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Introduction

Exogenous molecules such as lipopolysaccharide (LPS) and 
lipoteichoic acid (LTA) are well-known for their ability to elicit an 
immune response [1]. Evidence has shown that certain natural 
endogenous molecules such as heat shock proteins (HSPs) can 
exhibit similar biological properties following cell stress [2]. 
Among these endogenous HSP molecules are HSPA1A (HSP72) 
and HSPB1 (HSP27), which are pivotal members of the heat 
shock protein family known to activate the immune system 
[3]. When cells experience stress, endogenous molecules 
can escape into the exogenous environment, interacting 

with cell receptors such as toll-like receptors (TLRs), leading 
to an immune response [4]. This observation is suggestive of 
the possible role of extracellular HSPs including HSPA1A and 
HSPB1 to modulate immune response [5]. This suggestion of 
HSPs function as an immune modulating protein agrees with 
several studies [6,7]. HSPs have been reported to activate 
immune system by acting as a danger signal or alarm proteins 
[2]. This has been shown to be possible by their interaction 
with receptor proteins such as TLRs [2]. While several receptors 
such as CD91, CD40, TLR2, and TLR4 have been demonstrated 
in the HSPs-induced cytokine secretion [8,9]. What is unclear 
however, is whether those are the only receptors employed by 
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HSPs to activate cytokine secretion. HSPs such as HSPA1A and 
HSPB1 have been reported as promiscuous in their interaction 
with receptors [5]. This can be attributed to the type of cells 
involved, which may have an impact on the type of receptor 
protein available for HSPs interaction [5]. For example, evidence 
has shown that the absence of the CD14 receptor protein in 
naïve U937 cells is due to the lack of CD14 gene transcription 
and translation [10]. However, activation of U937 cells by PMA 
has been shown to induce CD14 gene activation, resulting in 
its transcription and translation [5,10]. This could explain why, 
in addition to TLRs, CD14 is expressed in differentiated U937 
cells [5]. Therefore, the complex interactions between HSPs and 
TLRs have been proposed to form the primary immunological 
basis for molecular communication in both the activation and 
regulation of immune responses [11,12]. These HSPs have 
emerged as key regulators, orchestrating cellular responses to 
stress, and their interaction with TLRs adds layer of complexity 
to the finely tuned immune system [13,14]. It is well-established 
that microorganisms, such as bacteria and their products, 
can trigger immune responses [1]. However, a long-standing 
issue has been the potential contamination of human HSPs 
expressed in E. coli, which has raised concerns about whether 
cytokine secretion is induced by the HSPs themselves or by 
bacterial components like LPS [15]. This debate has affected 
our understanding of HSPs biological functions in immune 
activation. However, our previous research and other studies 
have shown that HSPs, such as HSPA1A and HSPB1, can induce 
cytokine secretion independently of LPS contamination [5]. 
To gain better understanding into the HSPs role as danger 
signal molecules, it is important to explore receptor proteins 
not exclusive to E. coli. This study specifically investigated TLRs 
that recognize antigens from various microbial sources. For 
instance, TLR2 detects LTA, lipoproteins, and peptidoglycan 
[16,17], while TLR4 responds to LPS [18,19], TLR5 to bacterial 
flagellin [20], and TLR7 to single-stranded RNA [21].

Exploring the role of HSPs such as HSPA1A and HSPB1 
biological activities in immune regulation can help manipulate 
the immune system therapeutically.

Interestingly, HSPs were initially reported to function as an 
intracellular protein that facilitates protein folding [22]. Later, 
it became clear that these stress proteins can be secreted to 
the extracellular environment in cell stress to act as a danger 
signaling biomarker [2,22]. Explaining why extracellular 
HSPs activate immune response against adverse cellular 
conditions [22]. Evidence showed that HSPs function as an 
immunomodulatory protein due to their role in the activation 
of both pro-inflammatory and anti-inflammatory immune 
responses [5,22].

HSPA1A is a vital inducible member of the HSP70 family, and 
HSPB1, which belongs to the small HSP family, are known 
for their multifaceted roles in cellular homeostasis and 
stress adaptation [23,24]. Recent studies have shown their 
interactions with TLRs such as TLR2, TLR4, TLR5, and TLR7 
[25,26,27]. TLRs are the integral components of the innate 

immune system, which serve as alarm proteins for detecting 
microbial pathogens and endogenous danger signals [5,27]. 
The convergence of HSPA1A and HSPB1 with these TLRs 
signifies a crucial connection where stress response pathways 
intersect with immune signaling, influencing the outcome of 
host defense and inflammatory processes [5,8]. Extracellular 
HSPA1A and HSPB1 activates host immune and inflammatory 
responses by interacting with these TLRs such as TLR2 and 
TLR4, through signaling pathways dependent on myeloid 
differentiation factor 88 (MyD88), this in turn activates 
nuclear factor κB (NF-κB) and mitogen-activated protein 
kinase (MAPK), leading to the release of pro-inflammatory 
cytokines [28,29]. Conversely, HSPA1A and HSPB1 bind to 
endocytic receptors such as CD91 and TLRs like TLR4, which 
facilitates their endocytosis and grants them access to 
antigen- presenting cell (APC) pathways. Once internalized, 
these proteins can modulate the APC phenotype towards 
a more tolerogenic state, promoting the production of the 
anti-inflammatory cytokine IL-10. This change will then lead 
to immunosuppression by dampening excessive immune 
responses [30,31]. Therefore, blocking peptides can bind 
specific receptors following incubation with cells [32].

