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Introduction

Heat shock proteins (HSPs) are a group of extensively 
conserved intracellular proteins present in both prokaryotic 
and eukaryotic organisms [1]. Over the years, the functions 
of HSPs as intracellular molecules have been well-known. 
Primarily, they act as molecular chaperones, facilitating 
the correct folding and stabilization of cellular proteins [2]. 
Numerous studies have reported that under severe stressful 
conditions, HSPs can also be found circulating extracellularly, 
released through apoptosis, necrosis, or alternative pathways 

[3,4]. In this extracellular environment, they perform different 
functions compared to their intracellular roles [5].

HSPs are classified according to their molecular weight into 
two main categories: small HSPs (15-43 kDa), which are ATP 
independent, and large HSPs (50-100 kDa), which are ATP-
dependent [6].

HSPB1 (or HSP27) is one of the well-studied small HSPs 
along with HSPB5 and HSP20 [7]. Like all HSPs, HSPB1’s 
major biological function is to capture and hold misfolded 
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polypeptides caused by stress, preventing them from 
aggregation [8]. HSPB1 is also known to play a crucial role 
in regulating cytoskeletal organization, as it interacts with 
actin filaments and microtubules, stabilizing the cytoskeleton 
under stress conditions and facilitating its reorganization [9]. 
HSPB1 is also widely recognized for its protective properties, 
including antiapoptotic and antioxidant effects [8,9]. It exhibits 
potent anti-apoptotic effects by inhibiting key components of 
the apoptotic machinery, such as cytochrome c release from 
mitochondria and caspase activation [6,7,9]. Furthermore, 
HSPB1 contributes to cellular defense against oxidative 
stress by modulating reactive oxygen species (ROS) levels, 
either through direct interaction with ROS or by upregulating 
antioxidant enzymes [2,4,5,9].

Interest in HSPB1 has grown recently due to its consistent 
expression across various tissues, especially under pathological 
conditions [10]. For example, HSPB1 is highly expressed in 
various tissues, including lung, colon, and brain as well as in 
many cancer cells [11]. In fact, Banerjee et al. [12] reported 
that circulating HSPB1 levels are significantly upregulated 
in breast cancer patients. This elevation is associated with 
tumorigenesis, resistance to apoptosis and chemoresistance 
leading to poor prognosis [13]. Similar HSPB1 upregulation 
was found in many other types of cancer including hepatic and 
pancreatic cancer [14]. Nevertheless, the role of exogenous 
HSPB1 and their impact on the innate immune response has 
attracted significant attention and interest in research [15].

The modulation of the innate immune system has been a 
significant area of interest as it represents the body’s first 
line of defense against pathogens. Research studies have 
demonstrated that exogenous HSPB1 (exHSPB1) can stimulate 

the innate immune system in vitro [16,17].

Cells of the innate immune system, some of which are known 
as antigen presenting cells (APCs), such as macrophages, 
dendritic cells and neutrophils are key factors in both 
induction and resolution of inflammation [18]. These APCs 
rely on pattern recognition receptors (PRRs), including Toll-
like receptors (TLRs) and scavenger receptors (SRs), to quickly 
detect and respond to pathogen and danger associated 
molecular patterns (PAMPs and DAMPs) [19]. Even though 
these PRRs have different properties on reacting to different 
PAMPs and DAMPs, they exhibit numerous similarities in their 
subsequent signaling cascades [20].

Recent data revealed that exHSPB1 can act as DAMPs to 
activate macrophages and develop an inflammatory response 
[21]. This activation occurs through interactions with the PRRs 
present in the APCs surfaces, mainly TLRs and SRs leading 
to cytokine release [22]. In fact, exHSPB1, has been shown 
to promote the production of anti-inflammatory cytokines, 
particularly interleukin 10 (IL-10) over pro-inflammatory 
cytokines to help control inflammation [23]. While exHSPB1 
is primarily identified for its anti-inflammatory behavior [24], 
studies by Salari et al. [25] and Ogbodo et al. [26] in THP-1 
and U937 monocytes, respectively have shown that HSPB1 
can interact with TLRs and SRs to trigger a variety of signal 
transduction pathways, resulting in an increased transcription 
of genes encoding both pro- and anti-inflammatory cytokines 
such as interleukin 1β (IL-1β), IL-10 and tumor necrosis factor 
α (TNF-α). The Myeloid differentiation Primary Response 88 
(MyD88) / mitogen- activated protein kinase (MAPK)/ Nuclear 
Factor κβ (NF-κβ) signaling cascade plays an important role in 
cytokine secretion via TLRs (Figure 1) [27].

Figure 1. Simplified illustration of exHSPB1 interaction with TLRs and downstream activation of the MyD88/MAPK/NF-κβ signaling 
cascade in THP-1 macrophages to produce an inflammatory response (created with BioRender.com). ExHSPB1 is recognized by surface 
TLRs, leading to the activation of MyD88 and subsequent activation of the MAPK signaling pathway, and phosphorylation of NF-κβ, resulting 
in the transcription of the pro-and anti-inflammatory genes.

https://www.biorender.com/
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In this study TLR2, TLR4, TLR5, and TLR7 were selected to 
study how exHSPB1 interacts with these TLRs to induce 
cytokine secretion in THP-1 macrophages. TLR2 and TLR4 
were chosen due to their broad role in recognizing bacterial 
cell wall components such as Lipoteichoic acid (LTA) and 
lipopolysaccharides (LPS), respectively [28]. As for TLR5 and 
TLR7, these were selected for their ability recognize Gram-
negative bacterial flagellin protein [29] and viral or abnormal 
DNA [30], respectively.

