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ARTICLE INFO ABSTRACT

Keywords: Extracellular Hsp70 (eHsp70) can act as pro-inflammatory mediator and is elevated in blood of chronic ob-

Cigarette smoke structive pulmonary disease (COPD) patients. Most of those patients are smokers, and it was suggested pre-

eHsp70 viously that cigarette smoke might induce Hsp70 secretion from the circulating cells. Therefore, we aimed to

Monocyte-derived macrophages explore inflammation-associated effects of cigarette smoke extract (CSE) and its combinations with eHsp70 in

THP-1 monocyte-derived macrophages (MDMs) and THP-1 cell line, used as systemic component models of COPD. We
hypothesized that eHsp70 induces inflammation, but that it can also modulate cigarette smoke extract (CSE)-
stimulated inflammatory responses.

We assessed IL-8 secretion, TLR2, TLR4 and Hsp70 expressions, MAPKs and NF-kB activation, and cyto-
toxicity after treating the cells with CSE (2.5 and 5%) and its combinations with low-endotoxin recombinant
human (rh) Hsp70, used to mimic eHsp70 effects.

CSE induced IL-8 secretion from both cell types, but its combinations with rhHsp70 increased IL-8 release
compared to CSE alone only from MDMs. In THP-1, combinations of rhHsp70 with 2.5% CSE induced TLR2 and
TLR4 mRNA, while 5% CSE decreased TLR2 expression. In MDMs, CSE alone attenuated TLR2, while rhHsp70
increased TLR2 and lowered TLR4 gene expression. Hsp70 mRNA expression was suppressed in THP-1 with
rhHsp70 and CSE; however, the same treatments increased its level in MDMs. CSE had cytotoxic effect only on
MDMs, but cytotoxicity was reduced in co-treatments with rhHsp70, which also triggered apoptosis. CSE and
rhHsp70 activated p38 and JNK, while ERK was activated only by rhHsp70 in MDMs. In THP-1, 2.5% CSE
activated ERK, and 5% CSE activated p38. Inhibition of NF-xB and JNK in MDMs, and ERK and JNK in THP-1
cells, attenuated IL-8 release after rhHsp70 treatment.

In conclusion, rhHsp70 provoked pro-inflammatory effects and could also modulate inflammatory response to
CSE on protein and gene expression levels in THP-1 cells and MDMs, which suggests that eHsp70 might be
implicated in systemic inflammation induced by cigarette smoke.

1. Introduction system, i.e. as a damage-associated molecular pattern (DAMP) molecule
(Asea et al., 2002). The extracellular Hsp70 (eHsp70) possesses cha-

Heat shock proteins (Hsp) are mostly known as intracellular pro- perone and cytokine activity and can stimulate the immune response
teins that exert protective and anti-inflammatory effects. However, that leads to enhanced synthesis and secretion of pro-inflammatory
some Hsps, such as the inducible Hsp70, can be excreted into the ex- cytokines. Binding of eHsp70 to Toll like receptors (TLR) 2 and 4 results
tracellular milieu and then act as a "danger signal" for the immune in activation of nuclear factor kB (NF-kB), and mitogen-activated
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protein kinases (MAPKs) signal transduction pathways, and conse-
quently cytokine production. It is believed that lower concentrations of
eHsp70 may be protective and be a part of normal response to infection
or stress. However, above a critical threshold eHsp70 could provoke
and/or potentiate dysregulated inflammatory response. It seems that its
in vivo functions are context-dependent (Asea et al., 2002; Krause et al.,
2015).

In blood of patients with chronic obstructive pulmonary disease
(COPD), elevated eHsp70 levels were measured (Cui et al., 2015;
Hacker et al., 2009). COPD is characterized with a progressive airflow
limitation and an altered inflammatory response of the respiratory tract
to different noxious particles, most commonly originating from cigar-
ette smoke. Apart from lung manifestations of the disease, COPD has
also systemic consequences characterized by chronic inflammation,
oxidative stress, and immune cell activation (Agusti and Soriano,
2008).

It was previously shown that Hsp70 was elevated in lung epithelial
cells of COPD patients, which could be associated to more severe dis-
ease (Dong et al., 2013). On the contrary, reduced expression of Hsp70
was found in total leukocytes and lymphocytes from COPD subjects,
and this was dependent on patient’s smoking status (Giuliano et al.,
2011; Rumora et al., 2008).

Most of COPD patients are smokers, and it was suggested previously
that cigarette smoke might induce Hsp70 secretion from the circulating
cells, leading to increased eHsp70 concentrations in the blood.
Therefore, in this study we explored not only single, but also combined
effects of eHsp70 and cigarette smoke on human monocyte-derived
macrophages (MDMs) from peripheral blood and their cell line coun-
terpart THP-1 cells, used as systemic compartment models of COPD. We
hypothesized that eHsp70 induces inflammation, but that it ccould also
modulate cigarette smoke extract (CSE)-stimulated inflammatory re-
sponses. We used low-endotoxin recombinant human (rh) Hsp70, both
alone and in combinations with CSE, to mimic eHsp70 effects, and we
determined concentrations of pro-inflammatory cytokines secreted into
cell supernatants, mRNA expressions of Hsp70, TLR2 and TLR4 as well
as NF-kB and MAPKs activation.