The U937 cell line is a human monocyte cell line capable 
of differentiating into macrophage-like cells due to their 
monoblastic properties [33]. Phorbol 12-myristate 13-acetate 
(PMA) is used to differentiate U937 cells because it induces 
changes in gene expression by activating protein kinase C 
(PKC). This activation promotes the differentiation of U937 
cells into macrophage-like cells, which function as antigen- 
presenting cells (APCs) [34-36]. These differentiated U937 cells 
have been shown to express TLRs strongly, making them an 
ideal model for studying the interaction between HSPs and 
TLRs. Several studies have supported the use of U937 cells in 
vitro for investigating cytokine secretion and the expression 
of receptor proteins such as TLRs [37-39]. This study will 
further explore the role of TLRs, including TLR2, TLR4, TLR5, 
and TLR7, in HSPA1A- and HSPB1-induced cytokine secretion 
[5,38]. Studies have shown that macrophages are critical 
components of the immune response and express these Toll-
like receptors to detect and respond to various pathogen-
associated molecular patterns (PAMPs) and danger-associated 
molecular patterns (DAMPs) [40,41]. The interplay between 
HSPA1A, HSPB1, and these TLRs in U937-derived macrophages 
offers a detailed perspective on how stress response proteins 
modulate the immune response, influencing the expression 
and functionality of TLRs [40,42].

In this study, we examined the interactions between HSPA1A 
and HSPB1 with TLR2, TLR4, TLR5, and TLR7, and their role in 
modulating the immune response. These TLRs are known to 
recognize various exogenous molecules, such as lipoteichoic 
acid (LTA) and lipopolysaccharide (LPS) via TLR2 and TLR4, 
respectively, as well as viral components [43-46], flagellin via 
TLR5 [47], and viral or parasitic components via TLR7 [45]. 
HSPs, including HSPA1A and HSPB1, have been shown to 
induce cytokine secretion through interactions with various 
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receptors, such as TLRs, which this study aims to further 
investigate [25,26,48]. A study by Ogbodo et al. [5], reported 
the potential interaction of HSPA1A and HSPB1 with several 
receptor proteins, including TLRs. Understanding these 
interactions provides valuable insights into the modulation of 
immune responses, offering potential avenues for therapeutic 
interventions in conditions characterized by dysregulated 
stress and inflammation. This study aims to investigate 
HSPA1A and HBPB1 interaction with TLR2, TLR4, TLR5, and 
TLR7 in activation of cytokine secretion (TNF-α, IL-1β, IL-10) in 
macrophage-like differentiated U937 cells.

Material and Methods

Cell cultures

U937 macrophages (differentiated U937 cells) from ATCC 
(CRL-1593.2) were maintained in RPMI 1640 supplemented 
with 10% fetal bovine serum (FBS) at 37oC in a humidified 
atmosphere of 5% CO2. Cells were regularly tested for viability 
using the trypan blue exclusion method.

U937 cells differentiation

Naïve U937 cells, actively growing in the log phase and with 
>95% cells viability were centrifuged at 500g for 5 minutes at 
25oC, and the supernatant was discarded. Cells were then re-
suspended in fresh RPMI 1640 with 10% heat-inactivated FBS 
(10% HI- RPMI). Cells were washed three times in 10% HI-RPMI 
and then re-suspended in HI- RPMI before treatment with 
10 ng/ml of phorbol 12-myristate 13-acetate (PMA) (Sigma-
Adrich Merck United Kingdom) for 24 h. Cell differentiation 
was monitored through morphological changes using light 
microscopy. The differentiated cells were adherent, formed 
clusters, and were larger in size than the undifferentiated cells.

Preparation of cells for treatment

Viable cells cultured in 10% FBS and RPMI 1640 were 
transferred into a centrifuge tube and centrifuged at 500g for 5 
minutes at 25oC. The supernatant was removed and discarded. 
The cell pellet was gently resuspended in 10% HI-RPMI at a 
density of 5 x 105 cells/ml for U937 cells washed three times. 
Before resuspending the cell pellet in 10% HI-RPMI ready for 
experimental treatment.

Cell viability was determined using trypan blue exclusion dye. 
There was >90% viable cells in both naïve and differentiated 
U937 cells upon either HSPA1A or HSPB1 incubation and after 
HSPA1A or HSPB1 incubation.

The treatment of differentiated U937 cells with TLR 
blocking peptides

Treatments included the addition of 20 µg/ml of TLR2, TLR4, 
TLR5, and TLR7 blocking peptides (Sigma-Adrich United 
Kingdom) diluted in 10% HI-RPMI and preincubated for 2 h 

with differentiated U937 cells before applying either HSPA1A 
or HSPB1. Also, HSPA1A or HSPB1 were preincubated for 2 h 
with blocking peptides before applied to the differentiated 
U937 monocytic cells and incubated for 6 h. There were no 
observable morphological changes in differentiated U937 
cells following co-treatment with HSPs and blocking peptides, 
indicating that the treatments did not affect cell structure 
or viability under these conditions. Incubation of 10 µg/ml 
exogenous HSPs with cell line including U397 cells for 15 – 30 
minutes showed activation of cytokine secretion following 
their interaction with these extracellular receptors [49]. Similar 
responses were seen in other studies [48,50,51]. Blocking 
peptides are used in this study because they competitively 
block protein-protein interaction, by mimicking protein-
specific binding sites [52]. Therefore, blocking peptides can 
bind specific receptors following incubation with cells. This 
can limit molecular interaction with the exogenous receptors 
and further indicate molecular specificity to the extracellular 
receptors [53]. To determine the effects of direct HSPA1A and 
HSPB1 binding to specific receptors, this study measured 
cytokine secretion across several treatment conditions: 
untreated cells, cells treated with HSPs alone (without blocking 
peptides), and cells treated with blocking peptides alone 
(without HSPs). This approach ensures that any observed 
changes in cytokine secretion can be specifically attributed 
to HSPA1A and HSPB1 interactions with TLRs, rather than to 
nonspecific effects.

