072.0 287.4 4135.0 

TLR7 3554.0 23593.0 3634.0 23797.0 351.9 14720.0 348.6 13950.0 
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Table 5. 4: Receptor proteins fold difference for each cell types with or 

  without Hsp72 treatment 

Fold difference (-Hsp72/-Receptor antibody versus -Hsp72/+Receptor antibody) 

Receptor proteins U937 cells 

(Fold difference) 

U937 macrophages 

(Fold difference) 

CD14 No response >10.0 

CD36 3.0 4.9 

CD11b 1.6 4.7 

TLR2 2.4 >10.0 

TLR4 5.9 8.6 

TLR5 >10.0 >10.0 

TLR7 5.9 >10.0 

Fold difference (+Hsp72/-Receptor antibody versus +Hsp72/+Receptor antibody) 

CD14 No response >10.0 

CD36 3.1 4.7 

CD11b 1.7 4.6 

TLR2 2.4 >10.0 

TLR4 5.7 8.9 

TLR5 >10.0 >10.0 

TLR7 6.2 >10.0 
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Table 5. 5: Receptor proteins fold difference for each cell types with or 

without Hsp27 treatment 

Fold difference (-Hsp27/-Receptor antibody versus -Hsp27/+Receptor antibody) 

Receptor proteins U937 cells 

(Fold difference) 

U937 macrophages 

(Fold difference) 

CD14 No response >10.0 

CD36 2.0 2.2 

CD11b 1.6 5.4 

TLR2 2.2 >10.0 

TLR4 3.9 >10.0 

TLR5 >10.0 >10.0 

TLR7 6.2 >10.0 

Fold difference (+Hsp27/-Receptor antibody versus +Hsp27/+Receptor antibody) 

CD14 No response >10.0 

CD36 2.2 2.0 

CD11b 1.5 5.2 

TLR2 2.0 8.9 

TLR4 4.3 >10.0 

TLR5 >10.0 >10.0 

TLR7 6.5 >10.0 
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5.4 Discussion  

5.4.1 Background  

In determining whether HSPs have any effect on the extent to which cells express 

receptors protein that may be contributing to HSPs ability to induce inflammatory 

immune responses, Hsp72 and Hsp27 were selected; because both proteins stimulated 

cytokine release from U937 naïve cells, U937 macrophage, and PBMCs, both are 

abundant and have been shown to be secreted from cells under a variety of conditions 

(Asea et al., 2002; Banerjee et al., 2011). Hsp72 is the most abundant stress-inducible 

HSPs (Miller & Fort, 2018), while among all the ATP-independent HSPs, which are 

chaperones of a molecular mass between 8 and 28 kDa, Hsp27 is a multifunctional 

protein that can act as a protein chaperone and plays a role in protection against ROS 

(Kaigorodova et al., 2016). Hsp27 contributes to the inhibition of apoptosis, actin 

cytoskeletal remodelling, and thermo-protection (Vidyasagar et al., 2012; Miller & 

Fort, 2018; Xu et al., 2012). In addition, Hsp27 can oligomerise into large aggregates 

up to 800 kDa (Vidyasagar et al., 2012; Miller & Fort, 2018; Xu et al., 2012).  

It was first important to check that the antibodies recognised the receptor proteins: 

anti-CD36, anti-CD11b, anti-TLR2, anti-TLR4, anti-TLR5, and anti-TLR7 antibodies 

were able to recognise CD36, CD11b, TLR2, TLR4, TLR5, and TLR7 on both U937 

cells and U937 macrophages while anti-CD14 antibody was able to recognise CD14 

on U937 macrophages only. The lack of CD14 protein in U937 cells may be due to 

the untranscribed and untranslated state of CD14 gene in U937 cells. However, stimuli 

such as PMA and VitD3 have been shown to affect cells such as U937 cells CD14 

gene; leading to the transcription and translation of CD14 gene to CD14 protein in 

U937 macrophages (Sirajudeen et al., 2019; Song et al., 2015; Kim et al., 2012; Liu et 

al., 2005). This explained why CD14 expression has been reported only in U937 cells 

differentiated to macrophages using stimuli such as PMA, and not in naïve U937 cells. 

There were two peaks in some of the histograms results as shown in this chapter – this 

observation could be due to some activated cells. In addition, background optical and 

electronic noise may also be a major contributor to the observed two peaks (Gavasso, 

2009; Perfetto et al., 2014). This observation can be one of the limitations in flow 

cytometry and due to this limitation; this result could have been stronger if confirmed 

by another experimental method such as Western blotting.  
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In determining receptor protein expression between immuno-stained/not stained cells 

with protein receptor antibodies, in the presence or absence of Hsp72 or Hs27, see 

above (Table 5.2 and 5.3 for summarised GMFI) and (Table 5.4 and 5.5 for 

summarised fold difference).  

5.4.2 CD14 expression on U937 cells and U937 macrophages treated with 

HSP.  

The result in this chapter inferred that CD14 is unlikely to be expressed in U937 cells 

while on the contrary, there was CD14 expression on U937 macrophages. It is possible 

that, it required differentiation of U937 cells to U937 macrophages using PMA or 

VitD3 for U937 cells to stably express CD14 (Zamani et al., 2013), which could also 

be due to the fact that in undifferentiated U937 cells, CD14 gene may not have been 

transcribed and translated into CD14 protein and possibly PMA contribute in the 

transcription and translation of CD14 gene to CD14 protein when exposed to U937 

cells. It has been reported that, U937 cells are unlikely to express CD14 because CD14 

gene is not transcribed and translated to CD14 in U937 cell (Liu et al., 2005). However, 

there was an expression of CD14 on U937 macrophages. This is in agreement with 

other studies that exposed THP-1 cells (Hmama et al., 1999), or U937 cells to 0.1 µmol 

Vitamin D3 for 24 hours (Liu et al., 2005). Following U937 cells exposure to vitamin 

D3, U937 macrophages were reported to stably express CD14 mRNA and CD14 (Liu 

et al., 2005). The same study reported that CD14 protein increased the sensitivity of 

U937/CD14 to LPS stimulation (Hai-Zhong et al., 2005; Hmama et al., 1999). A 

similar effect was observed using quantitative real-time PCR; following human 

monocytic cell line U937 exposure to glucose then treated with 100 ng/mL LPS 

(Nareika et al., 2006).  

Results from this chapter showed the most likely inference that no CD14 expression 

on U937 cells and CD14 expression on U937 macrophages. Seem to agree with 

Chapter 3 that the lack of CD14 protein in U937 cells, was why U937 cells could not 

secrete TNF-α, and IL-1β, following exposure to HSPs; unlike U937 macrophages that 

expressed CD14. Also, an in vitro study reported that cells with CD14 receptors bind 

LPS with the help of LBP. Possibly CD14 also acts as an anchor for HSPs receptors 

in a similar way to LPS (Ebong et al., 2001).  
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5.4.3 CD36 expression on U937 cell and U937 macrophages treated with HSP.  

Incubation of U937 cells or U937 macrophages with anti-CD36 protein, showed CD36 

expression in both naïve U937 cells and U937 macrophages, which indicates the 

presence of CD36 in both cell types (U937 cell and U937 macrophages). This agreed 

with a study that reported the presence of membrane glycoprotein CD36 on different 

cell types such as monocytes, macrophages, hepatocytes, microvascular endothelial 

cells, adipocytes, and platelets (Park, 2014; Silverstein & Febbraio, 2009). The same 

study explained that macrophages CD36 interacts with oxidized low-density 

lipoprotein to activate cascade signalling for an inflammatory response (Park, 2014; 

Silverstein & Febbraio, 2009). In mice, three APCs, including lymphocytes, 

macrophages, and DCs, were reported to express CD36, which was concluded to 

contribute indirectly to humoral immunity via the innate immune system (Corcoran et 

al., 2002). A study also demonstrated that recognition of CD36 is essential for 

macrophages cytokine secretion (Helming et al., 2009). In addition, three CD36 

spliced variants, with truncations localized in the N- and/or the C-terminal cytoplasmic 

tails, were also observed to be stably expressed in U937 cells (Lee et al., 2008).  

5.4.4 CD11b expression on U937 cell and U937 macrophages treated with 

HSP.  

The result obtained in this chapter investigated the expression of CD11b in U937 cells 

and U937 macrophages; this indicated the presence of CD11b on the cell surface of 

naïve U937 cells and U937 macrophages. CD11b expression was reported on the cell 

surface of THP-1 cells (Takahashi et al., 2014), and peripheral blood leukocytes (Kubo, 

Boisvert, Ballantyne, & Curtiss, 2000). Other studies have shown macrophages-like 

development of U937 cells when induced with phorbol ester, which also showed an 

increase in CD11b expression (Prudovsky et al., 2002; Mandel et al., 2012). 

Upregulation of CD11b expression has also been demonstrated in monocytes (Gomes 

et al., 2010), and confirmed in other studies where CD11b is expressed in monocytes, 

neutrophils, Peritoneal B-1 cell, DC, and NK cells (Christensen et al., 2001). CD11b, 

as a member of the integrin family of receptors, is likely to be expressed in most 

immune cells such as neutrophils, monocytes, NK cells (Kawai et al., 2005). The same 

study also reported that during host defensive mechanism, CD11b can play an 

important role in the migration of leucocytes from the peripheral blood to the site of 

inflammation (Kawai et al., 2005).  
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5.4.5 TLRs expression on U937 cell and U937 macrophages treated with HSP.  

As shown in this chapter, the expression of TLR2, TLR4, TLR5, and TLR7 were 

observed in both U937 cells and U937 macrophages. Interestingly, endosomal TLRs, 

including TLR7, for so many years, have been reported by studies as TLRs that are 

mainly localized intracellularly (Christensena & Shlomchika, 2007; Krieg & Vollmer, 

2007; Marshak-rothstein, 2006; Thibault et al., 2009). A recent study has evaluated 

the possibility of endosomal TLRs transportation and localization from intracellular 

to the cell plasma membrane (Mielcarska et al., 2021). Their ‘Recent findings disputed 

the dogma that TLR3, TLR7, TLR8, and TLR9 are exclusive intracellular receptors’ 

(Mielcarska et al., 2021 p2). A study used a monoclonal antibody to nucleic acid 

sensing TLRs; to demonstrate that TLR7 and TLR9, which were generally described 

as endosomal and lysosomes TLRs; can also be localized in the plasma membrane 

(Fukui et al., 2018). Similarly, the flow cytometry method was also used to clearly 

show the presence of TLR3, TLR7, and TLR9 in both cell membrane and 

intracellularly (Agier et al., 2016).  

A study evaluated whether there was an expression of TLRs proteins in epithelial cells 

using RT-PCR, and their results showed the presence of several TLRs, such as TLR2, 

TLR3, and TLR4 mRNA in intestinal epithelial cells (Cario et al., 2000). Expression 

of TLR2 and TLR4 has also been reported in monocytes (Zhou et al., 2005). Similarly, 

the study conducted by Xiong et al. (2007) showed, using RT-PCR, that U937 cells 

were able to express a large number of TLRs sub-types, including TLR1, TLR2, TLR3, 

TLR4, TLR5, TLR6, TLR7, TLR8, and TLR9. The expression of a number of TLRs 

subtypes, including TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, and TLR9, has 

also been reported in murine lymphoid and myeloid-derived cell lines (Applequist et 

al., 2002). A recent study from Shomali et al. (2020) reported the expression of TLR4 

and TLR9 in melanocytes and showed that these TLRs play a major role in regulating 

the inflammatory immune response. The same study also reported that as well as TLR4 

and TLR9, other TLRs can also function as adjuvant proteins in their interaction with 

cells, which helps them activate immune cells, including dendritic cells (Shomali et 

al., 2020).  
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Looking at the effect of HSPs in the expression of receptor proteins in U937 cells or 

U937 macrophages, it was interesting to note that Hsp72 and Hsp27 did not have any 

effect on the expression level of any of the receptor proteins investigated. These 

observations may be due to the possibility that HSPs could be mainly affecting the 

expression of the protein receptors that reside in cytoplasmic compartments and not 

on the cell surface. This possibility can be supported by the fact that Zhou et al. (2004); 

reported that heat shock induced TLR2 and TLR4 expression could be mainly in the 

cytoplasm and not on the cell surface.  
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5.5 Summary 

The results obtained in this chapter, as determined by the use of specific antibodies 

and flow cytometry, may be indicative of the absence of transcribed and translated 

CD14 gene to a CD14 receptor protein in U937 cells, but the differentiated 

macrophages cell was CD14+. CD36, CD11b, TLR2, TLR4, TLR5, and TLR7 were 

shown to be present on both U937 cells and U937 macrophages, as Hsp72 and Hsp27 

had been shown to increase cytokine secretion, it was important to investigate whether 

HSPs also affected important receptor in DAMP recognition.  However, the treatment 

of HSP (Hsp72 or Hsp27) had no effect at all on receptor expression that were 

investigated in this chapter. These specific receptor proteins may still contribute to 

HSPs ability to induce inflammatory immune responses. What this study have not 

shown with the results obtained in this chapter is whether the HSPs actually bind to 

any of these receptors – which is addressed in the next chapter. Therefore, in the next 

chapter, this study will look at blocking each of these expressed receptor proteins in 

U937 macrophages, with a view to investigate the suggestion that HSPs interactions 

with receptor proteins may play a major role in their ability to induce cytokine 

secretion in this cell type.  
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6.1 Introduction 

The expression of a number of cell surface receptor proteins that include CD14, CD36, 

CD11b, TLR2, TLR4, TLR5, and TLR7, was determined by the use of specific 

antibodies and flow cytometry, on U937 macrophages, and presented in chapter 5. It 

has been implied that HSPs, including Hsp72 and Hsp27 may be interacting with these 

proteins, and as a result, inducing inflammatory immune responses (De Maio & 

Vazquez, 2013; Calderwood et al., 2007). The possible existence of HSPs receptors 

on APCs was first hypothesized in 1994 (Binder et al., 2004). CD91, also known as 

low-density lipoprotein receptor-related protein 1 (LRP1), was the first receptor to be 

shown to be associated with HSPs in 2000 (Calderwood et al., 2016). Since then, other 

receptors have also been identified to interact with HSPs, such as CD40, LOX-1, 

CD36, TLR2, TLR4, and SR-A (Batulan et al., 2016). Studies in this field by 

Calderwood et al. (2016) have reported that HSPs are able to induce inflammatory 

immune responses through possibly CD14/TLR2 and/or CD14/TLR4 complex signal 

transduction pathways, which then lead to the activation of NF-kB and MAPKs.  