2. Materials and methods
2.1. Cell cultures

THP-1 human monocytic cell line (American Type Culture
Collection, USA) was cultured in RPMI-1640 medium with 10% fetal
bovine serum, 2mM ti-glutamine, and 1% penicillin/streptomycin/
amphotericin B at 37 °C in a humidified 5% CO, atmosphere. Before the
experiments, cells were seeded on 12- or 96-well plates and differ-
entiated into macrophage-like cells with 20 nM phorbol 12-myristate
13-acetate (PMA) for 48 h.

Monocytes isolated from blood of healthy donors (Lonza Ltd.,
Switzerland) were seeded on 24- or 96-well plates and differentiated
into macrophages with 25 ng/ml macrophage colony-stimulating factor
(M-CSF) in RPMI-1640 with 10% fetal bovine serum, 2 mM 1-glutamine,
1% penicillin/streptomycin/amphotericin B and 1% non-essential
amino acids for 7 days.

2.2. Treatments of cells

Cigarette smoke extract (CSE) was prepared by bubbling 2 cigarettes
(Kentucky Research Cigarettes 3R4F, University of Kentucky, USA),
after removing filters, through 25 ml of RPMI-1640 medium at constant
rate (70 ml/min). Obtained CSE was considered as 100% and cells were
treated with CSE diluted in RPMI-1640 medium as indicated. CSE was
freshly prepared for each experiment and used within 1h.
Standardization of CSE was done by measuring the absorbance at
320 nm (Somborac-Bacura et al., 2018a).

Cells were treated with recombinant human (rh) Hsp70 protein,
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with a low endotoxin concentration (as determined by manufacturer)
(Enzo Life Sciences, USA), in concentrations of 1, 3 or 10 pg/ml as well
as in combination with 2.5 and 5% CSE. Equivalent amount of lipo-
polysaccharide (LPS) as found in rhHsp70 was used in all experiments
as negative control and no difference between non-treated cells and
negative controls was found.

To elucidate the signalling mechanisms involved in inflammation,
cells were pre-treated with 10 uM Bay11-7082 (NF-kB inhibitor), 50 uyM
PD98059 (ERK inhibitor) (Calbiochem, USA), 10 uM SP600125 (JNK
inhibitor) (Santa Cruz Biotechnologies, USA) or 10 uM SB202190 (p38
inhibitor) (Cell Signaling Technology, USA) for 1h, and then 10 ng/ml
rhHsp70 was added into wells and incubated for further 24 h. Three
independent experiments (n = 3) were performed for all analyses.

2.3. Measurement of cytokine concentration

Cells were treated with CSE alone or in combinations with rhHsp70
for 24 h and cell-free supernatants were collected for determination of
cytokine concentration using DuoSet ELISA kits (Human IL-1alpha/IL-
1F1 DuoSet ELISA, Human IL-1beta/IL-1F2 DuoSet ELISA, Human IL-6
DuoSet ELISA, Human CXCL8/IL-8 DuoSet ELISA, Human TNF-alpha
DuoSet ELISA; R&D Systems, USA), according to manufacturer’s pro-
tocols.

2.4. Expression of TLR2, TLR4 and Hsp70 mRNA

Cells remaining after removal of cell-free supernatant for determi-
nation of cytokines (after 24 h treatment) were used for RNA isolation.
Trizol/chlorophorm method (Rio et al., 2010) with Tri reagent (Applied
Biosystems, USA) was used for RNA isolation. cDNA was synthesized
using RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Sci-
entific, USA), and qPCR were performed using TagMan Gene Expression
Assays (Applied Biosystems, USA): Hs02621280.s1 for tlr2;
Hs00152939_m1 for tlr4; and Hs00359163_s1 for hsp70, on the 7300
Real Time PCR System (Applied Biosystems, USA). Hs99999907_m1 for
B2-microglobulin (B2M) and Hs99999904_m1 for peptidyl-prolyl iso-
merase A (PPIA) were used as reference genes.

2.5. Western blotting

THP-1 cells and MDMs were lysed for 20 min on ice by using lysis
buffer containing 50 mM Tris-HCI pH 8.0, 137 mM NacCl, 1% Triton X-
100, 10% glycerol, 1 mM sodium-orthovanadate, and protease inhibitor
(Complete Protease Inhibitor Cocktail Tablets, Roche). Lysates were
centrifuged at 15,000g for 20 min at 4 °C and protein concentration was
determined by bicinchoninic acid (BCA) assay (Smith et al., 1985).
Denaturation of samples was performed by boiling the samples for
5 min with 6 X Laemmli sample buffer containing 0.375M Tris-HCI pH
6.8, 12% w/v SDS, 3% v/v glycerol, 0.2% w/v bromophenol blue, 12%
(-mercaptoethanol in distilled water in 5:1 ratio.

