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1 LIST OF ABBREVIATIONS 

1-D-MT 1-methyl-D-tryptophan  

7-AAD 7-aminoactinomycin D  

ADP adenosine diphosphate 

Akt AKT serine/threonine kinase 1   

APC antigen presenting cells 

Arg-1 arginase-1 

ATP adenosine triphosphate 

ATRA all-trans retinoic acid 

BAX BCL2 associated X 

Bay Bay 11-7082 

BCA bicinchoninic acid 

BCL 2 B-cell lymphoma 2 

Bcl-xL B cell lymphoma-extra large 

BRAF serine/threonine-protein kinase B-raf 

CAF cancer-associated fibroblasts 

CCL C-C motif ligand 

CCR C-C chemokine receptor type 

CD cluster of differentiation 

CFSE carboxyfluorescein succinimidyl ester 

COX2 cyclooxygenase-2 

CTLA-4  cytotoxic T lymphocyte-associated protein-4 

CXCR CXC chemokine receptor 

DC dendritic cells 

DMSO dimethylsulfoxid  

DNA deoxyribonucleic acid  

DPBS Dulbecco's phosphate-buffered saline  

EGFR epidermal growth factor receptor 

eHSP90 extracellular HSP90 

ELISA enzyme-linked immunosorbent assay 

ERK extracellular-signal regulated kinase 

EV  extracellular vesicles 

FACS fluorescence-activated cell sorting 

FAP  fibroblast activation protein 

FasL Fas ligand 

G granulocyte 

GM-CSF  granulocyte-macrophage colony stimulating factor 

Grp94 94-kDa glucose-related protein 

HHC hepatocellular carcinoma  

HIF hypoxia inducible factor 

HLA-DR human leukocyte antigen DR isotype 

HSP heat-shock protein 

ICI immune checkpoint inhibitor  

IDO-1 indoleamine 2,3-dioxygenase 1 

IFN interferon 

IL interleukin 

IMC immature myeloid cells  

iRECIST immunotherapy Response Evaluation Criteria in Solid Tumours  

JAK Janus kinase 
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LAG-3 Lymphocyte-activation gene 3 

LAL Limulus Amebocyte Lysate  

LOX-1 lectin-type oxidized LDL receptor-1 

LPS lipopolysaccharide 

LRP1 lipoprotein receptor-related protein-1  

LSECtin liver and lymph node sinusoidal endothelial cell C-type lectin 

M monocyte  

mAb monoclonal antibodies  

MACS magnetic-activated cell sorting 

MAPK mitogen-activated protein kinase 

MB myeloblasts 

MCL 1 myeloid cell leukemia sequence 1 

MDP monocyte-dendritic progenitor cells 

MDSC  myeloid-derived suppressor cells 

MEK mitogen-activated protein kinase kinase 

MHC major histocompatibility complex 

miRNA micro ribonucleic acid  

M-MDSC monocytic MDSC 

MMP9 matrix metalloproteinase 9 

MyD88 myeloid differentiation primary response 88 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

NK natural killer 

NO nitric oxide 

OS overall survival  

P/S penicillin/ streptomycin 

PBMC peripheral blood monocytic cells 

PBS phosphate-buffered saline  

PD-1  programmed cell death protein 1 

PDE5 Phosphodiesterase 5 

PD-L1  programmed cell death ligand 1 

PFS progression-free survival  

PGE-2 prostaglandin E2 

PMN-MDSC polymorphonuclear MDSC 

PVDF polyvinylidene-difluoride 

r recombinant  

RNA ribonucleic acid 

ROS  reactive oxygen species 

RT radiation therapy 

RT-PCR quantitative real-time PCR 

S100 S100 calcium-binding protein  

SDS sodium dodecyl sulfate 

SDS-PAGE SDS polyacrylamide gel electrophoresis 

Src proto-oncogene tyrosine-protein kinase Src  

STAT signal transducer and activator of transcription 

TAM  tumor-associated macrophages 

TAN  tumor associated neutrophils 

TBS Tris-buffered saline 

TCR T cell receptor 

TGF- β transforming growth factor β 

TEV tumor-derived EV 

TIGIT T cell immunoreceptor with Ig and ITIM domains 
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TIM-3 T-cell immunoglobulin and mucin-domain containing-3 

TLR toll-like receptor 

TME  tumor microenvironment 

TNF tumor necrosis pathway 

TRAIL TNF related apoptosis inducing ligand 

Trap1 TNF receptor-associated protein 1 

Treg regulatory T cells 

T-VEC talimogene laher-parepvec  

UV   ultraviolet 

VEGF vascular endothelial growth factor 
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 2 SUMMARY 

 

Tumor cells can modulate host immunity by secreting extracellular vesicles (EV) and 

soluble factors in the circulation. Uptake of these factors by myeloid cells or triggered signaling 

can lead to the generation of myeloid-derived suppressor cells (MDSC), which suppress anti-

tumor activities of T and natural killer (NK) cells. Mouse and human melanoma-derived EV 

can induce this immunosuppressive activity by upregulating the expression of programmed cell 

death ligand 1 (PD-L1) on myeloid cells. This process was demonstrated to be dependent on 

the presence of heat-shock protein (HSP) 90α in EV and on toll-like receptor (TLR) signaling. 

It is known that EV-associated or cellular HSP90α could be a soluble serum compound. Here, 

we investigated whether HSP90α as a soluble factor can convert human monocytes into MDSC.  

Cluster of differentiation (CD) 14 monocytes were isolated from the peripheral blood of 

healthy donors, incubated with human recombinant HSP90α (rHSP90α) and analyzed by flow 

cytometry. Inhibition of T cell proliferation assay was used to assess immunosuppressive 

function of rHSP90α-treated monocytes. Furthermore, levels of HSP90α were measured by 

ELISA in plasma of melanoma patients and correlated with clinical outcome.  

We found that upon 16 h incubation with rHSP90α, monocytes strongly upregulated 

PD-L1 and indoleamine 2,3-dioxygenase 1 (IDO-1), while reactive oxygen species (ROS) and 

nitric oxide (NO) production, the expression of arginase-1 (Arg-1) as well as adenosine 

producing ectoenzymes CD39 and CD73 remained unchanged. The PD-L1 upregulation could 

be blocked by anti-TLR4 antibodies and nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) inhibitor. After longer incubation (for 24h), rHSP90α-treated monocytes 

downregulated the expression of human leukocyte antigen DR isotype (HLA-DR). In addition, 

incubation with rHSP90α led to an increased viability and prevention of apoptosis. Monocytes 

treated for 24 h with rHSP90α acquired capacity to inhibit T cell proliferation in TLR4-, PD-

L1-, and IDO-1-dependent manner. Higher levels of HSP90α in plasma of melanoma patients 
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correlated with PD-L1 expression on blood-derived monocytic MDSC. Moreover, melanoma 

patients with higher levels of HSP90α receiving immunotherapy displayed shorter progression-

free survival. 

This thesis highlights a possible mechanism of monocyte conversion into MDSC by a 

soluble HSP90α, suggesting additional targets for overcoming immunosuppression in 

melanoma. 
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3 INTRODUCTION 

3. 1 Melanoma 

Melanoma is characterized by fast progression, high invasiveness and potential to 

metastasize as well as by resistance to chemo- and radiotherapy1.  Current approach to the 

treatment of melanoma depends on the depth of invasion and the presence of locoregional 

and/or distant metastases2. Wide excision with a sentinel lymph node biopsy is a standard of 

care for a localized disease. In case of a positive sentinel lymph node, complete lymph node 

dissection is recommended followed by adjuvant therapy. Neoadjuvant treatment for high-risk 

resectable melanoma has recently demonstrated improved progression-free survival and was 

approved for this group of patients3. Management of advanced/metastatic disease is mainly 

based on immune checkpoint inhibitor (ICI) treatment or targeted therapy for serine/threonine-

protein kinase B-raf (BRAF) V600-mutated melanoma2. Talimogene laher-parepvec (T-VEC) 

represents an additional option for unresectable melanoma stage IIIB/C, IVM1a4. Despite the 

advances in survival of melanoma patients upon the treatment with the modern therapies, 

various resistance mechanisms still challenge the research community5,6.   

3.2 ICI in melanoma 

ICI therapy is based on the fact that although melanoma is highly immunogenic due to 

the high mutational burden, clinically detectable tumors successfully escape host response by 

various mechanisms including but not limited to immune checkpoints7–9. Therefore, blocking 

immune checkpoints like PD-L1 and/or cytotoxic T-lymphocyte-associated protein (CTLA)-4 

restores existing but hampered anti-tumor immune response6.  

In order to evade immune surveillance despite ICI, melanoma cells can imply such 

mechanisms as disruption of antigen presentation or secretion of PD-L1-bearing EV10,11. 

Several approaches to increase ICI efficacy by targeting melanoma calls have been implicated, 

including combination of ICI with targeted therapy, radiation therapy, T-VEC and metformin 
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(Figure 1)12–15. To evade host immune responses and undermine ICI therapeutic attempts, 

melanoma induces an immunosuppressive tumor microenvironment8,9. 

3.3 The tumor microenvironment (TME)  

To generate an immunosuppressive milieu, melanoma cells secrete multiple factors that 

systemically induce the generation of immunosuppressive cells such as MDSC, regulatory T 

cells (Treg), tumor-associated macrophages (TAM), cancer-associated fibroblasts (CAF), etc. 

and recruit them to the tumor site8,9.  Balance between effector and immunosuppressive cells 

within the TME was demonstrated to determine the effectiveness of immune-checkpoint 

inhibitors and thereby prognosis for melanoma patients6,16–18. Each cell type in the TME 

represents a promising target for a monotherapy or a therapy in combination with ICI (Figure 

1).  

CAF promote tumor progression by shaping the tumor stroma and their accumulation 

was also associated with diminished efficacy of ICI19. An agent targeting fibroblast activation 

protein (FAP) is being studied in a clinical trial (NCT03875079) in combination with 

pembrolizumab.  

Tumor-associated neutrophils (TAN) can promote tumor angiogenesis and metastasis 

and were associated with reduced progression-free survival (PFS) and overall survival (OS) in 

ICI-treated melanoma patients20,21. Four strategies are being developed to target TAN: 

depletion, re-differentiation, inhibition of recruitment, and functional blockade22. Still a major 

challenge is the phenotypical distinction of tumor-promoting neutrophils from healthy 

neutrophils22. 
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Figure 1. Immune checkpoint inhibitors in melanoma and their combination with other 

therapies. Currently used antibodies against PD-1 (atezolizumab, avelumab), PD-L1 

(nivolumab, pembrolizumab, cepilimumab) and CTLA-4 (ipilimumab, tremelimumab) as well 

as strategies to increase the efficiency of ICI are presented. Figure taken from Petrova et al.6 

ADP – adenosine diphosphate, APC – antigen presenting cells, ATP – adenosine triphosphate,  

BRAF – serine/threonine-protein kinase B-raf, CAF – cancer-associated fibroblasts, CD – 

cluster of differentiation, COX2 – cyclooxygenase-2, CTLA4 – cytotoxic T lymphocyte-

associated protein-4, FAP – fibroblast activation protein, FGF – fibroblast growth factor, GM-

CSF – granulocyte-macrophage colony stimulating factor, IFN-β – interferon β, IL – 

interleukin, LAG-3 – Lymphocyte-activation gene 3, LSECtin – liver and lymph node 

sinusoidal endothelial cell C-type lectin, MDSC – myeloid-derived suppressor cells, MHC –  

major histocompatibility complex, MEK –  mitogen-activated protein kinase kinase,  MMP9 – 
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matrix metalloproteinase 9, NO – nitric oxide, PD-1 – programmed cell death protein 1, PD-L1 

– programmed cell death ligand 1, ROS – reactive oxygen species, RT – radiation therapy, 

TAM – tumor-associated macrophages, TAN – tumor-associated neutrophils, TCR – T cell 

receptor, TGF-β – transforming growth factor β, TIGIT – T cell immunoreceptor with Ig and 

ITIM domains, TIM-3 – T-cell immunoglobulin and mucin-domain containing-3, Treg – 

regulatory T cells, T-VEC – talimogene laher-parepvec, VEGF – vascular endothelial growth 

factor. 

 

 Treg abundance was shown to positively correlate with a poor prognosis in melanoma. 

Bempegaldesleukin (NKTR-214/BEMPEG), a CD122-preferential interleukin (IL) 2 pathway 

agonist, was developed to specifically activate CD8 T cells without a stimulatory effect on Treg 

and is being investigated in melanoma in combination with nivolumab23.  

 CD163+ TAM were reported to maintain immunosuppression in an anti-programmed 

cell death protein 1 (PD-1) resistant mouse melanoma model and their specific depletion led to 

activation of T cells and tumor regression24.  

 Another important player in the TME is MDSC subset25.   