Supernatant collection and cytokine secretion by ELISA

Following cell treatment with 1000 ng/ml HSPA1A and HSPB1, 
the 5 x 105 cells/ml cell suspension was transferred from the 
tissue culture wells into a microcentrifuge tube and centrifuged 
at 500g for 5 minutes. The concentration of IL-1β, TNF-α and IL-
10 in the cell culture supernatants were measured by ELISA kit 
(eBioscience) following the manufacture’s procedures. Optical 
density (OD) at 450 nm was determined using a Varioskanlux 
(Thermo-scientific) microplate plate reader. 1000 ng/ml is 
used in this study as our previous study showed maximum 
cytokine secretion at 1000 ng/ml concentration [5].

Determination of cell surface receptor proteins 
expression by flow cytometry

Flow cytometry was used to measure TLR2, TLR4, TLR5, TLR7 
on differentiated U937 cells. 5 x 105 cells/ml differentiated 
U937 cells were either treated in the presence or absence of 
1000 ng/ml of HSPA1A or HSPB1 and incubated for 6 h. Cells 
were either immune stained with or without 5 µg Anti-TLR2 
(0.1 mg/ml), Anti-TLR4 (0.1 mg/ml), Anti-TLR5 (0.1 mg/ml), Anti-
TLR7 (0.2 mg/ml): PE (BD BioSciences). Cells were also stained 
with 10 µg of 50 µg/ml of propidium iodide staining solution 
(BD BioSciences) for 1 hour at 4oC in the dark. Analyzed cells 
were gated to include only viable cells using BD AccuriTM C6 
flow cytometry [54].
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Statistical analysis

Data are presented as the mean ± SD, n=3. Each set of the 
experiments were done at least three times with three replicates 
undertaken for each of the independent experiments tested. 
Analysis was performed with GraphPad PrismTM version 7.0 
(GraphPad Software, Inc, San Diego, USA). The one-way ANOVA 
was carried out to analyze the significance in the differences 
between cells treatments and control cells (10% FBS/HI-RPMI). 
The statistical significance level was set as *p<0.05; **p<0.01; 
and ***p<0.001.

Results

The activation of differentiated U937 cells to secrete cytokines 
such as TNF-α, IL-1β, and IL-10 requires the interaction of 
extracellular antigen receptor proteins. To determine the 

expression of extracellular antigens TLR2, TLR4, TLR5, and 
TLR7, flow cytometry was performed. Differentiated U937 
cells were immuno-stained with Anti- TLR2, Anti-TLR4, Anti-
TLR5, and Anti-TLR7 antibodies, and analyzed against control 
cells that were not immuno-stained (Figure 1: A1, B1, C1, 
and D1). The results showed that the antibodies effectively 
distinguished TLR expression compared to the control, 
indicating that the differentiated U937 cells were positive for 
TLR2, TLR4, TLR5, and TLR7 (Figure 1: A1, B1, C1, and D1). The 
fold difference in expression between immuno- stained and 
non-immuno-stained cells varied among the TLRs. Specifically, 
TLR2 expression showed a >10-fold difference (-HSP/-Anti-
TLR2 & -HSP/+Anti-TLR2) (Figure 1: A1), TLR4 showed an 8.7-
fold difference (-HSP/-Anti-TLR4 & -HSP/+Anti-TLR4) (Figure 
1: B1), TLR5 showed a >10-fold difference (-HSP/-Anti-TLR5 & 
-HSP/+Anti- TLR5) (Figure 1: C1), and TLR7 showed a >10-fold 
difference (-HSP/-Anti-TLR7 & - HSP/+Anti-TLR7) (Figure 1: D1).

Figure 1. Expression of cell surface TLR2, TLR4, TLR5, and TLR7 from differentiated U937 cells. Differentiated U937 cells (1x10^6/ml) 
were suspended in 10% HI-RPMI and either treated or not treated with 1000 ng/ml HSPA1A or HSPB1, then incubated for 6 hours. The 
cell suspension was then centrifuged, and the supernatant was discarded. The cell pellet was immuno-stained with Anti-TLR2, Anti-TLR4, 
Anti-TLR5, and Anti-TLR7 antibodies, followed by flow cytometry analysis. The panels show the proportion of highly labelled differentiated 
U937 cells: Panel A1: (-HSP/-Anti-TLR2 & -HSP/+Anti- TLR2). Panel B1: (-HSP/-Anti-TLR4 & -HSP/+Anti-TLR4). Panel C1: (-HSP/-Anti-TLR5 & 
-HSP/+Anti- TLR5). Panel D1: (-HSP/-Anti-TLR7 & -HSP/+Anti-TLR7). These are compared to cells without immuno-staining with the respective 
antibodies. A similar response was observed in differentiated U937 cell pellets treated with either HSPA1A or HSPB1. Data (Panels A1, B1, 
C1, and D1) are representative of one experiment. Overall, the experiment was performed and analysed in three replicates. The geometric 
mean fluorescence intensity (GMFI) was derived from the traces in the panels (Panels A1, B1, C1, and D1) using software from the BD Accuri™ 
C6 Plus analyzer. Data are presented as mean ± SD, n=3, and statistical analysis was performed using one-way ANOVA with Bonferroni’s 
multiple comparison post hoc test. Significant differences were observed in the following comparisons: Panel A2: (-/+HSP/+Anti-TLR2 and 
-/+HSP/-Anti-TLR4). Panel B2: (-/+HSP/+Anti-TLR4 and -/+HSP/-Anti- TLR4). Panel C2: (-/+HSP/+Anti-TLR5 and -/+HSP/-Anti-TLR5). Panel 
D2: (-/+HSP/+Anti-TLR7 and -/+HSP/-Anti-TLR7). Significant differences are indicated by *** (P<0.001). No significant differences (P>0.05) 
were found between -HSP/+TLRs and +HSP/+TLRs.
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The geometric mean fluorescence intensity (GMFI) (Figure 
1: A2, B2, C2, and D2), derived from these traces (Figure 1: 
A1, B1, C1, and D1), shows that there was a proportion of 
differentiated U937 cells that were more highly labelled when 
compared to cells that were not immuno-stained with the Anti-
TLR2, Anti-TLR4, Anti-TLR5, and Anti-TLR7 antibodies (Figure 
1). These antibodies were able to distinguish the expression 
of TLR2, TLR4, TLR5, and TLR7 in differentiated U937 cells 
compared to the non immuno- stained (P<0.001) (Figure 1). 
The addition of HSPA1A or HSPB1 had no effect on the binding 
of any of the anti-TLR antibodies to cells (Figure 1). Figure 1 
confirms previous studies that demonstrated the presence of 
TLRs, including TLR2, TLR4, TLR5, and TLR7, in monocytic cells 
such as U937 cells [87,88].