Electrophoresis of proteins (30 pg) was performed on 10% poly-
acrylamide gel at 100 V for 90 min, while transfer onto nitrocellulose
membrane was performed at 250 mA for 90 min. Membranes were
blocked with 5% skimmed milk as blocking buffer for 1h, and then
incubated with specific antibodies [anti-ERK antibody (ERK 1 (C-16),
#s¢-93); anti-JNK antibody (JNK (FL): #sc-571); anti-p38 antibody
(p38a (C-20): #sc-53); Santa Cruz Biotechnology, USA; anti-phospho-
ERK antibody (Phospho p44/42 MAPK (ERK1/2) (D13.14.4E) XP
Rabbit mAb, #8544); anti-phospho-JNK antibody (Phospho-SAPK/JNK
(Thr183/Tyr185), #9251); anti-phospho-p38 antibody (Phospho-p38
MAPK (Thr180/Tyr182) (D3F9) XP Rabbit mAb, #4511); anti-phospho-
IkBa antibody (Phospho-IkBa (Ser32/Ser36) (5A5) mouse mAD,
#9246); anti-IkBa antibody (IkBa L35A5 mouse mAb, #4814); Cell
Signaling Technology, USA], followed by incubation with appropriate
horseradish peroxidase-conjugated secondary antibody, according to
the manufacturer’s protocols. Appropriate bands were detected using
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chemiluminescence reagent [(5 mg luminol (Sigma-Aldrich), 1 ml 1.5M
Tris-HCI pH 8.8, 14 ml ddH,0, 5 pl H,0, and 150 pl enhancer (11 mg p-
coumaric acid (Sigma-Aldrich) in 10 ml DMSO)], and photographed on
Amersham AI600 Imager (GE Healthcare, USA).

2.6. Measurement of cytotoxicity

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) assay (Promega, USA) was used for
determination of metabolic activity of the cells according to manu-
facturer’s protocol, and measured at 490 nm on a microplate reader
(VICTOR3 1420 Multilabel counter, Perkin Elmer, USA).

Apoptotic caspases activities (caspase-8 and -9) were determined by
the luminescent assays (Caspase-Glo 8 Assay and Caspase-Glo 9 Assay;
Promega, USA).

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.01
software (GraphPad Software Inc., USA). Data were tested using One-
Way Analysis of Variance (ANOVA) and post hoc testing was done using
Sidak method. All results are presented as the mean *+ standard error
of the mean (SEM). The level of P < 0.05 was considered statistically
significant for all analyses.

For assessment of combined effects of rhHsp70 with CSE, compar-
ison of measured values and calculated (expected) values was used
(Hulina et al., 2018; Segvi¢ Klari¢ et al., 2014).

3. Results
3.1. Effects of different CSE concentrations on cytokine secretion after 24h

Smoking is recognized as being one of the most important factors in
COPD development, contributing to the worsening of systemic con-
sequences of the disease. Therefore, we first assessed the effect of CSE
on secretion of pro-inflammatory cytokines. We treated THP-1 cells and
MDMs with 2.5%, 5%, 10%, 15% and 20% CSE for 24 h. 2.5% and 5%
CSE triggered significant IL-8 release from THP-1 cells, while 15% and
20% CSE supressed its secretion (Fig. 1a). Only 2.5% CSE had a sig-
nificant impact on IL-8 concentration in MDMs (Fig. 1b). Concentra-
tions of IL-1a, IL-1f, IL-6 and TNF-a were also measured; however,
they were below detection limit for our experimental conditions in both
THP-1 cells and MDMs. Therefore, 2.5% and 5% CSE were selected for
further treatments of the cells in this study, and only concentrations of
IL-8 were measured later.

a THP-1
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% non-treated + SEM
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Fig. 1. Effects of different CSE concentrations on secretion of IL-8 from THP-1 cells (a) and MDMs (b). Data are presented as mean

IL-8
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3.2. Effects of rhHsp70 on CSE-provoked IL-8 secretion

To assess if rhHsp70 could alter CSE-induced inflammatory effect,
we treated cells with combinations of CSE and 1 or 3 pug/ml rhHsp70
during 24 h, based on our preliminary results of concentration-depen-
dent effects of rhHsp70 on secretion of IL-8 (data not shown). We found
that 1 pg/ml rhHsp70 stimulated IL-8 release from THP-1 cells, while
3 pg/ml rhHsp70 stimulated IL-8 release from MDMs, compared to non-
treated control cells. We assumed that it would be interesting to explore
whether IL-8 stimulating and IL-8 non-stimulating rhHsp70 con-
centrations will modulate CSE inflammatory response differently.

In THP-1 cells, secretion of IL-8 was significantly higher after
treatment with 2.5% and 5% CSE alone and in combinations of 5% CSE
with rhHsp70, compared to non-treated cells. However, rhHsp70 had
no significant effect in combinations compared with CSE alone
(Fig. 2a). In MDMs, secretion of IL-8 was increased after treatment with
2.5% CSE alone and in combination with rhHsp70, compared to non-
treated cells (Fig. 2b). Furthermore, release of IL-8 in cell medium was
stimulated in 5% CSE and rhHsp70 co-treatments, compared to both
non-treated cells and 5% CSE alone. Despite that, calculated combined
effect for 5% CSE and 3 pg/ml rhHsp70 was antagonistic (Fig. 2c).

3.3. Effects of CSE and rhHsp70 co-treatments on cell viability

To determine possible cytotoxic effects of rhHsp70 or CSE alone and
their combinations, metabolic activity of cells and mode of cell death
were investigated by MTS assay and measurement of apoptotic caspase-
8 and -9 activities, respectively. Cells were treated with rhHsp70, CSE
or their combinations during 24 h for MTS, and during 6 and 8 h for
determination of caspases’ activity.

rhHsp70 and CSE alone were not cytotoxic to THP-1 cells, as as-
sessed by MTS test, while combinations of 2.5% CSE and rhHsp70 had a
slight, but significant, proliferative effect (Fig. 3a). Contrary to this,
2.5% and 5% CSE provoked strong reduction of MDM’s metabolic ac-
tivity. However, rhHsp70 modulated this cytotoxic effect and sig-
nificantly increased cell viability compared to CSE alone (Fig. 3c). In
addition, we found that calculated combined effects between 2.5% CSE
and rhHsp70 were antagonistic (Fig. 3d).

