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ABBREVIATIONS

3D — three-dimensional

ACKR — atypical chemokine receptor

ADMEM - advanced Dulbecco’s Modified Eagle’s Medium
ADP — adenosine diphosphate

A2AR — adenosine A2A receptor

AMP — adenosine diphosphate

AP-1 — activator protein 1

APC — antigen-presenting cells

Argl — arginase 1

ARNT — aryl hydrocarbon receptor nuclear translocator
AS — alternatively spliced

ATP — adenosine triphosphate

AZ19-3-2 — synthetic compound

AZ21-6 — synthetic compound

bHLH-PAS domain — basic helix-loop-helix/Per-ARNT-Sim domain
B-ME — 2-mercaptoethanol

CAs — carbonic anhydrases

CAF — cancer-associated fibroblast

CAIX — carbonic anhydrase X

CEACAMBG — carcinoembryonic antigen-related cell adhesion molecule 6
CKR — conventional chemokine receptor

CCL — CC motif chemokine ligand

CCR — CC motif chemokine receptor

CKR — conventional chemokine receptor

CNS — central nervous system

COX4 — cytochrome c oxidase 4

CTL — cytotoxic T lymphocyte

CTLAA4 — cytotoxic T-lymphocyte associated protein 4
CXCL — CXC motif chemokine ligand

CXCR — CXC motif chemokine receptor

CX3CL — CX3C motif chemokine ligand

CX3CR — CX3C motif chemokine receptor

DC — dendritic cell

DLL1- delta-like canonical Notch ligand 1

CSF-1 — colony-stimulating factor 1
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CIBERSORT - cell-type identification by estimating relative subsets of RNA
transcripts

DMEM — Dulbecco’s Modified Eagle's Medium

ECM — extracellular matrix

ELISA — indirect enzyme-linked immunosorbent assay
EMAP-1I — endothelial cell monocyte-activating polypeptide-II
EMT — epithelial-mesenchymal transition

ENTPD2 — ectonucleoside tri-phosphate diphosphohydrolase 2
ERK — extracellular signal-regulated kinases

epH — extracellular pH

EPO - erythropoietin

FBS — heat-inactivated fetal bovine serum

FGF — fibroblast growth factor

FIH-1 — factor inhibiting HIF-1

FFPE — formalin-fixed and paraffin-embedded

FTSA — fluorescent thermal shift assay

FOXP3 — Forkhead box P3

GBM - glioblastoma multiforme

Glut — glucose transporters

GZ22-4 — synthetic compound

HAPs — hypoxia-activated pro-drugs

HBSS — Hanks' Balanced Salt Solution

HMGBL1 — high mobility group box 1 protein

HNSCC — squamous cell carcinoma of the head and neck
HIF — hypoxia-inducible factor

HRE — hypoxia response element

HCC — hepatocellular carcinoma

HUVEC — human umbilical vein endothelial cells

IEPA — imidazole-1-yl-3-ethoxycarbonylpropionic acid
ICB — immune checkpoint blockade

IFN-y — interferon-gamma

Ig — immunoglobulin

IHC — immunohistochemistry

IL — interleukin

IL-2Ra — interleukin-2 receptor alpha chain

INOS — inducible nitric oxide synthase
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i.p. — intraperitoneally

ITC — isothermal titration calorimetry

i.v. — intravenously

i.0. — intraosseous

JHDMs — Jumanji C domain-containing histone demethylases
JNK — c-Jun N-terminal kinases

kPa — kilopascals

LDH — lactate dehydrogenase

LDHA — lactate dehydrogenase A

LDS — lithium dodecyl sulfate sample loading buffer
LZIP — leucine zipper

mDC — monocyte derived dendritic cell
MAPK — mitogen-activated protein Kinase
MCT — monocarboxylate transporter

MMP — matrix metalloproteinases

MHC — major histocompatibility complex
MDSC — myeloid-derived suppressor cells
MFI — mean fluorescence intensity

NBC — sodium-dependent bicarbonate transporters
NBL — neuroblastoma

NETSs — neutrophil extracellular traps

NF-kB — nuclear factor kappa B

NHE1 — Na*/H* exchanger

NK — natural killer cells

NIR — near infrared

ODD - oxygen-dependent degradation domain
P13K — phosphoinositide 3-kinase

PDX — patient-derived xenograft

PD-L1 — programmed death-ligand 1

PD-1 — programmed cell death protein 1

PET — positron emission tomography
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pO2 — atmospheric partial pressure of oxygen
PEG — polyethylene glycol