Following the expression analysis of TLR2, TLR4, TLR5, and 
TLR7 in differentiated U937 cells, the effect of TLR2, TLR4, TLR5, 

and TLR7 blocking peptides on HSPA1A- and HSPB1-induced 
TNF-α, IL-1β, and IL-10 production was investigated.

In this experiment, we investigated the effect of inhibiting 
surface TLRs using specific blocking peptides on HSPA1A- or 
HSPB1-induced cytokine production in differentiated U937 
cells. Preincubation of differentiated U937 cells with TLR2 
blocking peptides for 2 hours before the application of either 
HSPA1A (Figures 2A, 2C, and 2E) or HSPB1 (Figures 2B, 2D, 
and 2F) significantly decreased (P<0.001) the production of IL-
1β (Figures 2A and 2B), TNF-α (Figures 2C and 2D), and IL-10 
(Figures 2E and 2F), compared to cells treated with HSPA1A 
or HSPB1 alone (Figure 2). Specifically, the TLR2 blocking 
peptide significantly reduced (P<0.001) IL-1β secretion from 
268.6 pg/ml with HSPA1A treatment alone to 115.0 pg/ml 
when co- treated with the TLR2 blocking peptide, representing 
approximately a 43% decrease in IL-1β secretion (Figure 2A), 

 

Figure 2. The effect of TLR2 blocking peptide on HSPA1A- or HSPB1-induced IL-1β, TNF-α, and IL-10 secretion from differentiated U937 cells. 
Panels show results obtained from differentiated U937 cells treated with 20 µg/ml of TLR2 blocking peptide alone, incubated for 2 hours, 
followed by the addition of either 1000 ng/ml of HSPA1A or HSPB1. Additional results are presented for 1000 ng/ml of either HSPA1A (A, C, 
and E) or HSPB1 (B, D, and F) preincubated with 20 µg/ml of TLR2 blocking peptide for 2 hours before being applied to the differentiated 
U937 cells and incubated for 6 hours. The cell suspension was then centrifuged, and the supernatant was collected to measure IL-1β, TNF-α, 
and IL- 10 secretion into the media by ELISA. Data are presented as mean ± SD, n=3, and analysed by one- way ANOVA with Bonferroni’s 
multiple comparison post hoc test. Significant differences between either HSPA1A or HSPB1 and (HSPA1A+TLR2 or HSPB1+TLR2), (TLR2 
blocking peptide only), and control (HI-RPMI) treatments are indicated by ** (P<0.01) and *** (P<0.001).



 
 Ogbodo E, Michelangeli F, Williams JHH. Exogenous Heat Shock Proteins HSPA1A and HSPB1 Interact with TLR2, TLR4, 
TLR5, and TLR7 on Differentiated U937 Monocytic Cells. J Cancer Immunol. 2025;7(1):1-14.

J Cancer Immunol. 2025
Volume 7, Issue 1 6

IL-1β secretion from 296.1 pg/ml with HSPB1 treatment alone 
to 124.6 pg/ml when co-treated with TLR2 blocking peptide, 
representing approximately a 37% decrease (Figure 2B). 
The treatment of TLR2 blocking peptide showed reduction 
(P<0.001) TNF-α secretion from 606.7 pg/ml with HSPA1A alone 
to 395.1 pg/ml when HSPA1A is preincubated with the TLR2 
blocking peptide, indicating approximately a 65% decrease in 
TNF-α secretion (Figure 2C), the same treatment with HSPB1 
alone showed reduction (P<0.001) in the TNF-α secretion 
from 710.6 pg/ml to 187.7 pg/ml when HSPB1 is co-treated 
with TLR2 blocking peptide, reflecting approximately 53% 
in TNF-α secretion (Figure 2D). The same treatment showed 
reduction in the IL-10 secretion from 118.8 pg/ml of HSPA1A 
treatment alone to 47.51 pg/ml when HSPA1A is co-treated 
with TLR2 blocking peptide, representing approximately 40% 

decrease in IL-10 secretion (Figure 2E), and similar reponse is 
shown in the HSPB1 treatment alone (122.8 pg/ml) to 62.95 
pg/ml when HSPB1 is co-treated with TLR2 blocking peptide, 
which showed approximately 51% reduction in IL-10 secretion 
(Figure 2F).