In THP-1 cells, caspase-8 was significantly activated with 2.5% CSE
at 6 h treatment. In addition, combinations of 2.5% CSE with 1 or 3 pg/
ml rhHsp70 lead to a significant activation of caspase-8 after 6 and 8 h,
compared to non-treated cells. Caspase-9 was activated with 2.5% CSE
after both 6 and 8 has well as with its combinations with rhHsp70 after
6h (Table 1). 5% CSE did not significantly affect caspase-8 and -9 ac-
tivities in THP-1 cells (data not shown).
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Fig. 2. Effects of rhHsp70 or CSE alone and in
combinations on production of IL-8 from THP-
1 cells (a) and MDMs (b). Data are presented as
mean = SEM of three independent experi-
ments (n = 3). Dotted line represents IL-8
concentration secreted from non-treated THP-1
or MDM cells, set as 100%.

* statistically significant (P < 0.05) vs. non-
treated cells.

** statistically significant (P < 0.05) vs. CSE
alone.

rhHsp70 and CSE interactions on IL-8 secretion
from MDMs (c). Dark bars represent the mea-
sured values and grey bars represent the ex-
pected (calculated) values.

## statistically significant (P < 0.05) antag-
onistic effect.

MDMs

@8 measured
3 expected

In MDMs, 2.5% and 5% CSE significantly decreased caspase-9 ac-
tivity after 8 h (Fig. 4c), while rhHsp70 alone did not affect its activa-
tion. However, combinations of 5% CSE and rhHsp70 significantly sti-
mulated caspase-9 activity after 6h, compared to non-treated cells
(Fig. 4a). In addition, rhHsp70 applied together with 2.5% CSE in-
creased caspase-9 activity at 6 and 8 h compared to 2.5% CSE alone
(Fig. 4a and c), and calculated interactions were synergistic (Fig. 4b and
d). Caspase-8 was not significantly activated under tested conditions in
MDMs (data not shown).

3.4. Alterations in TLR2, TLR4 and Hsp70 gene expression

eHsp70 mediates its effects on cells mostly via receptors TLR2 and
TLR4. On the other hand, intracellular Hsp70 has cytoprotective and
anti-inflammatory functions, and it was shown that cell’s faith might
depend on a delicate balance between intracellular and extracellular
Hsp70. Therefore, next we explored TLR2, TLR4 and Hsp70 gene ex-
pressions after 24 h treatments by qPCR method.

Based on our preliminary results, for gene and protein expressions
as well as signalling pathways experiments, including those with spe-
cific signalling molecule inhibitors, we used the same CSE and rhHsp70
concentrations for combined treatments as for cytokine and viability
investigations, but we used 3 and 10 pg/ml rhHsp70 for rhHsp70 in-
dividual treatments, as 10 ug/ml rhHsp70 induced the strongest pro-
inflammatory effects (data not shown).

Compared to non-treated THP-1 cells, 2.5% CSE alone
(1.66 + 0.08 fold change) and in combinations with 1 and 3 pg/ml
rhHsp70 (3.63 = 1.52 and 3.56 = 1.69 fold change, respectively)
provoked a significant increase in TLR2 gene expression. In contrast,
5% CSE alone (0.60 = 0.11 fold change) and in combinations with 1
and 3pg/ml rhHsp70 (0.61 = 0.06 and 0.58 * 0.04 fold change,

respectively) decreased TLR2 gene expression as well as 10 pg/ml
rhHsp70 (0.80 *= 0.05 fold change), compared to non-treated cells
(Fig. 5a).

THP-1 cells treated with 10ug/ml rhHsp70 (0.53 + 0.03 fold
change) significantly reduced TLR4 mRNA expression, compared to
non-treated cells. 2.5% CSE (3.48 = 0.27 fold change) and combina-
tions of 2.5% CSE with 3 ug/ml rhHsp70 (1.82 + 0.49 fold change) as
well as 5% CSE with 3 pg/ml rhHsp70 (1.38 = 0.06 fold change) re-
sulted in increased expression of TLR4, compared to non-treated cells.
However, combinations of 2.5% CSE with rhHsp70 suppressed TLR4
gene expression compared to THP-1 cells treated only with 2.5% CSE
(Fig. 5b).

Expression of Hsp70 mRNA was significantly decreased in THP-1
cells in all experimental conditions, compared to non-treated cells ex-
cept when combinations of 5% CSE and rhHsp70 were applied.
Combinations of 5% CSE with 1 and 3 ug/ml rhHsp70 (0.75 * 0.06
and 0.73 = 0.03 fold change, respectively) induced Hsp70 gene ex-
pression compared to 5% CSE alone (0.49 + 0.04 fold change)
(Fig. 6a).

