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Abstract

Heat shock proteins (HSPs) are ubiquitous proteins that play an important role in cellular stress responses, contributing to immune activation
through interactions with toll-like receptors (TLRs) and other pattern recognition receptors. Despite extensive research, the exact mechanism
by which HSPs modulate immune responses is still unclear. This study explores the immune-modulatory role of HSPATA by examining its
effect on cytokine production in PMA-differentiated THP-1 macrophages, preincubated with TLR-specific blocking peptides prior to exposure
to recombinant HSPA1A. The results showed that treatment with HSPA1A significantly increased the secretion of both pro-inflammatory
cytokines, such as IL-1 and TNF-g, and anti-inflammatory cytokines, such as IL-4 and IL-10, emphasizing its dual role in immune regulation.
Blocking peptides targeting TLR2, TLR4, TLR5, and TLR7 were used to study the involvement of these receptors in HSPA1A-induced cytokine
production. Further analysis revealed that HSPATA modulates key signaling pathways, including MyD88, MAPK, and NF-kB. These findings
suggest that HSPATA-TLR interactions and their downstream signaling cascades can be potential therapeutic targets for modulating immune

responses in inflammatory and autoimmune diseases.
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Introduction

Heat shock proteins (HSPs), also known as stress proteins, are
ubiquitous and conserved proteins that have a fundamental
role in the molecular chaperone system of cells [1]. HSPs
are generally expressed intracellularly [2], however they
are overexpressed in response to cellular stress [3]. The
overproduction of HSP results in their increased surface
expression and release into the extracellular environment, via
active secretion or apoptosis [1].

Several studies have indicated that extracellular HSPs,
predominantly released endogenously during cellular stress
or necrosis, can act as a danger signal [4] and play a role in both
innate and adaptive immunity [5]. Certain HSPs can stimulate
the production of inflammatory cytokines, chemokines and
co-stimulatory molecules through the nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-kB) signaling
pathway [6]. Furthermore, HSPs have been reported to
stimulate cytokine production via the activation of both NF-
kB and mitogen-activated protein kinase (MAPK) pathways,
which may contribute to the pathogenesis of autoimmune
and chronic inflammatory diseases [7]. For example, Moroi et
al. [8] showed that extracellular HSP70 can trigger cytokine
secretion by activating dendritic cells. HSPATA is the primary
heat- inducible member of the Hsp70 family in humans, with
a molecular weight of 72kDa [9]. HSPA1A interacts with target
cells through various cell surface receptors, including toll
like receptors (TLRs) 2 and 4 [10]. TLRs are a type of pattern
recognition receptor playing an important role in recognizing
pathogen associated molecular patterns (PAMPs) [11]. Upon
binding with a ligand, TLRs recruit toll/interleukin-1 receptor
(TIR) domain-containing adaptor proteins, such as myeloid
differentiation primary-response protein 88 (MyD88) and
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TIR domain-containing adaptor inducing IFN-f (TRIF), which
initiate signal transduction pathways leading to the activation
of NF-kB and MAPK, thereby regulating cytokine production
[12]. The main difference in TLR signaling pathways is the
recruitment of either MyD88 or TRIF. MyD88 is utilized by all
TLRs leading to enhanced expression of proinflammatory
cytokine genes, with its activation facilitated by TIRAP or Mal
[13].

Primarily released from endogenous sources, HSPA1A enters
the extracellular environment through mechanisms such as
transport with transmembrane domain proteins, secretion
through lysosomal endosomes, or inhibition of phospholipase
C activity [14]. Moreover, Saito et al. [15] noted that HSPATA
can also be released passively from damaged or necrotic
cells. Extracellular HSPA1A has been shown to influence both
pro- and anti-inflammatory responses. It can modulate the
immune response by binding to receptors on immune cells,
such as natural killer cells and macrophages [5]. This role
is significant in cancer biology; for example, Wu et al. [16]
observed that extracellular HSP modulates immune response
in hepatocarcinoma, thereby contributing to tumor immune
evasion. Additionally, a study by Chiricosta et al. [17] reported
the upregulation of HSPA1A in multiple sclerosis (MS) and
their role in exacerbating immune response in MS [35]. This
suggests that intracellular HSPs protect cells under stress,
however their overexpression and subsequent release from
cells leads to the activation of the immune system [17]. The
complex role of HSPs, especially in their interactions with TLRs
and the resulting immune responses, highlights the need for
a thorough understanding of the precise mechanisms of this
interaction as it could be beneficial in treating diseases caused
by them [2].