Similarly, treatment with TLR4 blocking peptides resulted in a 
significant (P<0.001 to P<0.01) reduction in IL-1β (Figures 3A, 
3B), TNF-α (Figures 3C and 3D), and IL-10 (Figures 3E and 3F) 
secretion, compared to cells treated with HSPA1A or HSPB1 
alone (Figure 3). The treatment of TLR4 blocking peptide 
showed reduction (P<0.001) IL-1β secretion from 268.6 pg/ml 
with HSPA1A treatment alone to 114.1 pg/ml when co-treated 
with the TLR2 blocking peptide, representing approximately 
a 42% decrease in IL-1β secretion (Figure 3A). The same 

 

Figure 3. The effect of TLR4 blocking peptide on HSPA1A- or HSPB1-induced IL-1β, TNF-α, and IL-10 secretion from differentiated U937 cells. 
Panels show results obtained from differentiated U937 cells treated with 20 µg/ml of TLR4 blocking peptide alone, incubated for 2 hours, 
followed by the addition of either 1000 ng/ml of HSPA1A or HSPB1. Additional results are presented for 1000 ng/ml of either HSPA1A (A, C, 
and E) or HSPB1 (B, D, and F) preincubated with 20 µg/ml of TLR4 blocking peptide for 2 hours before being applied to the differentiated 
U937 cells and incubated for 6 hours. The cell suspension was then centrifuged, and the supernatant was collected to measure IL-1β, TNF-α, 
and IL- 10 secretion into the media by ELISA. Data are presented as mean ± SD, n=3, and analysed by one- way ANOVA with Bonferroni’s 
multiple comparison post hoc test. Significant differences between either HSPA1A or HSPB1 and (HSPA1A+TLR4 or HSPB1+TLR4), (TLR4 
blocking peptide only), and control (HI-RPMI) treatments are indicated by ** (P<0.01) and *** (P<0.001).
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treatment showed IL-1β secretion from 296.1 pg/ml with HSPB1 
treatment alone to 112.2 pg/ml (P<0.001) when co-treated 
with TLR2 blocking peptide, representing approximately a 
42% decrease in IL-1β secretion (Figure 3B). The treatment 
of TLR2 blocking peptide showed reduction (P<0.001) TNF-α 
secretion from 606.7 pg/ml with HSPA1A alone to 395.9 pg/
ml when HSPA1A is preincubated with the TLR2 blocking 
peptide, indicating approximately a 65% decrease in TNF-α 
secretion (Figure 3C), the same treatment with HSPB1 alone 
showed reduction in the TNF-α secretion from 710.6 pg/ml to 
225.0 pg/ml when HSPB1 is co- treated with TLR2 blocking 
peptide, reflecting approximately 43% in TNF-α secretion 
(Figure 3D). Similarly, treatment of HSPA1A alone showed 
reduction (P<0.001) in the IL- 10 secretion from 118.8 pg/ml 
to 47.51 pg/ml when HSPA1A is co-treated with TLR2 blocking 

peptide, representing approximately 46% decrease in IL-10 
secretion (Figure 3E), and the same treatment showed 122.8 
pg/ml of IL-1β secretion following cell treatment with HSPB1 
alone to 61.91 pg/ml (P<0.001) when HSPB1 is co-treated with 
TLR2 blocking peptide, which showed approximately 52% 
reduction in IL-10 secretion (Figure 3F).

The treatment with TLR5 blocking peptide significantly 
(P<0.001 to P<0.01) reduced cytokines secretion in 
differentiated U937 IL-1β (Figures 4A and 4B), TNF-α (Figures 
4C and 4D), and IL-10 (Figures 4E and 4F), compared to cells 
treated with HSPA1A or HSPB1 alone (Figure 4). Specifically, 
IL-1β levels decreased from 268.6 pg/ml (HSPA1A alone) to 
110.4 pg/ml (HSPA1A with TLR4 blocking peptide), marking 
an approximate 41% reduction (P<0.001) (Figure 4A). 

 

Figure 4. The effect of TLR5 blocking peptide on HSPA1A- or HSPB1-induced IL-1β, TNF-α, and IL-10 secretion from differentiated U937 cells. 
Panels show results obtained from differentiated U937 cells treated with 20 µg/ml of TLR5 blocking peptide alone, incubated for 2 hours, 
followed by the addition of either 1000 ng/ml of HSPA1A or HSPB1. Additional results are presented for 1000 ng/ml of either HSPA1A (A, C, 
and E) or HSPB1 (B, D, and F) preincubated with 20 µg/ml of TLR5 blocking peptide for 2 hours before being applied to the differentiated 
U937 cells and incubated for 6 hours. The cell suspension was then centrifuged, and the supernatant was collected to measure IL-1β, TNF-α, 
and IL- 10 secretion into the media by ELISA. Data are presented as mean ± SD, n=3, and analysed by one- way ANOVA with Bonferroni’s 
multiple comparison post hoc test. Significant differences between either HSPA1A or HSPB1 and (HSPA1A+TLR5 or HSPB1+TLR5), (TLR5 
blocking peptide only), and control (HI-RPMI) treatments are indicated by ** (P<0.01) and *** (P<0.001).
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Similarly, co-treatment with TLR4 blocking peptide and 
HSPB1 decreased IL-1β secretion from 296.1 pg/ml to 84.03 
pg/ml, also aproximately 28% reduction (P<0.001) (Figure 
4B). Treatment with TLR2 blocking peptide also significantly 
impacted TNF-α secretion. With HSPA1A, TNF-α levels dropped 
from 606.7 pg/ml to 415.8 pg/ml, an approximate 68% 
reduction (P<0.001) (Figure 4C). The co-treatment with TLR2 
blocking peptide and HSPB1 similarly reduced TNF-α from 
710.6 pg/ml to 498.8 pg/ml, indicating an approximately 70% 
decrease (P<0.001) (Figure 4D). For IL- 10, co-treatment with 
TLR2 blocking peptide and HSPA1A reduced secretion from 
118.8 pg/ml to 56.98 pg/ml, approximately a 48% decrease 
(P<0.001) (Figure 4E). When HSPB1 was co-treated with TLR2 
blocking peptide, IL-10 levels dropped from 122.8 pg/ml 
to 55.47 pg/ml, representing approximately 45% reduction 
(P<0.001) (Figure 4F).