Such responses may be pro-inflammatory in nature, which can result in cytokine 

transcription and secretion (Asea et al., 2000, 2002). Furthermore, following HSPs 

release from stress, dead, or dying cells, HSPs can activate adaptive immune responses 

due to their ability to bind antigenic peptides (Noessner et al., 2002; Thériault et al., 

2005). According to Calderwood et al. (2007), these HSPs, including Hsp72, can bind 

to cell surface receptors proteins such as TLR2, TLR4, CD40, CD91, on the APCs, 

and which then helps deliver their bound peptide antigen to MHCI molecules on the 

surface of these cells (antigen cross-presentation) (Arnold-schild et al., 1999; Singh-

jasuja et al., 2000). 

However, there have been some concerns about HSPs ability to induce immune 

responses independently, because HSPs of various molecular weights share similar 

cytokine effects to other bacterial derived factors like PAMPs, such as LPS, and LTA, 

which are also known to use TLR2 and TLR4 signal transduction pathways (Tsan & 

Gao, 2009). Chapter 4, however, demonstrated that, even if there is some 

contamination of HSP preparations, it is the HSP that is inducing cytokine secretion 

from the cells. Investigating the possible receptor proteins involved by using specific 

blocking peptides, could further help strengthen the previous results in this thesis, 

where it is postulated that the effect of cytokine secretion can involve both HSPs and 
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specific cell surface receptor proteins. A blocking peptide functions by competitively 

inhibiting protein-protein interaction, by mimicking specific binding sites/structures. 

(Havasi et al., 2017).   

The overall aim of this chapter is to determine if Hsp72 and Hsp27 activation of 

cytokine secretion in U937 macrophages, can be affected by using specific blocking 

peptides that bind to the cell surface receptors, previously studied in this thesis.  
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6.2 Methods 

All preparations and cell culture experiments were carried out within a Class II tissue 

culture safety cabinet.  

6.2.1 Preparation of cells for treatment 

U937 cells and U937 cell macrophages were prepared as described (Section 2.3.6 and 

Section 2.3.7). 

6.2.2 Preparation of heat shock proteins for the experiment 

Heat shock proteins used for the experiments include Hsp72 and Hsp27. Heat shock 

proteins were diluted in 10 % HI-RPMI to give 1000ng/ml stock solution. 

6.2.3 Preparation of blocking peptide for the experiment 

Blocking peptides for CD14, CD36, CD11b, TLR2, TLR4, TLR5, and TLR7 (see 

Table 2.4) were diluted in 10 % HIRPMI to give 20µg/ml stock solution. 

6.2.4 Treatment of U937 macrophages with blocking peptides 

2 experimental protocols were used to determine the effects of receptor-blocking 

peptides on cytokine-induced secretion caused by the addition of HSP.  

6.2.4.1 Experimental protocol 1 were used in the subsequent figures designated A, B 

and C 

In this experimental protocol, three conditions were tested:  

(i) Blocking peptide was preincubated with U937 macrophages for 2h, 

followed by an incubation with a small volume of HI-RPMI media (similar 

to the volume used when adding HSPs) before incubation for a further 6h, 

prior to measurement of secreted cytokines into the media. 

(ii) Only HSPs (either Hsp72 or Hsp27) were incubated with the U937 

macrophages for 6 h prior to measurement of secreted cytokines. 

(iii) The cells were first pre-incubated with blocking peptide for 2h, and then 

HSPs were added to this and incubated for further 6h before the cytokines 

were measured.  
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6.2.4.2 Experimental protocol 2 were used in the subsequent figures designated 

D, E and F 

In this experimental protocol, three conditions were also used in order to ascertain 

whether there was some effect between the peptide and the HSPs, that could alter 

cytokine secretion differently from that observed where the blocking peptide was 

directly added to the cells for 2h prior to HSP addition: 

(i) Blocking peptide was preincubated with U937 macrophages for 2h, 

followed by an incubation with a small volume of HI-RPMI media (similar 

to the volume used when adding HSPs) before incubation for a further 6h, 

prior to measurement of secreted cytokines into the media. 

(ii) HSPs alone (either Hsp72 or Hsp27) was incubated with the U937 

macrophages for 6h prior to measurement of secreted cytokines. 

(iii) Both blocking peptide and the HSP were preincubated together for 2h 

before the mixture was then added to the U937 macrophages for 6h, prio 

to measurements of secreted cytokines. 

6.2.5 Measurement of secreted cytokines 

Following the various treatments, the cell suspension was transferred from the wells 

into a 1.5 mL microcentrifuge tube and centrifuged at 500 g for 5 min, and the 

supernatant was transferred to a clean 1.5 ml microcentrifuge tube. The supernatant 

was used either fresh or frozen at -80oC until required. Cytokine concentrations in the 

media of IL-1β, TNF-α, and IL-10 were then measured as described earlier (Section 

2.3.11, 2.3.12, and 2.3.13). 
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6.3 Results 

6.3.1 The effect of receptor blocking peptides on cytokine secretion following 

Hsp72 treatment in U937 macrophages 

6.3.1.1  The CD14 blocking peptide effect on Hsp72. 

In these experiments, the effects of inhibiting CD14, with a specific blocking peptide, 

on Hsp72 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.1A, shows the effects on IL-1β secretion. In the absence of Hsp72, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp72 

alone (P<0.001 and 3.4-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp72, IL-1β secretion was 

markedly decreased to levels seen as if no exposure to Hsp72 had occurred. Figure 

6.1D, in which the blocking peptide and Hsp72 were pre-mixed prior to being added 

to the U937 macrophages, also showed much reduced level of IL-1β secretion when 

compared to Hsp72 treatment alone (P<0.001) and were consistent with the results in 

Figure 6.1A.  

Figure 6.1B and E, shows the effect of blocking CD14 on Hsp72-induced secretion of 

TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 5.6-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp72, TNF-α levels were 

again reduced compared to the treatment with Hsp72 alone (P<0.001 and 2.7-fold 

difference). Figure 6.1E, co-incubating both the CD14 blocking peptide with Hsp72, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp72 treatment alone (P<0.001 and 1.9-fold difference).  
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Figure 6.1C and F, shows the effects of blocking CD14 on Hsp72-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone, the secretion was markedly 

higher (P<0.001 and 2.5-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp72 treatment alone (P<0.001). Figure 6.1F, in which the blocking 

peptide and Hsp72 were pre-mixed prio to being added to the U937 macrophages, also 

showed much reduced levels of IL-10 secretion compared to Hsp72 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide acting as an intermediary 

between HSPs and cell membrane protein. It can also, indicate that cytokine secretion 

requires interaction with HSPs, including Hsp72.   
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Figure 6. 1: Effect of CD14 blocking peptide on U937 macrophages treated 

with Hsp72. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml CD14 

blocking peptide alone or 1000ng/mL Hsp72 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as CD14+Hsp72, the cells were first 

incubated with CD14 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp72 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp72 was preincubated with 20µg/ml CD14 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and (Hsp72+CD14 or CD14). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.1.2 The CD36 blocking peptide effect on Hsp72. 

In these experiments, the effects of inhibiting CD36, with a specific blocking peptide, 

on Hsp72 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.2A, shows the effects on IL-1β secretion. In the absence of Hsp72, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp72 

alone (P<0.001 and 1.3-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp72, IL-1β secretion was 

decreased to certain lower levels seen compared to exposure to Hsp72 had occurred. 

Figure 6.2D, in which the blocking peptide and Hsp72 were pre-mixed prior to being 

added to the U937 macrophages also showed much reduced level of IL-1β secretion 

when compared to Hsp72 treatment alone (P<0.001) and were consistent with the 

results in Figure 6.2A.  

Figure 6.2B and E, shows the effect of blocking CD36 on Hsp72-induced secretion of 

TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 6.5-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp72, TNF-α levels were 

again reduced compared to the treatment with Hsp72 alone (P<0.001 and 2.5-fold 

difference). Figure 6.2E, co-incubating both the CD36 blocking peptide with Hsp72, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp72 treatment alone (P<0.001 and 2.0-fold difference).  
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Figure 6.2C and F, shows the effects of blocking CD36 on Hsp72-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone the secretion was markedly 

higher (P<0.001 and 1.3-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp72 treatment alone (P<0.001). Figure 6.2F, in which the blocking 

peptide and Hsp72 were pre-mixed prio to being added to the U937 macropahges also 

showed reduced levels of IL-10 secretion compared to Hsp72 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there possibly, HSPs may be interacting with cell membrane 

receptor proteins.  
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Figure 6. 2: The effect of CD36 blocking peptide on U937 macrophages 

treated with Hsp72. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml CD36 

blocking peptide alone or 1000ng/mL Hsp72 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as CD36+Hsp72, the cells were first 

incubated with CD36 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp72 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp72 was preincubated with 20µg/ml CD36 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and (Hsp72+CD36 or CD36). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.1.3 The CD11b blocking peptide effect on Hsp72. 

In these experiments, the effects of inhibiting CD11b, with a specific blocking peptide, 

on Hsp72 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.3A, shows the effects on IL-1β secretion. In the absence of Hsp72, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp72 

alone (P<0.001 and 2.5-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp72, IL-1β secretion was 

markedly decreased, even lower levels as seen, as if no exposure to Hsp72 had 

occurred. Figure 6.3D, in which the blocking peptide and Hsp72 were pre-mixed prior 

to being added to the U937 macrophages, also showed much reduced level of IL-1β 

secretion when compared to Hsp72 treatment alone (P<0.001) and were consistent 

with the results in Figure 6.3A.  

Figure 6.3B and E, shows the effect of blocking CD11b on Hsp72-induced secretion 

of TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 4.9-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp72, TNF-α levels were 

again reduced compared to the treatment with Hsp72 alone (P<0.01 and 1.2-fold 

difference). Figure 6.3E, co-incubating both the CD11b blocking peptide with Hsp72, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp72 treatment alone (P<0.01 and 1.3-fold difference).  

 

 

 

 

 

 

 

 



       

297 
 

Figure 6.3C and F, show the effects of blocking CD11b on Hsp72-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone, the secretion was markedly 

higher (P<0.001 and 1.9-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp72 treatment alone (P<0.001). Figure 6.3F, in which the blocking 

peptide and Hsp72 were pre-mixed prio to being added to the U937 macropahges also 

showed much reduced levels of IL-10 secretion compared to Hsp72 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide either binding to the cell 

membarane protein or binding to HSPs, and therefore, inhibit a major interaction 

between HSPs and cell membrane proteins.  
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Figure 6. 3: The effect of CD11b blocking peptide on U937 macrophages 

treated with Hsp72. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml CD11b 

blocking peptide alone or 1000ng/mL Hsp72 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as CD11b+Hsp72, the cells were first 

incubated with CD11b blocking peptide (20µg/ml) for 2 h, following by the addition 

of Hsp72 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. 

In panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 

ng/mL Hsp72 was preincubated with 20µg/ml CD11b blocking peptide for 2 h, before 

applied to the U937 macrophage and incubated for 6 h. then the cells suspension was 

then centrifuged, and supernatant retrieved were measured for cytokine secretion by 

ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. 

Data are presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA 

with Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and (Hsp72+CD11b or CD11b). The treatments showed: *(P<0.05), ** 

(P<0.01), *** (P<0.001). 



       

299 
 

6.3.1.4 The TLR2 blocking peptide effect on Hsp72. 

In these experiments, the effects of inhibiting TLR2, with a specific blocking peptide, 

on Hsp72 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.4A, shows the effects on IL-1β secretion. In the absence of Hsp72, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp72 

alone (P<0.001 and 2.4-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp72, IL-1β secretion was 

markedly decreased. Figure 6.4D, in which the blocking peptide and Hsp72 were pre-

mixed prior to being added to the U937 macrophages also showed reduced level of 

IL-1β secretion when compared to Hsp72 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.4A.  

Figure 6.4B and E, shows the effect of blocking TLR2 on Hsp72-induced secretion of 

TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 5.0-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp72, TNF-α levels were 

again reduced compared to the treatment with Hsp72 alone (P<0.001 and 2.8-fold 

difference). Figure 6.4E, co-incubating both the TLR2 blocking peptide with Hsp72, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp72 treatment alone (P<0.001 and 3.4-fold difference).  
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Figure 6.4C and F, shows the effects of blocking TLR2 on Hsp72-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone the secretion was markedly 

higher (P<0.001 and 2.1-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp72 treatment alone (P<0.01). Figure 6.4F, in which the blocking 

peptide and Hsp72 were pre-mixed prio to being added to the U937 macropahges also 

showed reduced levels of IL-10 secretion compared to Hsp72 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide either binding to the cell 

membrane protein or binding to HSPs, and therefore, inhibit a major interaction 

between HSPs and cell membrane proteins.  
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Figure 6. 4: The effect of TLR2 blocking peptide on U937 macrophages 

treated with Hsp72. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR2 

blocking peptide alone or 1000ng/mL Hsp72 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR2+Hsp72, the cells were first 

incubated with TLR2 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp72 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp72 was preincubated with 20µg/ml TLR2 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and (Hsp72+TLR2 or TLR2). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.1.5 The TLR4 blocking peptide effect on Hsp72. 