In MDMs, expression of TLR2 mRNA was increased after treatments
with 3 and 10 pg/ml rhHsp70 (2.59 = 0.33 and 6.10 = 0.50 fold
change, respectively), and decreased after treatment with 2.5% and 5%
CSE alone (0.31 = 0.01 and 0.30 + 0.12 fold change, respectively)
(Fig. 5c¢). Combinations of 5% CSE with rhHsp70 (1.55 * 0.21 and
1.69 = 0.18 fold change for 1 and 3 pg/ml rhHsp70, respectively) in-
duced expression of TLR2 compared to both non-treated cells and CSE
alone, while 2.5% CSE applied together with 3pug/ml rhHsp70
(1.33 = 0.22 fold change) increased TLR2 expression compared to
2.5% CSE.

The level of TLR4 gene expression in MDMs was less responsive to
rhHsp70 and CSE treatments (Fig. 5d). Only 10pg/ml rhHsp70

56



A. Hulina-Tomaskovié, et al.

Molecular Immunology 111 (2019) 53-63

a THP-1 b THP-1
200 -
200+
E * @B measured
o 150+ * § - = expected
= >
% E 100 % ;‘
c - . o 1]
s 9 % 1004
=& > o
[T =&
o< [T
) c
c 504 © e 504
= =
0 T T T T T T 0' T T T T
O O L D D K& D D Q N N )
& & \5’% & & 2 NN &R & & &
N N N N N N N N N RN
Q\& Q\@ a° &@ ‘%@ &@ &@ Q\@ Q\(‘\ Q\& q\é\
RES RS RS S % AT o
& KL < & < % < <
0% 0% 0% 06 o"o o‘b o% 06
8 6* g* g* s L 6° s° §°
(b. I». (L. fL.
c MDMs d MDMs
150 -
Q00+ cveeemnrenn e agfigpe e e eeantteaee e eneeaaaaaas
E i g @8 measured
>.(4,-’| 100 4 ™ o TR K e § 80 B3 expected
Ev > 2 * * 2+
g% ; 2 3R 0O
s 3 * g%
= = =8
85 504 3T 49
c 2
3 2 204
0 T T T T T T T T 0- T T T T
Q Q < Q Q < Q Q «Q ,\Q ,\Q ,\Q
&é\ &é\ & &é\ &é\ & Q{,é\ &é\ & & & &
NP\ NN N > N N N
F & ¥ & & & O S S
AN N SIS SIS x'\\) x’b\) x'\Q x'b\?
x x x x
<& < < <
& & & & <& <& \°o°*‘ \Q(f"
qf;\° K Y;\o 0;\° (; ) ’J;\ qf;\ (; ‘;

Fig. 3. Cytotoxic effects of rhHsp70 or CSE alone and in combinations on THP-1 cells (a) and MDMs (c), assessed by MTS assay. Data are presented as mean *+ SEM
of three independent experiments (n = 3). Dotted line represents viability of non-treated cells, set as 100%.

* statistically significant (P < 0.05) vs. non-treated cells.
** statistically significant (P < 0.05) vs. CSE alone.

rhHsp70 and CSE interactions on viability of THP-1 cells (b) and MDMs (d). Dark bars represent the measured values and grey bars represent the expected

(calculated) values.
## statistically significant (P < 0.05) antagonistic effect.

Table 1

Effects of rhHsp70 or 2.5% CSE alone and in combinations on caspase-8 and -9 activity in THP-1 cells treated for 6 or 8 h. Results are presented as percentage (%) of

caspase activity in non-treated cells.

caspase-8 caspase-9
6h 8h 6h 8h
1 pg/ml rhHsp70 125.40 = 2.17 83.26 = 9.46 101.60 += 5.09 79.67 + 7.31
3 pug/ml rhHsp70 96.67 + 11.57 80.25 + 7.94 96.64 + 4.38 88.58 + 6.74
2.5% CSE 181.40 * 7.29 129.60 * 31.93 149.40 = 7.63 124.80 * 2.20
+ 1pg/ml rhHsp70 173.20 = 19.28 175.30 = 20.80 162.90 * 8.56 123.40 = 16.24
+ 3pg/ml rhHsp70 150.20 = 2,97 179.50 = 0.50 154.60 = 8.59 125.00 = 11.24

* Statistically significant (P < 0.05) vs. non-treated cells.
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Fig. 4. Effects of rhHsp70 or CSE alone and in combinations on caspase-9 activity in MDMs treated for 6 h (a) or 8 h (c). Data are presented as mean + SEM of three
independent experiments (n = 3). Dotted line represents caspase-9 activity in non-treated MDMs, set as 100%.

* statistically significant (P < 0.05) vs. non-treated cells.
** statistically significant (P < 0.05) vs. CSE alone.

rhHsp70 and CSE interactions on caspase-9 activity (b, d). Dark bars represent the measured values and grey bars represent the expected (calculated) values.

# statistically significant (P < 0.05) synergistic effect.

attenuated expression of TLR4 mRNA (0.66 + 0.15 fold change), and
combination of 5% CSE with 3 pg/ml rhHsp70 increased its expression
(1.63 = 0.31 fold change), compared to non-treated cells.

Regarding the Hsp70 gene expression in MDMs, it was strongly in-
duced by 10 pg/ml rhHsp70 (2.73 + 0.89 fold change), 2.5% and 5%
CSE (5.63 = 1.56 and 167.20 = 78.67 fold change, respectively),
while combinations of CSE with rhHsp70 suppressed the expression of
Hsp70 mRNA compared to CSE alone (Fig. 6b).