Given this, HSPB1 can be considered a potent factor for 
modulating the immune system and thus holds significant 
potential as a target for therapeutic interventions aimed at 
regulating inflammatory responses [31]. By influencing both 
pro- and anti-inflammatory pathways, HSPB1 could be used to 
develop treatments for various inflammatory and autoimmune 
conditions as well as to improve immune responses in diseases 
such as cancer and chronic infections [32]. For example, 
ExHSPB1’s ability to induce pro-inflammatory cytokines (e.g., 
IL-1β, TNF-α) can be leveraged to boost immune responses 
against infections or cancer by enhancing the activity of 
immune cells like macrophages and T cells [33,34]. Moreover, 
its anti-inflammatory cytokine induction (e.g., IL-10) could help 
in treating chronic inflammatory or autoimmune diseases by 
suppressing excessive immune responses [35,36].

The primary aim of this research is to examine the capacity 
of exHSPB1 to trigger an inflammatory response in THP-
1 macrophages in vitro, using pro-inflammatory cytokines 
(IL-1β, TNF-α) and anti-inflammatory cytokines (IL-4, IL-10) 
as biomarkers. Additionally, the study investigates the role 
of exHSPB1 in cytokine secretion through interactions with 
surface receptors (TLR2, TLR4, TLR5) and the intracellular 
receptor TLR7, employing TLR-blocking peptides. It also 
explores the involvement of key signaling pathways (MYD88, 
MAPK p38, and NF-κB p65) in cytokine secretion and their 
activation.

Methods

Cell culture

Human acute monocytic leukemia cell line THP-1 was 
obtained from American Type Culture Collection (ATCC, TIB-
202). The cells were cultured in Roswell Park Memorial Institute 
(RPMI) 1640 medium (Sigma Aldrich, R0883) with 10% fetal 
bovine serum (FBS, Gibco™, A5256701) and 1% penicillin-
streptomycin (Pen-Strep) (Gibco™, 15140122). The culture 
environment was maintained in a humified atmosphere at 
37°C with 5% CO₂ (pH 7.0-7.6). Cell count and viability were 
performed using the Trypan blue exclusion method. The cell 
density was maintained at 5x10⁵ cells/ml for optimal growth.

THP-1 cell preparation and differentiation

THP-1 cells were centrifuged at 1500 rpm for 5 min, and the 
supernatant was discarded. The cell pellet underwent three 

washes RPMI 1640 with 10% heat- inactivated FBS and 1% 
Pen-Strep (HI-RPMI 1640). HI-RPMI 1640 was prepared by 
heating the RPMI 1640 complete media in a 60°C water bath 
for 25-30 min to deactivate the growth factors. Subsequently, 
the THP-1 cells were resuspended in HI- RPMI media, seeded 
at a density of 5x10⁵ cells/ml and treated with 10 mg/ml 
phorbol 12-myristate 13-acetate (PMA) for 24h (37°C with 5% 
CO₂) to adhere and generate THP-1-derived macrophages. Cell 
differentiation was monitored by a light microscope.

PMA-induced differentiation of THP-1 cells is a cost-effective 
and standardized method for generating macrophage-like 
cells from monocytes that are suitable for many in vitro studies 
by activating protein kinase C (PKC) and the downstream 
signaling cascades [37]. Even though this method is widely 
used to study the immune response and recapitulates 
relevant phenotypes and functions of macrophages (ie. 
CD14 and CD36), PMA cannot fully mimic the heterogeneity, 
plasticity, and tissue- specific functions of macrophages in 
vivo [38,39]. Therefore, complementary use of in vivo models is 
recommended for more comprehensive insights [39].

THP-1 macrophages treatment

THP-1-derived macrophages were washed with HI-RPMI to 
remove residual PMA prior to treatment. THP-1 macrophages 
were first preincubated (30 minutes) with 100 ng/ml TLR-2/-
4/-5 and -7 blocking peptides to confirm binding specificity 
and to prevent nonspecific binding with extracellular 
receptors (Sigma-Aldrich; SBP3135, SBP3500765, SBP3500374 
and SBP3269). Subsequently, 1 ug/ml recombinant HSPB1 
(purity >95%) (R&D Systems, 1580-HS-050) was then added 
to the cells and incubated for 18 h (37°C with 5% CO₂). The 
treatments on THP-1 macrophages were added either alone or 
in combination (control samples) to investigate the individual 
effects of each treatment on cytokine secretion.

Although, a dose-response curve was not conducted to 
determine the optimal concentration for TLRs inhibition, the 
use of 100 ng/ml of TLR blocking peptides in this study was 
based on concentrations tested in similar research studies 
that explored different dosages to assess their effects in 
cytokine secretion. For example, Ogbodo et al. [40] tested 
concentrations as high as 20,000 ng/ml of TLR blocking 
peptides in their research, while Ultaigh et al. [41] only used 
1,000 ng/ml. Given the range of concentrations explored 
in the literature, this study aimed to investigate the efficacy 
of 100 ng/ml of TLR blocking peptides and determine if this 
lower concentration could achieve similar effects to those 
observed at higher concentrations.

Cytokine ELISA

Following the TLR blocking peptides/ HSPB1 treatment, the 
cell suspensions media were collected and centrifuged at 
1500 rpm for 5 min to remove cell debris. The supernatants 
were then analyzed to determine IL-4, IL-10, IL-1β, and TNF-α 
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concentrations using sandwich Human ELISA kits (Invitrogen™; 
KHC0041, EHIL10, KHC0011 and KHC3011) following the 
manufacturer’s instructions. The absorbance was measured at 
450 nm (optimal density) by the LabTech™ LT-4500 microplate 
reader. The absorbance values were converted to cytokine 
concentration using GraphPad Prism software 10.2.3. The 
adherent THP-1 macrophages were kept in HIRPMI-1640 
media and maintained in a humified atmosphere at 37°C with 
5% CO₂.