Materials and Methods
THP-1 cell cultures

The human monocytic leukemia cell line, THP-1, was
purchased from the American Type Culture Collection (ATCC)
and it was cultured in suspension in T75 flasks using RPMI-
1640 media supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37°C in a humidified
tissue culture incubator with 5% CO,. The cells were routinely
sub-cultured every 2-3 days, or when confluent and the
cell suspension was regularly monitored to ensure optimal
growth and tested for viability using the trypan blue exclusion
method.

Preparation and differentiation of THP-1 monocytes into
macrophages

THP-1 cells with a seeding density of 500,000 cells/ml were
centrifuged at 500 g for 5 minutes at 25°C. Following, the
supernatant was discarded, and the pellet was resuspended
in 10% heat-inactivated RPMI-1640 (HIRPMI-1640) medium.
To induce the differentiation of THP-1 monocytic cells into

macrophages, phorbol 12-myristate 13-acetate (PMA) was
added to the cell suspension at a final concentration of 10
ng/mL. The treated cell suspension was then transferred into
12-well plates with a final volume of 1 ml per well and into
6-well plates with a final volume of 3 ml per well. The culture
plates were then incubated at 37°C with 5% CO, for 24 hours.
The progression of cell differentiation was monitored by
observing morphological changes under a light microscope.
Following differentiation, media containing PMA was carefully
discarded, and the cells were gently washed with fresh media
to remove any residual PMA. These cells were then subjected
to treatment with HIRPMI (control), HSPA1A, TLR-specific
blocking peptide and combination of HSPATA and TLR-
specific blocking peptide.

Treatment of THP-1 macrophages with TLR-specific
blocking peptides and recombinant HSPA1A

Blocking peptides specific for TLR2, TLR4, TLR5, and TLR7
were prepared by diluting them in 10% HIRPMI-1640 medium.
The THP-1 macrophages were then preincubated with these
blocking peptides at a final concentration of 100 ng/ml
for 30 minutes. Recombinant HSPATA was purchased from
Stressmarq Biosciences, which guarantees the product to be
>90% pure and free of endotoxins. The protein was added to
THP-1 macrophages at a final concentration of 1000 ng/ml,
and the cell cultures were incubated at 37°C with 5% CO, for
18 hours.

Detection of IL-1f, IL-4, IL-10, and TNF-a concentrations
by ELISA

Following treatment, the cell suspension was transferred into
a falcon tube and centrifuged twice at 500 g for 5 minutes.
The supernatant was then collected for cytokine detection
using ELISA, following manufacturer’s protocol (Invitrogen,
California, USA). The absorbance was measured at a
wavelength of 450 nm using an LT-4500 ELISA plate reader by
Labtech. The absorbance values were converted to cytokine
concentrations using Prism software.

Detection of MyD88, MAPK, and NF-kB Concentrations
by ELISA

After treatment, cells were collected, centrifuged at 1000
RPM for 10 minutes, and the supernatant was discarded. The
pellet was dried, resuspended in PBS, and centrifuged at 500
RPM for 3 minutes. After discarding the supernatant, the pellet
was dried and loosened. A lysis buffer with 1% (v/v) non-ionic
detergent P40 (NP40) with one protease inhibitor tablet in
distilled water) was prepared. The pellet was resuspended
in 250 ul of lysis buffer and incubated on ice for 30 minutes.
Centrifugation at 9000 RPM for 10 minutes yielded the protein
fraction, confirmed by Nanodrop.

MyD88 was detected by ELISA according to manufacturer’s
instruction (Abcam) and MAPK and NF-kB detected using
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kit from Invitrogen. The absorbance was measured at 450
nm using an LT-4500 ELISA plate reader, and values were
converted to cytokine concentrations using Prism software.

Detection of NF-kB by RT-PCR

The media was removed from the 6-well plates, and cells
were washed with PBS. Then 0.1-0.25 % trypsin was added
for 5 minutes at room temperature. After detachment 10%
RPMI-1640 media was added to inactivate trypsin. The cell
suspension was transferred to an RNAse-free falcon tube,
centrifuged at 1.6 RPM for 5 minutes and all supernatant was
removed. RNA extraction was performed by using RNeasy
mini kit by Qiagen, and RNA concentration was confirmed via
Nanodrop.

Table 1. Primer’s sequence used in RT-PCR to detect NF-kB.