3.5. Effects of CSE and rhHsp70 on MAPKs and NF-«B signalling pathways

Binding of eHsp70 to TLR2 and TLR4 results in the stimulation of
NF-kB and MAPK signalling pathways leading to the synthesis of pro-
inflammatory cytokines. Expression and activation of NF-kB (presented
through detection of total IkBa and phospho-IkBa, respectively) and
major MAPKs (ERK1/2, JNK1/2 and p38) were investigated by Western
blot analysis.

THP-1 cells were treated with rhHsp70 and CSE alone as well as
with their combinations for 30 min, 2 and 8 h. Due to a more restrictive
possibilities in obtaining large number of primary cells for research
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purposes, we did not perform combined treatments in MDMs for
Western blotting only.

In THP-1 cells, co-treatment with 2.5% CSE and rhHsp70 decreased
ERK activation after 30 min, but 2.5% CSE alone and in combination
with rhHsp70 activated ERK after 8 h. In addition, 2.5% CSE applied
together with rhHsp70 activated p38 after 30 min (data not shown). On
the other hand, 5% CSE and its combinations with 1 and 3 pg/ml
rhHsp70 caused significant activation of p38 MAPK at all time points
examined, compared to untreated cells (Fig. 7). We did not detect JNK
and IkBa activation under our treatment conditions.

In MDMs (Fig. 8), 3 ug/ml rhHsp70 activated ERK after 8 h, p38
after 30 min and 2h, and JNK at all time points examined. Similarly,
10 pug/ml rhHsp70 caused specific phosphorylation of ERK after 2 and
8h, and JNK and p38 after 8 h.

On the other hand, both 2.5 and 5% CSE induced JNK activation at
2hand 8 h, and p38 MAPK at 30 min, 2 h and 8 h. Once again, we could
not detect IkBa activation.
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Fig. 5. TLR2 (a, ¢) and TLR4 (b, d) mRNA expression in THP-1 cells and MDMs treated with rhHsp70, CSE or their combinations. Data are presented as mean + SEM
of three independent experiments (n = 3). Dotted line represents expression of mRNA in non-treated cells, set as 1.

* statistically significant (P < 0.05) vs. non-treated cells.
** statistically significant (P < 0.05) vs. CSE alone.

3.6. Influence of MAPKs and NF-«xB inhibitors on inflammatory response to
rhHsp70

To investigate the mechanism underlying the pro-inflammatory ef-
fects of eHsp70 in THP-1 cells and MDMs, we used inhibitors for NF-xB
(BAY11-7082) as well as for ERK (PD98059), JNK (SP600125) and p38
MAPK (SB202190). Cells were pre-treated with specific inhibitors for
1 h before adding 10 pg/ml rhHsp70 for 24 h.

In THP-1 cells, ERK and JNK inhibitors significantly suppressed IL-8
release when combined with rhHsp70, compared to treatment with
rhHsp70 alone (Fig. 9a).

In MDMs, NF-kB inhibitor almost completely attenuated secretion of
IL-8 and JNK inhibitor significantly reduced IL-8 secretion after 24 h
incubation with rhHsp70, compared to treatment with rhHsp70 alone
(Fig. 9b).

4. Discussion

Systemic component of COPD is characterized, among other things,
with chronic inflammation, activation of immune cells and elevated
concentration of inflammatory cytokines in the blood (Agusti et al.,
2010; Agusti and Soriano, 2008). High concentrations of IL-1f, IL-6, IL-
8 and TNF-a were found in the sputum of patients in stable phase of

59

COPD (Keatings et al., 1996). In addition, increased release of pro-in-
flammatory cytokines IL-1, IL-8 and TNF-a as well as anti-inflammatory
cytokine IL-10 from alveolar macrophages from smokers and patients
with COPD was detected (Chung, 2001). "Systemic inflammome" de-
fined as elevated concentrations of general inflammatory markers as
well as IL-6, IL-8 and TNF-a was observed in 16% of COPD patients
(Agusti et al., 2010; Agusti and Sin, 2014; Kelly et al., 2013). In addi-
tion, increased production of cytokines is associated with exposure of
different cell lines to CSE (Dong et al., 2013; Heijink et al., 2015;
Overbeek et al., 2013; Pace et al., 2014). Based on previous literature
data, in this study we assumed that CSE would have inflammatory ef-
fect on THP-1 cells and MDMs, and we hypothesized that the addition
of rhHsp70 would lead to a more pronounced pro-inflammatory effect
of CSE on those cells.

CSE alone induced IL-8 secretion from THP-1 cells and MDMs,
which is consistent with previously published studies (Kode et al., 2006;
Walters et al., 2005). Furthermore, in THP-1 cells, combinations of CSE
and rhHsp70 did not lead to a different production of IL-8 compared to
CSE alone. Contrary to this, in MDMs, CSE applied together with
rhHsp70 caused significantly higher IL-8 secretion, which could be due
to increased TLR2 gene expression found in MDMs after treatment with
combination of CSE and rhHsp70. However, IL-8 increase was not as
high as expected and those combined effects were antagonistic. As far
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Fig. 6. Hsp70 mRNA expression in THP-1 cells (a) and MDMs (b) treated with
rhHsp70, CSE or their combinations. Data are presented as mean + SEM of
three independent experiments (n = 3). Dotted line represents expression of
mRNA in non-treated cells, set as 1.

* statistically significant (P < 0.05) vs. non-treated cells.

** statistically significant (P < 0.05) vs. CSE alone.

as we are aware, there are no published data about simultaneous ap-
plication of CSE and rhHsp70 on these cells.