PBS — phosphate-buffered saline

PBMC — peripheral blood mononuclear cell

10



PG — proteoglycan

PHD2 — prolyl hydroxylase domain protein- 2

PDAC — pancreatic ductal adenocarcinoma

PDH — pyruvate dehydrogenase

PDK1 — pyruvate dehydrogenase kinase 1

PK/PD — pharmacokinetic/ pharmacodynamic

PMN — polymorphonuclear

PMSF — phenylmethylsulfonyl fluoride

RAGE — receptor for advanced glycation endproducts
RCC — renal cell carcinoma

RIPA — radioimmunoprecipitation assay buffer

s.c. — subcutaneously

SEMAZ3A — semaphorin 3A

SFA — stopped-flow assay of inhibition of enzymatic activity
STATS5 — signal transducer and activator of transcription 5
TME — tumor microenvironment

TAD — transactivation domain

TAM — tumor-associated macrophages

TAN — tumor-associated neutrophil

TBST — 1X Tris-Buffered Saline, 0.1% Tween® 20 detergent
TCGA — The Cancer Genome Atlas

TGF-B — transforming growth factor- beta

TIL — tumor-infiltrating lymphocyte

TLR — toll-like receptor

TME — tumor microenvironment

TNF-a.— Tumor Necrosis Factor-alpha

Treg — regulatory T cells

TW- transwell

VEGF — vascular endothelial growth factor

VEGFR — vascular endothelial growth factor receptor
WB — western blot

XCL — XC chemokine ligand

XCR — XC chemokine receptor
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INTRODUCTION

Despite advances made in the treatment of childhood malignancies, cancer
remains one of the leading causes of death in children worldwide. Solid
tumors encompass almost half of the cancer cases [1]. The survival of
pediatric patients presenting with advanced-stage or relapsed solid tumors
remains poor, even with novel treatment approaches, including
immunotherapy [1]. Therefore, a better understanding of the biology of
pediatric cancers and a search for novel therapies are needed. Pediatric solid
tumors are different from adult solid tumors, as they have a very low tumor
mutational burden/ fewer driver mutations and therefore have low
immunogenicity [2]. Pediatric tumors have lower tumor-infiltrating
lymphocyte (TIL) numbers and low expression of immune checkpoint
molecules: programmed cell death protein 1 (PD-1), programmed death-
ligand 1 (PD-L1), and PD-L2. These tumors have abundant myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages (TAMs), cancer-
associated fibroblasts (CAFs), and regulatory T cells (Tregs), which create an
immunosuppressive niche [2]. However, adult and pediatric tumors share a
common feature, which is tumor-associated hypoxia, and it is associated with
tumor aggressiveness and progression.

Tumor hypoxia correlates with poor prognosis as well as resistance to
conventional treatment [3]. Hypoxia drives immunosuppressive metabolites,
which help create an immunosuppressive tumor microenvironment (TME) [4,
5]. Reduced oxygen in tumors stimulates changes in cellular processes that are
orchestrated by the transcription factor Hypoxia—Inducible Factor (HIF).
Proteins encoded by HIF-regulated genes are activated during tumor hypoxia
and become active players in tumor progression. Metabolic shifts during
hypoxia result in the accumulation of acidic metabolic products. To avoid
prolonged intracellular acidosis, cells turn on pH regulatory machinery.
Eliminating intracellular acidosis occurs through the export of lactate and
protons from the cell and the import of bicarbonate ions [6]. This leads to
pericellular acidosis in TME, which is associated with chemo/radio-
resistance, suppressed immune responses, and induced inflammation,
angiogenesis, invasion, and tumor cell dedifferentiation [6]. Hypoxia-driven
immune suppression affects the function of all immune cell types: from
inhibition of monocyte-derived dendritic cell (DC) activation to maturation
[7] and M2 polarization of TAMs, to the suppressed T cell function [8] and
recruitment of the Tregs [9]. Hypoxia also increases PD-L1 expression on
tumor cells, leading to resistance to cytotoxic T lymphocyte (CTL)-mediated
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lysis [10]. Such pronounced effects of hypoxia on tumor immune responses
call for a better understanding of hypoxia effects on tumor-associated
chemokine secretion and a search for potential targets of hypoxic TME that
could synergize with various immunotherapies.