In these experiments, the effects of inhibiting TLR4, with a specific blocking peptide, 

on Hsp72 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.5A, shows the effects on IL-1β secretion. In the absence of Hsp72, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp72 

alone (P<0.001 and 2.4-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp72, IL-1β secretion was 

markedly decreased. Figure 6.5D, in which the blocking peptide and Hsp72 were pre-

mixed prior to being added to the U937 macrophages also showed reduced level of 

IL-1β secretion when compared to Hsp72 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.5A.  

Figure 6.5B and E, shows the effect of blocking TLR4 on Hsp72-induced secretion of 

TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 4.8-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp72, TNF-α levels were 

again reduced compared to the treatment with Hsp72 alone (P<0.001 and 1.8-fold 

difference). Figure 6.5E, co-incubating both the TLR4 blocking peptide with Hsp72, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp72 treatment alone (P<0.001 and 1.7-fold difference).  
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Figure 6.5C and F, shows the effects of blocking TLR4 on Hsp72-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone the secretion was markedly 

higher (P<0.001 and 2.3-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp72 treatment alone (P<0.001). Figure 6.5F, in which the blocking 

peptide and Hsp72 were preincubated prio to being added to the U937 macropahges 

also showed reduced levels of IL-10 secretion compared to Hsp72 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide either binding to the cell 

membrane protein or binding to HSPs, and therefore, inhibit a major interaction 

between HSPs and cell membrane proteins.  
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Figure 6. 5: The effect of TLR4 blocking peptide on U937 macrophages 

treated with Hsp72. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR4 

blocking peptide alone or 1000ng/mL Hsp72 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR4+Hsp72, the cells were first 

incubated with TLR4 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp72 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp72 was preincubated with 20µg/ml TLR4 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and (Hsp72+TLR4 or TLR4). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.1.6 The TLR5 blocking peptide effect on Hsp72. 

In these experiments, the effects of inhibiting TLR5, with a specific blocking peptide, 

on Hsp72 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.6A, shows the effects on IL-1β secretion. In the absence of Hsp72, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp72 

alone (P<0.001 and 2.5-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp72, IL-1β secretion was 

markedly decreased. Figure 6.6D, in which the blocking peptide and Hsp72 were 

preincubated prior to being added to the U937 macrophages also showed reduced level 

of IL-1β secretion when compared to Hsp72 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.6A.  

Figure 6.6B and E, shows the effect of blocking TLR5 on Hsp72-induced secretion of 

TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 4.8-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp72, TNF-α levels were 

again reduced compared to the treatment with Hsp72 alone (P<0.001 and 1.7-fold 

difference). Figure 6.6E, co-incubating both the TLR5 blocking peptide with Hsp72, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp72 treatment alone (P<0.001 and 1.5-fold difference).  
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Figure 6.6C and F, shows the effects of blocking TLR5 on Hsp72-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone the secretion was markedly 

higher (P<0.001 and 2.2-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp72 treatment alone (P<0.01). Figure 6.6F, in which the blocking 

peptide and Hsp72 were pre-mixed prio to being added to the U937 macropahges also 

showed reduced levels of IL-10 secretion compared to Hsp72 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide either binding to the cell 

membrane protein or binding to HSPs, and therefore, inhibit a major interaction 

between HSPs and cell membrane proteins.  
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Figure 6. 6: The effect of TLR5 blocking peptide on U937 macrophages 

treated with Hsp72. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR5 

blocking peptide alone or 1000ng/mL Hsp72 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR5+Hsp72, the cells were first 

incubated with TLR5 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp72 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp72 was preincubated with 20µg/ml TLR5 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and (Hsp72+TLR5 or TLR5). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.1.7 The TLR7 blocking peptide effect on Hsp72. 

In these experiments, the effects of inhibiting TLR7, with a specific blocking peptide, 

on Hsp72 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.7A, shows the effects on IL-1β secretion. In the absence of Hsp72, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp72 

alone (P<0.001 and 1.7-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp72, IL-1β secretion was 

markedly decreased. Figure 6.7D, in which the blocking peptide and Hsp72 were pre-

mixed prior to being added to the U937 macrophages also showed reduced level of 

IL-1β secretion when compared to Hsp72 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.7A.  

Figure 6.7B and E, shows the effect of blocking TLR7 on Hsp72-induced secretion of 

TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 6.9-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp72, TNF-α levels were 

again reduced compared to the treatment with Hsp72 alone (P<0.001 and 2.0-fold 

difference). Figure 6.7E, co-incubating both the TLR7 blocking peptide with Hsp72, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp72 treatment alone (P<0.001 and 2.0-fold difference).  
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Figure 6.7C and F, shows the effects of blocking TLR7 on Hsp72-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone the secretion was markedly 

higher (P<0.001 and 2.0-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp72 treatment alone (P<0.01). Figure 6.7F, in which the blocking 

peptide and Hsp72 were pre-mixed prio to being added to the U937 macropahges also 

showed reduced levels of IL-10 secretion compared to Hsp72 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide either binding to the cell 

membrane protein or binding to HSPs, and therefore, inhibit a major interaction 

between HSPs and cell membrane proteins.  
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Figure 6. 7: The effect of TLR7 blocking peptide on U937 macrophages 

treated with TLR7. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR7 

blocking peptide alone or 1000ng/mL Hsp72 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR7+Hsp72, the cells were first 

incubated with TLR7 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp72 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp72 was preincubated with 20µg/ml TLR7 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp72 and (Hsp72+TLR7 or TLR7). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.2 The blocking peptide effect on Hsp27 

6.3.2.1 The CD14 blocking peptide effect on Hsp27. 

In these experiments, the effects of inhibiting CD14, with a specific blocking peptide, 

on Hsp27 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.8A, shows the effects on IL-1β secretion. In the absence of Hsp27, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp27 

alone (P<0.001 and 2.1-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp27, IL-1β secretion was 

markedly decreased. Figure 6.8D, in which the blocking peptide and Hsp27 were pre-

mixed prior to being added to the U937 macrophages also showed much reduced level 

of IL-1β secretion when compared to Hsp27 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.8A.  

Figure 6.8B and E, shows the effect of blocking CD14 on Hsp27-induced secretion of 

TNF-α. In the absence of Hsp27, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and >10-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp27, TNF-α levels were 

again reduced compared to the treatment with Hsp27 alone (P<0.001 and 2.9-fold 

difference). Figure 6.8E, co-incubating both the CD14 blocking peptide with Hsp27, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp27 treatment alone (P<0.001 and 2.5-fold difference).  
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Figure 6.8C and F, shows the effects of blocking CD14 on Hsp27-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp72 alone the secretion was markedly 

higher (P<0.001 and 3.5-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp27 treatment alone (P<0.001). Figure 6.8F, in which the blocking 

peptide and Hsp27 were pre-mixed prio to being added to the U937 macropahges also 

showed much reduced levels of IL-10 secretion compared to Hsp27 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide inhibiting HSPs interaction to 

cell membrane protein.  
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Figure 6. 8: The effect of CD14 blocking peptide on U937 macrophages 

treated with Hsp27. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml CD14 

blocking peptide alone or 1000ng/mL Hsp27 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as CD14+Hsp27, the cells were first 

incubated with CD14 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp27 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp27 was preincubated with 20µg/ml CD14 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and (Hsp27+CD14 or CD14). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.2.2 The CD36 blocking peptide effect on Hsp27. 

In these experiments, the effects of inhibiting CD36, with a specific blocking peptide, 

on Hsp27 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.9A, shows the effects on IL-1β secretion. In the absence of Hsp27, low levels 

of IL-1β were secreted into the media, compared to its level in the presence of Hsp27 

alone (P<0.001 and 1.6-fold difference). When the cells were first preincubated with 

the blocking peptide for 2h, followed by the addition of Hsp27, IL-1β secretion was 

decreased. Figure 6.9D, in which the blocking peptide and Hsp27 were pre-mixed 

prior to being added to the U937 macrophages, also showed much reduced level of IL-

1β secretion when compared to Hsp27 treatment alone (P<0.001) and were consistent 

with the results in Figure 6.9A.  

Figure 6.9B and E, shows the effect of blocking CD36 on Hsp27-induced secretion of 

TNF-α. In the absence of Hsp72, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp72 (P<0.001 and 7.7-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp27, TNF-α levels were 

again reduced compared to the treatment with Hsp27 alone (P<0.001 and 1.5-fold 

difference). Figure 6.9E, co-incubating both the CD36 blocking peptide with Hsp27, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp27 treatment alone (P<0.001 and 1.4-fold difference).  
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Figure 6.9C and F, shows the effects of blocking CD36 on Hsp27-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp27 alone the secretion was markedly 

higher (P<0.001 and 1.5-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp27 treatment alone (P<0.01). Figure 6.9F, in which the blocking 

peptide and Hsp27 were pre-mixed prio to being added to the U937 macropahges also 

showed reduced levels of IL-10 secretion compared to Hsp27 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is unlikely to be any major interaction between HSPs and 

cell membrane protein, as a result of blocking peptide inhibiting this possible 

interaction.  
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Figure 6. 9: The Effect of CD36 blocking peptide on U937 macrophages 

treated with Hsp27. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml CD36 

blocking peptide alone or 1000ng/mL Hsp27 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as CD36+Hsp27, the cells were first 

incubated with CD36 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp27 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp27 was preincubated with 20µg/ml CD36 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and (Hsp27+CD36 or CD36). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.2.3 The CD11b blocking peptide effect on Hsp27. 

In these experiments, the effects of inhibiting CD11b, with a specific blocking peptide, 

on Hsp27 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.10A, shows the effects on IL-1β secretion. In the absence of Hsp27, low 

levels of IL-1β were secreted into the media, compared to its level in the presence of 

Hsp27 alone (P<0.001 and 1.6-fold difference). When the cells were first preincubated 

with the blocking peptide for 2h, followed by the addition of Hsp27, IL-1β secretion 

was decreased. Figure 6.10D, in which the blocking peptide and Hsp27 were pre-

mixed prior to being added to the U937 macrophages also showed much reduced level 

of IL-1β secretion when compared to Hsp27 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.10A.  

Figure 6.10B and E, shows the effect of blocking CD11b on Hsp27-induced secretion 

of TNF-α. In the absence of Hsp27, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp27 (P<0.001 and 4.8-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp27, TNF-α levels were 

again reduced compared to the treatment with Hsp27 alone (P<0.001 and 1.8-fold 

difference). Figure 6.10E, co-incubating both the CD11b blocking peptide with Hsp27, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp27 treatment alone (P<0.001 and 1.6-fold difference).  
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Figure 6.10C and F, shows the effects of blocking CD11b on Hsp27-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp27 alone the secretion was markedly 

higher (P<0.001 and 1.5-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp27 treatment alone (P<0.01). Figure 6.10F, in which the blocking 

peptide and Hsp27 were pre-mixed prio to being added to the U937 macropahges also 

showed reduced levels of IL-10 secretion compared to Hsp27 treatment alone (P<0.01) 

and showed that the two experimental protocols gave consistent results, which 

indicates that there is unlikely to be any major interaction between HSPs and cell 

membrane protein, as a result of blocking peptide inhibiting this possible interaction.  
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Figure 6. 10: The effect of CD11b blocking peptide on U937 macrophages 

treated with Hsp27. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml CD11b 

blocking peptide alone or 1000ng/mL Hsp27 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as CD11b+Hsp27, the cells were first 

incubated with CD11b blocking peptide (20µg/ml) for 2 h, following by the addition 

of Hsp27 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. 

In panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 

ng/mL Hsp27 was preincubated with 20µg/ml CD11b blocking peptide for 2 h, before 

applied to the U937 macrophage and incubated for 6 h. then the cells suspension was 

then centrifuged, and supernatant retrieved were measured for cytokine secretion by 

ELISA. (A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. 

Data are presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA 

with Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and (Hsp27+CD11b or CD11b). The treatments showed: *(P<0.05), ** 

(P<0.01), *** (P<0.001). 
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6.3.2.4 The TLR2 blocking peptide effect on Hsp27. 

In these experiments, the effects of inhibiting TLR2, with a specific blocking peptide, 

on Hsp27 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.11A, shows the effects on IL-1β secretion. In the absence of Hsp27, low 

levels of IL-1β were secreted into the media, compared to its level in the presence of 

Hsp27 alone (P<0.001 and 2.3-fold difference). When the cells were first preincubated 

with the blocking peptide for 2h, followed by the addition of Hsp27, IL-1β secretion 

was decreased. Figure 6.11D, in which the blocking peptide and Hsp27 were pre-

mixed prior to being added to the U937 macrophages also showed much reduced level 

of IL-1β secretion when compared to Hsp27 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.11A.  

Figure 6.11B and E, shows the effect of blocking TLR2 on Hsp27-induced secretion 

of TNF-α. In the absence of Hsp27, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp27 (P<0.001 and 3,9-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp27, TNF-α levels were 

again reduced compared to the treatment with Hsp27 alone (P<0.001 and 3.7-fold 

difference). Figure 6.11E, co-incubating both the TLR2 blocking peptide with Hsp27, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp27 treatment alone (P<0.001 and 3.4-fold difference).  
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Figure 6.11C and F, shows the effects of blocking TLR2 on Hsp27-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp27 alone, the secretion was markedly 

higher (P<0.001 and 1.5-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp27 treatment alone (P<0.01). Figure 6.11F, in which the blocking 

peptide and Hsp27 were pre-mixed prio to being added to the U937 macropahges also 

showed reduced levels of IL-10 secretion compared to Hsp27 treatment alone (P<0.01) 

and showed that the two experimental protocols gave consistent results, which 

indicates that there is unlikely to be any major interaction between HSPs and cell 

membrane protein, as a result of blocking peptide inhibiting this possible interaction.  
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Figure 6. 11: The effect of TLR2 blocking peptide on U937 macrophages 

treated with Hsp27. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR2 

blocking peptide alone or 1000ng/mL Hsp27 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR2+Hsp27, the cells were first 

incubated with TLR2 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp27 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp27 was preincubated with 20µg/ml TLR2 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and (Hsp27+TLR2 or TLR2). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.2.5 The TLR4 blocking peptide effect on Hsp27. 