TLR2 and TLR4 receptors are expressed on epithelial cells of the
respiratory tract, alveolar macrophages, monocytes, and neutrophils
(Zuo et al., 2015). Their stimulation results in the activation of MyD88/
IRAK/NF-«xB and MAPK signalling pathways. Therefore, we determined
gene expression of TLR2 and TLR4, and protein expression and acti-
vation of MAPKs and NF-xB after treatment of the cells with CSE,
rhHsp70, and combinations of CSE with rhHsp70.

In both THP-1 cells and MDMs, TLR2 was more susceptible to CSE,
whether applied alone or together with rhHsp70, but TLR2 and TLR4
expressions strongly depended on type of cells and concentrations of
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Fig. 8. Expression and activation of MAPKs in MDMs treated with rhHsp70 or
CSE for 2h.

(1) non-treated; (2) 3 ug/ml rhHsp70; (3) 10 ug/ml rhHsp70; (4) 2.5% CSE; (5)
5% CSE.

both CSE and rhHsp70. Furthermore, increase in IL-8 secretion in
MDMs could be associated with increase in TLR2 expression after
treatment with rhHsp70 or its combinations with CSE. However, in
THP-1 those effects do not seem to be related to either TLR2 or TLR4
expressions and could be mediated through some other eHsp70 re-
ceptor (e.g RAGE), which might be a point of interest in our future
research.

It was previously demonstrated that exposure to cigarette smoke can
activate TLR4 in mouse and human cells. Cigarette smoke could act
directly on TLR4 receptors or indirectly causing damage of epithelial
cells and release of DAMP molecules which subsequently bind to TLR4
(Opitz et al., 2010). It was shown that cigarette smoke exposure cor-
related with expression of TLR4 and TLR9 as well as with cytokine
synthesis, particularly IL-8 (Dong et al., 2013; Zuo et al., 2015). Fur-
thermore, CSE increased the expression of TLR2 and TLR4 within and
on the surface of bone marrow cells (Zhou et al., 2011). In macrophages
of monocytic origin, short-term exposure to CSE suppressed expression
of TLR4 on cell membrane (Sarir et al., 2009). Expression of TLR4 was
also reduced in nasal epithelial cells from smokers and patients with
severe COPD, compared to healthy non-smokers and patients with mild
COPD (MacRedmond et al., 2007). In contrast, Metcalfe et al. showed
that CSE did not change the expression of TLR2 and TLR4 in alveolar
macrophages isolated from COPD patients (Metcalfe et al., 2014).

Important point to consider is the cell viability after treatment with
CSE and rhHsp70. It was shown previously that CSE concentration,
duration of the treatment and cell type have an impact on cell death
pattern caused by cigarette smoke (Kim et al., 2008; Somborac-Bacura
et al., 2018b; van der Toorn et al., 2007). In our study, CSE had a
significant cytotoxic effect only on MDMs, and it was reduced when
rhHsp70 was added together with CSE, compared to the cytotoxicity of
CSE alone. Previous research showed inconsistent results regarding the
influence of CSE on cell viability. Seehasee et al. showed that lower

Fig. 7. Expression of total p38 and activated p-p38 in
THP-1 cells treated with 5% CSE alone and in combi-
nations with rhHsp70 for 30 min (a), 2h (b) and 8h
(c).

(1) non-treated; (2) 5% CSE; (3) 5% CSE + 1pg/ml
rhHsp70; (4) 5% CSE + 3 ug/ml rhHsp70.

3 4
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Fig. 9. Secretion of IL-8 from THP-1 cells (a) and MDMs (b) pretreated with
inhibitors of NF-kB (BAY11-7082), ERK (PD98059), JNK (SP600125), or p38
MAPK (SB202190) for 1h, and treated with 10 ug/ml rhHsp70 during 24 h.
Data are presented as mean = SEM of three independent experiments (n = 3).
Dotted line represents concentration of IL-8 secreted from appropriate control
cells (non-treated or treated with DMSO), set as 100%.
* statistically significant (P < 0.05) vs. non-treated cells.
** statistically significant (P < 0.05) vs. rhHsp70 alone.

concentration of CSE are cytotoxic to A549 cells (Seehase et al., 2014).
However, even proliferative effect of lower CSE concentrations was
observed in the same cell line (Kaushik et al., 2008), which is similar to
our results with 2.5% CSE and rhHsp70 co-treatments in THP-1 cells.
On the other hand, elevated concentrations of CSE and longer exposure
time resulted in apoptosis of A549 cells (Kaushik et al., 2008; Li et al.,
2013; Somborac-Bacura et al., 2018b). Lower concentrations of IL-8
and expression of TLR2 in MDMs treated with CSE found in our study
could potentially be due to lower cell viability. Although we explored
cell viability by MTS assay and measurement of apoptotic caspase-8 and
-9 activities, different well format, number of cells, cell density and CSE
volume were used for those analyses, which could have a significant
effect on the final results. Therefore, it could be worthwhile to assess
cell viability in the same wells from which IL-8 concentration and gene
expressions were tested in the future experiments.