Treatment with TLR7 blocking peptides significantly reduced 
cytokine secretion, specifically IL-1β (Figures 5A and 5B), 
TNF-α (Figures 5C and 5D), and IL-10 (Figures 5E and 5F), 
in comparison to cells treated with HSPA1A or HSPB1 alone 
(P<0.001 to P<0.01). For IL-1β, levels decreased from 268.6 pg/
ml with HSPA1A alone to 160.6 pg/ml when co-treated with 
TLR7 blocking peptide, representing an approximate 60% 
reduction (P<0.001) (Figure 5A). Similarly, IL-1β secretion 
decreased from 296.1 pg/ml to 106.4 pg/ml with TLR7 blocking 
in HSPB1-treated cells, also approximately 36% reduction 
(P<0.001) (Figure 5B). Regarding TNF-α secretion, HSPA1A 
co-treatment with TLR7 blocking peptide led to a decrease 
from 606.7 pg/ml to 395.9 pg/ml, indicating approximately 
55% reduction (P<0.001) (Figure 5C). Co-treatment with 
TLR7 blocking peptide and HSPB1 resulted in a drop from 
710.6 pg/ml to 468.4 pg/ml, approximately a 66% reduction 

 

Figure 5. The effect of TLR7 blocking peptide on HSPA1A- or HSPB1-induced IL-1β, TNF-α, and IL-10 secretion from differentiated U937 cells. 
Panels show results obtained from differentiated U937 cells treated with 20 µg/ml of TLR7 blocking peptide alone, incubated for 2 hours, 
followed by the addition of either 1000 ng/ml of HSPA1A or HSPB1. Additional results are presented for 1000 ng/ml of either HSPA1A (A, C, 
and E) or HSPB1 (B, D, and F) preincubated with 20 µg/ml of TLR7 blocking peptide for 2 hours before being applied to the differentiated 
U937 cells and incubated for 6 hours. The cell suspension was then centrifuged, and the supernatant was collected to measure IL-1β, TNF-α, 
and IL- 10 secretion into the media by ELISA. Data are presented as mean ± SD, n=3, and analysed by one- way ANOVA with Bonferroni’s 
multiple comparison post hoc test. Significant differences between either HSPA1A or HSPB1 and (HSPA1A+TLR7 or HSPB1+TLR7), (TLR7 
blocking peptide only), and control (HI-RPMI) treatments are indicated by ** (P<0.01) and *** (P<0.001).
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(P<0.001) (Figure 5D). For IL-10, co-treatment with TLR7 
blocking peptide reduced secretion from 118.8 pg/ml with 
HSPA1A alone to 55.61 pg/ml, representing approximately 
53% reduction (P<0.001) (Figure 5E). Similarly, co-treatment 
of HSPB1 with TLR7 blocking peptide lowered IL-10 secretion 
from 122.8 pg/ml to 53.0 pg/ml, marking an approximate 51% 
reduction (P<0.001) (Figure 5F).

Similarly, preincubation of either HSPA1A or HSPB1 with TLR2 
(Figure 2), TLR4 (Figure 3), TLR5 (Figure 4), or TLR7 (Figure 
5) blocking peptide before introduction to the differentiated 
U937 cells showed a significant decrease in cytokine secretion, 
when compared to differentiated U937 cells treated with 
either HSPA1A or HSPB1 alone (Figures 3–6). The results 
demonstrated variable levels of TLR binding, as indicated by 
the reduction in IL-1β, TNF-α, and IL-10 secretion. The differing 
levels of cytokine secretion observed with TLR2, TLR4, TLR5, 
and TLR7 blocking peptides may be attributed to variations in 
either the concentration of the peptides or the specific binding 
mechanisms involved [55,56]. The reduction in IL-1β, TNF-α, 
and IL-10 secretion in response to HSPA1A or HSPB1 following 
TLR inhibition suggests a receptor-specific interaction with 
the blocking peptides (Figure 3–6). Additionally, the 20 
µg/ml concentration used in this study aligns with Kwon 
et al. [57], who reported cytokine inhibition by peptides at 
concentrations ranging from 12.5 to 50 µg.

Discussion

Our study aimed to elucidate the role of heat shock proteins 
(HSPs), specifically HSPA1A and HSPB1, in the activation of the 
innate immune response via their interaction with toll-like 
receptors (TLRs) on differentiated U937 cells. The findings from 
this investigation provide significant insights into the complex 
mechanisms through which HSPs such as HSPA1A and HSPB1 
influence immune system activation and regulation. HSPs 
including HSPA1A and HSPB1 have been demonstrated 
to activate cytokine secretion in many cells [14,40,58,59]. 
For example, HSPA1A has been shown to activate cytokine 
secretion in human bronchial epithelial cells [14], fibroblast 
cell [58]. Similarly, HSPB1 has been shown to activate cytokine 
secretion in coronary vascular endothelial cell and U937 cells 
[14,40]. HSPA1A and HSPB1 have been further demonstrated 
in ovarian cancer cells, neutrophils, monocytic cell lines such 
as U937 cells and human monocytes to induce cytokine 
secretion via TLR2 and TLR4 [8,14,40,58]. This study further 
investigates HSPA1A and HSPB1 in both TLR5 and TLR7.