In these experiments, the effects of inhibiting TLR4, with a specific blocking peptide, 

on Hsp27 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.12A, shows the effects on IL-1β secretion. In the absence of Hsp27, low 

levels of IL-1β were secreted into the media, compared to its level in the presence of 

Hsp27 alone (P<0.01 and 2.6-fold difference). When the cells were first preincubated 

with the blocking peptide for 2h, followed by the addition of Hsp27, IL-1β secretion 

was markedly decreased. Figure 6.12D, in which the blocking peptide and Hsp27 were 

preincubated prior to being added to the U937 macrophages also showed reduced level 

of IL-1β secretion when compared to Hsp27 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.12A.  

Figure 6.12B and E, shows the effect of blocking TLR4 on Hsp27-induced secretion 

of TNF-α. In the absence of Hsp27, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp27 (P<0.001 and 8.6-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp27, TNF-α levels were 

again reduced compared to the treatment with Hsp27 alone (P<0.001 and 2.3-fold 

difference). Figure 6.12E, co-incubating both the TLR4 blocking peptide with Hsp27, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp27 treatment alone (P<0.001 and 3.1-fold difference).  
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Figure 6.12C and F, shows the effects of blocking TLR4 on Hsp27-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp27 alone the secretion was markedly 

higher (P<0.01 and 1.9-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp27 treatment alone (P<0.001). Figure 6.12F, in which the blocking 

peptide and Hsp27 were preincubated prio to being added to the U937 macropahges 

also showed reduced levels of IL-10 secretion compared to Hsp27 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there is the possibility that HSPs can interact with cell membrane 

protein, and as a result may induce an inflammatory immune response.  
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Figure 6. 12: The effect of TLR4 blocking peptide on U937 macrophages 

treated with Hsp27. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR4 

blocking peptide alone or 1000ng/mL Hsp27 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR4+Hsp27, the cells were first 

incubated with TLR4 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp27 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp27 was preincubated with 20µg/ml TLR4 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and (Hsp27+TLR4 or TLR4). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.2.6 The TLR5 blocking peptide effect on Hsp27. 

In these experiments, the effects of inhibiting TLR5, with a specific blocking peptide, 

on Hsp27 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.13A, shows the effects on IL-1β secretion. In the absence of Hsp27, low 

levels of IL-1β were secreted into the media, compared to its level in the presence of 

Hsp27 alone (P<0.001 and 3.5-fold difference). When the cells were first preincubated 

with the blocking peptide for 2h, followed by the addition of Hsp27, IL-1β secretion 

was markedly decreased. Figure 6.13D, in which the blocking peptide and Hsp27 were 

preincubated prior to being added to the U937 macrophages also showed reduced level 

of IL-1β secretion when compared to Hsp27 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.13A.  

Figure 6.13B and E, shows the effect of blocking TLR5 on Hsp27-induced secretion 

of TNF-α. In the absence of Hsp27, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp27 (P<0.001 and 3.7-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp27, TNF-α levels were 

again reduced compared to the treatment with Hsp27 alone (P<0.001 and 1.4-fold 

difference). Figure 6.13E, co-incubating both the TLR5 blocking peptide with Hsp27, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp27 treatment alone (P<0.001 and 1.3-fold difference).  
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Figure 6.13C and F, shows the effects of blocking TLR5 on Hsp27-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp27 alone, the secretion was markedly 

higher (P<0.01 and 2.2-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp27 treatment alone (P<0.001). Figure 6.13F, in which the blocking 

peptide and Hsp27 were preincubated prio to being added to the U937 macropahges 

also showed reduced levels of IL-10 secretion compared to Hsp27 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates the possibility of HSPs interaction with cell membrane protein, and as 

a result may induce an inflammatory immune response in the immune cell.  
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Figure 6. 13: The effect of TLR5 blocking peptide on U937 macrophages 

treated with Hsp27. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR5 

blocking peptide alone or 1000ng/mL Hsp27 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR5+Hsp27, the cells were first 

incubated with TLR5 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp27 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp27 was preincubated with 20µg/ml TLR5 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and (Hsp27+TLR5 or TLR5). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.3.2.7 The TLR7 blocking peptide effect on Hsp27. 

In these experiments, the effects of inhibiting TLR7, with a specific blocking peptide, 

on Hsp27 induced cytokine secretion in U937 macrophages, was assessed. 

Figure 6.14A, shows the effects on IL-1β secretion. In the absence of Hsp27, low 

levels of IL-1β were secreted into the media, compared to its level in the presence of 

Hsp27 alone (P<0.01 and 2.7-fold difference). When the cells were first preincubated 

with the blocking peptide for 2h, followed by the addition of Hsp27, IL-1β secretion 

was markedly decreased. Figure 6.14D, in which the blocking peptide and Hsp27 were 

preincubated prior to being added to the U937 macrophages also showed reduced level 

of IL-1β secretion when compared to Hsp27 treatment alone (P<0.001) and were 

consistent with the results in Figure 6.14A.  

Figure 6.14B and E, shows the effect of blocking TLR7 on Hsp27-induced secretion 

of TNF-α. In the absence of Hsp27, but in the presence of blocking peptide alone, the 

U937 macrophage cells secreted low levels of TNF-α when compared to the presence 

of Hsp27 (P<0.001 and 3.8-fold difference). When the cells were first preincubated 

with blocking peptide for 2h, following by the addition of Hsp27, TNF-α levels were 

again reduced compared to the treatment with Hsp27 alone (P<0.01 and 1.5-fold 

difference). Figure 6.14E, co-incubating both the TLR7 blocking peptide with Hsp27, 

prior to adding the mixture to the cells, also reduced TNF-α secretion compared to 

Hsp27 treatment alone (P<0.001 and 1.5-fold difference).  
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Figure 6.14C and F, show the effects of blocking TLR7 on Hsp27-induced secretion 

of IL-10. In the absence of blocking peptide alone, the cell secreted low levels of IL-

10, while when compared to the presence of Hsp27 alone, the secretion was markedly 

higher (P<0.001 and 1.8-fold difference). However, when the cells were first 

preincubated with the blocking peptide for 2h, IL-10 secretion markedly decreased 

compared to Hsp27 treatment alone (P<0.001). Figure 6.14F, in which the blocking 

peptide and Hsp27 were preincubated prio to being added to the U937 macropahges 

also showed reduced levels of IL-10 secretion compared to Hsp27 treatment alone 

(P<0.001) and showed that the two experimental protocols gave consistent results, 

which indicates that there may be a possibility of HSPs interacting with cell membrane 

protein, and as a result could lead to HSPs-induce inflammatory immune response.  
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Figure 6. 14: The effect of TLR7 blocking peptide on U937 macrophages 

treated with Hsp27. 

U937 cells were differentiated to U937 macrophage using 10 ng/mL PMA and 

incubated for 24 h; they, were then resuspended in a fresh 10% HI-RPMI and in 

experimental protocol 1 (A, B, and C) they were treated with either 20µg/ml TLR7 

blocking peptide alone or 1000ng/mL Hsp27 alone and then incubated for 6 h prior to 

cytokine measurement. For the data represented as TLR7+Hsp27, the cells were first 

incubated with TLR7 blocking peptide (20µg/ml) for 2 h, following by the addition of 

Hsp27 (1000ng/mL) and incubated for a further 6 h before cytokine measurements. In 

panels (D, E, and F), experimental protocol 2 was used. For this protocol, 1000 ng/mL 

Hsp27 was preincubated with 20µg/ml TLR7 blocking peptide for 2 h, before applied 

to the U937 macrophage and incubated for 6 h. then the cells suspension was then 

centrifuged, and supernatant retrieved were measured for cytokine secretion by ELISA. 

(A & D) IL-1β, (B & E) TNF-α, and (C & F) IL-10 secretion, respectively. Data are 

presented as mean ± SEM, n=3. Statistical analysis was by one-way ANOVA with 

Bonferroni’s multiple comparison post hoc test. Significant differences between 

Hsp27 and (Hsp27+TLR7 or TLR7). The treatments showed: *(P<0.05), ** (P<0.01), 

*** (P<0.001). 
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6.4 Discussion 

6.4.1 Background 

In the previous chapters, Hsp72 and Hsp27 were able to induce immune responses 

from different cells, including human monocytic U937 cells, U937 macrophages, and 

PBMCs, even when the effects of bacterial contamination were excluded. In addition, 

the expression of some receptor proteins was also shown to occur in naïve U937 cells 

and U937 macrophages. Therefore, blocking these expressed receptor proteins with 

blocking peptides can better our understanding of whether specific interactions of 

HSPs (specifically Hsp72 and Hsp27) with receptor proteins is a requirement for their 

induction of cytokine secretion. The first experimental protocol (Section 6.2.4.1) 

showed the specificity of the blocking peptides, binding to their receptor proteins; that 

are usually located on the cell membrane. This then, resulted in the HSP-induced 

cytokines production being affected (ie reduced). The second experimental protocol, 

on the other hand (Section 6.2.4.2); showed Hsp72 and Hsp27 being specific to these 

blocking peptides. The results obtained were consistent with the first protocol. These 

two experimental protocols are important, as it gave confidence that HSPs such as 

Hsp72 and Hsp27 are specific with these receptors, and they may be important in HSP-

induced cytokine production from immune cells.   

6.4.2 Blocking CD14 peptide effect on HSPs cytokine production  

Preincubation of U397 macrophages with CD14 blocking peptide followed after 2h 

incubation with Hsp72 or Hsp27 to the cells, showed a reduction in the cytokine 

secretion when compared to HSP treatment alone. This observation could be due to 

the CD14 blocking peptide binding to its specific CD14 on the U937 macrophages and 

thereby affecting Hsp72 and Hsp27 ability to interact with the CD14 on the cell 

membrane. As previously mentioned, HSPs induce inflammatory immune responses 

in the same manner as LPS. It is known that the LBP/CD14 complex has a strong 

sensitizing effect on LPS-induced inflammation (Sohn et al., 2007; Verbon et al., 2001; 

Kitchens et al., 2003). It has been reported that interfering with LBP/CD14 complex 

using LBP/CD14 blocking peptides can significantly reduce LPS-induced 

inflammation (Fang et al., 2014; Verbon et al., 2001). Similarly, some anti-CD14 

antibodies were also demonstrated to significantly reduce the levels of LPS-induced 

inflammatory markers in HEK-293E cells (Gustavsen et al., 2016). Further evidence 

of the role of CD14 in inflammation was obtained from the knockdown of CD14 in 
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macrophages which caused a suppression in the production of inflammatory cytokines, 

induced by LPS (Ma et al., 2015).  

Additional experiments were performed where, Hsp72 and Hsp27 specific binding 

were confirmed by pre-incubation of Hsp72 or Hsp27 with CD14 blocking peptides 

prior to their addition to cells. Cytokine secretion from U937 macrophages was also 

reduced on the Hsp72 and Hsp27 pre-incubated with blocking peptide, in order to 

mitigate for HSP/blocking peptide interactions. As these results were consistent with 

the effects seen by preincubation of the cells with blocking peptide for 2h prior to 

addition of HSP, this again suggests that both Hsp72 and Hsp27 binds to CD14. The 

finding presented here are also consistent with another study that showed that CD14 

is a co-receptor of Hsp70 that is involved in the activation of cytokine secretion in 

human monocytes (Asea et al., 2000). Several more recent studies have demonstrated 

that extracellular HSPs, including Hsp72, Hsp27, and Hsp60 (Maio & Vazquez, 2013; 

Reddy, Madala et al., 2018) activate PBMC and monocytes-derived macrophages via 

CD14 through p38 MAP kinase signalling pathways.  

6.4.3 Blocking CD36 peptide effect on HSPs cytokine production  

Results obtained in this chapter demonstrated that incubation of CD36 blocking 

peptide on the U937 macrophages before Hsp72 or Hsp27 was applied showed a 

decrease in cytokine secretion, when compared to the addition HSP alone. This 

suggests the presence of CD36 receptors on the surface of U937 macrophages, as 

shown in the previous chapter, and that blocking CD36 on the cells prevents Hsp72 

and Hsp27 from interacting with this receptor protein. It is known that CD36 is 

expressed in various cell types, including monocytes and macrophages (Park, 2014). 

CD36 has been reported to modulate the cytokine-inducing activities of parasite GPIs 

by interacting with TLR2 in DCs (Kumar et al., 2012). CD36 is a multifunctional 

glycoprotein that acts as a receptor for a broad range of ligands. These ligands include 

fibronectin, collagen, amyloid peptide, as well as oxidized low-density lipoprotein and 

bacterial lipopeptides (Woo et al., 2016; Park, 2014; Cho, 2012; Coraci et al., 2002). 

In the research presented here, it has now been demonstrated that CD36 is also likely 

to interact with both Hsp72 and Hsp27 as well.  
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Hsp72 and Hsp27 binding to CD36 may be in the similar manner as reported, for 

Plasmodium falciparum-infected red blood cells that can bind directly to CD36 (Urban 

et al., 2001), which can then mediate phagocytosis of apoptotic cells (Baranova et al., 

2010; Urban et al., 2001). Also, CD36 may possibly mediate extracellular pro-

inflammatory activity with the HSPs in a similar way, that CD36 mediates serum 

amyloid A (SAA) pro-inflammatory activity, as reported by Baranova et al. (2010). 