Carbonic anhydrase 1X (CAIX) is a hypoxia-induced enzyme with an
active site facing extracellular space. It can efficiently convert carbon dioxide
to bicarbonate ions and protons. It is one of 15 human isoforms of the o
carbonic anhydrase family that are known to regulate ion transport and pH
homeostasis in the human body. CAIX maintains physiological pH in cancer
cells, promoting their survival and progression [11]. This in turn leads to
pericellular acidosis that becomes characteristic of such TME. Increased
CAIX protein expression has been associated with worse prognosis in a
variety of pediatric cancers, including brain tumors [12-14] and solid tumors
outside the central nervous system (CNS) such as osteosarcoma [15] and
neuroblastoma (NBL) [16]. CAIX protein expression is generally associated
with a worse prognosis/increased aggressiveness in tumors [17, 18]. Tumor
acidosis suppresses tumor immune responses and ensures treatment resistance
[11, 19]. Therefore, CAIX inhibition may alter TME acidity and allow
immunotherapy to work. Currently, the demonstration of the efficacy of CAIX
inhibition paired with immune checkpoint blockade (ICB) is limited and is
shown exclusively in the murine melanoma model [20]. In general, CAIX-
targeted therapy development into translational clinical trials has been
complicated. Although a small molecular inhibitor of CAIX enzyme SLC-
0111 completed a phase 1 clinical trial in 2016, no further progress has been
published [21]. There is a need to develop novel, more effective CAIX enzyme
inhibitors. High homology amino acid sequence between CA isozymes makes
development of specific CAIX isoform-selective inhibitors challenging [22].
My colleagues at the Institute of Biotechnology, Life Sciences Center, Vilnius
University have developed benzene sulfonamides-based high-affinity and
selectivity small molecule inhibitor of CAIX enzyme VD11-4-2 that showed
promising in vitro activity [23-26]. It was further modified into inhibitor
AZ19-3-2, a synthetic compound containing two VD11-4-2 head groups
attached via a 12-mer polyethylene glycol (PEG) linker chain. It exhibits the
best balance of affinity and selectivity toward the CAIX enzyme with the
picomolar binding constant. My work presents experiments with this inhibitor.

In addition, the notion that CAIX protein is avidly expressed in solid
tumors has made it an attractive objective for radionuclide diagnostics
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platform creation. The development of CAIlX-based radiopharmaceuticals
remains a hot topic in cancer diagnostics and treatment [27]. My colleagues at
the Institute of Biotechnology, Life Sciences Center Vilnius University have
synthesized sulfonamide-based CAIX enzyme-recognizing compounds and
tagged them to near-infrared (NIR) probe [28]. | tested the efficacy of such
synthetic compounds AZ21-6 and GZ22-4 in vivo in a mouse model.

There is potential for using CAIX enzyme inhibitors as TME modifying
agents in combination with immunotherapy. One approach could be to
combine CAIX inhibition with a prominent tumor chemokine-chemokine
receptor axis inhibition. The chemokine (C-C motif) ligand 2 (CCL2) and
its receptor, CC motif chemokine receptor 2 (CCR2) signaling axis are
one of the major chemokine signaling pathways that are indispensable in all
stages of cancer progression, as are active in tumor hypoxia, neoangiogenesis,
recruitment of immunosuppressing cells, and metastasis [29, 30]. Apart from
cancer cells, the CCR2 receptor is also expressed in a plethora of cells such as
monocytes/macrophages as well as Tregs, CD4*, CD8* T cells, endothelial
cells, and fibroblasts [31]. Therefore, it can serve as a crosstalk between
cancer and immune cells. CCR2 protein affects homing of various T cell
subsets to the tumor [31]. Although the CCR2 receptor can bind to other
ligands, such as CCL8, CCL12, and others, CCL2 chemokine has by far the
highest binding affinity [30]. CCL2 chemokine is one of the strongest
chemoattractants involved in macrophage recruitment to the tumor bed [32].
Its regulation and role during tumor hypoxia are not well understood. The
promoter of the CCL2 gene contains hypoxia response elements (HRE) and
so the expression of CCL2 can be induced by HIF-1. However, the regulation
of expression of this chemokine in hypoxia is complex and depends on the
cellular type and context. Although chronic hypoxia has been reported to
decrease CCL2 chemokine levels in monocytes/ macrophages and some
cancer cell lines, cyclic hypoxia (more characteristic for tumors) has been
shown to increase the secretion of CCL2 chemokine and upregulate CCR2
receptors in macrophages [33, 34]. It has been shown that hypoxic tumor-
derived CCL2 chemokine drives the accumulation of granulocytic
CD11b*/Ly6C™d/Ly6G* myeloid cells in murine mammary tumors, which
helps to create the premetastatic niche. In turn, CCL2 chemokine
neutralization in such a medium decreases metastatic tumor burden [35].
Targeting the CCL2-CCR2 axis as a treatment option for patients with cancer
is in various stages of development [31]. Phase I/11 clinical trials with CCR2
receptor antagonists or antibodies targeting the CCL2-CCR2 axis thus far
resulted in poor responses or toxicities [36] [37]. However, the development
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of novel CCL2-CCR2 axis inhibitors is evolving with new potential drug
candidates reported [30]. For our work, we selected to use a small organic
molecule RS504393 (spiropiperidine), which is a selective antagonist of the
CCR2 receptor and has shown promising pre-clinical efficacy [38].