3.2.1 MDSC 

MDSC are generated from myeloid progenitors upon unresolved inflammation in cancer 

and can be classified into two main subpopulations: monocytic MDSC (M-MDSC) and 

polymorphonuclear MDSC (PMN-MDSC)25. In human, M-MDSC are defined as 

CD33highCD14+HLA-DRlow/− and PMN-MDSC as CD33dimHLA−DRnegCD66b+26. An 

additional more immature MDSC subset named early-MDSC was described as HLA-DR–

CD33+CD15–CD14– cells that do not exert suppressive activity26. The distinction of PNM-

MDSC from non-suppressive neutrophils remains challenging. Therefore, a relatively new 
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marker, lectin-type oxidized LDL receptor-1 (LOX-1), was proposed for the definition of PMN-

MDSC in cancer patients27. The Difference between M-MDSC and TAM is that M-MDSC are 

considered to be immature cells and TAM to be mature25. TAM have specific surface cell 

marker signature (CD206+CD163+CD204+CD45+) and, in contrast to M-MDSC, do not express 

prostaglandin E2 (PGE-2) and S100 calcium-binding protein (S100) A8/A925.  

Increased MDSC frequency was shown to be associated with poor survival in melanoma 

patients17,28–30. Furthermore, higher peripheral blood levels of MDSC with elevated 

immunosuppressive capacity were found in melanoma patients who failed to respond to ICI 

treatment as compared to those who responded31. 

Functionally active MDSC are thought to be absent in a healthy tissue. However, MDSC 

are accumulated during pregnancy in peripheral blood and decidua and serve as natural 

tolerogenic means for the embryo25.  MDSC expand in neonates and were shown to promote 

excessive inflammation in mouse models of newborns’ microbial infection32.  

Expansion of MDSC is promoted by hematopoietic growth factors and cytokines that 

have pro-inflammatory activity and can generate antitumor responses by activating dendritic 

cells (DC) in case of acute inflammation33–35. Tumors highjack these mechanisms and exploit 

them to generate pro-tumorigenic myeloid cells34,35. To the mentioned factors belong 

granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte (M)-CSF, 

granulocyte (G-) CSF, IL-6, interferon (IFN)-γ, IL-1, IL-10, and vascular endothelial growth 

factor (VEGF) as well as TLR ligands that are constantly produced by tumors34,36. Major source 

for MDSC generation are myeloid progenitors including monocyte-dendritic progenitor cells 

(MDP) or myeloblasts (MB)25,37. However, generation of suppressive myeloid cells can also 

occur in cancer as a result of conversion of circulating monocytes38–40.  
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Generation of MDSC is thought to be a two-step process. First, cells get a pro-survival 

signal GM-CSF, G-CSF, M-CSF, IL-6 and VEGF signaling, through Janus kinase (JAK)/signal 

transducer and activator of transcription (STAT) and mitogen-activated protein kinase (MAPK) 

pathways that upregulate anti-apoptotic factors like Cyclin D1, Survivin, B cell lymphoma-

extra-large (Bcl-xL), and c-Myc34. Second, MDSC are activated by IFN- γ, IL-1β and TLR 

ligands, mainly via JAK/STAT and myeloid differentiation primary response 88 (MyD88)/NF-

kB signaling that upregulate immunosuppressive factors34. An additional important mechanism 

of MDSC generation is mediated by tumor-derived EV41 the role of which is described below. 

Next, generated MDSC need to be recruited to the tumor cite. This occurs predominantly 

by chemokines secreted by tumors. M-MDSC are primarily recruited by C-C motif ligand 

(CCL) 2, CCL3, CCL4 via C-C chemokine receptor type (CCR) 2 and PMN-MDSC are 

recruited by numerous ligands of CXC chemokine receptor (CXCR) 242–44. A series of studies 

from our lab have demonstrated the role of CCR5 in the recruitment and further activation of 

MDSC in melanoma45,46. 

Immunosuppressive activity of MDSC is conducted via multiple mechanisms such as 

expression of a negative immune regulator PD-L1, Fas ligand (FasL), ID), production of 

suppressive ROS, NO, adenosine, depletion of L-arginine by Arg-1, and by induction of Treg 

and M2 populations47,48. MDSC are able to inhibit adaptive immune cells like antigen-specific 

CD8 T cells and B cells as well as innate immune cells like NK cells47. 

Targeting of MDSC in cancer is complex and includes regulation of myelopoiesis, 

blockade of MDSC recruitment and inhibition of their immunosuppressive activity49.  

Depletion of MDSC by regulating myelopoiesis can be achieved for example by using 

all-trans retinoic acid (ATRA), which upregulates glutathione synthase, neutralizes high ROS 

production, and induces differentiation of MDSC into DC50,51.  MDSC depleting efficacy of 

ATRA was confirmed in clinical trials in renal carcinoma and small cell lung cancer 
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patients50,52. Depletion of MDSC can be also achieved by ultra-low, non-cytotoxic doses of 

paclitaxel that was shown to downregulate MAPK pathway, production tumor necrosis pathway 

(TNF)-α and S100A9 and induce differentiation of MDSC into DC53,54.  

Recruitment of MDSC to the tumor site can be blocked by interfering with chemokine 

signaling44,46.  CCR5–Ig fusion protein that blocks all three CCR5 ligands was demonstrated to 

decrease the amount of circulating and tumor-infiltrating MDSC in melanoma mouse model 

and prolong survival of mice46. CXCR2 inhibitor was demonstrated to decrease the tumor 

infiltration by PMN-MDSC, increase accumulation of NK cells, and prolong survival of 

melanoma-bearing mice44. 

Several agents have been demonstrated to block the immunosuppressive activity of 

MDSC49. Phosphodiesterase 5 (PDE5) inhibitors tadalafil and sildenafil were found to diminish 

MDSC function as well as recruitment in mouse tumor models including melanoma55–57. 

Tadalafil demonstrated increase of antitumor immunity, reduction of MDSC and benefit for the 

prognosis for head and neck and melanoma patients58–60. A class I histone deacetylase inhibitor 

entinostat has shown activity against MDSC in preclinical cancer models and improved anti-

PD-1 treatment61,62. Another modality to hamper MDSC activity offers STAT3 inhibition. 

Napabucasin, a STAT3 inhibitor, was demonstrated to prolong the survival of melanoma-

bearing mice and to abrogate immunosuppressive capacity of mouse and human in vitro 

generated MDSC63. 

3.2.2 Crosstalk between tumor and myeloid cells by means of extracellular vesicles 

An outstanding role in the modulation of myeloid cells in tumors is played by EV 

secreted by tumor cells in TME and in circulation41. EV represent a heterogeneous group of 

secreted membrane vesicles, among which exosomes attracted a broad attention as mediators 

of intercellular communication64. Exosomes are defined as EV of 50-150 nm size that have 

endosomal origin. Another group of EV is macrovesicles that derive from cellular membrane 
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and have size from 50 to 1000 nm64. Interaction between tumor-derived EV (TEV) and different 

subsets of myeloid subsets is multifaceted, includes triggering of surface signaling or cargo 

delivery and have different outcomes depending on the source of TEV, the interacting EV-

associated molecule and the recipient cells (Figure 2)41.  

 

Figure 2. Tumor-derived extracellular vesicles (TEV) affect myeloid cell differentiation 

and function. Tumor cells secrete TEV containing tumor-derived factors (proteins, mRNA, 

miRNA etc.), which interact with myeloid progenitors (partially blocking their differentiation 

to mature myeloid cells that is shown with “x”), monocytes, neutrophils and MDSC, resulting 

in tumor-promoting immunosuppression (shown with arrows). Exposure of DC to TEV leads 

to the acquisition of immunosuppressive function or induction of immunostimulatory capacity 

(shown with arrows) Figure taken from Arkhypov et al.41 DC – dendritic cells, MDSC – 
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myeloid-derived suppressor cells, RNA – ribonucleic acid, TAM – tumor-associated 

macrophages. 

 

It was shown that injection of hepatocellular carcinoma (HCC) bearing mice treated 

with sorafenib and anti-PD-1 antibodies with DC treated with EV generated from murine cell 

line of HCC led to the decrease of Treg count and increased survival of mice65. EV isolated 

from murine cell lines of breast cancer and colon cancer containing micro ribonucleic acid 

(miRNA)-155, miRNA-142 or let-7i can enhance maturation of DC and increased stimulation 

of T cells66,67. However, EV derived from murine cell lines of lung, breast, thymic, and skin 

tumors could hamper DC maturation, diminish their migration capacity to the draining lymph 

nodes and even to bring on immunosuppressive phenotype68,69.  

Macrophages can acquire immunosuppressive phenotype in a STAT-3 dependent 

manner upon the treatment with EV isolated from murine cell lines of skin, ovarian, liver 

cancer, and glioma70–74. Effects from these studies were linked to the EV-associated miRNAs: 

let-7a, miRNA-1246, miRNA-222, miRNA-146a, and miRNA-23a70–74. 

While for DC and macrophages, EV uptake can lead to the phenotype switch, for 

MDSC, it can led to the augmentation of the given suppressive phenotype41. Several miRNAs 

(miRNA-10a, miRNA-21, miRNA-29a, miRNA-92a, miRNA-107, miRNA-155) were linked 

to EV-mediated expansion and activation of MDSC due to an increased expression of Arg-1 

and PD-L175–79. In addition to miRNA, HSP70 and HSP72 found in association with TEV 

derived from different tumor cells could trigger TLR2-STAT3 signaling leading to the 

activation of MDSC, cytokine release and tumor progression80–83.  

 DC, macrophages and MDSC reside predominantly in tissues and are exposed to TEV 

in vivo within the TME or via lymphatics. In the circulation, TEV could affect monocytes or, 

myeloid progenitor cells in the bone marrow. Interaction of TEV with myeloid progenitor cells 
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was demonstrated to block their differentiation and led to the accumulation of MDSC69,84,85. 

One study reported that TEV from poorly metastatic melanoma can induce “patrolling” 

monocytes able to recruit NK cells and induce TNF related apoptosis inducing ligand (TRAIL)-

dependent killing of melanoma cells by macrophages leading to cancer surveillance at the pre-

metastatic niche86. Other studies demonstrated that the uptake of TEV derived from human cell 

lines of colorectal, cancer, pancreatic, gastric cancer and malignant brain tumor by monocytes 

induced an immunosuppressive phenotype87–91. Furthermore, a set of miRNAs (miRNA-146a, 

miRNA-155, miRNA-125b, miRNA-100, let-7e, miRNA-125a, miRNA-146b, miRNA-99b) 

upregulated in ICI-resistant melanoma patients was found to be responsible for TEV-mediated 

conversion of monocytes into MDSC38. In a previous work from our group, it was observed 

that the generation of MDSC from immature myeloid cells and from circulating human 

monocytes could be induced by melanoma-derived EV carrying HSP90α39.  

3.3 Heat-shock protein 90 

 HSP90 is a vital cellular chaperone that has two main isoforms: inducible HSP90α and 

constitutive HSP90β92. HSP90 has an N-terminal domain with ATPase activity responsible for 

its chaperone function, a C-Terminal domain responsible for the formation of the functional 

HSP90 dimer and a middle domain93. Specific isoforms of HSP90 are localized in mitochondria 

called TNF receptor-associated protein 1 (Trap1) and in endoplasmatic reticulum called 94-kDa 

glucose-related protein (Grp94)93,94. In addition, HSP90 localized on the cell surface or secreted 

from the cytoplasm is termed extracellular HSP90 (eHSP90)95. Beyond its function in protein 

folding, HSP90 takes part in various cellular processes like deoxyribonucleic acid (DNA) 

repair, neuronal signaling, immune response, cancer development and progression by 

chaperoning oncogenes93. HSP90 is widely studied as a therapeutic target in oncology since it 

is overexpressed by all tumor cells92, including melanoma cells96. Most currently available and 

investigated in clinical trials HSP90 inhibitors are directed against its N-terminal-chaperone 
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activity and are analogues of geldanamycin93.   Other approaches to inhibit HSP90 include C-

terminal directed inhibitors (e.g. novobiocin) or chemically modified cell impermeable 

inhibitors that interact with eHSP9094. 

Since HSP90 is critical for functioning of normal cells, its inhibition is connected with 

prominent side effects. Finding the therapeutic window for HSP90 inhibitors, in which drugs 

are able to target cancer cells without large harm to healthy tissues was possible not only due 

to elevated levels of HSP90 in cancer but also due to HSP90 activation and ectopic localization 

on the cell membrane or in the extracellular space97. Particular interest has eHSP90 due to its 

activity in wound healing, tissue fibrosis, and cancer (98). Involvement of the extracellular 

HSP90 both in the wound healing and cancer progression corresponds to the hypothesis of 

tumors as “wounds that do not heal” 99,100 since its promotility effects can lead both to tissue 

repair and to cancer invasion (Figure 3) 98. 