Cell extraction and lysis

Adherent THP-1 macrophages were washed with PBS. The 
cells were then incubated for 5 minutes with Trypsin (Sigma 
Aldrich, T4674) to detach the cells from the flask. The cells 
were then collected and centrifuged three times (1000 
rpm/ 10 minutes), each time discarding the supernatant 
and resuspending the cell pellet in PBS. In the final round of 
centrifugation, the cells were suspended in RIPA buffer to lyse 
the cells and kept 30 minutes on ice. The lysed cells were then 
centrifuged (9000 rpm/ 10 minutes) to pellet the debris. The 
supernatants (containing the protein) were transferred to new 
Eppendorf tubes for intracellular ELISA analysis.

Intracellular ELISA

Human MyD88 Sandwich ELISA (Abcam, ab171341), Human 
p38 MAPK (Total) Sandwich ELISA (Invitrogen™, KHO0061) 
and Human NF-κβ p65 InstantOne ELISA (Invitrogen™, 85-
86083-11) were used to determine the concentration of 
the intracellular signaling pathways proteins, following the 
manufacturer’s instructions. The absorbance was measured at 
450 nm (optimal density), and the values were converted to 
protein concentrations using GraphPad Prism software 10.2.3.

RNA isolation and qRT-PCR Analysis

Total ribonucleic acid (RNA) from THP-1 macrophages 
treated with 100 ng/ml TLR bp and 1 μg/ml HSPB1 were 
extracted using the RNeasy® Mini QIAcube® Kit (Qiagen, 
74104) according to the manufacturer’s instructions. 
Complementary deoxyribonucleic acids (cDNAs) were then 
synthetized using the Reverted First Strand cDNA Synthesis 
Kit (ThermoScientific™, K1621) following the manufacturer’s 
instructions.

Quantitative real-time polymerase chain reaction (qRT-
PCR) reactions were carried out using Qiagen™ Rotor-
GeneQ PCR systems. The primer pairs used were as 
follow: forward 5’- GCGCTTCTCTGCCTTCCTTA-3’ and 
reverse 5’-TCTTCAGGTTTGATGCCCCC-3’ for NF- κβ gene; 
forward 5’- GAGTCAACGGATTTGGTCGT-3’ and reverse 5’- 
GACAAGCTTCCCGTTCTCAG-3’ for GAPDH gene. Amplification 
conditions consisted of 40 cycles of denaturation at 95°C for 
5 seconds and annealing at 60°C for 30 seconds. Relevant 
expression of NF-κβ was normalized to GAPDH using the 
2-ΔΔCT method, where Ct represents the threshold cycle.

Data analysis

The data is presented as mean ± SD, n=3. The statistical tests 
included both, One- way and Two-way ANOVA depending 
on the specific requirements of the analysis, followed by 
Bonferroni’s correction post-hoc test to further investigate 
significant differences between groups. Statistics were 
performed using GraphPad Prism™ software version 10.2.3. 
Statistical significance was determined at three levels: P<0.05 
(*), P<0.01 (**) and P<0.001 (***). Results were considered 
statistically non-significant (ns) if P>0.05 (Table 1).

Table 1. Summary of experimental results and their statistical significance (P-values).

Treatments THP-1 macrophages cytokine secretions

IL-4 IL-10 IL-1β TNF-α

Control vs exHSPB1 only at 18h P<0.001 (***) P<0.001 (***) P<0.001 (***) P<0.001 (***)

exHSPB1 only vs exHSPB1+ TLR2 P<0.01 (**) P<0.05 (*) P<0.05 (*) P<0.05 (*)

exHSPB1 only vs exHSPB1+ TLR4 P<0.01 (**) P<0.05 (*) P<0.05 (*) P<0.05 (*)

exHSPB1 only vs exHSPB1+ TLR5 P<0.01 (**) P<0.05 (*) P<0.05 (*) P<0.05 (*)

exHSPB1 only vs exHSPB1+ TLR7 P<0.01 (**) P<0.05 (*) P<0.05 (*) P<0.05 (*)

Treatments THP-1 macrophages intracellular signaling pathways

MyD88 MAPK P38 NF-κβ p65 activity

Control vs exHSPB1 only ns P < 0.05 (*) ns

exHSPB1 only vs exHSPB1+ TLR2 ns ns ns

exHSPB1 only vs exHSPB1+ TLR4 ns ns ns

exHSPB1 only vs exHSPB1+ TLR5 ns P<0.01 (**) ns

exHSPB1 only vs exHSPB1+ TLR7 ns ns ns
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Results

THP-1 macrophages incubated with exHSPB1 for 18 h, lead 
to a considerable secretion of IL-4 (Figure 2A), IL-10 (Figure 
2B), IL-1β (Figure 2C), and TNF-α (Figure 2D) compared to the 
treated THP-1 macrophages at 0h (P<0.001). While, both pro-
inflammatory and anti-inflammatory cytokines were secreted 
in the media following 1 µg/ml exHSPB1 treatment, the most 

pronounced secretions were observed in IL-10 with 49.25 pg/
ml and TNF-α with 160.81 pg/ml, indicating a strong pro- and 
anti-inflammatory response.

The effects of TLR2 (Figure 3), TLR4 (Figure 4), TLR5 (Figure 
5), and TLR7 (Figure 6) blocking peptides on exHSPB1-
induced cytokine secretion (IL-4, IL-10, IL-1β and TNF-α) were 
investigated.