6.4.4 Blocking CD11b peptide effect on HSPs cytokine production  

This study demonstrated that following preincubation of CD11b blocking peptide with 

U937 macrophages before Hsp72 or Hsp27 were then applied to the U937 mcrophages, 

the results showed a significant reduction in the HSP-induced cytokine secretion, 

when compared to HSP alone. This further added to the evidence that confirmed the 

presence of CD11b on the U937 macrophages, as was also reported in the previous 

chapter.  

The finding presented here are consistent with other studies that have shown CD11b 

expression in a range of immune cells such as monocytes and macrophages (Gomes 

et al., 2010; Takahashi et al., 2014). There is a precedence for HSPs binding to CD11b; 

in a study undertaken by Binder et al. (2000), they showed Hsp90 specifically binds 

to CD11b on macrophages, with high specificity and saturation, thus indicating that 

this interaction is likely to be physiologically relevant. This may well also likely be 

the case for Hsp72 and Hsp27 binding to CD11b as presented here. 

6.4.5 Blocking TLRs peptide effect on HSPs cytokine production  

Hsp72 and Hsp27 induced cytokine secretion in U937 macrophages were reduced 

following preincubation with blocking peptides for a number of TLRs, such as TLR2, 

TLR4, TLR5, and TLR7, prior to treatments with HSPs (Hsp72 or Hsp27), and when 

compared to HSP treatment alone. Again, this suggests the presence of these TLRs on 

the U937 macrophages and adds to be confirmatory results for expression of these 

TLRs in U937 macrophages, shown in (Chapter 5). The result also shows that TLRs 

blocking peptides specifically bind to the TLRs on U937 macrophages, which prevent 

HSPs from giving a maximal response. This again implies the possibility of Hsp72 

and Hsp27 requiring these TLRs to effectively induce inflammatory immune 

responses. To confirm HSPs specificity to these TLRs; TLR2, TLR4, TLR5, and 

TLR7 blocking peptides were individually preincubated with either Hsp72 or Hsp27 

before introduced to the U937 macrophages. Similar responses were again seen to that 
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where the cells were first preincubated with TLR blocking peptides prior to Hsp72 or 

Hsp27 treatment.     

The results presented here are consistent with other studies that showed Hsp72 binding 

to the TLR2 on APCs (Thériault et al., 2005). In addition, other evidence that 

demonstrates the interaction of HSPs and TLRs comes from studies that showed 

extracellular Hsp72, and Hsp27 peptide complexes can activate TLR2 on the cell 

surface, which then lead to the activation of intracellular JNK1/2 MAPK signalling 

pathways, and ultimately increased cell growth (Zhe et al., 2016). Also, more directly, 

Hsp72 has also been shown to stimulate cytokine secretion in primary macrophages 

through TLR2 binding (Galloway et al., 2008). Similarly, in myocardial injury, 

extracellular Hsp27 was reported to stimulate pro-inflammatory response via TLR2 

(Jin et al., 2014). Evidence that other subtypes of TLRs can also interact with HSPs 

has also been demonstrated. For example, a study treated primary mouse hepatocytes 

with purified recombinant Hsp72, and they reported Hsp72 binding to TLR4, which 

then lead to activation of the NF-kB pathway to secrete chemokine-macrophage 

inflammatory protein-2 (Galloway et al., 2008). Hsp27 also stimulates cytokine 

secretion via TLR4 in human and mouse coronary vascular epithelial cells (Jin et al., 

2014). Furthermore, HSPs released into the extracellular environment can specifically 

bind to TLR2 and TLR4 on APC and induce immunoregulatory effects such as 

upregulation of adhesion molecules, co-stimulatory molecules expression, cytokine, 

and chemokines release (Asea, 2008). Additional studies have also shown that the 

effects of HSPs on cytokine secretion are mediated through the CD14/TLR2 and/or 

TLR4 complex signalling pathways leading to activation of both NF-kB and MAPKs, 

including ERKs (p42 and p44extracellular signal-regulated kinases), JNK (c-Jun NH2-

terminal kinase), and p38 kinase (Tsan & Gao, 2004). 

The results presented here with regards to the Hsp72 and Hsp27 binding to TLR5 in 

U937 macrophages; could possibly, be similar to that reported with bacterial HSPs 

such as Burkholderia pseudomallei Hsp70 and Mycobacterium tuberculosis Hsp70 

binding to TLR5 on Jurkat T-cells, that lead to the secretion of IL-2 (Gan, 2007). The 

same study, reported similar observations with Flagellin-induce cytokine secretion via 

TLR5 (Gan, 2007). TLR5 has been shown to be present in both primary monocytes 

and macrophages, (as now confirmed by the results in this thesis), and that its level of 
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expression is increased, in these cells, in Rheumatoid Arthritis patients (Chamberlain 

et al., 2012), and indicating a major role in inflammatory disease. 

Hsp72 and Hsp27 may be binding to TLR7, possibly in a similar way, as shown by a 

study that virus-mediated activation of plasmacytoid dendritic cells via TLR7 and 

TLR9 results in IFN-α secretion in simian immunodeficiency virus (SIV) infection 

(Kader et al., 2013). A study on antiretroviral therapy demonstrated that single-

stranded RNA of HIV-1 encodes many uridine-rich TLR7 and TLR8 ligands that 

activate high MyD88-dependent plasmacytoid dendritic cells and monocytes (Meier 

et al., 2007). 
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6.5 Summary 

The results in this chapter showed that Hsp72 and Hsp27 specifically interact with 

some of the specific receptor proteins that may contribute to the ability of HSPs to 

induce inflammatory immune responses. The receptors protein investigated in this 

study includes CD14, CD36, CD11b, TLR2, TLR4, TLR5, and TLR7. Interestingly, 

the results in this chapter indicated that HSPs may be interacting with a greater number 

of receptor proteins than, previously known and that makes HSPs unique as an 

activator of multiple receptor proteins involved in inflammation. It is also important 

to note that HSPs (Hsp72 and Hsp27) induced cytokine secretion were reduced in all 

the receptor proteins following cell or HSPs pretreatment with blocking peptides. This 

again may indicate similarity in HSPs interaction with receptor proteins, explaining 

why these HSPs showed a similar inflammatory immune response in (Chapter 3). 

Understanding the relationship between HSPs and these receptor proteins can help 

widen our knowledge of HSPs and their role in inflammation.   
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CHAPTER 7 

General discussion 
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7.1 HSPs and Bacterial Component Contamination  

Cytokine secretion stimulated by HSPs are very similar to that activated by bacterial 

components such as LPS, LTA, and bacterial lipoproteins (Gao & Tsan, 2003). 

Recombinant bacterial, as well as human HSPs are produced by E. coli expressing 

HSP by transcribing and translating non-native HSP DNA,s normally incorporate 

within plasmid vectors. This was the major reason why some researchers concluded 

the possible HSPs preparations being contaminated with bacterial products such as 

LPS (Tsan & Gao, 2004). Therefore, HSPs preparations obtained from either bacteria 

as well as from mammalian tissues, may potentially be contaminated with bacterial 

products (Tsan & Gao, 2004). Due to the fact that bacterial and mammalian HSPs, as 

well as other bacterial components, have similar effects and share similar stimulating 

pathways, it is important to consider the possibility of bacterial DAMP contamination, 

when determining whether human HSPs have the ability to stimulate immune 

responses. For example, several studies have demonstrated that HSPs share 

CD14/TLR2 and CD14/TLR4 receptor complexes with LPS (Romadan & Paczesny, 

2015; Tang et al., 2012; Tsan & Gao, 2004).  

When considering the mode of action of various bacterial contaminants, the scientific 

evidence can be very confusing; for example, it has been demonstrated using 

commercially prepared LPS that it mediates NF-kB activation via TLR2. However, 

other studies have argued that LPS works through TLR4 (Kirschning et al., 1998; 

Murdock & Nunez, 2016; Poltorak et al., 1998; Qureshi et al., 1999; Yang et al., 1998). 

Another study demonstrated that TLR2 is not able to mediate cellular response when 

re-purified commercially prepared LPS is used (Hirschfeld et al., 2000; Tapping et al., 

2000). Later a study demonstrated that other components in LPS are the main 

constituents, which were responsible for LPS-induced TLR2 mediated signalling in 

the commercially prepared LPS (Lee et al., 2002). As such, using a highly purified 

preparation of LPS, did not stimulate TLR2 mediated responses, while it did via TLR4 

(Muta & Takeshige, 2001). Therefore, these different conclusions from the different 

studies, are likely to be due to the fact that they did not consider the possibility of 

contamination in commercially preparation of LPS, and that this was the major reason 

for the wrong conclusion of assigning TLR2 as the LPS signal transducer (Kirschning 

et al., 1998; Yang et al., 1998). However, in the study of recombinant HSPs, 

consideration has been given to the possibility of HSPs contamination following its 
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preparation from Gram-negative bacterium such as E. coli, and that has imposed 

greater challenge in the interpretation of HSPs biological activities to be due to LPS 

from E. coli (Vieira Gomes et a., 2018). It has been reported that recombinant proteins 

including recombinant HSPs are likely to be produced in E. coli, yeast or eukaryotic 

cell (Vieira Gomes et al., 2018; Rosano & Ceccarelli, 2014), and in consideration of 

the which hosts to be used in the expression of recombinant proteins, most of the 

commercial company tend to use mainly E. coli – this is because, it is the simplest and 

cheapest way to use in recombinant protein expression (Gasser et al., 2008). Although, 

for many researchers, the nature of the expressed host does not matter (Vieira Gomes 

et al., 2018; Rosano & Ceccarelli, 2014; Gasser et al., 2008), and this was consistent 

as reported in a study, that if a protein of interest is a component of a connective tissue, 

and in order to fully understand if that protein can be able to interacts with other 

specific components. Then, the nature of the host where the protein was expressed 

should not be considered, provided that the protein was properly folded and 

glycosylated (Khow & Suntrarachun, 2012).  

However, if a recombinant HSPs are to be tested as an exogenous activator of cells, 

then the nature of the host may become a key factor to be considered – because if 

recombinant HSPs are produced from E. coli, it then means that, they may be 

contaminated with Gram-negative PAMPs such as LPS (Gasser et al., 2008). 

Therefore, it has to be assumed that recombinant HSPs are contaminated with some 

levels of LPS; and it would be helpful to find out the best way to remove possible LPS 

contamination from recombinant HSPs (Rosano & Ceccarelli, 2014).  

A number of methods have been used to demonstrate that HSPs have 

immunomodulatory activities: Firstly, the use of heat inactivation, which was based 

on the fact that LPS can be heat resistant, while HSPs are not at the temperature used 

(Asea et al., 2000; Dybdahl et al., 2002; Kol et al., 2000; Wang et al., 2002), secondly, 

that the action of LPS can be inhibited by polymyxin B (Asea et al., 2000; Dybdahl et 

al., 2002; Kol et al., 2000). Other methods used include; using anti-HSP antibodies 

and LPS inhibitors such as lipid Iva or lipid A from Rhodopseudomonas spheroids 

(Asea et al., 2000; Bulut et al., 2002; Dybdahl et al., 2002; Panjwani, Popova, & 

Srivastava, 2002), use of highly purified HSPs (Lewthwaite et al., 2002), purification 

of HSPs from human cells (either secreted or extracted) (Vega et al., 2008), and use 

of HSP-derived peptides and peptide mapping the activity (Habich et al., 2004; 
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Lewthwaite et al., 2002). Each of these methods were used by studies, to evaluate 

whether HSPs-induced cytokines production are heat sensitive, polymyxin B inhibited 

or inhibited by other LPS inhibitors, and also whether HSPs effects on cytokine 

production can be inhibited by HSP-specific antibodies (Asea et al., 2000; Dybdahl et 

al., 2002; Kol et al., 2000; Wang et al., 2002). Furthermore, showing that highly 

purified HSPs, and HSPs derived from human plasma were able to induce 

inflammatory immune responses (Vega et al., 2008; Habich et al., 2004; Lewthwaite 

et al., 2002). The positive role of HSPs in cytokine production being determined with 

each approach. All these evidences, to some extent, was able to convince many 

investigators that HSPs can induce cytokine production, independently of bacterial 

contaminants (Zininga et al., 2018; Li et al., 2014; Bakthisaran et al., 2015; Henderson 

et al., 2010; Rayner et al., 2010), although not all were persuaded (Gao & Tsan, 2003, 

2004; Ye & Gan, 2007). 

The work presented in this thesis, using three different methods, such as boiling HSPs, 

preincubation of HSPs with polymyxin B or HSPs-specific antibody before 

introducing to U937 macrophages, and then cytokines production was measured by 

ELISA; and results from these three methods showed that HSPs are capable of 

inducing inflammatory immune responses independent of bacterial contamination. 

This conclusion agreed with the majority of authors (Zininga et al., 2018; Li et al., 

2014; Bakthisaran et al., 2015; Henderson et al., 2010; Rayner et al., 2010). This is 

consistent with a report; that reported regarding the similar approach as described in 

this thesis, that although there has been a report about the potential contamination of 

HSPs with bacterial components. However, that their conclusion regarding that it was 

these components such as LPS rather than HSPs causing cytokine production effects 

was not the absolute fact (Henderson et al., 2010). The same report also further 

detailed evidence which demonstrates that, these HSPs do have a number of biological 

and immunological characteristics that are not associated with bacteria contamination, 

including the fact that HSPs have a number of more unique functions than can be 

undertaken by bacteria product such as LPS (Henderson et al., 2010). For example, 

Hsp60 was found on the cell surface of murine spermatozoa, and that Hsp60 has to be 

phosphorylated in order for the sperm to be capacitated (Asquith et al., 2004), which 

again highlighted that HSPs can have extracellular effects that can stimulate a range 
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of biological responses, that cannot be attributable to bacterial contamination alone 

(Henderson et al., 2010). 