Cytokines are widely recognized as biomarkers for 
inflammatory immune responses, with cells responding to 
immune stimuli in either a pro- or anti-inflammatory manner 
[60,61]. TNF-α and IL-1β are predominantly associated with 
pathological conditions, acting as pro-inflammatory markers, 

 

Figure 6. Possible HSPA1A and HSPB1 cytokine activation via MyD88/TRIFF. Cell stress triggers the release of HSPA1A and HSPB1 into the 
extracellular environment (1). These extracellular HSPA1A and HSPB1 proteins bind to (2, 3, 4, and 5) TLR proteins on the cell membrane, 
activating MyD88/TRIF-dependent mechanisms (6). This activation leads to NF-kB signalling (7), resulting in the release of cytokines (8) 
[Adapted from 85,86].



 
 Ogbodo E, Michelangeli F, Williams JHH. Exogenous Heat Shock Proteins HSPA1A and HSPB1 Interact with TLR2, TLR4, 
TLR5, and TLR7 on Differentiated U937 Monocytic Cells. J Cancer Immunol. 2025;7(1):1-14.

J Cancer Immunol. 2025
Volume 7, Issue 1 10

whereas IL-10 is typically involved in cellular repair and serves 
an anti-inflammatory role [61]. In an acute immune response, 
cells initially release pro-inflammatory cytokines such as 
TNF-α and IL-1β, initiating the primary immune response. This 
response subsequently triggers the release of IL-10. Thereby, 
facilitating inflammation resolution and tissue repair [62]. 
The roles of TNF-α, IL-1β, and IL-10 in modulating immune 
responses underscore their relevance as reliable biomarkers 
for inflammation [60-62]. Our previous study demonstrated 
that HSPA1A and HSPB1 treatments stimulate the secretion 
of TNF-α, IL-1β, and IL- 10, highlighting their role in immune 
activation [5].

Our results suggest that HSPA1A and HSPB1 interaction with 
TLR2, TLR4, TLR5, and TLR7 contributes to the both HSPA1A 
and HSPB1-induced cytokine secretion IL-1β, TNF-α, and IL-
10 in differentiated U937 cells. This interaction underscores 
the HSPs role as an immunomodulatory protein. Previous 
studies have highlighted HSPs involvement in immune 
activation [63,64]. For example, Luo et al. [64] demonstrated 
anti- inflammatory effect of HSPA1A on rheumatoid arthritis 
(RA) by downregulating production of both IL-6, IL-8, and 
monocytes chemoattractant protein (MCP-1) in fibroblast-
like synoviocytes, but our study extends this knowledge by 
investigating more interactions between HSPA1 and HSPB1 
with several TLRs rather than focusing on individual receptors 
[8,14,59,65]. TLR-blocking peptides have been widely used in 
several studies to explore the role of TLRs in cytokine secretion 
activation. For instance, TLR2, TLR4, TLR5, and TLR7 have been 
shown to reduce cytokine secretion levels in monocytic cells and 
macrophages [66-69]. These studies provide strong evidence 
supporting the effectiveness of TLR-blocking peptides, which 
are therefore utilised in this study. By incubating TLR-blocking 
peptides with either U937 macrophages or HSPs, interactions 
can be assessed, and a reduction in cytokine secretion suggest 
specific binding between the TLR-blocking peptides, the cells, 
and HSPs. Thereby, confirm the presence of these TLRs on the 
cell membrane and their role in activating signalling pathways 
that lead to cytokine production [40,70].

Interestingly, there are little or no differences between the 
HSPA1A and HSPB1 interaction with TLR2, TLR4, TLR5, and 
TLR7 blocking peptides (Figures 2-5). Also, each of these 
TLRs showed a similar reduction in cytokine secretion for 
both HSPA1A- and HSPB1-induced cytokine responses. 
This suggests that these HSPs may interact with multiple 
receptor proteins such as CD91 and CD40 or may be working 
in conjunction with TLRs in the activation of cytokines via 
MyD88 [71], which could explain why blocking a single TLR 
did not completely inhibit the cytokine effects of HSPA1A and 
HSPB1. For example, while blocking a specific receptor might 
limit HSPA1A and HSPB1 interaction at that site, these HSPs 
could simultaneously engage other receptors, which would 
account for the partial cytokine activity observed even with 
TLR blockade. This potential for multi-receptor interaction 
may underline the inability of TLR-blocking peptides to fully 
abrogate HSPA1A and HSPB1-induced cytokine secretion 

(Figures 2-5). HSPs have been shown to interact with various 
receptor proteins, including TLR2, TLR4, CD14, CD40, CD91, 
and CD36 [8,9]. This observation aligns with findings from our 
previous study [5], further supporting the notion of receptor- 
specific but overlapping pathways in HSPA1A and HSPB1-
mediated cytokine production.