 

Figure 3. Secretion of HSP90 alpha isoform upon the stress conditions promotes tissue 

repair and cancer invasion. Different stress factors like reactive oxygen species, UV-light, 



3 INTRODUCTION 
 

23 
 

cytokines as well as several oncogenes and hypoxia inducible factor (HIF)1α can lead to 

expression of  HSP90α isoform that has promotility effects in the extracellular space that are 

involved in tissue repair by normal cells and in invasion by cancer cells. Figure taken from Jay 

et al.98. Akt – AKT serine/threonine kinase 1, EGFR – epidermal growth factor receptor, HSP90 

– heat-shock protein 90, Src – proto-oncogene tyrosine-protein kinase Src, UV – ultraviolet. 

 

With regard to the antitumor immunity, inhibition of HSP90 was shown to enhance T 

cell responses, prevent induction of MDSC, and improve ICI therapy101–104. Increased T cell 

recognition of melanoma cells upon the treatment with twelve different HSP90 inhibitors was 

linked to the increased expression of major histocompatibility complex (MHC) class I antigens, 

most likely due to transcriptional activation101.  Prevention of MDSC induction in vitro via 

HSP90 inhibitors was indicated by an increased HLA-DR expression and decreased 

immunosuppressive capacity in the co-culture with T cells104. In addition, eHSP90α was shown 

to upregulate the expression of IL-6 and IL-8 in prostate stroma fibroblasts mediated by NF-κB 

and mitogen-activated protein kinase kinase (MEK) / extracellular-signal regulated kinase 

(ERK) signaling105. Inhibition of HSP90 was demonstrated to synergize with cellular 

immunotherapy and with anti-CTLA4 and anti-PD1 therapy in injectable B16 and MC38 mouse 

melanoma models102,103. Improved ICI efficacy upon HSP90 inhibition was linked to the 

upregulation of IFN response genes essential for T cell effector function103.  

 In the extracellular space, HSP90α was demonstrated to enhance cancer cell 

invasiveness and migration106–108, induce activation of STAT3 and NF-κB-dependent IL-6 and 

Il-8 production by prostate stromal fibroblasts105 and promote metastasis formation109–111. 

Plasma HSP90α was suggested to be used as a pan-cancer biomarker112 and as a prognostic 

indicator for immunotherapy113,114.  
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3.4 Aim of the thesis 

 As described above, immunosuppression in melanoma represents a substantial factor in 

the disease progression and development of the resistance towards currently available 

therapeutics. One of the major players in immune evasion in melanoma are MDSC. A previous 

study from our group had shown that MDSC could be induced by HSP90α-bearing TEV39. In 

the present study, we aimed to investigate the possible mechanism of myeloid cell conversion 

into MDSC by soluble HSP90α. For this purpose, we incubated human monocytes with 

recombinant HSP90α. Phenotypical switch to immunosuppressive state was assessed by the 

expression of PD-L1, HLA-DR, and IDO-1 by means of flow cytometry and Western Blot. The 

ability of the stimulated cells to survive longer was studied in the apoptotic assay including 

Annexin V and 7-aminoactinomycin D (7-AAD) stainings. To reveal the mechanism of 

HSP90α-mediated effects, we applied TLR4 blocking antibodies and the NF-κB inhibitor Bay 

while treating monocytes with HSP90α. Moreover, we performed microarray analysis of 

HSP90α-treated monocytes for the comprehensive characterization of the stimulated cells. The 

immunosuppressive capacity of the HSP90α-treated monocytes was proven by the inhibition of 

the T cell proliferation assay in the presence or absence of anti-PD-L1 blocking antibodies or 

the IDO-1 inhibitor 1-methyl-D-tryptophan (1-D-MT). Finally, we measured the level of 

HSP90α in the plasma of advanced melanoma patients, its possible association with the OS and 

PFS as well as with the resistance to ICI therapy. 
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4 MATERIAL AND METHODS 

4.1 Material 

4.1.1 Protein expression and purification 

Table 1: Reagents and equipment used for the protein expression and purification 

Product Company 

Isopropyl β-d-1-thiogalactopyranoside Carl Roth 

0.45 µm syringe filter ROTILABO 

Spin columns Biozym 

Ni-NTA superflow resin Qiagen 

Imidazole Carl Roth 

Slide-A-Lyzer dialysis cassette Thermo Fisher 

Immobilized TPCK-Trypsin  Thermo Scientific 

 

4.1.2 Cell line 

Table 2: Cell line used for the production of EV 

Cell line Source Cell type Mutation Medium 

HT-144 ATCC Melanoma cell line BRAF V600E RPMI 

 

4.1.3 Cell culture products 

Table 3: Reagents used for cell culture 

Product Company 

Β-Mercaptoethanol (50 mM) Gibco 

Dimethylsulfoxid (DMSO) Carl Roth 

Dulbecco's phosphate-buffered saline (DPBS)  PAN Biotech 
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Fetal Bovine Serum PAN Biotech, Gibco 

HEPES Buffer Gibco 

MACS BSA Stock Solution (10 %) Miltenyi Biotec 

Human albumin CSL Behring 

MEM NEAA (100x) Gibco 

Penicillin/ Streptomycin (P/S) Gibco 

RPMI Medium 1640 (1x) + GlutaMAX™ Gibco 

Sodium pyruvate (100 mM) Gibco 

UltraPure™ EDTA (0.5M, pH 8.0) Gibco 

Biocoll Biochrom 

 

4.1.4 Cell culture media 

Table 4: Content of media used for cell culture 

Name Composition 

Full RPMI Medium 

500 ml RPMI Medium 1640 (1x) + GlutaMAXTM  

10 % FBS 

1 % P/S 

Serum free RPMI Medium 

500 ml RPMI Medium 1640 (1x) + GlutaMAXTM 

1 % P/S 

Full Monocyte Medium 

500 ml RPMI Medium 1640 (1x) + GlutaMAXTM 

10 % FBS 

1 % P/S 

10 mM HEPES 

1 mM Sodium Pyruvate 

50 μM β-Mercaptoethanol 
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1 mM MEM Non-essential amino acids 

Low Arginine Medium 

88 mL RPMI 1640 Medium for SILAC 

10 % FBS 

1 % P/S 

0.04 mg/mL L-Lysine hydrochloride 

0.15 mM L-Arginine 

 

4.1.5 Kits 

Table 5: Kits  

Product Company 

Pierce LAL Chromogenic Endotoxin quantification Kit Thermo Fisher 

CD14 MicroBeads, human Miltenyi Biotec 

CD3 MicroBeads, human Miltenyi Biotec 

Human CD9 Capture Beads Immunostep 

Human CD63 Capture Beads Immunostep 

Permeabilisation Concentrate and Diluent Invitrogen 

SensiFAST™ SYBR® Lo-ROX Kit Bioline 

Human HSP90α ELISA kit Invitrogen, Bio-Techne 

ROS detection kit Cell Technology 

Pierce™ BCA Protein Assay Kit Thermo Fisher 

RNeasy Mini kit Qiagen 

on-column RNase-free DNase set Qiagen 
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4.1.6 Antibodies 

Table 6: Primary antibodies  

Name Clone Company 

GAPDH FF26A Invitrogen 

Mouse IgG2a kappa Isotype Control eBM2a Invitrogen 

CD282 (TLR2) Antibody, Functional Grade 6C2 eBioscience  

CD284 (TLR4) Antibody, Functional Grade HTA125 eBioscience 

IDO-1 D5J4E Cell Signaling 

HSP90α Polyclonal Abcam 

 

Table 7: Peroxidase-conjugated antibodies  

Name Clone Company 

Horseradish peroxidase (HRP)-conjugated 

goat anti-mouse 
Polyclonal 

Jackson Immuno 

Research 

Peroxidase AffiniPure Goat Anti-Rabbit IgG 

(H+L) 
Polyclonal 

Jackson Immuno 

Research 

 

Table 8: Fluorescent-conjugated antibodies  

Name Fluorophore Clone Company 

CD14  FITC MФP9 BD Biosciences 

PD-L1  BV421 MIH1 BD Horizon 

IgG1 BV421 X40 BD Horizon 

HLA-DR V500 G46-6 Biolegend 

HLA-DR APC-H7 G46-6 BD Pharmingen 

CD33 PE WM53 BD Biosciences 

https://www.thermofisher.com/antibody/product/16-4724-82
https://www.thermofisher.com/antibody/product/16-4724-82


4 MATERIAL AND METHODS 
 

29 
 

 

 

4.1.7 Primers for mRNA 

Table 9: Primers used for real-time PCR 

Primer Species Orientation Sequence 

Bcl-2 Human 

forward 5’-TTGTGGCCTTCTTTGAGTTCGGTG-3' 

reverse 5’-GGTGCCGGTTCAGGTACTCAGTCA-3' 

Mcl-1 Human 

forward 5’-AGAAAGCTGCATCGAACCAT-3' 

reverse 5’-CCAGCTCCTACTCCAGCAAC-3' 

Bax Human 

forward 5’-CCTGTGCACCAAGGTGCCGGAACT-3' 

reverse 5’-CCACCCTGGTCTTGGATCCAGCCC-3' 

Caspase3 Human 

forward         5’-TCCTGAGATGGGTTTATGT-3' 

reverse         5’-ATGTTTCCCTGAGGTTTGC-3' 

 

4.1.8 Chemicals and biological reagents 

Table 10:  Chemicals and biological reagents 

Product Company 

10 % Tween® 20 Solution BioRad 

10 x Permeabilization Buffer eBioscience 

7-AAD Staining Solution BD Biosciences, Miltenyi Biotec 

ACK lysis buffer Gibco 

Acrylamide solution Carl Roth 

CD39 APC TU66 BD Pharmingen 

CD73 BV605 AD2 Biolegend 

ARG-1 PE A1exF5 Invitrogen 
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Amiloride,5’- (N, N-Dimethyl)-hydrochloride Enzo 

Ammonium persulfate  Sigma-Aldrich 

Annexin V APC Biolegend 

Annexin V Binding Buffer (10X) BD Biosciences 

Albumin IgG free Carl Roth 

ATX Ponceau S red staining solution Sigma-Aldrich 

Carboxyfluorescein succinimidyl ester (CFSE) Biolegend 

Cell proliferation dye eFluor 450 BD Biosciences 

Clear PAGE LDS sample buffer (4x) Invitrogen 

Glycine Carl Roth 

Highly sensitive ROS Detection Kit Cell Technology 

Isopropanol Carl Roth 

Fixable viability dye 700 BD Biosciences 

Methanol Carl Roth 

NF-B Inhibitor Bay 11-7082 Sigma Aldrich 

NO detection reagent (diaminofluoresceine-FM 

diacetate)  

Cayman Chemical 

PageRuler Protein ladder prestained Thermo Fisher Scientific 

Pierce® ECL Western Blotting Substrate Thermo Fisher Scientific 

Pierce® RIPA Buffer 100 ml Sigma Aldrich 

RBC Lysis Buffer (10x) Biolegend 

Sodium dodecyl sulfate (SDS) Carl Roth 

Temed BioRad 

TRIS Carl Roth 
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Trizol ® Reagent Life Technologies 

Trypan Blue Solution Sigma Aldrich 

 

4.1.9 Solutions 

Table 11: Content of solutions: 

Name Composition 

Freezing medium 1 

60 % FBS 

40 % X-VIVO 20 

Freezing medium 2 

75 % FBS 

25 % DMSO 

1 x Tris-buffered saline (TBS)  

5 mL 1 M Tris/HCl, pH 8 

15 mL 1 M NaCl 

470 mL ddH2O 

Stacking polyacrylamide gel  

6 mL ddH2O 

1.35 mL 30 % Acrylamide solution 

2.5 mL 0.5 M Tris/HCl, pH 6.8 

100 μL 10 % SDS 

100 μL 10 % APS 

10 μL TEMED 

10 % Separating polyacrylamide gel  

21.3 mL ddH2O  

13.3 mL 30 % Acrylamide solution  

5.3 mL 3 M Tris/HCL, pH 8.8  

400 μL 10 % SDS  

133 μL 10 % APS  

TEMED 
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10 x Running buffer 

30 g Tris base  

144 g Glycine  

10 g SDS  

10 L ddH2O 

10 x Blotting buffer  

121.2 g Tris base 

576 g Glycine 

4 L ddH2O 

Blocking buffer for western blot 

DPBS 

3 % BSA 

0.05 % Tween-20 in TBS 

FACS buffer 

DPBS 

2 % FBS 

0.2 % NaN3 

MACS buffer 

DPBS 

1% BSA 

0.5 mM EDTA 

 

4.1.10 Routine laboratory material 

Table 12. Description of the routine laboratory material 

Product Company 

24-well flat bottom with lid Greiner bio-one 

96-well flat bottom with lid TPP® 

96-well U-bottom with lid Sigma Aldrich 

serological pipettes: 5, 10 and 25 mL, sterile Greiner bio-one 

15 mL conical tubes Falcon 
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50 mL conical tubes Falcon 