7.2 What this thesis has shown.  

HSPs affect cytokine secretion, at least partially independent of LPS, and that several 

receptors can interact with Hsp72 and Hsp27. Although, some of these receptors are 

also able to interact with LPS (Zamani et al., 2013; Tukaj & Kaminski, 2019; Tsan & 

Gao, 2004). Hsp72 and Hsp27 were observed to induce an inflammatory immune 

response in a similar manner, which could possibly indicate similarities in the way 

HSPs interacts with receptors; and thereby activate immune cells in a similar way 

(Mollen et al., 2006; Ramadan & Paczesny, 2015; Tang et al., 2012). Furthermore, 

HSPs were also observed to induce cytokine secretion in primary cells (PBMCs), 

which also indicate that these interactions and effects may well be physiologically 

relevant in the human body (Chapter 4). These findings presented here indicate that 

HSPs interaction mainly takes place on the plasma membrane, and as a result, 

extracellular HSPs need to be transported out of cells, in order to interact with 

receptors at the cell membrane of immune cells (Armijo et al., 2014). There are known 

circumstances such as stress, infection, exercise, and autoimmune diseases that can 

induce HSPs release into the extracellular environment (Hunter-Lavin et al., 2004; 

Davies et al., 2006; Vega et al., 2008). Following HSPs release, extracellular HSPs 

can then play a major role in the clearance of necrotic cell debris, clearance of 

apoptotic cells, cellular protection, and spotlighting cancer cells (Giuliano et al., 2011; 

Cruz-Garcia et al., 2014; Schroder & Tschopp, 2010; Sim et al., 2020; Kennedy et al., 

2014).   

From this study, it was shown that HSPs, including Hsp72 and Hsp27, can interact 

with a number of receptor proteins on immune cells, including many receptors that do 

bind LPS. This thesis specifically showed that U937 cells and U937 macrophages 

express several key receptors involved in immune responses and that it was the 

interaction of HSPs with these receptors that caused the induction of cytokine 

secretion in both U937 cells and U937 macrophages. Among the receptors identified, 

in this thesis, to be expressed on U937 cells and U937 macrophages were TLR7 

(Chapter 5). This is important because other receptors studied in this thesis (CD14, 

CD36, CD11b, TLR2, TLR4, and TLR5) have been extensively studied to be present 

on cell plasma membrane (Chapter 5), while for many years TLR7 has been reported 
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as an endosomal localised TLR, that are not located on cell plasma membrane 

(Marshak-Rothstein, 2006). However, in this thesis and also in a very recent study 

published in 2021 (Mielcarska et al., 2021) it has been shown that TLR7 can also be 

localised to the plasma membrane via a mechanism that involves TLR7 being 

transported as pre-formed dimers (Mielcarska et al., 2021).  

Hsp72 and Hsp27 showed effects to all the receptors, including TLR5 and TLR7, 

investigated in this thesis (Chapter 6), which indicate that the effects of HSPs on 

cytokine production in immune cells involved more than just interactions with TLR2 

and TLR4, which has generally been the accepted case by which HSPs signal to 

inflammatory immune cells up till now (Ferat-Osorio et al., 2014; Gupta et al., 2013; 

Habich et al., 2002). It is also interesting to note that, due to the possibility of CD14 

gene not being transcribed and translated to CD14 protein in U937 cells, may have 

been the main cause of the inability of HSPs to activate TNF-α, and IL-1β secretion 

in U937 cells (Chapter 3), showing that CD14 protein plays a major role in the immune 

cells activation to secretion pro-inflammatory cytokines such as TNF-α, and IL-1β. 

CD14 has been reported by studies to plays a major role in the activation of immune 

cells to produce pro-inflammatory cytokines. This is because CD14 can act as an 

anchored cell membrane protein in immune cells such as monocytes and macrophages  

(Zamani et al., 2013; Liu et al., 2005). Outside the fact that CD14 is well described in 

pro-inflammatory cytokine secretion, it could also indicate that the number of 

receptors involved in HSPs interaction may contribute to the type and level of cytokine 

secretion. For example, level of cytokine secretion in U937 macrophages was higher 

than the one seen in naïve U937 cells, as observed in this thesis (Chapter 3). 

Figure 7.1, shows a potential model for how some of the results gained from the 

research in this thesis can be explained. HSPs, including Hsp72 and Hsp27, are 

postulated to bind to a range of receptor proteins including: CD14, CD36, CD11b, as 

well as to a wide range of TLRs such as TLR2, TLR4, TLR5, and TLR7. Therefore, 

it is suggested that HSPs may be promiscuous in their interactions with activating the 

signalling pathways that involve cytokine expression and secretion.  
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Figure 7. 1: Possible HSPs (Hsp72 and Hsp27) signalling pathways. 

As outlined in figure 7.2 below which is a postulated more complete model of how 

both HSPs and bacterial components share signalling pathways in order to express and 

secrete a range of cytokines that are involved in immune responses. In addition, the 

model also shows possible signalling pathways that could involve both TLR5 and 

TLR7, which are not directly shared by bacterial contaminants such as LPS, and LTA, 

but which can also lead to increased cytokine expression and secretion. Furthermore, 

HSPs antibodies could potentially inhibit PAMPs and DAMPs interaction with the 

plasma membrane receptor proteins, and as a result, may downregulate MyD88 

dependent signalling pathways. This observation about HSPs antibodies could 

potentially manipulate the immune system, which could be beneficial for therapeutical 

purposes. It still not clear also, whether NF-kB can activate an anti-inflammatory 

response.  
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Looking at the possible promiscuous nature of HSPs it is important to note that all the 

receptor proteins used in this thesis, are likely to bind to Hsp72 and Hsp27 in a similar 

manner based on the fact that Hsp72 and Hsp27 showed some level of specificity to 

these receptors (Chapter 6). It is also possible, therefore, that HSPs may be binding to 

many more TLRs than first thought and also more than the ones demonstrated in this 

thesis, which may be of great interest in the field of HSPs research, because it may 

suggest that HSPs could be using many signalling pathways to activate a range of 

inflammatory immune responses. Studying this further will contribute greatly to a 

more detailed understanding of HSPs signalling characteristics within immune cells, 

and the possibility of synergies between HSP and other danger signals such as 

HMGB1, and with the bacterial PAMPs asuch as LPS.   
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Figure 7. 2: Signalling pathways used by HSPs and Bacterial products 

HSPs including Hsp72 and Hsp27 can stimulate cytokine secretion through several 

specific receptor proteins. HSPs and PAMPs share the same receptors, which probably 

may lead to HSPs and PAMPs competing with the receptor proteins. ( Adapted from 

Abboud et al., 2008; Asea et al., 2000; Batulan et al., 2016; Binder et al., 2004; 

Calderwood, Mambula, Gray, & Theriault, 2007; Calderwood, Theriault, & Gong, 

2005a; Corcoran, Vremec, Febbraio, Baldwin, & Handman, 2002; De Maio & 

Vazquez, 2013; Fang et al., 2011; Gomes et al., 2010; Helming, Winter, & Gordon, 

2009; Jin et al., 2014; Kol et al., 2000; Liu et al., 2005; Osterloh, Veit, Gessner, 

Fleischer, & Breloer, 2008; Salari et al., 2013; Yusuf et al., 2009; Zamani et al., 2013). 
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7.3 Limitations 

This thesis may have provided some level of explanation on how HSPs including that 

Hsp72 and Hsp27 may be activating cells to produce cytokines secretion. However, 

there are possible limitations associated with some of the findings presented in this 

thesis, that could have provided more confidence if the limitations were addressed. 

Firstly, using a loading control such as β-actin or GAPDH on the western blot data 

could have helped to strongly determine if exogenous HSPs are able to enter the cells 

following cells treatment with recombinant HSP; this thesis is limited to nornalising 

samples only before loading onto the gel without an actual indicator that could show 

the relative amount of protein/cell was loaded onto the gels.  

These results presented in this thesis shows novelty and may have shown possible 

receptors that HSPs may be utilising in the activation of cytokines in immune cells, 

and this finding may have added to the lists of HSP receptors extensively studied in 

literature. However, this study would have needed to determine the presence of these 

receptors using another method such as western blotting. This could help to give more 

confidence in the data presented in this thesis (Chapter 5). Furthermore, although it 

was good that this study was able to show HSPs (Hsp72 and Hsp27) interactions with 

a large number of receptor proteins using blocking peptide, however, these results 

(Chapter 6) would have been stronger if scrambled peptides were also used as a control 

in addition to cell treatment with blocking petide or HIRPMI only.   
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7.4 Future Experiments 

This thesis investigated interaction between HSPs and immune system and in addition, 

looked at the issues surrounding whether HSPs are able to induce cytokine production 

independent of LPS contamination; that could be present in recombinant HSPs during 

their expression and purification from E. coli. Studies reported that HSP 

contamininbation, was due to its preparation or expression from E. coli. This study 

could have been more beneficial, if it had continued to investigate further; all aspects 

regarding immunological activities of recombinant HSPs, such as more evidence on 

how possible LPS contamination in recombinant HSP can be removed, without having 

any negative effects on the cells and still maintain biological properties of HSPs. In 

addition, how does HSPs interact with receptor proteins? For example, which aspects 

of HSP is binding to the receptors and to determine if any of these processes can be 

different from LPS activities. Here are some further ideas that could be beneficial 

going forward:  

Treatment of cells with HSP or LPS or mixture of HSP and LPS (ie HSP + LPS) and 

incubation under the same experimental condition and time, then measure cytokines 

from cells supernatant by ELISA. Results obtained could be used to compare if there 

will be any different between (HSP + LPS) to HSP or LPS treatment only. This can 

help to give clarity in answering if HSP can induce cytokines secretion independent 

of LPS. In addition, irrespective of the cost, researchers should focus on using HSPs 

raised from laboratory animals in the study of immunological properties of HSP, this 

will help reduce the arguments regarding recombinant HSP being contaminated of 

LPS because of their expression and purification from E. coli.  More explanation may 

be provided if blocking peptide can also be used to determine if LPS will show similar 

responses as shown in this thesis with Hsp72 and Hsp27.  

Antibodies are well described in the literature to be specific to its own protein, as was 

shown in this thesis. HSPs were able to bind to their antibody (raised in animals such 

as Mouse etc); and as a result, HSP-induced cytokines were reduced. More clarity 

regarding HSP contamination, can be provided, if a similar study can be carried out in 

LPS - to determine if LPS also bind to anti-HSP and as a result, reduced LPS-induced 

cytokines. Furthermore, consideration of preincubating a particular anti-HSP with 

another recombinant HSP, for example preincubating anti-Hsp72 with Hsp27 and 

check if there can be any possibility of the result suggesting anti-Hsp72 being specific 
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to Hsp27. This can help give more confidence on the biological properties of 

commercially prepared human recombinant HSPs and its antibodies. Also, this HSP 

binding to their specific antibody, will benefit more if HSPs are also preincubated with 

a control antibody – this could help give more confidence about the HSPs binding to 

an antibody. Further study on whether anti-HSPs can be able to block receptor proteins 

such as CD14, CD36, CD11b, TLR2, TLR4, TLR5, and TLR7 from activating 

signalling via MyD88, MAPK and NF-kB pathways; can help better understanding of 

the biological properties of HSPs and their antibodies. This could also be beneficial 

for therapeutic purposes. In addition, the pathways that HSP signalling utilize to cause 

cytokine secretion from cells, can be further investigated, such as the intracellular 

signalling proteins (MyD88, MAPK and NF-Kb) involved by western blotting. 

Peptide mapping of Hsp72 and Hsp27. For example, overlapping peptides of about 

15-20 amino acids, and treating cells with these peptides and then look for cytokine 

responses. This will help test for binding with specific receptors (i.e., is the same part 

of the protein binding to each receptor) and can pro- and anti-inflammatory pathways 

activation be separated using peptides? This will give detail of what is binding to the 

receptor, what part of the protein bind to the receptor, and can possibly serve for 

therapeutic purpose, either as a drug or an inhibitor.  

This aspect of study can contribute greatly to knowledge if similar studies as shown 

in this thesis can be carried out in greater details in a number of primary cells, this 

could help better our knowledge of extracellular HSP effects in vivo.   
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7.5 Conclusion 

The results presented in this thesis showed that HSPs can induce an inflammatory 

immune response, even in the absence of bacterial contamination such as LPS. 

Furthermore, HSPs are able to carry out activation of immune cells such as monocytes 

and macrophages to secrete cytokine following their interaction with some of the 

receptor proteins on the cell membrane such as CD14, CD36, CD11b, TLR2, TLR4, 

TLR5, and TLR7 as shown in this thesis and possibly with other receptor proteins that 

were not included in this study. This observation suggests promiscuous nature of HSPs 

in their interactions with receptors. U937 cells and U937 macrophages were able to 

express a large number of receptor proteins, and HSPs (Hsp72 and Hsp27) does not 

have a significant effect on the level of receptor protein (CD14, CD36, CD11b, TLR2, 

TLR4, TLR5, and TLR7) expression. However, Hsp72 and Hsp27 showed some level 

of specificity to these receptor proteins, which may be contributing in their ability to 

induce cytokine secretion in immune cells.  