In summary, despite progress in the treatment of pediatric tumors, patients
with advanced or relapsed malignancies face poor outcomes. Tumor hypoxia
and acidity create a hostile tumor microenvironment that ensures tumor
progression and resistance to treatment. To develop more effective
combination therapies against pediatric cancers, we need a greater knowledge
of the cellular interplay between cancer cells and the tumor
microenvironment. Such knowledge could lay the groundwork for novel
cancer therapies’ development that target tumor hypoxia and the tumor
chemokine networks.

The goal of this study
To investigate whether the inhibition of hypoxia-associated proteins
such as the CAIX enzyme and/ or CCL2-CCR2 chemokine signaling axis
is efficacious in selected pre-clinical pediatric solid tumor models and
whether novel CAIX enzyme-recognizing NIR probes can effectively
recognize CAIX protein-expressing tumors in vivo.

Objectives:

1. To characterize CAIX enzyme inhibition effects in the
human neuroblastoma SK-N-AS cell-based model and human
osteosarcoma 143B cell-based model in vitro and in vivo as
monotherapy and in combination.

2. Tocharacterize the effects of CAIX enzyme inhibition on the immune
cell-human neuroblastoma SK-N-AS cell interaction in vitro.

3. To characterize the effects of CCL2-CCR2 chemokine signaling axis
inhibition on the immune cell-human osteosarcoma 143B cell
interaction in vitro.

4. To characterize CCL2-CCR2 chemokine signaling axis inhibition
effects in vivo in the orthotopically implanted human 143B cell-based
osteosarcoma xenograft mouse model.

5. To assess the feasibility of novel CAIX enzyme recognizing-NIR
probe-tagged compounds AZ21-6 and GZ22-4 for CAIX enzyme
recognition in the murine tumors in vivo.
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6. Develop a cancer cell-healthy donor peripheral blood mononuclear
cell (PBMC) co-culture method to study cancer cell-immune cell
interaction.

Scientific novelty

Our work highlights the compensatory mechanisms involved when
the CAIX protein or CCL2-CCR2 chemokine signaling axis is inhibited
in the tumor. We show that hypoxic conditions alter the expression of
different cellular markers and impair CCR2 antagonist effects in the
experimental osteosarcoma model. In addition, this work underscores
the multifaceted role of CAIX in tumor-stroma communication. This is
the first study attempting a combination of CAIX enzyme and CCR2
receptor inhibition in the NBL xenograft model. This study reveals
adaptive resistance in TME when the CAIX enzyme and CCR2
receptors are inhibited. Lastly, we tested the CAIX-specific specific-
NIR probes in mice bearing cervical cancer xenograft tumors. This
work lays the groundwork for novel cancer therapies that target tumor
hypoxia together with the tumor chemokine networks and for CAIX
enzyme recognition-based cancer diagnostics.

Defending statements

1. CAIX enzyme inhibition as single-agent therapy has limited efficacy in
human osteosarcoma 143B cell-based mouse tumor model.

2. CAIX enzyme inhibition is effective when combined with a CCR2
receptor antagonist in the human neuroblastoma SK-N-AS cell-based
xenograft mouse model.

3. CAIX inhibition decreases chemokines CCL2 and CXC motif chemokine
ligand 8 (CXCLS8) secretion in healthy donor PBMCs and SK-N-AS co-
culture model.