10  

 

 
  

Figure 2. THP-1 cells cytokine secretion at 0 h and 18 h post-treatment with HSPB1. Differentiated THP-1 cells suspended in HI-RPMI 
complete media were incubated with 1 ug/ml HSPB1 for 18 h. After incubation, the supernatants were collected and cytokine concentration 
(pg/ml) was measured at 0 h (blue) and at 18 h (red) incubation using ELISA (450 nm): (A) IL-4, (B) IL-10, (C) IL-1β, and (D) TNF-α. Control 
samples consisted of HI-RPMI media without any treatment on differentiated THP-1 cells. The data is reported as mean ± SD, n=3. Statistical 
analysis was by two-way ANOVA with Bonferroni’s post-hoc test. The significance differences between HSPB1 induced cytokine secretion at 
18 h and the control (0 h) are shown as P<0.001 (***).
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Figure 3. Effects of TLR2 BP on HSPB1 induced cytokine secretion in THP-1 macrophages. Differentiated THP-1 cells suspended in HI-
RPMI complete media were pre-incubated 30 minutes with 100 ng/ml of TLR2 BP, followed by treatment with 1 ug/ml HSPB1 for 18 hours. 
The supernatants were collected, and cytokine concentrations (pg/ml) were measured using ELISA (450 nm): (A) IL-4, (B) IL- 10, (C) IL-1β, and 
(D) TNF-α. Control samples consisted of just HI-RPMI media without treatments. The data is reported as mean ± SD, n=3. Statistical analysis 
was by one-way ANOVA with Bonferroni’s correction post-hoc test. The significant differences in cytokine secretion between the control, 
HSPB1- only and the combination of TLR2 BP with HSPB1 are indicated: P<0.05 (*), P< 0.01 (**), and P< 0.001 (***).
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Figure 4. Effects of TLR4 BP on HSPB1 induced cytokine secretion in THP-1 macrophages. Differentiated THP-1 cells suspended in HI-
RPMI complete media were pre-incubated 30 minutes with 100 ng/ml of TLR4 BP, followed by treatment with 1 ug/ml HSPB1 for 18 hours. 
The supernatants were collected, and cytokine concentrations (pg/ml) were measured using ELISA (450 nm): (A) IL-4, (B) IL- 10, (C) IL-1β, and 
(D) TNF-α. Control samples consisted of just HI-RPMI media without treatments. The data is reported as mean ± SD, n=3. Statistical analysis 
was by one-way ANOVA with Bonferroni’s correction post-hoc test. The significant differences in cytokine secretion between the control, 
HSPB1- only and the combination of TLR4 BP with HSPB1 are indicated: P<0.05 (*), P< 0.01 (**), and P< 0.001 (***).

 

 

 
  

Figure 5. Effects of TLR5 BP on HSPB1 induced cytokine secretion in THP-1 macrophages. Differentiated THP-1 cells suspended in HI-
RPMI complete media were pre-incubated 30 minutes with 100 ng/ml of TLR5 BP, followed by treatment with 1 ug/ml HSPB1 for 18 hours. 
The supernatants were collected, and cytokine concentrations (pg/ml) were measured using ELISA (450 nm): (A) IL-4, (B) IL- 10, (C) IL-1β, and 
(D) TNF-α. Control samples consisted of just HI-RPMI media without treatments. The data is reported as mean ± SD, n=3. Statistical analysis 
was by one-way ANOVA with Bonferroni’s correction post-hoc test. The significant differences in cytokine secretion between the control, 
HSPB1- only and the combination of TLR5 BP with HSPB1 are indicated: P<0.05 (*), P<0.01 (**), and P<0.001 (***).
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The preincubation of THP-1 macrophages with TLR2 BP 
(Figure 3) followed by exHSPB1 treatment resulted in a 
significant decrease in IL-4 (Figure 3A), IL-10 (Figure 3B), IL-
1β (Figure 3C), TNF-α (Figure 3D) secretion, compared to 
exHSPB1 treatment alone. The most substantial reduction 
in cytokine levels was observed in IL-4, which decreased 
to 6.68 pg/ml compared to 33.8 pg/ml in cells treated with 
exHSPB1 alone (P<0.01, Figure 3A). This was followed by 
a reduction in IL-1β levels to 25.2 pg/ml, compared to 45.1 
pg/ml with exHSPB1 alone (P< 0.05, Figure 3C). Similarly, 
IL-10 levels deceased to 28.5 pg/ml compared to 49.2 pg/ml 
(P< 0.05, Figure 3B), and TNF-α levels decreased to 96.1 pg/
ml compared to 160.8 pg/ml in the exHSPB1-alone group 
(P<0.05, Figure 3D).

A similar reduction in cytokine levels was observed in THP-
1 macrophages preincubated with TLR4 BP prior to exHSPB1 
treatment (Figure 4). This preincubation significantly 
decreased the levels of IL-4 (Figure 4A), IL-10 (Figure 4B), 
IL-1β (Figure 4C), and TNF-α (Figure 4D) compared to cells 
treated with exHSPB1 alone. The most pronounced reduction 
was in IL-4, which decreased to 6.7 pg/ml (P<0.01, Figure 4A). 
This was followed by reductions in IL-1β to 28.0 pg/ml (P<0.05, 
Figure 4C), IL-10 to 31.8 pg/ml (P<0.05, Figure 4B), and TNF-α 
to 114.0 pg/ml (P<0.05, Figure 4D).

Preincubation with TLR5 BP before exHSPB1 treatment 
resulted in a significant reduction in cytokine secretion 
(Figure 5). Specifically, IL-4 levels decreased to 12.3 pg/ml 
(P<0.01, Figure 5A), IL-10 to 36.9 pg/ml (P<0.05, Figure 5B), 

IL-1β to 23.8 pg/ml (P<0.05, Figure 5C), and TNF-α to 93.0 pg/
ml (P<0.05, Figure 5D), compared to the cells treated with 
exHSPB1 alone.