Amicon® Ultra Centrifugal tube Merck Millipore 

Cell culture flasks T75 Sigma Aldrich 

TC dish, 150 Standard  Sarstedt  

Cryovial, 2 mL sterile Sigma Aldrich 

 Filter tips: 20, 200, 1000 μL Steinbrenner 

Freezing Container, "Mr. Frosty" Nalgene  

Safe lock tubes: 0.5, 1.5 and 2 mL Eppendorf 

Syringe 1 mL BD 

Neubauer chamber  Brand  

Stericup&Steritop 0.22 μM Millipore Express PLUS 

membrane  Merck Millipore  

LeucoSep tubes  Greiner Bio-one 

iBlot Transfer Stack Thermo Fisher Scientific  

ThickBlot Filter Paper  BioRad  

PVDF membrane  Thermo Fisher Scientific  

Insert, 24 well, PET 0.4 µm, TP Sarstedt 

 

4.1.11 Laboratory equipment 

Table 13. Description of the laboratory equipment 

Device  Name Provider  

Balance BP 3100P Sartorius 

Cell culture incubator Hera cell  Heraeus  

Centrifuges  

BiofugeprimoR  Heraeus  

MEGAFUGE 40R  Heraeus 
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Labofuge 400R  Heraeus   

Confocal microscope TCS SP2 Leica 

Flow cytometer  FACS Lyric BD Biosciences  

Heating block  Digital Block Heater HX-2  Peqlab  

Imaging system  Fusion SL  VilberLourmat  

Laminar flow hood Hera safe 

Thermo Electron 

Cooperation 

Magnetic stirrer RCT basic IKA Werke 

Microplate Reader Tecan infinite M200 Tecan 

Microscope DMIL Leica 

MACS Magnet and stand   Miltenyi Biotec 

N2 tank BIOSAFE® SC-smart  Cryotherm  

Nanoparticle tracking 

system 

Zeta View Particle Metrix 

Pipettes  Transferpette ® S  Brand  

Power supply  PowerPacTM HC High Current  BioRad  

Real-Time PCR machine MX3005 qPCR Systrm  Stratagene  

Shaker  Logic shaker  NeoLab  

Thermal Cycler  

DNA Engine Peltier Thermal 

Cycler  

BioRad  

Transfer device  iBlotTM Gel Transfer Device  Thermo Scientific  

Ultracentrifugation rotor SW 32 Ti Beckman Coulter 

Ultracentrifuge  Optima XPN Beckman Coulter 

Vortexer 

REAX top Heidolph 

Vortex Genie 2 Scientific Industries 
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Water bath DC3 HAAKE, GFL 

 

4.1.12 Software for data analysis 

Table 14. List of software used for the data analysis 

Product Version Company 

Flow Jo 10.7.1 Tree Star Inc., Ashland, USA 

GraphPad PRISM 8 GraphPad Software Inc., San Diego, USA 

Mendeley 

Reference Manager 

2.62.0 Mendeley 

I control 1.10 1.10 TECAN 

  

 

4.2 Methods 

4.2.1 Cell culture 

4.2.1.1 Cell counting 

To determine the cell number, 10µL of the respective cell suspension were diluted in 

90µL trypan blue (1:10). When necessary, 1:10 diluted suspension was diluted once more 1:10 

in trypan blue (1:100). 10µL of the diluted suspension were transferred into a Neubauer 

chamber and live cells (trypan blue negative staining) were counted. Total cell number per mL 

was calculated using the following formula: 

 
𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟

𝑝𝑒𝑟 𝑚𝐿
=

 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑦𝑝𝑎𝑛 𝑏𝑙𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔
∗ 104 ∗

𝑑𝑖𝑙𝑙𝑢𝑡𝑖𝑜𝑛 

𝑓𝑎𝑐𝑡𝑜𝑟
 

4.2.1.2 Cell line expansion 

Human melanoma cell line HT-144 was cultured in T75 flasks in a humidified incubator 

at 37°C and 5 % CO2 in 15 mL full RPMI medium (Table 4) per flask. Cells were passaged at 

around 90% confluence. Cells were detached by incubating them with 3 mL of 1 x trypsin 
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containing 5 mM EDTA for 3 minutes at 37°C. To stop the trypsinization, 10 mL of full RPMI 

medium were added. Then cells were transferred into 50 mL tube, centrifuged at 300 g for 5 

min. After discarding supernatant cells were split 1:10 into a new flask in required volume of 

medium (e.g. 30 mL for two T75 flasks). 

4.2.1.5 Human blood processing: isolation and culture of PBMC, monocytes, T cells, 

M-MDSC; plasma collection 

Peripheral blood monocytic cells (PBMC) were isolated by density gradient using 

Biocoll separation medium (Biochrom) from healthy donors` buffy coats (German Red Cross 

Blood Service Baden-Württemberg-Hessen) or full blood from healthy donors or melanoma 

patients. 25 mL of the Buffy coat diluted 1;1 with sterile PBS or blood were overlayed on the 

15 mL Biocoll and centrifuged at 400 g for 30 minutes without brake. Upper fraction of the 

formed gradient constituted plasma, the next part in form of a “ring” corresponded to PBMC, 

following part was the Biocoll, and the lower part contained erythrocytes and granulocytes. 

Plasma was collected leaving 5-10 mm over the PBMC “ring” and stored at -20°C or -80°C for 

further use. PBMC “ring” was collected accurately without taking up Biocoll and proceeded 

for the further isolation of monocytes, T cells or MDSCs. 

CD14 monocytes and CD3 T cells were isolated from PBMC by magnetic beads as 

described in the section “Magnetic-activated cell sorting”. Monocytes were cultured in the full 

monocyte medium (Table 4). And treated with rHSP90α at concentration of 2 μg/mL/106 cells 

or with respective volume of phosphate-buffered saline (PBS) (control) for 16, 24, and 48 hours. 

For isolation of patient-derived monocytes and M-MDSC, PBMC were labelled with 

anti-human- CD33 and HLA-DR monoclonal antibodies (mAb). Monocytes (CD33+HLA-DR+) 

and M-MDSC (CD33+HLA-DR-) were purified by fluorescence-activated cell sorting 

(FACSAria, BD Biosciences) by Flow Core Team (University Medical Center Mannheim, 

Germany). 
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4.2.1.6 Freezing and thawing 

HT-144 melanoma cells were harvested at 80-90% confluence, centrifuged, 

resuspended in 2.5 mL full RPMI medium and mixed with 2.5 mL of freezing solution (20% 

DMSO, 80% FBS). Cell suspension was distributed into freezing tubes (1 mL/tube) and frozen 

in Mr. FrostyTM filled with isopropanol for 24 hours. Next, freezing tubes were transferred to 

the liquid nitrogen tank for a long-term storage.  

For thawing, freezing tubes were put in 37°C water bath. Then cells were rapidly washed 

with 10-15 mL full RPMI medium and transferred into T75 flask for further culture. Cells were 

used for experiments between 2 and 10 passages after thawing.   

4.2.2 Nucleic acid analysis 

4.2.2.1 RNA isolation and cDNA synthesis 

Total RNA was isolated from 2.5x106 monocytes using the RNeasy Mini kit (Qiagen) 

according to manufacturer’s instructions. Digestion of DNA was performed using the on-

column RNase-free DNase set (Quiagen). Isolated RNA was eluted in 25µL of RNase-free 

water. RNA concentration was measured by photometry at microplate reader Tecan Infinite 

M200 using the Nanoquant plate. For the storage RNA was frozen at -80°C. 

4.2.2.2 RT-PCR 

RNA from each sample was adjusted for the amount (up to 1 µg) and used for cDNA 

synthesis using the SensiFASTTM cDNA synthesis kit (Bioline) according to manufacturer’s 

instructions. Following controls were used for exclusion of DNA contamination or 

contamination of the reagents: “noRT control” with RNA and without reverse transcriptase and 

“H2O control” without RNA and with reverse transcriptase. All further steps were performed 

on ice. 

Quantitative real-time PCR (RT-PCR) was performed using the SYBR Green Master 

Mix (Applied Biosystems, Life technologies) on a Stratagene Mx3005P real-time PCR system. 
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cDNA and controls were diluted with RNase-free water 1:55. 2µM of forward and reverse 

primers were mixed in equal amount. For the master mis 10 µL diluted cDNA, 7µL primer mix 

and 17 µL SensiFASTTM SYBR® Lo-ROX Kit (Bioline) were mixed together. 10 µL of the 

master mix were transferred to three wells of a 96-well qPCR plate. Sealed plate was transferred 

into the Stratagene MX3005P qPCR machine for the amplification using the program displayed 

in the Table 15. Quantification of a relative gene expression was done by calculating ΔΔCt. 18s 

was used as a housekeeping gene in all experiments for normalization. 

 Table 15: mRNA amplification program 

Step Temperature [°C] Time [s] Cycles 

1 50 120 1 

2 95 10 42 

3 59-63 60 42 

4 95 60 1 

5 65 30 1 

6 95 30 1 

 

4.2.2.3 Microarray analysis 

RNA collection for the microarray analysis was done by Feyza Gül Özbay Kurt and the 

microarray analysis was performed by Thomas Hielscher (Division of Biostatistics, German 

Cancer Research Center (DKFZ), Heidelberg, Germany). Total RNA was isolated from purified 

CD14 human monocytes treated with rHSP90α or non-treated (control) by RNeasy Mini Kit 

(Qiagen) according to the manufacturer’s instructions. RNA concentration was determined by 

the microplate reader Tecan Infinite M200 using a Nanoquant plate. For gene expression 

analysis, Affymetrix Clariom S human assay (Thermo Fisher Scientific) was applied according 

to the manufacturer’s instructions. Affymetrix CEL files were RMA normalized and expression 
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values log2-transformed. Differentially expressed genes in experimental groups were identified 

using the empirical Bayes approach115 based on moderated t-statistics as implemented in the 

Bioconductor package limma116 accounting for batch effects. Gene set enrichment analysis was 

performed using the camera test117.  KEGG118, Reactome119 and Gene Ontology36 databases 

were used in pathway analysis. An enrichment map was used to visualize results from pathway 

tests. The analysis was performed with statistical software R Statistical Software (V.4.0; R Core 

Team 2020) using the add-on package Enhanced- Volcano, and p values were adjusted for 

multiple testing using the Benjamini-Hochberg correction. 

4.2.3 Protein analysis 

4.2.3.1 Protein isolation 

For the protein isolation, single cell suspension was washed with PBS once and 

centrifuged at 300 g for 5 minutes. The cell pellet was resuspended in 300 µL RIPA buffer 

containing protease inhibitor cocktail and incubated for 30 minutes at 4°C on a shaking 

platform. Next, lysate was centrifuged at 13,000 g for 15 minutes at 4°C. Protein-containing 

supernatant was transferred into a fresh Eppendorf tube and frozen at -20°C till further use.  

4.2.3.2 Bicinchoninic acid (BCA) assay 

Pierce® BCA Protein Assay Kit was used for measuring protein concentration. Given 

albumin standard was diluted to final concentrations of 2000 µg/mL, 1500 µg/ml, 1000 µg/ml, 

750 µg/ml, 250 µg/ml, 125 µg/ml and 25 µg/ml with PBS. 10 µL of a sample, a standard, and 

PBS as a blank were pipetted in duplicates into a flat bottom 96-well plate. 200 µL of the BCA 

reagent A diluted 1:50 with the BCA reagent B were added to each well, the plate was sealed 

and incubated at 37°C for 30 minutes shaking. Afterward, the absorbance was measured using 

the Tecan Infinite M200 microplate reader at 562 nm.  
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4.2.3.3 Gel electrophoresis 

Analyzed samples were equalized according to the protein concentration, mixed 1:4 

with 4x Lämmli buffer and heated at 95°C for 5 minutes. Samples were loaded onto the 10% 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) in a gel electrophoresis tank containing 

1x running buffer. Electrophoresis was performed at 90V for 15 minutes followed by 120V for 

45 minutes.  

4.2.3.4 Western Blot and immunostaining 

After the separation with SDS-PAGE, samples were blotted onto a polyvinylidene-

difluoride (PVDF) membrane and a semi-dry blotting technique was used. PVDF membrane 

was activated in methanol for 1 minute, rinsed with water and blotting buffer and placed on top 

of the three waterman papers pre-soaked in blotting buffer. The SDS-gel was soaked in blotting 

buffer and transferred onto the PVDF membrane followed by another three sheets of waterman 

papers pre-soaked in blotting buffer. 0.6 mA/gel were applied for 90 minutes for transferring 

proteins. When needed, transfer of the proteins was checked by Ponceau S staining. 