Primer Sequence

5-FGCGCTTCTCTG CCTTCCTTA-3’
5'-TCTTCAGGTTTGATG CCCCC-3’
5-GAGTCAACG GATTTGGTC GT -3

5-GACAAGCTTCCCGTTCTCAG-3'

NF-kB forward primer

NF-kB Reverse primer
GAPDH2 Forward primer
GAPDH?2 Reverse primer

For reverse transcription, 12 ul of RNA template was mixed
with 1 ul of oligo(dT), incubated at 65°C for 5 minutes using
a PCR machine, then placed on ice. Next, 4 ul of reaction
buffer, 2 ul of ANTP, and 1 ul reverse transcriptase were added,
followed by 60 minutes at 42°C and 5 minutes at 70°C. The
samples were diluted in a 1:3 ratio with water. Primers (100
nmol/ul, diluted 1:50) were used for each reaction. Each of
the 15 samples had three reactions: no template control, NF-
KB primer, and GAPDH primer. RT-PCR cycling conditions: 40
cycles at 95°C for 5 seconds, then 60°C for 30 seconds.

The CT obtained were used to calculate fold change in gene
expression using AACt method.

Fold change= 2 A-AACT

Statistical analysis

All different treatments for cytokine detection via ELISA were
conducted in triplicate. Data analysis was performed with
GraphPad Prism™ version 10.2.3 ((GraphPad Software, Inc, San
Diego, CA, USA). A two-way ANOVA was utilized to analyze the
differences in time course effects between HSPATA treatment
and the control (treated with 10% HIRPMI only). An ordinary
one-way ANOVA was performed to assess the differences
among the various treatment groups. For the detection of
NF-kB by RT-PCR, where only two biological replicates were
available, the Mann-Whitney test was used to evaluate the
fold change differences in NF-kB expression between the
different treatments.

Results

Figure 1 illustrates the production levels of IL-1f3, IL-4, IL-10,
and TNF-a cytokines in THP-1 macrophages after treatment
with HSPA1A. Cytokine levels were measured at 0 h (pre-
treatment) and at 18 h (post-treatment). Notably, there was
a significant increase in the secretion of all four cytokines
after 18 hours of treatment with HSPATA compared to the
control (10% HIRPMI). Specifically, IL-1B reached 41.77 pg/
ml, IL-4 was 42.50 pg/ml, IL-10 was 47.29 pg/ml and TNF-a
was 184.6 pg/ml. These increases were statistically significant
(p<0.0001), indicating enhanced cytokine production in THP-
1 macrophages following HSPA1A treatment.

The effects of HSPATA and TLR 2 blocking peptide (TLR2 BP)
on the production of inflammatory cytokines were assessed
in THP-1 macrophages. As illustrated in Figure 2, HSPA1A
significantly increased the secretion of IL-1B (Figure 1A),
IL-4 (Figure 1B), IL-10 (Figure 1C), and TNF-a (Figure 1D)
compared to the control (HIRPMI) (p<0.0001). When THP-1
macrophages were pre-treated with TLR2 BP, the cytokine
levels induced by HSPA1A were significantly reduced (IL-1(3:
p<0.01, IL-4, IL10 and TNF-a: p<0.0001). This reduction was
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Figure 1. Time course effects of 1000 ng/ml HSPA1A on the secretion of IL-1(, IL-4, IL-10 and TNF-a cytokines from THP-1 macrophages
differentiated with PMA. Cytokine levels (pg/ml) were determined at 0 hours and 18 hours post-treatment. The graphs show comparative
data for HIRPMI (control) and HSPATA (treatment). Data are presented as mean + SD, n = 3 and analyzed using two-way ANOVA with
Bonferroni’s multiple comparison post hoc. Significant differences between HSPATA and HIRPMI treatment are shown **** (p< 0.0001).
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Figure 2. Effects of various treatments on IL-16, IL-4, IL-10, and TNF-a cytokine production in THP-1 macrophages. The treatments include
HIRPMI (control), HSPATA, TLR2 blocking peptide (TLR2 BP), and a combination of HSPATA with TLR2 BP. Data are shown as mean
concentration (pg/ml) £ SD, n = 3 and tested by Ordinary one-way ANOVA with Bonferroni’s multiple comparison post hoc. Significance
levels are indicated as follows: ** (p<0.01) and **** (p<0.0001), comparing treated groups to the control and between specific treatments.