Preincubation with TLR7 BP prior to exHSPB1 treatment 
similarly resulted in a significant reduction in cytokine levels 
(Figure 6). Specifically, IL-4 levels decreased to 11.6 pg/ml 
(P<0.01, Figure 6A), IL-10 to 36.5 pg/ml (P<0.05, Figure 6B), 
IL-1β to 27.9 pg/ml (P<0.05, Figure 6C), and TNF-α to 97.7 
pg/ml (P<0.05, Figure 6D), compared to cells treated with 
exHSPB1 alone.

The primary signaling pathways of MYD88 (Figure 7), MAPK 
p38 (Figure 8), and NF-κB p65 (Figure 9), involved in cytokine 
secretion were analyzed to understand how their activation 
and concentrations influence THP-1 macrophages treated 
with TLR BP and exHSPB1.

Preincubation of THP-1 macrophages with TLR BP prior 
to exHSPB1 treatment led to modest reductions in MyD88 
concentrations compared to exHSPB1 treatment alone, though 
the differences were not statistically significant (ns, Figure 7). 
Specifically, MyD88 levels decreased to 559.4 pg/ml with TLR2 
BP (Figure 7A), 674.0 pg/ml with TLR4 BP (Figure 7B) and 
590.5 pg/ml with TLR7 BP (Figure 7D), compared to 772.0 pg/
ml in the exHSPB1-alone group. MyD88 concentrations were 
slightly increased in TLR5 with 774.0 pg/ml. An increase in 
MyD88 levels was also observed in the cells without treatment 
(control groups) with 952pg/ml compared to the exHSPB1 
alone treatment (772.0 pg/ml) (ns) (Figures 7A-D).

 

 

 
  

Figure 6. Effects of TLR7 BP on HSPB1 induced cytokine secretion in THP-1 macrophages. Differentiated THP-1 cells suspended in HI-
RPMI complete media were pre-incubated 30 minutes with 100 ng/ml of TLR7 BP, followed by treatment with 1 ug/ml HSPB1 for 18 hours. 
The supernatants were collected, and cytokine concentrations (pg/ml) were measured using ELISA (450 nm): (A) IL-4, (B) IL- 10, (C) IL-1β, and 
(D) TNF-α. Control samples consisted of just HI-RPMI media without treatments. The data is reported as mean ± SD, n=3. Statistical analysis 
was by one-way ANOVA with Bonferroni’s correction post-hoc test. The significant differences in cytokine secretion between the control, 
HSPB1- only and the combination of TLR7 BP with HSPB1 are indicated: P<0.05 (*), P<0.01 (**), and P<0.001 (***).
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Figure 7. Effects of HSPB1- induced cytokine secretion and TLRs BP on MyD88 protein. Differentiated THP-1 cells were preincubated 30 
minutes with 100 ng/ml of TLRs BP and treated with 1ug/ml HSPB1 for 18 hours. The cells were then lysed to extract the intracellular MyD88 
protein. Control samples consisted of lysed differentiated THP-1 cells without treatment. MyD88 protein concentration (pg/ml) were then 
measured by ELISA (450nm): (A) TLR2, (B) TLR4, (C) TLR5, and (D) TLR7. The data is reported as mean ± SD, n=3. Statistical analysis was by 
one-way ANOVA with Bonferroni’s correction post-hoc test. The statistical significance in protein concentration between the control, HSPB1 
and the combination of TLRs BPs with HSPB1 are indicated: P < 0.05 (*) and ns (P>0.05).

 

 
  

Figure 8. Effects of HSPB1- induced cytokine secretion and TLRs BP on MAPK p38 protein. Differentiated THP-1 cells were preincubated 
30 minutes with 100 ng/ml of TLRs BP and treated with 1ug/ml HSPB1 for 18 hours. The cells were then lysed to extract the intracellular MAPK 
p38 protein. Control samples consisted of lysed differentiated THP-1 cells without treatment. MAPK p38 protein concentration (pg/ml) were 
then measured by ELISA (450 nm): (A) TLR2, (B) TLR4, (C) TLR5, (D) TLR7. The data is reported as mean ± SD, n=3. Statistical analysis was by 
one-way ANOVA with Bonferroni’s correction post-hoc test. The statistical significance in protein concentration between the control, HSPB1 
and the combination of TLRs BPs with HSPB1 are indicated: P<0.05 (*) and ns (P>0.05).
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Regarding MAPK p38 concentrations (Figure 8), 
preincubation of THP-1 macrophages with TLR2 BP (Figure 
8A) followed by exHSPB1 treatment resulted in an increase 
in MAPK p38 levels to 1186 pg/ml, compared to 795.0 pg/ml 
observed with exHSPB1 treatment alone (ns). Furthermore, 
MAPK p38 levels were significantly higher in cells treated 
with exHSPB1 alone (795.0 pg/ml) compared to the untreated 
control (376 pg/ml, P<0.05). In contrast, preincubation with 
TLR4 (Figure 8B), TLR5 (Figure 8C), and TLR7 (Figure 8D) BPs 
prior to exHSPB1 treatment led to a decrease in MAPK p38 
concentrations, ranging from 673.2 pg/ml to 145.5 pg/ml, 
compared to 795.0 pg/ml in the exHSPB1-alone group (ns to 
P<0.01).

NF-κB p65 activity (Figure 9) remained comparable to control 
levels in THP-1 macrophages preincubated with TLR2 (Figure 
9A), TLR4 (Figure 9B), TLR5 (Figure 9C), or TLR7 (Figure 9D) 
blocking peptides followed by exHSPB1 treatment, as well 
as in cells treated with either exHSPB1 or the TLR blocking 
peptides alone. No significant changes were observed.