For the immunostaining, PVDF membrane was firstly blocked with 3% BSA in TBT-

Tween at room temperature on the shaking platform. Next, the membrane was incubated with 

the primary antibody diluted in the 3% BSA in TBT-Tween either overnight at 4°C or for 1 h 

at room temperature followed by three 10 minutes washing steps with TBS-T. Washed 

membrane was then incubated with the HRP-conjugated secondary antibody diluted in 3 % 

BSA in TBS-T at same conditions as the primary antibody followed by the same washing steps. 

At the end, the membrane was treated for 1 min with Pierce® ECL Western Blotting Substrate 

at room temperature, and chemiluminescence was detected using the Fusion SL detection 

device. 

4.2.3.5 Coomassie staining 

Following an SDS-PAGE the gel was stained with Coomassie staining solution (0,1% 

(w/v) Coomassie brilliant blue R250 (Sigma-Aldrich), 10% acetic acid, 40% ethanol) for 10 
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min and afterwards destained with destaining solution (10% acetic acid, 30% ethanol) until the 

bands nicely stood out against the background. 

4.2.3.6 Enzyme-linked immunosorbent assay (ELISA) 

Plasma of melanoma patients and healthy donors for ELISA was collected after the 

density gradient centrifugation of the whole blood as described above. Measurement of HSP90α 

was performed an ELISA kit from Invitrogen, Cat. # BMS2090 or Bio-Techne Cat. # NBP2-

29914 according to the manufacturer’s protocols. Briefly, plasma samples and HSP90α protein 

standards were loaded into 96-well plates pre-coated with anti HSP90α capturing and incubated 

with biotinylated anti-HSP90α antibodies. Streptavidin-conjugated horseradish peroxidase was 

then added followed by substrate solution. Finally, enzyme reactions were stopped and OD450 

values were measured by Infinite M200 microplate reader (TECAN). 

4.2.4 Protein expression and purification 

The plasmids encoding human HSP90α and subfragments F-5 and F-6 covering the 

central M domain of HSP90α were provided by Prof. Wei Li, Los Angeles, USA107. The 

following steps of the protein expression and purification were performed by Daniel Novak 

PhD. The plasmid was transfected into Single Step (KRX) Competent E. coli cells (Promega) 

and protein expression was induced by adding IPTG (final concentration 1 mM) and rhamnose 

(final concentration 0.1%). After overnight culture, cells were harvested by centrifuging at 4000 

g for 5 min and resuspending the pellet in lysis buffer (1.5% Triton X-114, NaH2PO4 50 mM, 

NaCl 300mM, imidazole 10 mM, pH 8,0). Afterwards, the cells were lysed mechanically with 

a French Press. Lysate was centrifuged at 10,000 g and 2-8°C for 30 min. The supernatant was 

collected and filtered through a 0.45 µm syringe filter (ROTILABO). 1 ml of 50% Ni-NTA 

agarose slurry (Qiagen) was loaded onto a PureCube 1-step batch Midi Plus Column (Biozym) 

and washed twice with lysis buffer by centrifuging at 400 g and 4°C for 5 min and discarding 

the flow-through. Then, the supernatant containing the rHSP90 was applied to the column with 

the Ni-NTA agarose and incubated over night at 4°C on a shaker. The next day, the supernatant 
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was centrifuged at 400 g and 4°C for 5 min and the flow-through was discarded. The beads 

were washed twice with washing buffer supplemented with Triton-X 114 (1.25% Triton X-114, 

NaH2PO4 50 mM, NaCl 300mM, imidazole 20 mM, pH 8,0) to minimize the LPS contamination 

followed by two wash steps with washing buffer without Triton-X 114120,121. Next, His-tagged 

proteins were eluted from the Ni-NTA beads five times with elution buffer (NaH2PO4 50 mM, 

NaCl 300mM, imidazole 500 mM, pH 8,0).  

The purity of recombinant protein was confirmed by the Coomassie staining and 

Western Blot. Peak fractions were pooled, concentrated and rebuffered into the storage buffer 

(NaH2PO4 50 mM, NaCl 50mM, 2-mercaptoethanol 50 mM, 20% glycerol) by using Amicon® 

Ultra-15 Centrifugal Filter Devices (Millipore) according to the manufacturer’s instructions. 

Protein concentration was determined with the Pierce™ BCA Protein Assay Kit (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. The rebuffered and concentrated 

protein solution was passed through a 0.45 µm syringe filter (ROTILABO), aliquoted, snap-

frozen in liquid nitrogen and stored at -80°C. Expression of rHSP90α was confirmed by 

Western Blot and mass spectrometry. Measurement of the residual LPS contamination was 

performed by Limulus Amebocyte Lysate (LAL) (Pierce LAL Chromogenic Endotoxin 

quantification Kit, Thermo Scientific) according to manufacturer’s instructions. As an 

additional quality check, trypsin on-beads digestion (Immobilized TPCK-Trypsin, Thermo 

Scientific) of the rHSP90α was performed according to manufacturer’s instructions. 

4.2.5 Magnetic-activated cell sorting (MACS) 

CD14 monocytes and CD3 T cells were purified from PBMC by magnetic beads 

according to the manufacturers’ instructions (Miltenyi). PBMC were washed with PBS and 

resuspended in 80 mL MASC buffer (Table 11) per 107 cells. 20 µL of MACS CD14 or CD3 

MicroBeads were added per 107 cells, mixed, and incubated for 15 min at 4°C. Cell were than 

washed by adding 10−20x the labeling volume of buffer and centrifuging at 300g for 10 min. 

Supernatant was removed completely and the pellet was resuspended in 1 mL MACS buffer. 
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Magnetic separation was performed with positive selection LS columns moisten with 3 mL 

MACS buffer and installed into magnetic separator. After passing the cell suspension through 

the column, the column was rinsed three times with 3 mL MACS buffer. Column was then 

removed from separator and placed on a suitable collection tube.  5 mL of MACS buffer was 

pipetted onto the column and positive cells were flushed out using the plunger supplied with 

the column. Cells were washed again with MACS buffer and resuspended in medium for further 

analysis. Cell purity was >90% as checked by the flow cytometry.  

4.2.6 Fluorescence-activated cell sorting (FACS) analysis 

4.2.6.1 Surface staining 

Cells (1x105 cells/well) were washed with PBS and treated with the cocktail of FcR 

Blocking reagent (Miltenyi Biotec) and Fixable viability dye 700 dissolved in PBS for 15 

minutes at 4°C. Then, cells were washed with PBS again and stained with fluorescent-

conjugated antibodies dissolved in FACS buffer (Table 11) for 20 min at 4°C. Afterwards, cells 

were washed in FACS buffer and resuspended for acquisition in 100 µL FACS buffer. 

Antibodies and reagents used for flow cytometry staining are listed in the Tables 8 and 10. 

Acquisition was performed using FACS Lyric (BD Biosciences). Acquired data were analyzed 

by FlowJo software (Tree Star). 

4.2.6.2 Reactive oxygen species (ROS) and nitric oxide (NO) detection 

It was used the protocol for the surface staining with the modifications, i.e., the staining 

was performed in PBS and acquisition was done immediately after the staining was finished. 

ROS and NO detection reagents are listed in the Table 9. 

4.2.6.3 Apoptosis assay 

Monocytes were stained for surface markers as described above. Then, cells were 

washed and resuspended in 100µL Ca2+-containing binding buffer at a concentration of 1x105 

cells/well. Annexin V and 7-AAD were added according to the manufacturer`s instructions. 
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Cells were further incubated for 15 min at room temperature. After incubation, cells were 

resuspended in 400µL/tube of Ca2+-containing binding buffer and analyzed by flow cytometry. 

4.2.6.3 Intracellular staining 

Monocytes were stained for surface markers as described above. Then, cells were 

washed cells with 150 µl FACS Buffer at 300 g, 5 min, 4 °C. Supernatant was discarded and 

cell were resuspended in 100 µL fixation/permeabilization working solution (eBioscience) and 

incubated for 30 min at 4 °C in the dark. Cells were washed with 150 µL permeabilization 

buffer (eBioscience) at 400 g, 5 min, 4 °C and resuspended in 100 µL of anti-Arg-1 antibody 

dissolved in permeabilization buffer and incubated 30 min at room temperature in the dark. 

Cells were washed with 150 µL permeabilization buffer at 300 g, 5 min, 4 °C and resuspended 

in 100 µL permeabilization buffer for the acquisition.  

4.2.7 Inhibition of T cell proliferation assay 

The standardized Mye-EUNITER protocol was used122. At day 0, CD14 monocytes 

were isolated from healthy donor PBMC and stimulated for 24 h with 2 µg/mL rHSP90α. At 

day 1, CD3 T cells were isolated with human anti-CD3 magnetic beads (Miltenyi Biotec) from 

PBMC of another healthy donor and labelled with 20 µM cell proliferation dye eFluor 450 

(CPDye405, eBioscience) according to manufacturer’s instructions. For the stimulation of T 

cells, a 96-well cell culture plate (Sarstedt) was coated for 2 h at 37°C with human anti-CD3 

(1 µg/ml, clone OKT-3, eBioscience) and human anti-CD28 antibodies (2 µg/ml, clone CD28.2, 

Beckman Coulter). Monocytes, stimulated for 24 h, were washed and transferred on the pre-

coated plate for 96-hour co-culture with T cells in Low Arginine medium (Table 4). After 96 

hours, the proliferation of T cells was detected by measuring proliferation dye dilution on FACS 

Lyric (BD Biosciences) flow cytometer. 



4 MATERIAL AND METHODS 
 

45 
 

4.2.8 Transwell migration assay  

 HT144 melanoma cells were grown confluent in full RPMI medium, washed with PBS 

and resuspended in serum-free RPMI medium. To the well of the 24-well plate full or serum-

free RPMI medium was added supplemented with different concentrations of rHSP90α. Full or 

serum-free RPMI medium supplemented with different concentrations of rHSP90α was 

pipetted to wells of the 24-well plate. 0.4µm inserts were positioned in the wells, with the 

bottom of the insert merged in medium. 2x105 cells in 200 µL were added to the upper 

compartment of each insert. Plate was incubated for 24 h at 37°C. Next, the inserts were taken 

out carefully and were transferred into wells filled with 500 μL methanol and 100 μL methanol 

added in the upper compartment for cell fixation. Cells were fixed for 10 min at room 

temperature and then the fluid was removed. For the staining, cells were incubated with 1% 

crystal violet in 2% ethanol for additional 20 min. The inserts were washed with PBS to remove 

excess dye. Cells in the upper compartment of the insert were removed by gently wiping the 

upper side of the membrane with a cotton swab. Bottom of each transwell was cut with a scalpel 

and transferred into a 96-well flat bottom plate filled with 0.1% SDS in order to dissolve the 

dye. Optical density was then measured photometrically at 570 nm. The relative migration was 

calculated according to the migration level of untreated cells incubated in serum-free medium.   

 For human monocytes, 2x105 cells were seeded into the upper compartment of each 

insert installed as described above. After the 24 h incubation at 37°C, inserts were discarded, 

cells remaining in the wells were collected, washed with PBS and counted at flow cytometer.  

4.2.9 Patients 

We selected 44 patients with stage III–IV melanoma who did not receive any systemic 

therapy at least for 3 months before their enrollment. The patients were treated with ICI 

(nivolumab or pembrolizumab as a monotherapy or nivolumab in combination with 

ipilimumab) or received targeted therapy (dabrafenib and trametinib or binimetinib). Peripheral 



4 MATERIAL AND METHODS 
 

46 
 

blood samples were collected after written informed consent. For the patients who received 

ICIs, response to the treatment was assessed according to the Immunotherapy Response 

Evaluation Criteria in Solid Tumours (iRECIST) 12 weeks after the first administration of ICI. 

Based on the response, patients were divided into responders showing complete response, 

partial response or mixed response and non-responders (progressive disease).  

4.2.10 Statistical analysis 

Data were statistically analyzed using the GraphPad Prism software. For the analysis 

were taken experiments with at least three biological replicates (different healthy donors or 

patients, independent experiments for the cell line).  The two-tailed Student’s t test was used 

for the normally distributed data and for the Mann-Whitney test for not normally distributed 

data. Generation of the survival curves was done by the Kaplan-Meier method and the log rank 

(Mantel-Cox) test was used for the comparison. Data are presented as mean ± standard 

deviation. Differences were considered significant if *p≤0.05, **p≤0.01 and ***p≤0.001. 
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5 RESULTS 

5.1 Expression and purification of the recombinant (r) HSP90α 

In order to investigate the capacity of the soluble HSP90α to convert myeloid cell into 

immunosuppressive ones, we treated normal human monocytes with rHSP90α and check 

whether it can upregulate immunosuppressive molecule PD-L1 on their surface. The analysis 

was performed by flow cytometry and the gating strategy is displayed in the Figure 4A. We 

tested several commercially available rHSP90α, expressed either in E. coli or in baculovirus-

transfected insect cells, and observed a strong upregulation of the PD-L1 after 16 h of 

stimulation (Fig.4B). Since rHSP90α is a putative TLR4 ligand, it would be important to test a 

possible lipopolysaccharide (LPS) contamination that could cause the PD-L1 upregulation. 