4. CCL2-CCR2 chemokine signaling axis inhibition in osteosarcoma 143B
cells has a divergent response in surface protein expression and secretion
under hypoxia compared to normoxia.

5. CAIX enzyme recognizing-NIR probe-tagged compounds AZ21-6 and
GZ22-4 are feasible for CAIX enzyme recognition in murine tumors in
Vivo.
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The dissertation contains four main parts. The first part describes the in vivo
study of the CAIX enzyme inhibition in the human osteosarcoma 143B cell-
based model. The second part is devoted to studies of CCL2-CCR2 axis
inhibition in the human osteosarcoma 143B cell-based model. The third part
describes studies of CAIX inhibition in the human neuroblastoma SK-N-AS
cell-based model. The last part discusses the creation of a CAIX enzyme-
recognition-based in vivo imaging platform.
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1. LITERATURE OVERVIEW
1.1. Physiological and Pathological Hypoxia

Oxygen is essential to sustain the life and physiology of eucaryotes. It assures
aerobic respiration and adenosine triphosphate (ATP) generation in
mitochondria [39]. “Normoxia” is usually recognized as oxygen levels noted
in tissue culture flasks, which corresponds to about 20-21 % oxygen
(160 mmHg) [40]. However, describing normoxia this way does not reflect
the actual physiological scenario in a human body as almost any cell in the
human body experiences lower atmospheric partial pressure of oxygen (pOz)
[40]. The pO: in arterial and venous blood is ~100 mmHg (~14 % O_) and
40 mmHg (~6 % O,), respectively. Oxygen concentration varies in different
tissues [41]. Following inhalation of oxygen, red blood cells absorb oxygen,
resulting in a maximal pO;tension in the pulmonary vasculature of 13
kilopascals (kPa) (~98 mm Hg). As oxygen is delivered to tissue, venous
blood pO: is lowered to 5.3 kPa (~40 mm Hg). Within interstitial spaces of
the tissue, the average pO;is only 2.7-5.3 kPa (~20-40 mm Hg) with
intracellular oxygen tensions ranging from 1.3 to 2.7 kPa (~10-20 mm Hg).
Physiological hypoxia has been observed in a range of tissues, including the
retina, the medulla of the kidney, the epidermis of the skin, the thymus, bone
marrow, and some areas within the spleen. Furthermore, the lumen of the
gastrointestinal tract is mostly anoxic [39] (Fig. 1).

0% 3% 5% 7% 14%

' 2

ARTERIAL'BLOOD

LUNG, LIVER, KIDNEY, HEART

BONE MARROW, BRAIN

RETINA

VENOUS BLOOD

Figure 1. Micro-environmental O found in tissues in situ. Adapted from
Stamati et al J. Tissue Eng, 2011 [42].

Pathological hypoxia is defined as pO. < ~1 kPa (<~7-10 mm Hg or ~1 %
0-) [40]. Itis at this level of pO,that the most responses to hypoxia occur [43].
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Certain pathological conditions are associated with decreased O- levels due to
increased demand or diminished supply, such as inflammation, high altitude,
stroke, etc. Cancer is one of them. As the tumor grows, oxygen demand
increases, but supply is diminished due to tumor pressure and distorted
vasculature [44] (Fig.2.).

Based on duration, hypoxia can be acute (ranging from fractions of a second
to minutes) or chronic (hours to days), or cyclic (intermittent) (oxygen
concentrations alternate between low and baseline levels) [40, 45]. Chronic
hypoxia induces delayed but durable responses that cause changes in mRNA
and protein expression. Cyclic hypoxia is more characteristic of a malignant
tumor and the greater fluctuations of oxygen are noted in the larger tumors
[33]. In addition, much higher expression of pro-inflammatory genes is noted
in cancer cells in cyclic hypoxia than in chronic [33]. Studies also show that
cyclic hypoxia is associated with higher expression (stability and activity) of
HIF-1a in cancer cells and compared to chronic hypoxia [45].

Figure 2. Scheme depicting tumor O, demand and delivery changes as tumor
size increases.

1.2. HIF-1 is the master hypoxia response regulator

HIF-1 is a transcription factor and the key regulator of the hypoxia response
[46]. HIF-1 protein was discovered in 1991 while studying the erythropoietin
(EPO) gene [47]. Cis-acting DNA sequences (5-RCGTG-3") were discovered
in the 3’-flanking region of this gene that were essential for the transcriptional
activation of the EPO gene in response to hypoxia. They were named hypoxia
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response elements (HRE) [47, 48]. Such transcriptional activation of many
regulatory genes is initiated through the binding of a specific protein later
identified as HIF-1[48]. All endogenous HRES are structurally complex, with
a conserved core HIF-binding site (HBS) with a G/ACGTG consensus
sequence [49].