Given NF-κβ’s role in regulating the inflammatory genes, NF-

κβ gene expression was also investigated to assess the impact 
pf exHSPB1-induced cytokine secretion in THP-1 macrophages 
(Figure 10). The results showed a significant upregulation (2.7-
fold increase) in NF-κβ gene expression in differentiated THP-
1 cells treated with exHSPB1 alone, compared to the control 
(ns). Similar upregulation was observed with TLR2 and TLR5 
BPs alone, with increases of 1.1-fold and 2.2-fold, respectively. 
Differently, treatments with the TLR4 and TLR7 BPs alone led 
to a downregulation of NF-κβ gene expression, with decreases 
of 1.56-fold and a 1.22-fold, respectively, compared to the 
control. Compared to the exHSPB1-only treatment, TLR4 and 
TLR7 BPs showed a 2.1-fold and 1.9-fold decrease, respectively 
(P<0.01 and P<0.05). Combination treatments also resulted 
in NF-κβ gene upregulation, although to a lesser extent 
than ex-HSPB1alone (ns). The most notable increase among 
the combinations was observed with HSPB1+TLR5, which 
resulted in a 1.7-fold increase compared to the control. While 
NF-κβ gene expression was upregulated in both, individual 
(except TLR4 and TLR7) and combination treatments, the most 
substantial effect was observed when the cells were treated 
with exHSPB1-alone. 

 

 
  

Figure 9. Effects of HSPB1- induced cytokine secretion and TLRs BP on NF-κβ p65 protein. Differentiated THP-1 cells were preincubated 
30 minutes with 100 ng/ml of TLRs BP and treated with 1ug/ml HSPB1 for 18 hours. The cells were then lysed to extract the intracellular NF-
κβ p65 protein. Control samples consisted of lysed differentiated THP-1 cells without treatment. NF-κβ p65 protein activity was reported as 
optimal density (450 nm): (A) TLR2, (B) TLR4, (C) TLR5, (D) TLR7. The data is reported as mean ± SD, n=3. Statistical analysis was by one-way 
ANOVA with Bonferroni’s correction post-hoc test. The statistical significance in protein concentration between the control, HSPB1 and the 
combination of TLRs BPs with HSPB1 are indicated as ns (P>0.05).
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Discussion

The aim of this research was to investigate the role of 1 ug/
ml exHSPB1 in inducing the secretion of IL-4, IL-10, IL-1β, and 
TNF-α cytokines in THP-1 macrophages, and to determine how 
this secretion is mediated through interactions with TLR2, 
TLR4, TLR5, and TLR7. Additionally, the project also examined 
the influence of exHSPB1- induced cytokine secretion on the 
activation and concentration of MYD88, MAPK p38, and NF-
κβ p65 signaling pathway proteins as well as, the impacts of 
exHSPB1 and TLR BPs treatments on the expression of the NF-
κβ gene in THP-1 macrophages.

Recent findings reported that exposure to exHSPB1 can 
stimulate the production of both pro- and anti-inflammatory 
cytokines in macrophages [43,44]. While earlier studies 
reported that cytokine secretion induced by exogenous HSPs 
is attributed to bacterial contamination due to their isolation 
from Escherichia coli [44,45], this issue has been addressed and 
recent researchers reported that exHSPB1 can induce cytokine 
secretion regardless of contamination [46].

The findings from this research project demonstrated 
that 1 μg/ml exHSPB1 induced the secretion of both pro-
inflammatory and anti-inflammatory cytokines following an 
18-hour incubation with THP-1 macrophages (Figure 2).

Many studies reported that exHSPB1 is known for its strong 
anti-inflammatory response. For example, De et al. [47] 
found that 2 ug/ml HSPB1 induced a 10-fold increase in IL-
10 secretion compared to the untreated control after only 16 
h of incubation with primary human monocytes, while the 
secretion of TNF-α was minimal. This was mainly due to the IL-

10 secretion was dependent on MAPK p38 phosphorylation, 
while the secretion of the pro-inflammatory cytokines was 
dependent on the phosphorylation of both MAPK p38 and 
MAPK ERK [48]. Similarly, Burut et al. [49] revealed that when 
exHSPB1 was incubated with murine J774 macrophages, 
TNF-α secretion was minimal even after 48 hours, whereas 
significant IL-10 production was observed as early as 8 hours of 
incubation. Moreover, another study by Salari et al. [25], using 
THP-1 macrophages but higher exHSPB1 concentrations (250 
ug/ml) reported that IL-10 levels were significantly secreted 
after 24 h incubation (>150 pg/ml).

In this research, it was found that IL-10 secretion in media 
increased 22.5-fold after 18h incubation with exHSPB1 
(Figure 2B). Nevertheless, IL-1β secretion was also increased 
18.8-fold after HSPB1 treatment, indicating a strong pro- and 
anti-inflammatory response. In fact, similar findings were 
reported by Ogbodo et al. [26] in U937 macrophages and by 
Jin et al. [50] in human/mouse coronary vascular endothelial 
cells treated with 1 ug/ml and 4 ug/ml exHSPB1 for 24 h, 
respectively. These findings suggest that the effects of HSPB1- 
induced cytokine secretion can vary depending on the cell 
lineage and the concentrations of HSPB1 used, indicating that 
exHSPB1 can either induce excessive pro- or anti-inflammatory 
cytokines, or both [51]. However, several factors could have 
influenced cytokine production during the experiment. For 
instance, PMA, used for cell differentiation, can affect cytokine 
production and potentially lead to misleading results in pro-
inflammatory cytokine secretion [52]. Although the cells were 
washed with HI-RPMI to remove PMA-induced cytokines, 
complete removal is not guaranteed, this could potentially 
result in inaccurate cytokine concentrations being detected 
by ELISA, potentially attributable to PMA rather than exHSPB1.