Giving that LPS is heat-intact, we boiled the solution at 95℃ for 10 min, then tested the ability 

to stimulate monocytes and found that the PD-L1 upregulation still occurred (except for the 

Source 2 Lot 1 that was not available for further purchase) (Fig.4B), indicating a high LPS 

contamination. Therefore, we decided to perform the expression and purification of rHSP90α 

in our laboratory, including an additional washing step with Triton-X 114 for removing LPS.  

 

 



5 RESULTS 
 

48 
 

 

 



5 RESULTS 
 

49 
 

Figure 4. Expression and purification of the rHSP90α. (A) Gating strategy for the surface 

marker expression on monocytes. Representative dot plots are shown for freshly isolated human 

CD14 monocytes. Monocytes were gated after exclusion of doublets and dead cells. (B) 

Induction of PD-L1 on human monocytes by rHSP90α from different manufacturers. Human 

monocytes were treated with 2µg/mL rHSP90α or PBS (control) for 16 h in vitro. The 

expression of PD-L1 was analyzed by flow cytometry, n=1-4. (C) Coomassie staining of the 

internally expressed and purified rHSP90α. (D) Western blot analysis of the internally 

expressed and purified rHSP90α. (E) Endotoxin measurement in the different rHSP90α 

preparations. Measurement was performed by Limulus Amebocyte Lysate assay, n=1. (F) PD-

L1 expression on human monocytes upon treatment with lipopolysaccharide (LPS), n=4. (G) 

Heat-inactivation of the rHSPα, n=1. (H) Digestion of rHSP90α with trypsin. rHSP90α was 

incubated with immobilized trypsin for 18 h at 37°C. Then trypsin-beads were pelleted, and the 

supernatant was tested by Western Blot. (I) PD-L1 expression on human monocytes stimulated 

with Trypsin-digested rHSP90α, n=4. (J) PD-L1 expression on mouse immature myeloid cells 

(IMC) stimulated with rHSP90α or 100 EU/mL LPS, n=2-3. Results on the graphs B, F, G, I, J 

(mean ± SD) are presented as the percentage of PD-L1+ monocytes among total monocytes or 

IMC. *p < 0.05, **p < 0.01. Coomassie staining was performed by Daniel Novak PhD. IMC 

isolated by Samantha Lasser. 

 

Expression of the rHSP90α was confirmed by Comassie staining (Fig.4C) and Western 

Blot (Fig.4D). Noticeably, we observed a fraction of the recombinant protein having molecular 

weight of around 70 kDa, indicating a possible proteolytic degradation. LPS concentration in 

the final preparation of the rHSP90α was measured by Limilus Amebocyte Lysate assay and 

found to be as low as 8.2 EU/mL for 100x stock solution that corresponds to 4.3 mEU/mL as a  

final concentration  (Fig.4E) and is not enough to upregulate PD-L1 (Fig.4F). The same heating 

test as for the commercial proteins (95℃ for 10 minutes or longer) demonstrated the 
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disappearance of the PD-L1 upregulation, suggesting that the observed effect was protein-

mediated (Fig.4G).   For further proof that PD-L1 upregulation was mediated by rHSP90 and 

not contaminating LPS, we carried out digestion with bead-immobilized trypsin. Such treatment 

led to the complete disappearance of rHSP90 (Fig.4H) that was associated with the abrogated 

PD-L1 upregulation (Fig.4I). Moreover, rHSP90failed to upregulate PD-L1 in mouse 

immature myeloid cells (IMC) (Fig.4J) indicating specificity of the protein-mediated effect to 

human while LPS contamination would have cross-species reactivity. 

 

5.2 Recombinant HSP90α triggers TLR4 signaling in human monocytes to induce PD-L1 

expression  

Collective data of PD-L1 expression on human monocytes from different experiments 

demonstrates consistent upregulation of PD-L1 by rHSP90α although with a broad distribution 

of a magnitude of the upregulation, which could be due to the individual reactivity of healthy 

donors (Fig.5A). Since it was previously demonstrated that melanoma-derived EV induced 

immunosuppressive myeloid cells mainly via TLR4, but also via TLR239, we further studied if 

TLR4 or TLR2 could be responsible for rHSP90mediated PD-L1 upregulation. We found 

that blocking anti-TLR4 mAbs abrogated the upregulation of PD-L1 expression (Fig.5B). In 

contrast, blocking anti-TLR2 mAbs or isotype control mAbs failed to mediate such blockade, 

indicating that rHSP90 indeed binds to TLR4. We then tested if NF-κB was involved in PD-

L1 upregulation as a transcription factor downstream of TLR4. The NF-κB inhibitor Bay 11-

7082 (Bay) was checked for its cytotoxic activity and titrated in apoptosis assay. We found that 

2µM of Bay did not affect monocyte viability and used this concentration for further 

experiments (Fig.5C). The addition of Bay blocked the upregulation of PD-L1 by rHSP90 

(Fig.5D). Activation of NF-κB was confirmed by increased phosphorylation of the p65 by 

Western Blot (Fig.5E).  Bitsch et al. have demonstrated an importance of STAT3 activation for 
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the generation of MDSC63. Therefore, we tested the phosphorylation of STAT3 and found its 

increase under the treatment with rHSP90Fig

 

Figure 5. Induction of PD-L1 on human monocytes by rHSP90α is dependent on the 

TLR4-NF-κB signaling. (A) Human monocytes were treated with 2µg/mL/106 cells rHSP90α 

or PBS (control) for 16 h in vitro (n=14). The expression of PD-L1 was analyzed by flow 

cytometry. (B) Monocytes were treated with rHSP90α in the presence of anti-TLR2 or anti-

TLR4 mAbs (n=3-4). (C) Monocytes were treated with different concentrations of NF-κB 

inhibitor Bay (n=1). Percentage of live cells (7-AAD-AnnexinV-) was analyzed by flow 

cytometry. (D) Monocytes were stimulated with rHSP90α in the presence of Bay (n=3). (E) 

Expression of NF-κB and STAT3 in monocytes treated with rHSP90α in the presence or 

absence of Bay was analyzed by Western Blot. (F) PD-L1 expression on monocytes stimulated 

with F-5 and F-6 subfragments of HSP90α for 16 h (n=4). Results on the graphs A,B, D, and F 
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(mean ± SD) are presented as the percentage of PD-L1+ monocytes among total monocytes. *p 

< 0.05 , **p < 0.01, ***p < 0.001. Western Blot performed in collaboration with Laura Hüser 

PhD. 

 

It was shown that central M domain of HSP90α was responsible for protumoral effects 

of soluble HSP90 and its interaction with the low-density lipoprotein receptor-related protein-

1 (LRP1 or CD91)107 suggesting an alternative receptor for rHSP90since LRP1 is abundantly 

expressed on monocytes123. Therefore, we purified F-5 and F-6 subfragments of HSP90 that 

contain a key amino acid sequence of central M domain of HSP90responsible for the binding 

to LRP1107. Both fragments failed to induce PD-L1 expression in human monocytes when tested 

at the same concentrations as full rHSP90 (Fig.5F).  

 

 

Figure 6. Cell migration upon rHSP90α treatment. (A) Migration of HT144 melanoma cell 

upon the treatment with different concentrations of rHSP90α in the presence or absence of FBS 

(n=1). (B) Representative dot plot showing gating according to monocyte morphology. (C) 

Proportion of migrated monocytes upon the treatment with 2 µg/mL of rHSP90α calculated 

according to the number of seeded cells (n=3, mean± SD). 

Zou at al. demonstrated that HSP90binding to LRP1 leads to an increased motility of 

tumor cells 107. We confirmed this pro-motility effect for melanoma cell line HT144 in a 
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transwell migration assay (Fig.6A). To test whether HSP90could induce such effect for 

monocytes, we performed a trans-well migration assay quantifying the migrated cells via flow 

cytometry (Fig.6B). However, we failed to detect any increase in the migration capacity of 

rHSP90-treated monocytes (Fig.6C). 

Collectively, our data suggested that soluble rHSP90similar to exosomal HSP90 

could trigger PD-L1 upregulation in human monocytes via TLR4 signaling. 

 

5.3 Recombinant HSP90α converts human monocytes into immunosuppressive MDSC and 

rescues them from apoptosis via TLR4 signaling 

Since it was described that  human M-MDSC differ from monocytes  due to 

downregulated Human Leukocyte Antigen DR (HLA-DR) expression25 we studied the kinetics 

of HLA-DR expression by flow cytometry in rHSP90α-treated and untreated monocytes. We 

observed a slight initial upregulation of HLA-DR at 16 h followed by downregulation at 24 h 

of treatment (Fig.7A, B).  

Alongside HLA-DR downregulation, we observed a retained expression of the 

monocytes marker CD14 in treated monocytes while untreated cells were losing this receptor 

(Fig.7C) that could be linked to cells viability. In order to clarify this finding, we performed an 

apoptosis assay with Annexing V and 7-AAD staining. In this assay, Annexin V and 7-AAD 

double negative population indicates viable cells, Annexin V positive 7-AAD negative 

population – early apoptotic cells, Annexin V and 7-AAD double positive population – late 

apoptotic cells (Fig.7D).  Indeed, rHSP90α treatment could rescue monocytes from apoptosis 

in TLR4- and NF-κB-dependent manner (Fig. 7E,F). Abovementioned CD14 retention effect 

was observed in viable cell population but not in apoptotic cells (Fig.7G), providing an 

explanation of this phenomenon. 
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Figure 7. Phenotype and viability changes in monocytes upon rHSP90α treatment. (A) 

Representative dot plot showing HLA-DR expression on CD14 monocytes upon 24 h of 

treatment with rHSP90α. (B) HLA-DR expression on rHSP90α-treated monocytes was shown 

as the percentage of HLA-DR+ cells among total monocytes (mean ± SD; n=5). (C) CD14 

expression on monocytes after the isolation and after 16 h stimulation with rHSP90α. Data 

shown as the percentage of live cells (mean ± SD; n=6-9). (D) Gating strategy for apoptosis of 



5 RESULTS 
 

55 
 

monocytes treated with rHSP90 for 24 h. Dot plots show Annexin V-7-AAD- live cells, 

Annexin V+7-AAD- early apoptotic cells, and Annexin V+7-AAD+ late apoptotic cells. (E) 

Human monocytes were treated for 24 h with PBS (control) or 2µg/mL rHSP90α alone or in 

the presence of anti-TLR2 or anti-TLR4 mAbs. Apoptosis of monocytes was measured by flow 

cytometry. Data are presented as the percentage of live (Annexin V-7-AAD-) cells among total 

monocytes (mean ± SD; n=3-4). (F) Monocytes were treated with rHSP90α alone or together 

with the NF-κB inhibitor Bay. Results are presented as the percentage of live (Annexin V-7-

AAD-) cells within total monocytes (mean ± SD; n=3). (G) CD14 expression was measured on 

viable, early and late apoptotic monocytes. Data are presented as the percentage of a respective 

population (mean ± SD; n=5). *p < 0.05, **p < 0.01, ***p < 0.001. 

 

To study which mechanisms underlie the rHSP90α-mediated survival effect, we 

measured the RNA expression by RT-PCR of several pro- and anti-apoptotic genes, namely 

caspase 3, BCL2 associated X (BAX), myeloid cell leukemia sequence 1 (MCL 1), and B-cell 

lymphoma 2 (BCL 2). After 24 h of stimulation we did not observe any significant changes in 

the expression of abovementioned genes (Fig.8A-D).  

 

 

Figure 8. Expression of pro- and anti-apoptotic genes in rHSP90α-treated monocytes. 

mRNA expression of caspase 3 (A), BAX (B), MCL 1 (C), and BCL 2 (D) genes was measured 
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by qRT-PCR. Values were normalized for the housekeeping gene Rn18s expression and the 

unstimulated control according to the 2-ΔΔCT method (mean ± SEM; n=4). 

 

 Next, we performed inhibition of T cell proliferation assay, co-culturing activated CD3 

T cells with rHSP90α-treated monocytes in the 1:2 ratio. Cells that were losing cell proliferation 

dye staining were gated as proliferated ones (Fig.9A).  We observed that rHSP90α-treated 

monocytes could inhibit proliferation of T cells compared to untreated monocytes and to T cells 

cultured alone (Fig.9B, C).  

These findings indicate that soluble HSP90α can not only endow monocytes with 

phenotype and function of MDSC but also prolong their survival.    