This study showed that the type and level of cytokines secretion were dependent on 

the type of cells treated with HSPs. For example, only IL-10 secretion was observed 

in naïve U937 cells treated with HSPs; which was different in both U937 macrophages 

and PBMCs primary cells that showed both anti-inflammatory cytokine (IL-10) and 

pro-inflammatory cytokines (TNF-α and IL-1β). Although, as shown in this thesis the 

possibility of some LPS activity in recombinant HSPs may have contributed to the 

level of cytokines production shown in cells treated with recombinant HSPs. However, 

this study also showed that HSPs can induce some level of cytokine production, 

independent of PAMPs contamination such as LPS.   

The results in this thesis showed similarities among human recombinant HSPs of 

different molecular weight in their activation of cells to secrete cytokines, which could 

be indicative of how similar HSPs are in their immunological effects. This suggests 

that HSPs may be using a common signalling pathway to carry out their 

immunological activities. Furthermore, this thesis demonstrated that under the same 

experimental condition, human recombinant HSPs were able to show similar effects 

in their activation of cytokines production. 
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Appendix 1:  Undifferentiated U937 cells viability following treatment 

   with HSPs. 
 

Treatment Viable undifferentiated U937 cells count (X 105) diluted in 

(Trypan blue exclusion). 

Untreated 11.3 

Treated HSPs (ng/mL) 

Time/hour Hsp72 Hsp73 Hsp60 Hsp27 GroEL HIRPMI 

0 5.1 4.9 5.0 5.1 5.0 5.2 

2 5.4 5.6 5.5 5.6 5.4 5.5 

4 5.8 5.9 5.7 5.9 5.8 5.8 

6 6.3 6.1 6.4 6.2 6.6 6.2 

8 6.8 6.4 6.7 6.6 6.9 6.8 

10 7.0 6.8 7.0 6.9 7.2 7.1 

12 7.1 7.1 7.2 7.1 7.3 7.2 

14 7.3 7.2 7.4 7.3 7.4 7.4 

16 7.6 7.8 7.7 7.6 7.5 7.6 

18 7.9 7.9 7.8 7.9 7.8 7.8 

20 8.1 8.0 8.0 8.2 8.2 8.3 

22 8.4 8.2 8.2 8.6 8.5 8.6 

24 8.8 8.6 8.8 8.9 8.8 8.9 

48 12.1 11.9 12.5 11.8 12.4 12.5 

72 15.3 14.7 14.9 15.4 14.8 14.7 
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Appendix 2:  ELISA Standard curve 

 

 

 

 

 

 

 

 

 

 

Figure 9.1: The standard curve of IL-1β by ELISA 

 

 

Appendix 3:  Standard absorbance of IL-1β  
 

Concentration (pg/ml) 

 

Absorbance (450nm) 

 

150.0000 1.437 1.440 1.406 

75.0000 0.913 0.890 0.893 

37.5000 0.517 0.462 0.454 

18.7500 0.303 0.279 0.260 

9.3750 0.174 0.171 0.160 

4.6875 0.113 0.107 0.105 

2.3437 0.081 0.081 0.080 

0.0000 0.091 0.051 0.053 
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Figure 9.2: The standard curve of TNF-α by ELISA 

 

 

Appendix 4:  Standard absorbance of TNF-α 
 

Concentration (pg/ml) 

 

Absorbance (450nm) 

 

500.0000 2.383 2.391 2.112 

250.0000 1.235 1.300 1.203 

125.0000 0.633 0.673 0.622 

62.500 0.332 0.314 0.307 

31.2500 0.231 0.230 0.201 

15.6250 0.136 0.140 0.122 

7.8125 0.087 0.091 0.082 

0.0000 0.040 0.040 0.041 
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Figure 9.3: The standard curve of IL-10 by ELISA 

 

 

Appendix 5:  Standard absorbance of IL-10 
 

Concentration (pg/ml) 

 

Absorbance (450nm) 

 

300.0000 3.867 3.877 3.988 

150.0000 2.529 2.515 2.491 

75.0000 1.408 1.390 1.356 

37.500 0.718 0.717 0.700 

18.7500 0.403 0.391 0.427 

9.3750 0.221 0.222 0.219 

4.6875 0.135 0.136 0.134 

0.0000 0.047 0040 0.042 
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Appendix 6:  HI-RPMI (Control) Cytokines (pg/mL) 
 

HI-RPMI treated/non-treated with HSPs cytokines (pg/mL)  

Time: (up to 72 h)  

HI-

RPMI 

Naïve  

U937 

cells 

U937 

Macrophage 

U937 

extract 

U937 

Macrophage 

extract 

U937 macrophages 

+ Polymyxin B 

IL-1β 1.8±1.0 2.7±0.8 2.2±0.6 2.9±0.5 5.9±1.0 

TNF-α 0.9±0.5 4.6±1.2 3.0±0.4 3.0±0.6 7.1±1.2 

IL-10 1.5±0.6 2.3±0.5 2.9±0.5 2.9±0.5 6.9±1.1 
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Appendix 7:  Bradford Assay Standard Curve 
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Figure 9.4: The standard curve of protein quantification  

 

 

 

Appendix 8:  Standard absorbance of Protein quantification  
 

Concentration (ug/ml) 

 

Absorbance (595nm) 

 

2000 1.701 1.756 1.738 

1500 1.686 1.674 1.673 

1000 1.624 1,629 1.567 

750 1.463 1.551 1.541 

500 1.300 1.300 1.296 

250 1.009 1.039 1.031 

125 0.793 0.781 0.793 

25 0.539 0.541 0.547 

0 0.419 0.420 0.436 
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Appendix 9:  Normalization of Bradford assay protein concentration  

   from cell 
 

Example of how samples were normalized 

Time 

(h) 

Protein 

concentration 

(µg/mL) 

Sample 

(µL) 

Sample 

dilution with 

extracted 

sample buffer 

(µL) 

Sample 1:1 

dilution with 

sample buffer 

(µL) 

Total 

volume (µL) 

0 473.0 25 30 55:55 110 

24 391.9 25 25 50:50 100 

48 468.6 25 30 55:55 110 

72 389.1 25 - 25:25 50 
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Appendix 10.1: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp72 + polymyxin B) at each polymyxin B concentrations and 0 minute time points using two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, are shown: ns = None significance 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 0 minute) 

Significance  

                    

Hsp72 + 5µL vs 

10µL polymyxin B  

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp72 + 5µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp72 + 5µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp72 + 10µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp72 + 10µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp72 + 15µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Note: There was no significance difference (P>0.05) when compared (Hsp72 + Polymyxin B) to (HIRPMI + Polymyxin B and Hsp72 – 

Polymyxin B). 
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Appendix 10. 1: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp72 + polymyxin B) at each polymyxin B concentrations and 20 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001).  

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 20 minutes) 

Significance  

Hsp72 + 5µL vs 

10µL polymyxin B  

*** P<0.001 * P<0.05 ns P>0.05 

Hsp72 + 5µL vs 

15µL polymyxin B 

*** P<0.001 *** P<0.001 ** P<0.01 

Hsp72 + 5µL vs 

20µL polymyxin B 

*** P<0.001 *** P<0.001 ** P<0.01 

Hsp72 + 10µL vs 

15µL polymyxin B 

** P<0.01 ns P>0.05 ns P>0.05 

Hsp72 + 10µL vs 

20µL polymyxin B 

*** P<0.001 *** P<0.001 ns P>0.05 

Hsp72 + 15µL vs 

20µL polymyxin B 

ns P>0.05  ** P<0.01 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp72 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp72 - Polymyxin B) to (Hsp72 + Polymyxin B). 
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Appendix 10. 2: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp72 + polymyxin B) at each polymyxin B concentrations and 40 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 40 minutes) 

Significance  

Hsp72 + 5µL vs 

10µL polymyxin B  

*** P<0.001 ns P>0.05 ns P>0.05 

Hsp72 + 5µL vs 

15µL polymyxin B 

*** P<0.001 ** P<0.01 ns P>0.05 

Hsp72 + 5µL vs 

20µL polymyxin B 

** P<0.01 *** P<0.001 *** P<0.001 

Hsp72 + 10µL vs 

15µL polymyxin B 

* P<0.05 *** P<0.001 ns P>0.05 

Hsp72 + 10µL vs 

20µL polymyxin B 

** P<0.01 ** P<0.01 ** P<0.01 

Hsp72 + 15µL vs 

20µL polymyxin B 

** P<0.01  ns P>0.05 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp72 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp72 - Polymyxin B) to (Hsp72 + Polymyxin B). 
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Appendix 10. 3: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp72 + polymyxin B) at each polymyxin B concentrations and 60 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 60 minutes) 

Significance  

Hsp72 + 5µL vs 

10µL polymyxin B  

** P<0.01 ns P>0.05 ns P>0.05 

Hsp72 + 5µL vs 

15µL polymyxin B 

** P<0.01 *** P<0.001 * P<0.05 

Hsp72 + 5µL vs 

20µL polymyxin B 

*** P<0.001 *** P<0.001 ** P<0.01 

Hsp72 + 10µL vs 

15µL polymyxin B 

* P<0.05 *** P<0.001 ns P>0.05 

Hsp72 + 10µL vs 

20µL polymyxin B 

*** P<0.001 *** P<0.001 ns P>0.05 

Hsp72 + 15µL vs 

20µL polymyxin B 

* P<0.05  *** P<0.001 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp72 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp72 - Polymyxin B) to (Hsp72 + Polymyxin B). 
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Appendix 10. 4: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp60 + polymyxin B) at each polymyxin B concentrations and 0 minute time points using two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, are shown: ns = None significance 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 0 minute) 

Significance  

Hsp60 + 5µL vs 

10µL polymyxin B  

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp60 + 5µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp60 + 5µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp60 + 10µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp60 + 10µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp60 + 15µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Note: There was no significance difference (P>0.05) when compared (Hsp60 + Polymyxin B) to (HIRPMI + Polymyxin B and Hsp60 – 

Polymyxin B). 
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Appendix 10. 5: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp60 + polymyxin B) at each polymyxin B concentrations and 20 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 20 minutes) 

Significance  

Hsp60 + 5µL vs 

10µL polymyxin B  

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp60 + 5µL vs 

15µL polymyxin B 

* P<0.05 * P<0.05 ns P>0.05 

Hsp60 + 5µL vs 

20µL polymyxin B 

*** P<0.001 ** P<0.01 ns P>0.05 

Hsp60 + 10µL vs 

15µL polymyxin B 

ns P>0.05 ** P<0.01 ** P<0.01 

Hsp60 + 10µL vs 

20µL polymyxin B 

ns P>0.05 *** P<0.001 ** P<0.01 

Hsp60 + 15µL vs 

20µL polymyxin B 

ns P>0.05  *** P<0.001 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp60 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp60 - Polymyxin B) to (Hsp60 + Polymyxin B). 
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Appendix 10. 6: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp60 + polymyxin B) at each polymyxin B concentrations and 40 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 40 minutes) 

Significance  

Hsp60 + 5µL vs 

10µL polymyxin B  

ns P>0.05 ns P>0.05 ** P<0.01 

Hsp60 + 5µL vs 

15µL polymyxin B 

** P<0.01 ns P>0.05 ** P<0.01 

Hsp60 + 5µL vs 

20µL polymyxin B 

** P<0.01 ns P>0.05 *** P<0.001 

Hsp60 + 10µL vs 

15µL polymyxin B 

ns P>0.05 * P<0.05 * P<0.05 

Hsp60 + 10µL vs 

20µL polymyxin B 

ns P>0.05 *** P<0.001 ** P<0.01 

Hsp60 + 15µL vs 

20µL polymyxin B 

ns P>0.05  *** P<0.001 * P<0.05 

Note: There was significance difference (P<0.001) when compared (Hsp60 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp60 - Polymyxin B) to (Hsp60 + Polymyxin B). 