 

 

 
 

Figure 10. NF-κβ gene expression in differentiated THP-1 cells treated with HSPB1 and TLR BPs. Differentiated THP-1 pre-incubated 
with 100 ng/ml of TLR BPs (2,4,5 and 7) and then treated with 1 ug/ml HSPB1 for 18 hours were lysed to extract the total RNA. The extracted 
RNA was then converted to cDNA and qPCR was performed to detect NF-κβ gene expression. The CT values were generated for each sample, 
and the fold change in NF-κβ gene expression was calculated using the 2-ΔΔCT method, with normalization to the GAPDH gene. Control 
samples consisted of cells with HI-RPMI without treatment. No template samples were also included, generating no CT values. NF-κβ gene 
expression was classified as upregulated if the fold change values were ≥ 1, and downregulated if the values were <1. Statistical analysis was 
by one-way ANOVA with Bonferroni’s correction post-hoc test. The statistical significance in fold change expression between HSPB1-only 
and the downregulated TLR BPs (TLR4 and TLR7) are indicated as P<0.05 (*) and P<0.01 (**); as for the HSPB1-only and the combinations are 
indicated as ns (P>0.05).
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It is noteworthy that the pro-inflammatory cytokines 
TNF-α and IL-1β were rapidly detected after adding the 
TMB solution in ELISA assay, unlike the anti-inflammatory 
cytokines IL-4 and IL-10. This observation may be partially due 
to the experimental factors mentioned above and also can be 
attributed to the dual role of macrophages in inflammation 
when stimulated with exHSPB1 [53]. Initially, macrophages 
adopt the classically activated (M1) phenotype, rapidly 
releasing pro-inflammatory cytokines to combat pathogens 
[54]. Subsequently, they switch to the alternatively activated 
(M2) phenotype, which secretes anti-inflammatory cytokines 
like IL-10 to promote healing and tissue repair [55]. In fact, the 
production of anti-inflammatory cytokines is often controlled 
by feedback mechanisms that become active only after the 
initial inflammatory response is established [56]. Therefore, 
this regulatory delay likely explains the slower detection of 
anti-inflammatory responses in THP-1 macrophages treated 
with exHSPB1.

ExHSPB1 can function as DAMPs [21] and they interact with 
extracellular TLRs to trigger an inflammatory response [57,58]. 
In the presented study TLR BPs were used to determine how 
HSPB1 cytokine secretion is mediated through interactions 
with TLR2, TLR4, TLR5, and TLR7 in THP-1 macrophages. For 
example, Jin et al. [50] demonstrated that TLR2 and TLR4 are 
crucial receptors for activating the NF-κβ pathway to initiate 
the expression of the pro-inflammatory cytokines induced by 
exHSPB1 in mouse coronary vascular endothelial cells. They 
found that blocking TLR2 and TLR4 significantly reduced the 
pro-inflammatory effects of exHSPB1, indicating that exHSPB1 
interacts with TLR2 and/or TLR4 to trigger an immune 
response. Moreover, Yusuf et al. [59] conducted an experiment 
with dendritic cells derived from murine bone marrow and 
reported similar findings. They observed that exHSPB1 
induced cytokine secretion, particularly IL-1β and TNF-α, 
primarily occurred though TLR4 signaling. This conclusion was 
supported by the significant reduction in cytokine secretion 
when TLR4-deficient cells were treated with exHSPB1, 
compared to the cells with fully functional TLR4 signaling. 
In another study, Hirata et al. [60] reported that cooperative 
signaling via TLR2 and TLR4 in murine conventional dendritic 
cells significantly induced IL-10 production by activating 
the p38 MAPK pathways. Furthermore, Shi et al. [22] also 
reported that the interaction of exHSPB1 with TLR4 is required 
to activate NF-κβ signaling and generate an inflammatory 
response in THP-1 macrophages.

Figures 2 and 3 demonstrate that blocking TLR2 and 
TLR4 significantly reduced the productions of both pro-
inflammatory cytokines (Figure 3C/4C; Figure 3D/4D) and 
the anti- inflammatory cytokines (Figure 3A/4A; Figure 
3B/4B) compared to the exHSPB1 treatment alone in THP-1 
macrophages. This indicates the presence of these receptors 
on the surface of THP-1 macrophages and suggests that the use 
of TLR BPs inhibits the optimal cytokine response induced by 
exHSPB1 [61]. However, despite the use of TLR BPs, substantial 

levels of both pro- and anti-inflammatory cytokines were still 
produced. This suggests that exHSPB1 may interact with other 
receptors to mediate cytokine secretion [57,62]. For example, 
Shi et al. [22] reported that exHSPB1 can also engage with 
scavenger receptors such as SR-A and CD36 to generate an 
inflammatory response.

TLR5 is specifically known to recognize gram-negative 
bacterial flagellin protein [63]. Nishi et al. [64] reported that in 
epithelial A549 cells, TLR5 activation by flagellin triggers the 
MAPK p38 signaling, leading to subsequent signal transduction 
cascades and secretion of the pro-inflammatory cytokines 
such as IL-6 and IL-12. Another study by Hyang et al. [65] 
demonstrated that in THP-1 cell lines TLR5 is highly expressed, 
and large HSPs, particularly HSP90 interacts with TLR5 to 
activate the NF-κβ p65 signaling pathway resulting in a pro-
inflammatory response. While the results presented in Figure 
5 indicate that TLR5 is also present in THP-1 macrophages and 
that HSPB1 can act as TLR5 agonist to induce an inflammatory 
response, limited research exists on the interactions between 
TLR5 and HSPB1 in cytokine secretion [66]. Nevertheless, 
these findings suggest that HSPB1 might interact with TLR5 in 
a manner similar to other TLRs, but further research is needed 
to clarify this interaction [67,81].