Most oxygen-responsive genes hold HREs that bind HIF, leading to
adaptive responses. HIF leads to the metabolic reprogramming of cells. Three
members of HIF are identified today: HIF-1a, HIF-2a, and HIF-3a. They all
consist of a heterodimeric structure, belong to the basic helix-loop-helix/Per-
ARNT-Sim (bHLH-PAS) family of transcription factors, composed of an O,-
sensitive a subunit and an O-insensitive B subunit (HIF-1p), which is Oo-
insensitive and is also called recognized as aryl hydrocarbon receptor nuclear
translocator (ARNT) [46].

HIF-1a consists of 826 amino acids and HIF-1p of 789 amino acids. The
first half of the subunits contain PAS and HLH domains, which are important
for heterodimerization between HIF-1a and HIF-1P [45, 46]. The regions
responsible for the binding to the HRE of the target are located upstream of
the N-terminal of the HLH domain of both HIF-1a and HIF-1p subunits. The
second half of the subunits of HIF-1a consists of two transactivation domains
(TADs) (N-terminal N-TAD and C-terminal C-TAD, which control
transactivation of the target gene through the recruitment of coactivators
CBP/p300) and the inhibitory domain (ID), which suppresses transcription
during normoxia [46]. Lastly, the oxygen-dependent degradation domain
(ODD) is located upstream of N-TAD and is responsible for the hydroxylation
of the two proline residues and the acetylation of lysine resulting in
proteasomal degradation. HIF-1 subunit contains C-TAD but does not have
ODD and the N-TAD domains. This results in functional differences between
HIF-10 and HIF-1p subunits: HIF-1a is active in transcription and its function
is oxygen dependent, whereas HIF-1p is active under aerobic and hypoxic
conditions [46].

Although HIF-2a is structurally like HIF-1a (48 % sequence similarity) and
can heterodimerize with HIF-1f and bind with HREs, it has a different pattern
of tissue distributions [46, 48]. While HIF-1a is ubiquitously expressed in the
body, HIF-2a expression is in specific tissues: embryonic cells and adult
vascular endothelial cells, lungs, placenta, and heart [46]. HIF-2a. is important
during embryogenesis and is active in EPO and iron metabolism [46]. HIF-3a
shows about half of amino acids sequence identity in the bHLH-PAS domain
with HIF-1a and HIF-1p, and 61% in the ODD domain with HIF-1a. It does
not have the C-TAD domain and therefore does not have intrinsic
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transactivation activity. It contains a leucine zipper (LZIP) domain, which
plays a role in protein interactions. It can also heterodimerize with HIF-1§
[46]. HIF-3a isoforms can inhibit HIF-1 transcriptional activity as HIF3 gene
expression is induced by HIF-1 in hypoxic cells during prolonged hypoxia.
This may be a negative feedback mechanism to attenuate HIF-1 activity.

The regulation of HIF-1a and HIF-2a depends on protein stability and
accumulation through post-translational modifications [50]. The canonical
oxygen-dependent regulation involves the von Hippel-Lindau tumor
suppressor protein (pVHL) pathway. Under physiological pO,, HIF-1a and
HIF-2a are maintained at low levels due to constant ubiquitination-dependent
degradation via interactions with pVHL. Firstly, HIF-10 and HIF-2a proline
hydroxylation is catalyzed by prolyl hydroxylase domain proteins PHDs
(PHD1, 2, and 3). PHD enzymes require the presence of O, ferrous iron (Fe
(1)), and ascorbate as cofactors for their activity. pVHL, a recognition
component of an E3 ubiquitin-ligase complex, recognizes and binds
hydroxylated HIF-1o and HIF-2a at proline residues (Pro402 and Pro564 in
HIF-1a and Pro405 and Pro531 in HIF-2a), assembling the protein complex
for degradation via the ubiquitin-proteasomal pathway [50]. Alternatively,
HIF-1a hydroxylation can occur by the hydroxylase called factor inhibiting
HIF-1 (FIH-1). It inhibits the interaction between HIF-1a and transcription
coactivators CBP/p300 [46].