observed across all cytokines measured, suggesting that significantly increased IL-13 levels compared to HIRPMI
blocking TLR2 impacts the effect of HSPATA on cytokine (p<0.0001). However, the combination of HSPATA and TLR2
production [43]. BP significantly decreased IL-1P levels compared to HSPATA

alone (p<0.01). Panel (B) shows a significant increase in IL-4
The data presented in Figure 3 illustrates the effects production with HSPATA treatment alone (p<0.0001), which
of HSPA1A, TLR4 blocking peptide (TLR4 BP) and their was markedly reduced with the combination treatment
combination on cytokine production. In panel (A), HSPATA  (p<0.0001). Panel (C) and (D) display similar trends for IL-10
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Figure 3. Effects of various treatments on IL-1p, IL-4, IL-10, and TNF-a cytokine production in THP-1 macrophages. The treatments include
HIRPMI (control), HSPA1A, TLR4 blocking peptide (TLR4 BP), and a combination of HSPA1A with TLR4 BP. Data are shown as mean concentration
(pg/ml) £ SD, n = 3 and tested by Ordinary one-way ANOVA with Bonferroni’s multiple comparison post hoc. Significance levels are indicated
as follows: ** (p<0.01), *** (p<0.001), and **** (p<0.0001), comparing treated groups to the control and between specific treatments.
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and TNF-a, respectively, with significant reductions in the
combination treatment group compared to HSPA1A alone
(p<0.0001 for IL-10 and p<0.001 for TNF- a).

The data in Figure 4 demonstrates the effects of HSPATA,
TLR5 BP, and their combination on cytokine production. In
panel (A), treatment with HSPA1A significantly elevated IL-
1B levels compared to HIRPMI (p<0.0001). The combination
treatment with HSPATA and TLR5 BP resulted in a significant
reduction of IL-1[3 levels compared to HSPA1A alone (p<0.05).
Panel (B) shows that HSPA1A treatment led to a marked
increase in IL-4 production compared to control (p<0.0001),
while the addition of TLR5 BP significantly reduced IL-4
levels compared to HSPATA alone (p<0.0001). In panel (C),
IL-10 production was significantly upregulated by HSPATA
treatment (p<0.0001), with a significant decrease observed in
the combination treatment (p<0.001). Panel (D) reveals that
TNF-a levels were significantly higher with HSPA1A treatment
(p<0.0001) and were notably reduced with combination
treatment (p<0.0001).

The data in Figure 5 demonstrate the effects of HSPATA,
TLR7 blocking peptide (TLR7 BP), and their combination on
cytokine production. Panel (A) shows a significant increase in
IL-1pB levels following HSPATA treatment compared to HIRPMI
(p<0.0001), which is reduced in the combination treatment
compared to HSPA1A alone (p<0.05). IL-4 follows a similar

pattern as IL-13 (p<0.0001 for both). Panel (C) indicates
that HSPA1A significantly elevated IL-10 (p<0.0001), with a
reduction in the combination treatment (p<0.0001). Panel (D)
shows a similar pattern.

The analysis in Figure 6 illustrates the impact of HSPATA,
various TLR BP and their combination on MyD88 signaling
molecule in cytokine production. In panel A, the concentration
of MyD88 significantly decreased following HSPATA treatment
compared to the HIRPMI (p<0.001). The combination of
HSPA1A with TLR2 BP resulted in a significantly higher MyD88
concentration compared to HSPA1A alone (p<0.0001). In B,
MyD88 levels significantly decreased with HSPA1A treatment
compared with HIRPMI (p<0.0001). The combination
treatment further significantly reduced MyD88 levels (p<0.01).
Panel C shows that MyD88 levels significantly decreased in
the HSPA1A-treated group compared to HIRPMI (p<0.05).
However, no significant difference was observed between
the HSPA1A and HSPA1A + TLR5 BP treatments. In D, HSPATA
treatment resulted in a significant decrease in MyD88 levels
compared to the HIRPMI control (p<0.001). The combination
treatment shows further decrease in MyD88 levels compared
to HSPA1A alone (p<0.0001).

The data in Figure 7 shows the effects of HSPA1A, various TLR
BP and their combination on MAPK p38 signaling molecule
in cytokine production. Panel A shows that MAPK p38 levels
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Figure 4. Effects of various treatments on IL-13, IL-4, IL-10, and TNF-a cytokine production in THP-1 macrophages. The treatments include
HIRPMI (control), HSPA1A, TLR5 blocking peptide (TLR5 BP), and a combination of HSPATA with TLR5 BP. Data are shown as mean
concentration (pg/ml) = SD, n =3 and tested by Ordinary one-way ANOVA with Bonferroni’s multiple comparison post hoc. Significance
levels are indicated as follows: * (p<0.05), *** (p<0.001), and **** (p<0.0001), comparing treated groups to the control and between specific
treatments.
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Figure 5. Effects of various treatments on IL-1(, IL-4, IL-10, and TNF-a cytokine production in THP-1 macrophages. The treatments include
HIRPMI (control), HSPA1A, TLR7 blocking peptide (TLR7 BP), and a combination of HSPATA with TLR7 BP. Data are shown as mean
concentration (pg/ml) + SD, n =3 and tested by Ordinary one-way ANOVA with Bonferroni’s multiple comparison post hoc. Significance
levels are indicated as follows: * (p<0.05), *** (p<0.01), and **** (p<0.0001), comparing treated groups to the control and between specific
treatments.