TLR2 and TLR4 activation could also trigger apoptosis, which is one
of the mechanisms that can lead to disease development or progression
(Vanden Berghe et al., 2014). Caspases have a central role in apoptosis
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and caspases’ cascade could be activated through death receptor
pathway (for caspases-2, -8 and -10) or mitochondrial pathway (specific
for initiator caspase-9) (Elmore, 2007). In this research, 2.5% CSE alone
and in combination with rhHsp70 activated both apoptotic pathways
(caspases-8 and -9 activation) in THP-1 cells, while only mitochondrial
pathway was activated in MDMs after co-treatments with 5% CSE and
rhHsp70. Although it was shown that eHsp70 may act anti-apoptotic in
human macrophage cell line U937 (Franco et al., 2016), it is possible
that in human monocytic cell line THP-1 and in peripheral blood
monocytes, both differentiated into macrophages, activation of the
apoptotic machinery does occur.

Immunomodulatory effects of Hsp70 might be inflammatory or anti-
inflammatory, which depends on total inflammatory context, con-
centration ratio of intracellular and extracellular Hsp70 as well as on
the type of cell (Giuliano et al., 2011; Krause et al., 2015). In our study,
CSE and rhHsp70 alone significantly increased (in MDMs) or decreased
(in THP-1) Hsp70 mRNA. However, CSE in combination with rhHsp70
produced opposite effect. Hsp70 has protective effect on the cells, and
we could speculate that cells exposed to cigarette smoke could try to
compensate the damage by increasing Hsp70 production. Indeed, the
largest increase in Hsp70 mRNA was observed in MDMs after treatment
with 5% CSE, the same condition where cell viability was decreased.

Previously, inconsistent results were obtained about influence of
cigarette smoke on intracellular Hsp70 expression. Reduced expressions
of Hsp70 and Hsp27 proteins in total leukocytes of COPD smokers and
ex-smokers compared to non-smokers with COPD as well as in healthy
smokers compared to healthy ex-smokers or non-smokers were ob-
served (Rumora et al., 2008). Zhao et al. showed that expression of
Hsp70 protein and mRNA were decreased in lymphocytes of COPD
patients compared to healthy subjects, and they suggested that it was
probably due to Hsp70 gene transcription regulation disorders in COPD
(Zhao et al., 2005). However, Dong et al. showed the increased ex-
pression of Hsp70 mRNA and protein in lung tissues isolated from
COPD patients, and the level of Hsp70 expression correlated with the
severity of the disease (Dong et al., 2013). Also, CSE induced Hsp70
protein in pulmonary fibroblasts, depending on concentration and time
(Li et al., 2007).

The inflammation, together with proliferation, differentiation and
cell death, is a possible consequence of activation of MAPK signalling
pathways due to a cell response to a stressful stimulation (Rumora and
Zani¢ Grubi$i¢, 2008). In addition, NF-kB transcription factor also
regulates different cellular processes like inflammation, immune system
activation, cell proliferation and apoptosis. NF-kB is present in cells in
its inactive form, by forming a complex with IkB inhibitory protein, and
released by phosphorylation of IkBa on Ser32 and Ser36, and translo-
cated into the nucleus (Moynagh, 2005). It was shown previously that
exposure of different kind of cells, e.g. epithelial and endothelial airway
cells, and alveolar macrophages to cigarette smoke resulted in MAPK
activation, and activation of various transcription factors such as NF-xB
and AP-1 (Kode et al., 2006; Manzel et al., 2011; Pace et al., 2014).

In MDMs, CSE and rhHsp70 activated both p38 and JNK, while ERK
was activated only by rhHsp70. In THP-1 cells, lower concentration of
CSE activated ERK, while higher CSE concentration activated p38. We
did not detect differences in MAPK activation between combined
treatments and treatment with CSE alone. In general, Western blot
method is not sensitive enough to detect minor differences in the ac-
tivation of the signalling pathways. Although we could not detect ac-
tivation of IkBa in tested experimental conditions, it cannot be asserted
that activation of the NF-kB pathway does not occur, e.g. at different
time-points, as inhibition of NF-kB in MDMs completely attenuated IL-8
release after rhHsp70 treatment. Besides NF-kB signalling pathway,
JNK was shown to be involved in IL-8 secretion in MDMs by the in-
hibition experiments, while underlying mechanism of IL-8 secretion
after rhHsp70 treatment in THP-1 cells included both ERK and JNK
activation. These results are consistent with some previously obtained
results that showed that eHsp70 can activate MAPK and/or NF-kB
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signalling pathways, depending on the cell type (Somensi et al., 2017;
Zhe et al., 2016).

In conclusion, our study demonstrates that rhHsp70 provokes pro-
inflammatory effects and it might also modulate the inflammatory re-
sponse to CSE in THP-1 cells and human MDMs on protein and gene
expression levels. Those effects are exhibited via MAPK and NF-xB
signalling pathways. The results suggest that extracellular Hsp70 might
be implicated in systemic inflammation induced by cigarette smoke.
When both extracellular Hsp70 and cigarette smoke components are
present in the blood of e.g. COPD patients, most of which are smokers,
their interactions could provoke a modulation of systemic inflammation
by either increasing it or trying to dampen it, which could lead to in-
appropriate inflammatory responses. This could be of a potential
danger especially during disease exacerbations, when the immune
system is confronted with some potent noxious stimuli, such as bacteria
or viruses. Therefore, this confirms once again that smoking cessation is
of upmost importance for COPD patients; however, eHsp70-targeted
strategies might have some beneficial effects as well, and it could be
interesting to explore those in the years to come.
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