 

Figure 9. Suppressive capacity of rHSP90α-treated monocytes. (A) Gating strategy for 

proliferated T cells stimulated for 96 h.  (B) Representative histograms for proliferated T cells 
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cultured for 96 h alone or together with non-treated (control) monocytes or cells treated with 

2µg/mL rHSP90α. (C) Cumulative data for T cell proliferation are presented as the percentage 

of divided T cells normalized (norm.) to the respective control of stimulated T cells alone (mean 

± SD; n=11). ***p < 0.001. Inhibition of T cell proliferation performed in collaboration with 

Feyza Gül Özbay Kurt. 

 

5.4 rHSP90α-treated monocytes acquired immunosuppressive capacity via TLR4-dependent 

upregulation of PD-L1 

MDSC exploit a broad variety of immunosuppressive mechanism for hindering the 

antitumor immune response47. Therefore, we tested which other immunosuppressive markers, 

except PD-L1, might be induced on human monocytes by the treatment with rHSP90α, 

including increased production of ROS and NO as well as elevated expression of Arg-1 and 

ectonucleotidases CD39 and CD7347. However, no significant changes between treated and 

non-treated monocytes were detected (Fig. 10A-G). When adding blocking anti-PD-L1 

antibodies to the co-culture of rHSP90α-treated monocytes and T cells, we found a significant 

reduction of monocyte immunosuppressive activity (Fig.11A, B). However, this 

downregulation was not complete, suggesting possible additional mechanisms of 

immunosuppression. 
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Figure 10. Effect of rHSP90α on production of ROS and NO as well as expression of Arg-

1, CD39 and CD73 in monocytes. Monocytes were treated with 2µg/mL rHSP90α or PBS 

(control). Production of ROS (A), NO (B) and expression of ARG-1 (C) is presented as 

normalized mean fluorescence intensity (MFI) (mean±SD; n=4). Expression of CD39 (D, E), 

and CD73 (F,G) is shown as the percentage of CD39+ or CD73+ monocytes among total 

monocytes (mean±SD; n=3-9). 
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Figure 11. Role of PD-L1 expression in immunosuppressive capacity of rHSP90α-treated 

monocytes.  (A) Representative histograms for proliferated T cells co-cultured with rHSP90α-

treated monocytes with or without blocking anti-PD-L1 mAbs. (B) Cumulative data for T cell 

proliferation co-cultured with rHSP90α-treated monocytes and anti-PD-L1 mAbs. Data are 

shown as the percentage of divided T cells normalized (norm.) to the respective control of 

stimulated T cells alone (mean ± SD; n=7-9). **p < 0.01, ***p < 0.001. Inhibition of T cell 

proliferation performed in collaboration with Feyza Gül Özbay Kurt. 

 

5.5 Expression of MDSC-related genes in rHSP90α-stimulated monocytes 

To shed more light into possible additional mechanisms of immunosuppression and into 

the anti-apoptotic effects of rHSP90α, we performed microarray analysis comparing rHSP90α-

treated and non-treated (control) monocytes.  Gene expression profiling confirmed the elevated 

expression of PD-L1 (CD274) (Fig.9A). In addition, several MDSC-related genes including 

IDO-1, CCL2, and CXCL5, were elevated (Fig.12A). Among the genes important for the 

immunostimulatory function of myeloid cells, CD38 and CD80 were slightly upregulated 

whereas CD86 was downregulated (Fig.12A). Pathway analysis revealed upregulated 

expression of genes related to oxidative phosphorylation, IL-1 signalling, antigen processing 
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etc. in HSP90α-treated monocytes (Fig.12B). The microarray data generated during the study 

is made available on the GEO repository under the number GSE207075. 
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Figure 12. Microarray analysis of rHSP90α-treated monocytes. Transcriptome of 

monocytes treated for 24 h with 2µg/mL rHSP90α vs. non-treated monocytes (n=4) (A) 

Volcano plot representing differentially expressed genes. Arrows indicate selected 

differentially regulated genes. Horizontal dashed line indicates the significance threshold 

(p<0.05). Vertical dashed line indicates 2-fold change. (B) Enrichment map representing 

selected upregulated pathways in rHSP90α-treated vs. untreated monocytes. Intensity of the red 

color indicates significance and the size of the circle indicates the number of genes. The line 

thickness indicates the number of overlapping genes. Microarray analysis performed in 

collaboration with Feyza Gül Özbay Kurt and Thomas Hielscher PhD. 

 

5.6 TLR4-NF-κB-dependent upregulation of IDO-1 endows rHSP90α-treated monocytes with 

immunosuppressive capacity 

The finding of IDO1 gene upregulation by the microarray analysis indicated that IDO1, 

in addition to PD-L1, might contribute to the immunosuppressive capacity of rHSP90α-treated 

monocytes and explain the remaining suppression upon the treatment with blocking anti-PD-

L1 antibodies (Fig.11A, B). Upregulation of IDO1 at the protein level in human monocytes 

upon 16 h of treatment was confirmed by Western Blot and, similarly to PD-L1, was 

demonstrated to be NF-κB and TLR4-dependent (Fig.13A). The Addition of the IDO1 inhibitor 

1-methyl-D-tryptophan (1-D-MT) blocked the immunosuppressive activity of rHSP90α-treated 

monocytes in the co-culture with T cells (Fig.13B, C). 

In order to verify a synergistic effect of PD-L1 and IDO1 blockade, we performed a 

separate set of experiments co-culturing rHSP90α-treated monocytes and T cells in the presence 

of anti-PD-L1 antibody and 1-D-MT alone or both agents together. No significant difference 

was observed between anti-PD-L1 or anti-IDO1 monotherapy as compared to the 

combinational treatment (Fig.13F, G) suggesting no additive effect. Interestingly, monocytes 
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from two healthy donors showed different reaction to these  blocking agents (Fig.13G).  In one 

(green dots on the graph), only anti-PD-L1 blockade was effective to restore T cell proliferation 

and not the 1-D-MT. In another one (red dots on the graph), only 1-D-MT was effective and 

not the anti-PD-L1 blocking antibody. Inhibition of T cell proliferation performed in 

collaboration with Feyza Gül Özbay Kurt. 

 

Figure 13. Impact of IDO-1 on immunosuppressive activity of rHSP90α-treated monocytes. 

(A) Expression of IDO-1 in monocytes treated with 2µg/mL rHSP90α was measured by Western 

Blot. The representative experiment out of three is shown. (B) Representative histograms for 

proliferated T cells co-cultured with rHSP90α-treated monocytes with or without the IDO-1 

inhibitor 1-D-MT. (C) Cumulative data for T cell proliferation co-cultured with rHSP90α-treated 

monocytes and 1-D-MT. Data are shown as the percentage of divided T cells normalized (norm.) 

to the respective control of stimulated T cells alone (mean ± SD; n=5-8). (D) Representative 
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histograms for proliferated T cells co-cultured with rHSP90α-treated monocytes alone or together 

with anti-PD-L1 mAbs and/or 1-D-MT. (E) Cumulative data for T cell proliferation co-cultured 

with rHSP90α-treated monocytes together with anti-PD-L1 mAb and/or 1-D-MT 1-D-MT. Results 

are presented as the percentage of divided T cells normalized (norm.) to the respective control of 

stimulated T cells alone (mean ± SD; n=4). *p < 0.05 , **p < 0.01, ***p < 0.001.   

 

5.7 HSP90α in plasma of melanoma patients  

To investigate an impact of soluble HSP90α on myeloid cells in advanced melanoma 

patients, we measured the frequency of circulating M-MDSC and monocytes and their PD-L1 

expression as well as the HSP90α concentration in plasma from the same patients by ELISA. 

Since EV can also contain HSP90α39, we first tested if the ELISA kit could detect only soluble 

or also EV-derived HSP90α. For this, we depleted EV by ultracentrifugation of plasma samples 

from melanoma patients at 100,000 g for 16 h and found no significant differences in 

HSP90concentrations between whole and EV-depleted samples, indicating that the ELISA 

kit detects only soluble HSP90 and that HSP90is present in plasmamostly as a soluble 

protein (Fig. 14).  

 

Figure 14. Impact of ultracentrifugation on the level of HSP90α 

in plasma of melanoma patients. Concentration of HSP90α was 

measured by ELISA in plasma before or after the ultracentrifugation 

at 100,000 g for 16 h. Data are presented as ng/mL.  

 

Gating strategy for the surface marker analysis in human circulating myeloid cells and 

cell sorting are shown in Fig. 15A. We observed a tendency for the correlation between 

decreased monocyte frequencies and increased HSP90α plasma levels (Fig. 15B). An elevated 
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PD-L1 expression on circulating M-MDSC showed a significant correlation with an increased 

concentration of HSP90α (Fig. 15C).  

 

 

 

Figure 15. Effect of soluble HSP90𝛂 on myeloid cells in melanoma patients. Monocytes and 

M-MDSC were sorted from the PBMC of melanoma patients at the baseline and during the 

therapy and analyzed by flow cytometry. (A) Gating strategy for sorting of monocytes and M-

MDSC via FACS. After exclusion of cell debris and doublets, monocytes and M-MDSC were 

sorted from PBMC according to the expression of HLA-DR and CD33. The concentration of 

HSP90α was detected in plasma of the same patients by ELISA. The frequency CD14 

monocytes within PBMC (B; n=18) or PD-L1+ M-MDSC among total MDSC (A; n=14) were 

plotted against the levels of HSP90α expressed in ng/mL. The correlation was evaluated by a 
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linear regression analysis. ELISA and FACS staining was performed in collaboration with 

Rebekka Bitsch and Feyza Gül Özbay Kurt. 

 

Finally, we investigated the impact of soluble HSP90α levels on the clinical outcome of 

melanoma patients treated with ICI. The concentration of HSP90α was measured in plasma 

before treatment initiation. We found a strong tendency for the prolonged PFS in patients with 

lower concentrations of HSP90α (Fig.16A), whereas OS was similar in patients with higher and 

lower levels of HSP90α (Fig.16B). Furthermore, patients responding to the ICI treatment 

tended to have lower plasma levels of HSP90α before the onset of therapy (Fig.16C). 

 

 

Figure 16. Association between concentration of HSP90𝛂 and clinical outcome of metastatic 

melanoma patients. The concentration of HSP90α was measured by ELISA in plasma taken 
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before the treatment start. (A) Progression-free and (B) overall survival of melanoma patients with 

high (>12.42 ng/mL; n=16) and low (<12.42 ng/mL; n=16) HSP90α levels at the baseline are 

shown as a Kaplan-Meier curve. (C) The level of HSP90α in melanoma patients responding (n=13) 

and non-responding (n=14) to ICI treatment was expressed in ng/mL (mean ± SD). ELISA was 

performed in collaboration with Rebekka Bitsch and Feyza Gul Ozbay Kurt.
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6 DISCUSSION 

6.1 Control of the LPS contamination in the rHSP90α 

 For testing the hypothesis of myeloid cell conversion into MDSC by soluble HSP90α, 

we have chosen to stimulate human circulating monocytes isolated from healthy donors buffy 

coat by rHSP90α. Since the most likely receptor to interact with HSP90α on monocytes is TLR4 

39 we tested the level of contamination by the classical TLR4 ligand LPS, especially due to the 

fact that most available recombinant proteins are expressed in bacterial systems. Given that 

proteins denaturate upon the heating, we tested the activity of several commercially available 

rHSP90α expressed in E. coli or in insect cells (thought to be LPS-free systems) upon 30 min 

incubation at 95°C. As a readout, we used upregulation of PD-L1 expression. We have found 

that almost all preparations, except for the “source 2 lot 1” that was unfortunately no longer 

available, were LPS-contaminated according to the heat-resistant PD-L1 upregulation. Hence, 

we established an expression system that would enable us to yield an LPS-free protein using 

phase separation by Triton X-114121 combined with the Ni-NTA protein purification method, 

which enables complete removal of the buffer. Resulting contamination was at least 10 times 

lower than in commercial preparations, which was not able to upregulate PD-L1 expression on 

human monocytes. Moreover, our preparation caused heat-sensitive PD-L1 upregulation 

indicating that the effect was protein-dependent. However, heat-inactivation control of LPS 

contamination has limitations since Gao et al. showed that the LPS contamination as low as 1 

EU/ml can still be heat-sensitive124. Therefore, we applied an additional control with trypsin 

digestion and found that the PD-L1 upregulation effect disappeared after the digestion. Finally, 

we tested rHSP90α in the mouse immature myeloid cells and found no upregulation of PD-L1. 

In contrast, those cells were shown to be activated by LPS 39. Altogether, these findings allowed 

to conclude that the LPS contamination in our rHSP90α preparation was negligible. 
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6.2 Upregulation of PD-L1 in rHSP90α-treated monocytes is TLR4-NF-κB-dependent 

TEV are known to convert myeloid cells into MDSC41. The complexity of signals 

carried by TEV demands to dissect the single components of TEV and responsible signaling 

pathways in recipient cells. It was previously shown that melanoma-derived EV could convert 

human monocytes into MDSC PD-L1 upregulation mainly via TLR4-signaling39. Other TLRs 

were also shown to be involved in the PD-L1 upregulation revealing the complexity of EV 

signals. Importantly, EV isolated from HSP90α knock-down melanoma cell lines or from 

melanoma cells treated with the HSP90α inhibitor (KNK 437) lost their conversion capacity. 