Figure 6. Concentration levels of MyD88 in THP-1 macrophages treated with HIRPMI (control), TLR2 blocking peptide (TLR2 BP) (panel A),
TLR4 blocking peptide (TLR4 BP) (panel B), TLR5 blocking peptide (TLR5 BP) (panel C), TLR7 blocking peptide (TLR7 BP) (panel D), and a
combination of HSPA1A and blocking peptides. The data are represented as mean concentrations (pg/ml or absorbance at 450 nm) £+ SD, n
=3 and tested by Ordinary one-way ANOVA with Bonferroni’s multiple comparison post hoc. Significance levels are indicated as follows: ns
(p>0.05), * (p<0.05), ** (p<0.01), *** (p<0.001), and **** (p<0.0001).

J Cancer Immunol. 2025
Volume 7, Issue 2 65



Hoque NJ, Ogbodo E, Essalemi RK, Wood CR, Moosa H. Role of Exogenous HSPAIA in Cytokine Regulation Through
TLR2, TLR4, TLR5, TLR7, and MyD88/MAPK p38/NF-kB Pathways in Differentiated THP-1 Cells. ] Cancer Immunol.
2025;7(2):60-71.

Treatment

Figure 7. Concentration levels of MAPK in THP-1 macrophages treated with HIRPMI (control), TLR2 blocking peptide (TLR2 BP) (panel A),
TLR4 blocking peptide (TLR4 BP) (panel B), TLR5 blocking peptide (TLR5 BP) (panel C), TLR7 blocking peptide (TLR7 BP) (panel D), and a
combination of HSPA1A and blocking peptides. The data are represented as mean concentrations (pg/ml or absorbance at 450 nm) + SD, n
=3 and tested by Ordinary one-way ANOVA with Bonferroni’s multiple comparison post hoc. Significance levels are indicated as follows: **
(p<0.01), *** (p<0.001), and **** (p<0.0001).

significantly increased in the HSPA1A-treated group compared
to the HIRPMI control (p<0.0001). However, treatment with
combination of HSPA1TA with TLR2 BP significantly reduced
the MAPK p38 levels (p<0.0001). Panel B shows that MAPK
p38 levels increased significantly with HSPATA treatment
compared to control (p<0.0001), and this increase was even

TLR5 BP group compared to HSPATA alone (p<0.01), and a
significant increase in HSPA1A treatment compared to HIRPMI
(p<0.01). Panel D shows that HSPA1A alone increased MAPK
p38 levels significantly (p<0.0001), while the combination
treatment further elevated these levels (p<0.001).

bigger with combination treatment (p<0.0001). In panel
C, MAPK p38 levels significantly increased in the HSPA1A +

The below Figure 8 illustrates the effects of HSPA1A, various
TLR BPs, and their combination on NF-kB p65 signaling

>

Treatment

Treatment

Figure 8. Concentration levels of NF-kB p65 in THP-1 macrophages treated with HIRPMI (control), TLR2 blocking peptide (TLR2 BP) (panel
A), TLR4 blocking peptide (TLR4 BP) (panel B), TLR5 blocking peptide (TLR5 BP) (panel C), TLR7 blocking peptide (TLR7 BP) (panel D), and a
combination of HSPA1A and blocking peptides. The data are represented as mean concentrations (pg/ml or absorbance at 450 nm) + SD,
n = 3 and tested by Ordinary one-way ANOVA with Bonferroni’s multiple comparison post hoc. Significance levels are indicated as follows:
ns (p>0.05), * (p<0.05), and ** (p<0.01).
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molecule in cytokine production. In panel A, NF-kB p65 levels
were not significantly different between HIRPMI and HSPATA
treatment (p>0.05), however the combination of HSPA1A with
TLR2 increased NF-kB p65 levels compared to HSPA1A alone
(p<0.01) or TLR2 alone. In panel B, NF-kB p65 levels showed
similar pattern as Figure 6. Panel C indicates a slight but
significant increase in NF-kB p65 levels in the combination
treatment group compared to HSPATA (p<0.05) alone or TLR5
alone, with no significant differences observed between the
HSPA1A and HIRPMI treatments. In panel D, no significant
difference was observed in NF-kB p65 levels between HIRPMI
and HSPATA treatments (p>0.05). However, the combination
of HSPATA with TLR7 BP significantly increased NF-kB p65
levels compared to HSPA1A alone (p<0.01).