 



       

438 
 

 

 

Appendix 10. 7: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp60 + polymyxin B) at each polymyxin B concentrations and 60 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 60 minutes) 

Significance  

Hsp60 + 5µL vs 

10µL polymyxin B  

ns P>0.05 *** P<0.001 ns P>0.05 

Hsp60 + 5µL vs 

15µL polymyxin B 

ns P>0.05 ** P<0.01 ** P<0.01 

Hsp60 + 5µL vs 

20µL polymyxin B 

* P<0.05 *** P<0.001 *** P<0.001 

Hsp60 + 10µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ** P<0.01 

Hsp60 + 10µL vs 

20µL polymyxin B 

* P<0.05 ** P<0.01 ** P<0.01 

Hsp60 + 15µL vs 

20µL polymyxin B 

ns P>0.05  *** P<0.001 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp60 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp60 - Polymyxin B) to (Hsp60 + Polymyxin B). 
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Appendix 10. 8: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp27 + polymyxin B) at each polymyxin B concentrations and 0 minute time points using two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, are shown: ns = None significance 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 0 minute) 

Significance  

Hsp27 + 5µL vs 

10µL polymyxin B  

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp27 + 5µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp27 + 5µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp27 + 10µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp27 + 10µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Hsp27 + 15µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Note: There was no significance difference (P>0.05) when compared (Hsp27 + Polymyxin B) to (HIRPMI + Polymyxin B and Hsp27 – 

Polymyxin B). 
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Appendix 10. 9: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp27 + polymyxin B) at each polymyxin B concentrations and 20 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 20 minutes) 

Significance  

Hsp27 + 5µL vs 

10µL polymyxin B  

ns P<0.05 * P<0.05 * P<0.05 

Hsp27 + 5µL vs 

15µL polymyxin B 

** P<0.01 *** P<0.001 ** P<0.01 

Hsp27 + 5µL vs 

20µL polymyxin B 

** P<0.01 ** P<0.01 ** P<0.01 

Hsp27 + 10µL vs 

15µL polymyxin B 

** P<0.01 * P<0.05 ns P>0.05 

Hsp27 + 10µL vs 

20µL polymyxin B 

** P<0.01 ** P<0.01 ns P>0.05 

Hsp27 + 15µL vs 

20µL polymyxin B 

ns P>0.05  ** P<0.01 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp72 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp27 - Polymyxin B) to (Hsp27 + Polymyxin B). 
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Appendix 10. 10: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp27 + polymyxin B) at each polymyxin B concentrations and 40 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 40 minutes) 

Significance  

Hsp27 + 5µL vs 

10µL polymyxin B  

* P<0.05 ** P>0.05 ns P>0.05 

Hsp27 + 5µL vs 

15µL polymyxin B 

* P<0.05 *** P<0.001 * P<0.05 

Hsp27 + 5µL vs 

20µL polymyxin B 

** P<0.01 *** P<0.001 ** P<0.01 

Hsp27 + 10µL vs 

15µL polymyxin B 

ns P>0.05 ** P<0.01 ns P>0.05 

Hsp27 + 10µL vs 

20µL polymyxin B 

** P<0.01 *** P<0.001 * P<0.05 

Hsp27 + 15µL vs 

20µL polymyxin B 

ns P>0.05  ** P<0.01 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp27 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp27 - Polymyxin B) to (Hsp27 + Polymyxin B). 
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Appendix 10. 11: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (Hsp27 + polymyxin B) at each polymyxin B concentrations and 60 minutes time points using two-

way ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 60 minutes) 

Significance  

Hsp27 + 5µL vs 

10µL polymyxin B  

ns P>0.05 *** P<0.001 ns P>0.05 

Hsp27 + 5µL vs 

15µL polymyxin B 

* P<0.05 *** P<0.001 * P<0.05 

Hsp27 + 5µL vs 

20µL polymyxin B 

*** P<0.001 *** P<0.001 * P<0.05 

Hsp27 + 10µL vs 

15µL polymyxin B 

ns P>0.05 *** P<0.001 ** P<0.01 

Hsp27 + 10µL vs 

20µL polymyxin B 

* P<0.05 *** P<0.001 ** P<0.01 

Hsp27 + 15µL vs 

20µL polymyxin B 

** P<0.01  * P<0.05 ns P>0.05 

Note: There was significance difference (P<0.001) when compared (Hsp27 + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (Hsp27 - Polymyxin B) to (Hsp27 + Polymyxin B). 
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Appendix 10. 12: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (LPS + polymyxin B) at each polymyxin B concentrations and 0 minute time points using two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test, are shown: ns = None significance 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 0 minute) 

Significance  

LPS + 5µL vs 10µL 

polymyxin B  

ns P>0.05 ns P>0.05 ns P>0.05 

LPS + 5µL vs 15µL 

polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

LPS + 5µL vs 20µL 

polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

LPS + 10µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

LPS + 10µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

LPS + 15µL vs 

20µL polymyxin B 

ns P>0.05 ns P>0.05 ns P>0.05 

Note: There was no significance difference (P>0.05) when compared (LPS + Polymyxin B) to (HIRPMI + Polymyxin B and LPS – Polymyxin 

B). 
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Appendix 10. 13: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (LPS + polymyxin B) at each polymyxin B concentrations and 20 minutes time points using two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 20 minutes) 

Significance  

LPS + 5µL vs 10µL 

polymyxin B  

ns P>0.05 ns P>0.05 ns P>0.05 

LPS + 5µL vs 15µL 

polymyxin B 

ns P>0.05 ns P>0.05 ** P<0.01 

LPS + 5µL vs 20µL 

polymyxin B 

** P<0.01 ns P>0.05 * P<0.05 

LPS + 10µL vs 

15µL polymyxin B 

ns P>0.05 ns P>0.05 ** P<0.01 

LPS + 10µL vs 

20µL polymyxin B 

* P<0.05 *** P<0.001 ** P<0.01 

LPS + 15µL vs 

20µL polymyxin B 

ns P>0.05  ns P>0.05 ** P<0.01 

Note: There was significance difference (P<0.001) when compared (LPS + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (LPS - Polymyxin B) to (LPS + Polymyxin B). 
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Appendix 10. 14: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (LPS + polymyxin B) at each polymyxin B concentrations and 40 minutes time points using two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 40 minutes) 

Significance  

LPS + 5µL vs 10µL 

polymyxin B  

* P<0.05 ns P>0.05 * P<0.05 

LPS + 5µL vs 15µL 

polymyxin B 

** P<0.01 * P<0.05 * P<0.05 

LPS + 5µL vs 20µL 

polymyxin B 

** P<0.01 ** P<0.01 ** P<0.01 

LPS + 10µL vs 

15µL polymyxin B 

ns P>0.05 *** P<0.001 * P<0.05 

LPS + 10µL vs 

20µL polymyxin B 

ns P>0.05 *** P<0.001 *** P<0.001 

LPS + 15µL vs 

20µL polymyxin B 

ns P>0.05  *** P<0.001 ** P<0.01 

Note: There was significance difference (P<0.001) when compared (LPS + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (LPS - Polymyxin B) to (LPS + Polymyxin B). 
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Appendix 10. 15: The effect of polymyxin B concentrations on HSPs-induced cytokines 

Significance shown as difference between (LPS + polymyxin B) at each polymyxin B concentrations and 60 minutes time points using two-way 

ANOVA with Bonferroni’s multiple comparison post hoc test are shown: ns = No significance, * (P<0.05), ** (P<0.01), *** (P<0.001). 

Treatment of polymyxin B concentrations (µL/mL) 

Cytokines IL-1β TNF-α IL-10 

Treatment  

(at 60 minutes) 

Significance  

LPS + 5µL vs 10µL 

polymyxin B  

ns P>0.05 ns P>0.05 ns P>0.05 

LPS + 5µL vs 15µL 

polymyxin B 

* P<0.05 ** P<0.01 ** P<0.01 

LPS + 5µL vs 20µL 

polymyxin B 

* P<0.05 ** P<0.01 *** P<0.001 

Hsp27 + 10µL vs 

15µL polymyxin B 

** P<0.01 * P<0.05 *** P<0.001 

LPS + 10µL vs 

20µL polymyxin B 

* P<0.05 ** P<0.01 *** P<0.001 

LPS + 15µL vs 

20µL polymyxin B 

ns P>0.05  * P<0.05 *** P<0.001 

Note: There was significance difference (P<0.001) when compared (LPS + Polymyxin B) to (HIRPMI + Polymyxin B), There was also 

significant difference (P<0.001) when compared (LPS - Polymyxin B) to (LPS + Polymyxin B). 
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Appendix 11: BD Accuri C6 plus Protocol  

  

Figure 9.6: The BD AccuriTM C6 Plus flow cytometry 

BD Accuri C6 Plus is a simplified workflow with ready-to-use templates for 

carrying out various application in flow cytometry analysis. (retrieved from 

MedWrench, 2017). 
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Appendix 11.1: Steps in operating BD Accuri C6 Plus 

 

Appendix 11.1.1: BD Accuri C6 Plus start up and wash. 

S/N Description 

1 Turn the BD system and the BD C6 plus on via power button 

2 Open BD sampler software on the system desktop 

3 Wait until green light appear – indicating that the system is ready 

4 Click on the manual collects 

5 Click on the eject plate 

6 Click on backflush 

7 Click on unclog 

8 Repeat step 6 and 7 respectively  

9 Fill tube with type 1 water, and place in A1 of 24 tube rack 

10 Go to file 

11 Open workspace or template 

12 Go to wash and open  

13 Click on Auto collects 

14 Click on A1 

15 Delete event  

16 Click on run limits and set it up for 10 minutes on fluidics fast 

17 Apply setting  

18 Click on run display 

19 Note: Event should not be more than 5 µL 

20 When done click on close run display 
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Appendix 11.1.2: BD Accuri C6 Plus Quality control  

S/N Description 

1 6 and 8 peak reagents are used  

2 6 peak preparation - (500 µL of type 1 water in and two drops of each 

reagents) 

3 8 peak preparation – (500 µL of type 1 water in and two drops of the 

reagent) 

4 Vortex 6 and 8 reconstituted for QC 

5 Eject plate 

6 Go to file 

7 Click on workspace and template 

8 Click on QC (QC 8 and 6 peak) to open 

9 Go to auto collects 

10 Select A1 and C1 with 24 tube rack 

11 Repeat step number 4 before loading 8 peak on A1 and 6 peak on C1 

12 Click on apply setting  

13 A dialog box will open – select year file, month, day and save 

14 Click on open run display 

15 Click on auto run 

16 When done close run display 

17 Go to manual collect  

18 Click on A1: Plot 1 should be more than 80 %, Plot 2 (M1), 3 (M2), and 4 

(M3) should be less than 5 % 

19 Click on C1: Plot 5 should be more than 80 % and plot 6 should be less 

than 5 % 

20 Another wash is required before running the sample  
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Appendix 11.1.3: BD Accuri C6 Plus Wash before running sample.   

S/N Description 

1 Go to file 

2 Open workspace and template 

3 Click on wash 

4 Go to Auto collects 

5 Delete events 

6 Delete sample 

7 Eject plate  

8 Fill tube with type 1 water and load tube on the A1 of 24 tube rack 

9 Wash for 5 minutes, on fluidics fast.  

10 When done, eject the plate and put your sample plate 
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Appendix 11.1.4: BD Accuri C6 Plus Running sample  

S/N Description 

1 Go to file 

2 New workspace 

3 Auto collects 

4 Select the plate type – usually 96 v bottom plate 

5 Select A1 

6 Select run with limits, tick events, and ensure is at 10,000 events 

7 Select time as 2 minutes and 30 seconds  

8 Select µL and ensure is at 90 µL 

9 Click run 

10 Minimise, zooms, and gate to exclude debris 

11 Dialog box will open, then save in your file.  

12 On the auto collects – Selects wells with samples  

13 Select Run limits 10,000 events, 90 µL in PI, fluidics medium for 2 

minutes 30 seconds 

14 Apply setting  

15 Select agitate plate and set it at 1 cycle for every 3 wells 

16 Open run display 

17 Auto run 

18 When done eject the sample plate and go to your file and analyse the 

result obtained 

19 After each plate if running more than one plate wash before the next plate 
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Appendix 11.1.5: BD Accuri C6 Plus wash and shutting down after use.  

S/N Description 

1 Auto collects 

2 Delete events 

3 Select A1, A2, and A3 

4 Fill tube three tubes with ethanol, decontamination, and type 1 water 

respectively 

5 Select A1 ethanol, A2 decontamination, and A3 type 1 water place tubes 

on 24 tube rack 

6 Set time as 10 minutes each or 15 minutes if run more than one plate 

7 Set fluidics to be fast 

8 Apply setting  

9 Click run 

10 The BD Accuri C6 will shut down automatically.  
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Appendix 12.1: Western blot to probe Hsp72 in naïve U937 and U937 

macrophages. 
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Appendix 12.2: Western blot to probe Hsp60 in naïve U937 and U937 

macrophages 
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Appendix 12.3: Western blot to probe Hsp27 in naïve U937 and U937 

macrophages 
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Appendix 13: Confirmation of Research Ethical Approval for blood collection.  
 

 

 

 

                                                                                                                          

                                                                                                                         
 

Faculty of Medicine, Dentistry and Life Sciences 

Research Ethics Committee 
 

frec@chester.ac.uk 
Thursday, 17 May 2018 

 
Emmanuel Ogbodo 
Chester Medical School 
University of Chester 
Bache Hall 
Countess Way 
Chester 
CH2 1BR 

 
Dear Emmanuel, 

 
Study title: Interaction between HSPs and Immune system 

FREC reference: 1382/18/ECO/CMS 

Version number: 4 

 

Thank you for sending your application to the Faculty of Medicine, Dentistry and Life Sciences Research 
Ethics Committee for review. 

 

I am pleased to confirm ethical approval for the above research, provided that you comply with the 
conditions set out in the attached document, and adhere to the processes described in your application 
form and supporting documentation. 

 
The final list of documents reviewed and approved by the Committee is as follows: Please note the 
revised PIS and Letter of Invitation attached. 

 
Document Version Date 

Application Form 4 April 2018 

Appendix 1 – List of References 3 April 2018 

Appendix 2 – Summary CV for Lead Researcher 2 December 2017 
Appendix 3 – Risk Assessment 2 April 2018 

Appendix 4 – Participant Information Sheet [PIS] 4 April 2018 

Appendix 5 – Letter(s) of invitation to participants 3 April 2018 
Appendix 6 – Participant Consent Form 3 April 2018 

Appendix 7 – Participant health questionnaire 2 April 2018 

Appendix 8 – Standard operating procedure for vevepuncrure 1 February 2018 
Appendix 9 – GPower calculation 1 February 2018 

mailto:frec@chester.ac.uk


  

457 
 

Appendix 10 – Phlebotomist 1 February 2018 

Appendix 11 – Poster 1 April 2018 
   

Response to FREC request for further information or clarification 2 April 2018 
 
 

Please note that this approval is given in accordance with the requirements of English law only. 
For research taking place wholly or partly within other jurisdictions (including Wales, Scotland 
and Northern Ireland), you should seek further advice from the Committee Chair / Secretary or 
the Research and Knowledge Transfer Office and may need additional approval from the 
appropriate agencies in the country (or countries) in which the research will take place. 

 

With the Committee’s best wishes for the success of this 

project. Yours sincerely, 

 

 

Professor Stephen Fallows 

Deputy Chair, Faculty Research Ethics Committee 
 

Enclosures: Standard conditions of approval. 
Revised PIS and Letter of 

Invitation Cc. Supervisor/FREC Representative 

 



Approval 2017/18 
 

458 
 

 