The elevated levels of IL-1β, TNF-α, and IL-10 following HSPA1A 
and HSPB1 incubation with differentiated U937 cells indicate 
that these HSPs can effectively trigger both pro-inflammatory 
and anti-inflammatory regulatory cytokine responses. This 
observation suggests dual role of HSPs in activation of 
both pro and anti- inflammatory immune responses, which 
demonstrates their functions as immune modulation proteins 
[5,13,72]. This explains why HSPs can promote inflammation 
in some scenarios while aiding in immune regulation in others 
[5,13,72].

Preincubation with TLR2, TLR4, TLR5, and TLR7 blocking 
peptides significantly reduced cytokine secretion, indicating 
that these receptors are critical for HSP- mediated immune 
responses. Also, this observation may be suggestive of HSPs 
interaction with other receptors or mechanisms other than the 
TLRs demonstrated in this study. However, this study observed 
that the blocking peptides in some cases inhibited the level of 
IL-1β and IL-10 secretion than that seen in the TNF-α secretion. 
While it is unclear why that should be the case. However, 
evidence has shown variation in the cytokine secretion from 
immune cells to be attributed to the cell pathways involved, 
structure, and cellular response pattern [73,74]. For example, 
it has been documented that cytokines can be released from 
secretary granules, constitutive secretary pathways with 
more dynamic vesicular carriers, and compartment recycling 
endosomes [74,75]. This finding addresses the promiscuity 
concerns regarding HSP interactions with recognition 
receptors [5], demonstrating specificity in the HSP-TLR 
interactions that drive cytokine production [25,59]. Our 
previous study showed HSPA1A and HSPB1-induced cytokine 
secretion via interactions with CD14, CD36, and CD11b [5]. 
While there has been overwhelming evidence of HSP-induced 
immune response via interaction with CD91 and CD40 [76-78]. 
Studies have shown HSPs interaction with LOX-1, scavenger 
receptor (SR) in the activation of immune responses [77,79].

Our findings align with previous research demonstrating 
the role of HSPs in immune activation through interactions 
with receptors such as CD91 and CD40 [11,78,80]. However, 
the identification of specific TLRs involved in HSP-induced 
cytokine secretion provides a more nuanced understanding 
of the underlying mechanisms. While previous studies have 
suggested a broad immunoregulatory function for HSPs 
[13,72], While the specific signalling pathways behind HSP-
induced cytokine secretion remain unclear, our data suggest 
that the reduced levels of TNF-α, IL-1β, and IL-10 observed 
when using TLR2, TLR4, TLR5, and TLR7 blocking peptides with 
HSPA1A and HSPB1 indicate the specificity of these TLRs in 
mediating HSPA1A- and HSPB1-induced cytokine production. 
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This specificity suggests that HSPA1A and HSPB1 may activate 
MAPKs and NF-κB pathways through MyD88 and TRIF- 
dependent mechanisms (Figure 6). MyD88 has been widely 
shown to mediate cytokine release in several TLR pathways, 
while TRIF is known to play a role in TLR4-mediated cytokine 
activation [28,29]. Our findings underscore the importance of 
receptor- specific interactions in shaping immune responses. It 
is important to mention that HSP- induced cytokine secretion 
through TLR5 and TLR7 pathways has been less commonly 
studied. However, evidence from this study indicates that in 
addition to traditional receptors like TLR2 and TLR4 in cytokine 
activation, TLR5 and TLR7 also support both HSPA1A- and 
HSPB1-induced cytokine secretion. This finding is consistent 
with studies suggesting that TLR5 and TLR7 signalling, similar 
to TLR2 and TLR4, occurs via MyD88-dependent pathways and 
the activation of NF-κB (Figure 6).

The ability of HSPA1A and HSPB1 to induce cytokine 
secretion through TLRs positions these HSPs as potential 
modulators of immune responses in pathological and 
non-pathological contexts. This insight opens avenues for 
therapeutic interventions targeting HSP-TLR pathways to 
modulate immune responses in diseases characterized by 
chronic inflammation or immune dysregulation such as 
inflammatory diseases and cancer [5]. The TLRs studied in this 
manuscript are present in monocytic U937 cells and that has 
been demonstrated in other studies [81,82]. Understanding 
how modulation of HSP levels or blocking specific receptors, 
as demonstrated in this study and our previous work [5], 
could offer a viable strategy for reducing unwanted immune 
activation in conditions such as autoimmune disorders and 
hypersensitivity reactions [83,84].

While our study provides critical insights, it is essential to 
acknowledge the limitations. Given the promiscuity of both 
HSPA1A and HSPB1 in their interaction with receptors shown 
previously in [5] and in the current study, it is important to 
investigate how the different interactions demonstrated in [5] 
and the current study operate in vivo. For example, how does 
the context influence receptor usage? Future studies should 
explore these interactions in primary immune cells and animal 
models to validate the findings. Additionally, investigating 
the structural basis of HSP-TLR interactions, along with using 
Western blot analysis to identify downstream signalling 
pathways associated with the HSP-TLR mechanism, could 
further clarify the specificity and affinity of these interactions. 
The level of IL-1β, TNF-α, and IL-10 inhibition can be attributed 
to the concentration of TLR2, TLR4, TLR5, and TLR7 used. Future 
study can explore higher concentrations to further elucidate 
the study of HSPs interaction with TLRs.

Conclusion

Our study showed that HSPA1A and HSPB1-induced cytokine 
secretion may occur via interaction with TLR2, TLR4, TLR5, 
and TLR7. The promiscuity identified here and in [5] needs 
further investigation into the effect of context on receptor 

usage. These findings contribute to a deeper understanding 
of HSP-mediated immune modulation and highlight potential 
therapeutic targets for modulating immune responses in 
various disease contexts. Further research is warranted to 
explore the clinical implications of these interactions and their 
potential in therapeutic applications.
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