The data in Figure 9 illustrates the fold change difference
in NF-kB expression levels in THP1 macrophage following
various treatments. Across all panels (A-D), it is observed that
treatment with HSPA1A increased NF-kB expression compared
to the control (HIRPMI), but these changes are not statistically
significant (p>0.05). The presence of TLR blocking peptides
(TLR2 BP, TLR4 BP, TLR5 BP, TLR7 BP) alone or in combination
with HSPATA does not show a notable impact on NF-kB
expression levels (p>0.05).

Discussion

This study investigated the role of endogenous extracellular
HSPs in modulating cytokine secretion by utilizing exogenous
recombinant HSPATA as a model. This approach allowed us

to examine cytokine secretion levels (IL-1B, IL-4, IL-10, and
TNF- a) in PMA-differentiated THP-1 macrophages under
controlled experimental conditions, mimicking the effects of
endogenous extracellular HSPA1A. Treatment with 1000 ng/ml
of recombinant HSPA1A significantly increased the secretion
of all four cytokines (p<0.0001), indicating that HSPA1A plays
a critical role in activating the immune system. Notably, there
was a consistent and significant increase in the production
of both pro-inflammatory cytokines (IL-13 and TNF-a) and
anti- inflammatory cytokines (IL-4 and IL-10) (p<0.0001),
which aligns with previous research [18], suggesting HSPA1A
stimulates cytokine production via TLR interactions.

In this study, the use of TLR-specific blocking peptide
provided critical insights into the involvement of these
receptors in HSPA1A-induced cytokine production. Blocking
TLR2, TLR4, TLR5 and TLR7 significantly decreased the
cytokine responses induced by HSPA1A, emphasizing the
key role of these receptors. These findings highlight the dual
role of HSPATA in promoting both pro-inflammatory and
anti-inflammatory responses, providing new insights into
the complex mechanisms in which HSPATA modulates the
immune system.

This dual role suggests that HSPATA functions both as a
danger signal and a modulator of immune system [4]. The
ability of HSPA1A to elicit both pro- and anti-inflammatory
cytokines appears to be influenced by both receptor-specific
activation and the immune context [18,40]. For instance,
activation of TLR2 by HSPA1A is generally associated with
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Figure 9. The fold change in NF-kB expression in response to different treatments. The treatments include HIRPMI (control), HSPATA,
TLR2 blocking peptide (TLR2 BP), and a combination of HSPA1A and TLR2 BP. Similarly, with TLR4 BP, TLR5 BP, and TLR7 BP. The fold change
is calculated relative to the control (HIRPMI), which is set as 1. Data points represent individual biological replicates, and the horizontal bar
represent the mean fold change. Data was analyzed by nonparametric Mann-Whitney test and statistical significance is reported as follows:
ns (p>0.05).
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anti-inflammatory responses through exclusive engagement
of MyD88-dependent signaling, whereas TLR4 activation
predominantly drives pro-inflammatory pathways via both
MyD88 and TRIF-dependent pathways [18]. Furthermore,
TLR5 and TLR7 may modulate cytokine responses directly,
possibly through cross-talk with MAPK or interferon pathways
[41,42]. These findings suggest that specific TLR pathways are
differentially activated by HSPATA, explaining the observed
difference in cytokine production.

Recombinant HSPA1A treatment of PMA-differentiated THP-
1 macrophages significantly increased both pro-inflammatory
and anti-inflammatory cytokines (Figure 1). There was a
significant increase in IL-13 and TNF-a levels, both pro-
inflammatory cytokines, compared to control (p<0.0001).
These findings align with previous research indicating
that HSPs, such as HSPA1A, can activate immune system,
enhancing inflammatory responses [11]. The ability of HSPATA
to induce proinflammatory cytokines supports its potential
role in the pathogenesis of chronic inflammatory diseases, as
these cytokines are often implicated in the exacerbation of
inflammatory responses [7]. Interestingly, the results in this
study also show a significant increase in anti-inflammatory
cytokinesIL-4 and IL-10 levels (p<0.0001). These findings imply
that HSPA1A might also play a role in promoting resolution
of inflammation or in regulating the immune response to
prevent excessive damage [33]. These findings align with [34],
who reported that extracellular HSPs could induce both pro-
and anti-inflammatory responses, although the mechanisms
remain unclear.