TLR7 is known for detecting viral or abnormal DNA [68]. It is 
primarily located in endolysosmes, where upon activation it 
induces secretion of large amounts of type I and II interferons 
(IFNs) as well as many pro-inflammatory cytokines [69]. This 
process is reported to initiate an innate antiviral response 
through the MYD88- dependent pathway [70]. Nevertheless, 
studies by Kanno et al. [71] reported that TLR7 can also 
be expressed on the surface of human macrophages and 
monocytes and can initiate various signaling pathways 
to induce an immune response. Despite this finding, the 
mechanisms by which TLR7 triggers an immune response 
or whether it can interact with HSPB1 to induce cytokine 
secretion remain unclear [72]. Even though in the present 
study HSPB1 showed interactions with TLR7 to induce both 
pro- and anti-inflammatory cytokines (Figure 6), further 
research is needed to determine these mechanisms and the 
potential role of surface TLR7 in response to HSPB1.

Studies reported that exHSPB1 induces cytokine secretion 
through the activation of the MYD88, MAPK p38, and NF-
κβ p65 signaling pathway [25,61]. In this research, 1 ug/ml 
exHSPB1 incubation with THP-1 macrophages, resulted in 
the activation of MyD88, MAPK p38 and NF-κβ p65 proteins 
(Figures 7-9). Additionally, the NF-κβ gene expression was 
also detected to verify that the observed NF-κβ p65 activity 
corresponded to the upregulation/downregulation at the 
gene level (Figure 10).

The levels of MyD88 significantly decreased when THP-
1 macrophages were preincubated with TLR-2/4/5/7 BPs 
before treatment with exHSPB1, compared to treatment 
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with exHSPB1 alone. This reduction happened because most 
TLRs, except TLR3, initiate their downstream signaling via 
the MyD88-dependent pathway [73]. Thus, blocking these 
receptors likely accounts for the observed decrease in MyD88 
concentration (Figure 7).

Similar results were observed in MAPK p38 concentrations 
when blocking TLR-4, 5, and 7 prior to exHSPB1 treatment 
(Figure 8). However, when TLR2 BP was used in combination 
with exHSPB1, MAPK p38 levels were significantly higher 
than with exHSPB1 alone (Figure 8A). This increase could 
be attributed to an insufficient concentration of the TLR2 
blocking peptide used, leading to incomplete inhibition of 
TLR2 mediated signaling [74]. Alternatively, the activation of 
MAPK p38 could be driven by other receptors that remain 
active such as scavenger receptors or other TLRs not tested 
in this research, highlighting the complexity of signaling 
pathways and the potential for crosstalk between different 
receptors in this context [75].

Regarding NF-κB p65 (Figure 9), substantial activity was 
observed, all close to the control. This observation was further 
supported by gene expression data (Figure 10), which showed 
upregulation of the NF-κB gene in both exHSPB1 alone and 
in combination with TLR BP treatments. However, the use 
of TLR BPs resulted in a reduction of NF-κB gene expression 
compared to the control, which could be attributed to similar 
reasons mentioned above [22]. Various factors can modulate 
NF-κB activity apart from exHSPB1. For example, PMA, used 
for cell differentiation, is a potent activator of protein kinase C 
(PKC), which can initiate a cascade of phosphorylation events, 
leading to the activation of downstream signaling pathways 
[76]. Through PKC activation, the MAPK pathway is triggered, 
resulting in the upregulation of NF-κB and the transcription 
of inflammatory genes [77]. This is evident in the negative 
control (HI- RPMI with cells), where considerable levels of all 
signaling proteins were observed (Figures 7-9).

While this study produced valuable results, several limitations 
were observed. For example, PMA treatment which was used 
to induce the differentiation of monocytes into macrophages, 
was only monitored by observing cell morphology under a 
light microscope. Although this method is valid, a stronger 
confirmation would involve checking for macrophage-
specific CD markers, such as CD11β, CD14 and CD36 by 
flow cytometry [78]. This would provide clearer evidence of 
successful differentiation. Moreover, the incubation period 
for HSPB1 treatment was limited to 18 hours, whereas the 
more commonly used incubation period in similar research is 
24 hours [25]. Even though it was not tested in this research, 
extending the incubation time to at least 24 h could potentially 
optimize the interaction between exHSPB1 and THP-1 
macrophages. Furthermore, while only NF-κβ gene expression 
was measured in this study, assessing the gene expression of 
MyD88 and MAPK whether with Western Blot or RT-qPCR, 
would provide a more comprehensive understanding of 
HSPB1 effects on these signaling pathways [79,80].

Conclusion

In conclusion, this research project demonstrated that 1 
μg/ml exHSPB1 can induce both pro- and anti-inflammatory 
responses, with a predominant anti-inflammatory effect. 
The use of TLR BPs revealed that exHSPB1 interacts with the 
TLRs covered in this study, influencing cytokine secretion 
and activating important signaling pathways in the innate 
immune system. However, while cytokine secretion decreased 
when THP-1 macrophages were treated with TLR BPs and 
exHSPB1, considerable cytokine levels were still observed. 
This may be attributed to the concentration of TLR BPs used 
(100 ng/ml), which might not have been sufficient to ensure 
specific binding and effectively block extracellular receptors; 
or there is a strong possibility that exHSPB1- induced cytokine 
secretion involved other receptors not covered in this 
research. Therefore, further research is necessary to confirm 
these findings and explore more macrophage receptors that 
could play a role in triggering immune responses through 
exHSPB1 interactions, thus solidifying the potential of HSPB1 
as a therapeutical target for modulating the immune system 
in many diseases.
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