In the present study, we hypothesized that a single component of melanoma-derived EV, 

HSP90α, might be capable to induce conversion of monocytes into MDSC. As a first step, we 

demonstrated that rHSP90α could upregulate PD-L1 on human monocytes in a TLR4-

dependent manner similarly to melanoma-derived EV. Chen et al. reported that HSP90α on the 

surface of tumor cell-released autophagosomes interacted with TLR2 on the surface of CD4+ T 

cells reprogramming them to an immunosuppressive tumor-promoting phenotype125. In our 

experiments on monocytes, anti-TLR2 blocking antibody did not affect the rHSP90α-mediated 

upregulation of PD-L1. In order to study the downstream signaling of TLR4, we applied an NF-

κB inhibitor Bay and found that the PD-L1 upregulation was NF-κB-dependent that was 

unanimous with the findings of Bohonowych et al. regarding NF-κB upregulation by 

eHSP90α105. Since STAT3 activation plays a pivotal role in the generation of MDSC 63 we 

studied an activation of STAT3 and found an NF-κB-dependent upregulation of STAT3 

phosphorylation in monocytes upon the treatment with rHSP90α. Simultaneous activation of 

NF-κB and STAT3 by eHSP90α is in agreement with the study of Fan et al. in macrophages 

that found that the mentioned signaling cascades were involved in HSP90α-mediated 

macrophage M2-polarisation leading to increased angiogenesis and enhanced tumor growth126.  
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Another receptor reported to interact with HSP90α is LRP1 (CD91) 126–128. Zou et al. 

found that two evolutionarily conserved lysine residues of HSP90α, lys-270 and lys-277, 

expressed in the subfragments F-5 and F-6 were responsible for binding of HSP90α to LRP1 in 

cancer cells107. In our hands, these subfragments, in contrast to full-length HSP90α, were unable 

to upregulate PD-L1 in human monocytes that could be due to different effects of this protein 

on cancer cells and monocytes.  

In a recent study, Fan et al. showed that rHSP90α triggered both LRP1 and TLR4 on 

THP1-derived macrophages, RAW264.7 macrophage cell line and bone marrow-derived 

macrophages resulting in upregulation of CD163, CD204, and IL-10, in downregulation of 

TNF-α, IL-1β and in depletion of CD4 T cell from the pancreatic tumor126.  It is possible that 

HSP90α in myeloid cells forms a complex with TLR4 and LRP1, in which TLR4 plays a pivotal 

role. Besides, both α and β isoforms of HSP90 were reported to be present on the surface of 

monocytes and macrophages and to participate in cytokine response to TLR ligands, building 

a signaling complex with TLRs including TLR4129,130. The hypothesis of HSP90α acting as a 

“signaling complex chaperone”129 needs further verification in the context of monocytes 

conversion into MDSC. Since blocking TLR4 abrogated the upregulation of PD-L1 completely, 

we concluded that TLR4 is a key receptor for interaction with rHSP90α that results in the 

acquisition of immunosuppressive phenotype by monocytes.  

Pro-motility effects of eHSP90α98,107 raised  a question whether the stimulation of 

human monocytes with rHSP90α would also lead to increased migration capacity To prove this, 

we firstly confirmed the pro-motility effect of rHSP90α in HT144 melanoma cell line in the 

presence of serum. Next, we tested the migration capacity of rHSP90α-treated monocytes but 

found no difference compared to control monocytes. This strengthened the conclusion that 

eHSP90α exerts different effects depending on the recipient cells: LRP1-dependent promotility 
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effect in cancer cells and TLR4-dependent induction of immunosuppressive phenotype in 

myeloid cells.     

6.3 rHSP90α modifies monocytes towards the suppressive phenotype with prolonged survival 

We have shown that rHSP90α downregulated HLA-DR in monocytes. Low expression 

of this marker is considered to distinguish human M-MDSC from monocytes25. Frequencies of 

HLA-DRlo/neg M-MDSC, were shown to be higher in melanoma patients compared to healthy 

donors18,31. Moreover, M-MDSC levels were higher in patients resistant to the treatment with 

ipilimumab18,31 or nivolumab30. This suggests that neither anti-CTLA-4 nor anti-PD-1 therapy 

is enough to overcome M-MDSC-mediated immunosuppression and highlights the need for 

tools to hamper M-MDSC generation.  

Investigating the stimulation of monocytes with rHSP90α was the retention of the 

monocyte marker CD14 in the stimulated cells compared to the drastic loss of CD14 in the 

control cells. CD14 receptor is involved in the TLR4 recognition of bacterial cell wall 

components as well as in the phagocytic clearance of apoptotic cells131. CD14 downregulation 

was reported to be caused by IL-2, IL-4, IL-13, IFN-γ132,133, by histamine via H2-receptors134 

or by glucocorticoid therapy135. Upregulation of CD14 can be induced by DMSO, active 1,25-

dihydroxyvitamin D3 [1,25(OH)2D3] and LPS131. As these reports were not sufficient to 

explain the retention of CD14 expression in our system we hypothesized it to be related to cell 

viability and the loss of CD14 to be associated with the undergoing apoptosis. We wanted to 

precisely measure percentage of cell in the process of apoptosis because the early apoptotic 

cells are still gated as “live” in our standard assay but can already have altered cell membrane 

content and possibly lose CD14 expression. 

Analysis of monocytes viability was performed by Annexin V and 7-AAD staining and 

revealed increased viability of rHSP90α-treated monocytes as the number of AnnexinV-7-

AAD- cells increased. This finding corresponds to the anti-apoptotic effect of eHSP90 on 
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monocytic cell line U937 as demonstrated by Franco et al.136 Pro-survival effect of rHSP90α 

was subsequently shown to be TLR4 but not TLR2 and NF-κB-dependent that was consistent 

with above described effects of rHSP90α. As expected, expression of CD14 was not 

significantly different among the live (AnnexinV-7-AAD-) treated and control cells but was 

strongly downregulated in the early apoptotic cells (AnnexinV+7-AAD-) regardless of the 

treatment. Hence, CD14 retaining effect could be explained by higher proportion of live cells 

among the stimulated monocytes and, in fact, changes in CD14 led us to the discovery of this 

pro-survival activity of rHSP90α.  

In order to decipher the underlying mechanism of increased survival in rHSP90α-treated 

monocytes we tested RNA levels of several pro- and anti-apoptotic genes that are involved in 

the regulation of survival and death of human monocytes such as caspase 3, BAX, MCL 1, and 

BCL 2137. However, none of the tested genes showed a significant change leaving open the 

question of how rHSP90α increases the survival of monocytes. 

6.4 Human monocytes acquire PD-L1-mediated suppressive capacity against T cells after 

stimulation with rHSP90α  

A key feature for defining myeloid cell as “MDSC” is their inhibition of T cell 

functions26. We have demonstrated that rHSP90α-treated monocytes inhibit proliferation of 

CD3 T cells and that their suppressive capacity is abrogated by blocking PD-L1. Noman et al. 

(2014) have demonstrated that PD-L1 is involved in the inhibition of T cells138. However, since 

non-responders to anti-PD-1 treatment showed high prevalence of M-MDSC 30 there is a need 

for more complex targeting of MDSC. The fact that PD-L1 expression was induced via TLR4-

signaling rises an opportunity for inhibiting suppressive activity of rHSP90α-treated monocytes 

by inhibiting TLR4 signaling that is known to enhance MDSC activity and was considered as 

a target for MDSC depletion already some time ago139. However, there are contradicting reports 

showing that TLR4 inhibitor Resatorvid (TAK-242) induces MDSC140 or that stimulation of 
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TLR4 by cinnamaldehyde lead to apoptotic death of MDSC141. Apparently, the magnitude, 

timing and molecular context determine the outcomes of TLR4 signaling. Interestingly, when 

we added the blocking anti-PD-L1 antibody to the co-culture of rHSP90α-treated monocytes 

and T cells, it restored the proliferation not to the same extent as in the co-culture with control 

monocytes. The involvement of additional suppressive molecules47 might have shed light into 

the residual suppressive activity. We studied whether rHSP90α influenced the monocyte 

production of suppressive ROS and NO, the expression of enzymes producing suppressive 

adenosine (CD39 and CD73) and arginase-1 but found no differences upon rHSP90α-

stimulation of monocytes.  

6.5 Microarray analysis of rHSP90α-treated monocytes identifies upregulation of IDO1 and 

several MDSC-related genes 

For a comprehensive view on rHSP90α-mediated effects, we studied transcriptomic 

changes in rHSP90α-treated monocytes compared with untreated monocytes. As expected, we 

confirmed the upregulation of the CD274. We have also found an upregulation of genes that 

are relevant for MDSC recruitment and expansion such as CCL2, CXCL5, IL-636,142 and 

downregulation of co-stimulatory molecule CD86. A monocyte activation marker CD38 and 

another co-stimulatory molecule CD80 were upregulated but less significantly than MDSC-

related genes.  

An important finding was the upregulation of IDO1 that was further confirmed at the 

protein level. IDO1+ mononuclear cells have been found in melanoma TME, and tumor cell 

expression of IDO1 was shown to be positively correlated with PD-L1 expression143. Moreover, 

higher frequencies of IDO+ M-MDSC were associated with advanced melanoma stage144. We 

have shown the functionality of IDO1 upregulation by the inhibition of T cell proliferation. 

Combination of anti-CTLA-4, anti-PD-1/PD-L1, and IDO inhibition demonstrated a benefit 

over monotherapy in B16 mouse melanoma model145. In our experiments, blocking either PD-
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L1 or IDO1 alone in rHSP90α-monocytes restored proliferation of T cells almost up to the basal 

proliferation level of stimulated T cells cultured alone thus leaving a narrow window for further 

improvement. Thus, when exploring the synergistic effect of anti-PD-L1 blocking antibody and 

IDO1 inhibition, we observed no significant difference compared to the monotherapy. 

However, T cells from two healthy donors showed “response” to one or another treatment 

approaches, indicating an individual sensitivity. This phenomenon requires further verification.   

 

6.6 Association between concentration of HSP90α and clinical outcome of patients with 

metastatic melanoma 

 In order to verify the clinical significance of our findings on rHSP90α in melanoma 

patients, we measured HSP90α levels in patients’ plasma and investigated the frequency of 

monocytes and M-MDSC as well as their expression of PD-L1. Since we defined monocytes 

as CD33+HLA-DRhigh and M-MDSC as CD33+HLA-DRlow, it was expected to see a tendency 

of the decrease in monocyte frequencies in patients with higher HSP90α concentration. This 

finding goes in line with our in vitro data of HLA-DR downregulation in monocytes upon 

HSP90α treatment. However, we have not seen a corresponding increase in M-MDSC 

frequencies (data not shown) that might be explained by an increased migration of M-MDSC 

into the tumor site. Regarding the PD-L1 expression on circulating M-MDSC, we found a 

significant positive correlation with higher HSP90α concentration. Furthermore, we observed 

a tendency for a worse prognosis among patients expressing higher plasma HSP90α that goes 

in line with the literature data114. 

6.7 Conclusion 

 This thesis demonstrates a mechanism of TLR4-NF-κB-dependent induction of PD-

L1+IDO1+ M-MDSC by HSP90α (Figure 17). Inhibiting intracellular HSP90 was demonstrated 

to deplete MDSC104,146,147 but none of the available inhibitors of intracellular HSP90 have so 
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far demonstrated sufficient benefits in clinical trials to be approved for the clinical application. 

Our study highlights the role of extracellular HSP90α that might be better target for 

monotherapy or a combinatorial melanoma treatment. Moreover, we have showed prognostic 

and predictive value of plasma levels of HSP90α in melanoma patients that goes in line with 

literature findings on HSP90α in cancer112–114. 

 Main results of the present work were published in Arkhypov I, Özbay Kurt FG, Bitsch 

R, Novak D, Petrova V, Lasser S, et al. HSP90α induces immunosuppressive myeloid cells in 

melanoma via TLR4 signaling. J Immunother Cancer. 2022;10(9):e005551. doi:10.1136/jitc-

2022-005551/01.09.2022. 

 

Figure 14. HSP90α induces immunosuppressive myeloid cells in melanoma via TLR4 

signaling. HSP90α can be secreted by melanoma cells in association with EV or as a soluble 

protein. Soluble HSP90α can trigger TLR4-NF-κB cascade, leading to upregulation of PD-L1, 

IDO-1, downregulation of HLA-DR and prolonged survival of monocytes. Altogether these 

features endow monocytes with suppressive activity against T cells.
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