Thisstudy utilizedTLR-specificblockingpeptidestoinvestigate
the role of TLRs in mediating the immune response induced
by recombinant HSPATA in THP-1 macrophages. TLR-blocking
peptides have been used in several studies to investigate TLR-
mediated cytokine secretion; for instance, Ogbodo et al. [18]
observed a significant reduction in cytokine production in
U937 monocytic cells using TLR2, TLR4, TLR5, and TLR7 specific
blocking peptides. This study focused on TLR2, TLR4, TLR5, and
TLR7, receptors that have been observed to be involved in
HSP-mediated immune modulation [11]. Other TLRs, such as
TLR1, may also contribute to these processes; however, they
are not considered primary receptor for HSPs [45]. The use of
TLR- blocking peptides has demonstrated high specificity and
selectivity in TLR-mediated pathways; for example, blocking
peptides specifically targeting TLR4 have been effective in
selectively modulating TLR4 signaling pathways and reducing
uncontrolled inflammation [36]. Similarly, in this study a
significant reduction was observed in IL-13, IL-4, IL-10, and
TNF-a levels upon pre-treatment with TLR2, TLR4, TLR5, and
TLR7 blocking peptides, emphasizes the involvement of these
receptors in the HSPATA-induced immune response. Notably,
TLR2 and TLR4 blocking peptides had a more substantial
impact on cytokine reduction, indicating their critical role
in this signaling pathway. In contrast, TLR5 and TLR7 have a
minor role in cytokine production. These findings align with
previous observations that TLR2 and TLR4 are more efficient

in being recognized by a variety of ligands, including HSPs
[13]. In contrast, TLR5 has been observed to mainly recognize
bacterial flagellin, and TLR7 to detect single-stranded RNA and
they might not be involved in the HSPA1A- mediated immune
response and cytokine production [21]. Additionally, the
observedreductionin cytokine levels upon blocking individual
TLRs in this study suggests that HSPATA engages these
receptors to mediate its effects. However, the partial inhibition
of cytokine production observed indicates that synergistic
signaling might also contribute [39]. This observation aligns
with findings from Asea et al. [11], which demonstrated that
extracellular HSPA1A interacts with multiple TLRs, potentially
leading to overlapping signaling cascades. The residual
cytokine production observed despite the use of TLR-specific
blocking peptides could be attributed to compensatory
mechanisms within the immune system. Previous studies
[22,23] demonstrated that peptide inhibitors can effectively
reduce cytokine production by blocking MyD88- dependent
TLR signaling pathways. However, this study observed some
levels of cytokine production in THP-1 cells treated only with
blocking peptides, suggesting that additional pathways or
receptors may contribute to the immune response.

This study further investigated the signaling pathways
activated by HSPA1A in inducing cytokine production in THP-
1 macrophages, focusing on key molecules involved in TLR
signaling, such as MyD88, MAPK, and NF-kB. HSPA1A binding
to TLRs initiate a signaling cascade that activates NF-kB and
MAPK pathways, crucial for requlating cytokine productionand
immune response [7]. ELISA was utilized to quantify the level
of MyD88, NF-kB, and MAPK THP-1 macrophages following
HSPA1A treatment and TLR-specific blocking peptides.

Figures 6-8 indicate that HSPA1A treatment significantly
alters these signaling molecules. Interestingly, MyD88
levels were higher in control samples (HIRPMI) than in those
treated with HSPA1A, possibly due to feedback mechanisms
regulating MyD88 levels post-activation [19]. As MyD88 is
one of the first molecules activated in these pathways, its
reduced levels after 18 hours suggest downregulation due
to degradation or modification, consistent with negative
feedback mechanisms [20]. This observation aligns with
findings that these signaling pathways are tightly controlled
to prevent excessive inflammatory responses, which could
lead to pathological conditions [24].

MyD88 initiates several signaling cascades, including those
activating MAPK and NF-kB, essential for proinflammatory
cytokine transcription [25]. This study showed that MAPK
activation, specifically the p38 isoform, was higher in HSPA1A-
treated cells and in combination treatments compared to
control, suggesting a significant role for the MAPK pathway
in HSPA1A-induced cytokine production. The increased
activation of MAPK p38 supports its involvement in mediating
inflammatory responses through the synthesis and release of
pro-inflammatory cytokines, such as IL-13 and TNF-a [26].
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Surprisingly, NF-kB p65 activity was elevated in all treatment
groups, including controls, indicating that THP-1 macrophages
might maintain a baseline level of NF-kB activation, possibly
due to their differentiation state or inherent cellular stress [27].
Although the elevation of NF-kB p65 in response to HSPA1A
was not statistically significant (p>0.05), it suggested a trend
towards increased activation, indicating that HSPA1A can
enhance NF-kB activity, potentially raising cytokine expression
levels[28].Figure 8 demonstratesthatcombination treatments
with HSPA1A and specific TLR-blocking peptides result in
higher NF-kB activation compared to either HSPATA or TLR
stimulation alone. This increase likely reflects a compensatory
response, where partial inhibition of specific TLR pathways
redirects signaling through other unblocked TLR’s, amplifying
NF-kB levels [46].

Itisimportant to note that components of the NF-kB signaling
pathway, such as the p65 subunit detected in this study, go
through post-translational modifications (PTMs), including
phosphorylation and ubiquitination [29]. These modifications
can affect the stability, localization, and activity of the NF-«kB
complex, complicating the detection of active p65 after 18
hours of HSPA1A treatment [29]. While the detection of the
p65 subunit is common due to its significant role in NF-«kB
signaling, other subunits like p50 could also be differentially
regulated and contribute to the cytokine production observed
in this study [30].

Asea et al. [11] demonstrated that HSPATA can induce a
potent cytokine activity by binding to plasma membrane and
activating NF-kB via the MyD88/ NF-kB signaling pathway.
However, TLR4 can also use the alternative adaptor protein
TRIF to activate TRAF6, leading to NF-kB induction and
cytokine release [31]. Therefore, reduced MyD88 activation
does not necessarily preclude NF-kB activation, explaining
why this study did not detect elevated levels of MyD88 but
did detect NF-kB and elevated cytokines.

The analysis of NF-kB expression revealed further insights
into the transcriptional activity of this signaling pathway.
Although the overall increase in NF-kB expression following
HSPA1A treatment was not statistically significant (p>0.05),
variations in fold change among biological replicates were
observed. One replicate exhibited a notably high fold change
(Figure 9), suggesting that there may be significant variability
in the cellular response to HSPA1A due to differences in the
activation state of the cells or variations in the expression of
co-receptors or adaptor proteins that modulate NF-kB activity
[32].

The role of HSPA1A in modulating cytokine production
offers promising therapeutic potential. However, it also poses
risks of unintended pro-inflammatory effects, particularly in
conditions where immune system is already compromised,
such as autoimmune or chronic inflammatory diseases.
Overactivation of HSPA1A-mediated immune pathways could

further aggravate these conditions. Therefore, a detailed
understanding of the underlying mechanism is crucial to
developing controlled and precise strategies for future
therapeutic applications.

This study primarily focused on IL-1B, IL-4, IL-10 and
TNF-a cytokines. While these are critical markers, future
studies should include additional cytokines and multiple
detection time points to provide a more comprehensive
understanding of HSPA1A- mediated immune responses.
The response observed in this study could be due to the
specific concentrations of HSPATA and TLR-specific blocking
peptides used, as these concentrations were selected based
on prior studies demonstrating its effectiveness in modulating
cytokine secretion and inhibiting TLR-mediated pathways
[18,37]. While these concentrations resulted in significant
findings and have been reported as non-toxic [37,38], future
studies should include cytotoxicity assessments to confirm
their safety across different concentrations of HSPA1A and
TLR-blocking peptides [44]. Moreover, while this study
thoroughly focused on MyD88-dependent pathways, it did
not explore any non MyD88-dependent pathways, such as
TRIF or P13K/AKT pathways. Future studies should examine
these pathways to gain a more comprehensive understanding
of the mechanisms underlying HSPATA-induced immune
responses. Furthermore, this study would have benefitted
with the inclusion of western blot analysis to validate the
expression and activity of the signaling molecules discussed.
Incorporating such analysis in future studies would provide
a more comprehensive understanding of the signaling
pathways involved.

Conclusion

This study observed that recombinant HSPA1A can activate
the immune system, resulting in the secretion of cytokines,
specifically IL-1f3, IL-4, IL-10, and TNF-a. This activation is
mediated throughTLRs, particularly TLR2, TLR4, TLR5,and TLR7,
highlighting their significant role in HSPA1A-induced immune
response. The involvement of key signaling pathways, such
as MyD88, MAPK, and NF-kB, suggests a complex regulatory
mechanism that controls the immune response. These
findings provide valuable insights into the role of HSPATA
and TLR interactions in immune modulation, suggesting their
potential as diagnostic and therapeutic targets [2].
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