Under hypoxic conditions, PHD activity is suppressed, which decreases
HIF-1a and HIF-2a proline hydroxylation and degradation, resulting in HIF-
la and HIF-20, protein accumulation. The stabilized HIF-10. and HIF-2a
subunit translocates into the nucleus, dimerize with HIF-1B, and bind to
HREs, leading to the transactivation of hypoxia-responsive genes [50].
Regulation of HIF-1a protein is depicted in Fig. 3.

It is important to note that HIFs can also be regulated by non-canonical
oxygen-independent pathways. For instance, growth factors via receptor
tyrosine kinase activity can upregulate phosphoinositide 3-kinases (P13K) and
the mitogen-activated protein kinase (MAPK) signaling pathways that, in turn,
can upregulate HIF-1a protein translation [50]. Also, cytokines, such as IL-
1B, can increase HIF-1a binding to DNA under normoxic conditions based on
studies with hepatocellular carcinoma HepG2 cells [51].
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Figure 3. Canonical oxygen-dependent regulation of HIF-1a. Under
normoxia (upper panel), HIF-1a is hydroxylated by PHDs and FIH, which
allows the formation of pVVHL/E3 ubiquitin-ligase complex and recognition
and binding of hydroxylated HIF-1a at proline residues, resulting in
proteasomal degradation. Under hypoxia (lower panel), the lack of oxygen
limits PHD and FIH activities, leading to the accumulation of HIF-1a. After
translocating to the nucleus, HIF-1o forms a heterodimer with HIF-1p. The
heterodimer then binds to HRE and recruits co-activators such as CBP/p300
to the promoter region of target genes and regulate transcription. Adopted
from V. Infantino et al Int J Mol Sci, 2021 [46] and Shi, Y. et al Cell Mol Life
Sci, 2025 [50].

Adaptation mechanisms of the tumor cells to hypoxia include HIF-1lo-
mediated upregulation of glucose transporters (Glut-1 and Glut-3) and
enzymes of glycolysis. Conversion of pyruvate to lactic acid is facilitated by
the induction of lactate dehydrogenase (LDH). HIF-10 also induces pyruvate
dehydrogenase kinase-1 (PDK-1), which inhibits the conversion of pyruvate
into acetyl-CoA by pyruvate dehydrogenase (PDH), thus preventing entry of
pyruvate into the TCA cycle. Switching on the cytochrome c oxidase 4
(COX4) subunits ensures optimal efficiency of mitochondrial respiration in
hypoxia. These changes, in turn, cause the Warburg effect: aerobic
glycolysis, production of lactic acid, and increased LDH activity [52]. All
these processes lead to excess acidic metabolic products, including lactic acid,
protons, and carbon dioxide, which threaten cancer cells' survival. Therefore,
to maintain pH homeostasis, tumor cells upregulate various regulatory
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mechanisms, such as the CAIX enzyme, monocarboxylate transporter-4
(MCT4), and the Na*/H* exchanger (NHE1) [53] (Fig. 4).
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Figure 4. HIF-1a controls metabolic and pH-regulating pathways.
Adapted from Weidemann et al 2008 [53].

Ultimately, reduced oxygen availability stimulates a shift to glycolytic
metabolism, a slowdown in cell proliferation, diminished cell adhesion,
increased migration and invasiveness, increased angiogenesis, and other
energy-saving and metastasis-enabling alterations in cancers [3].

1.3. Tumor hypoxia and immune escape/ invasion

TME is a heterogeneous structure where tumor cells actively engage with
stroma cells, composed of extracellular matrix (ECM), fibroblasts, endothelial
cells, and immune cells. It is a dynamic milieu, where secreted bioactive
molecules and interplay between cells can result in anti-tumorigenic or pro-
tumorigenic tumors (Fig. 5) [54]. There are two main research areas for
studying TME: one with a focus on physicochemical characteristics (hypoxia,
acidosis) and another with a focus on the components of the TME and cellular
interactions via chemokine networks [55]. Further in my work, | will review
each of these research areas.
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1.3.1. Impact of hypoxia on tumor immune cells and their
interactions via chemokine networks
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Figure 5. Anti-tumorigenic and pro-tumorigenic TME components. Left-
anti-tumorigenic TME: M1 macrophages, Thl cells, DCs, CD8+ cells, NK
cells and bioactive molecules (antitumorigenic cytokines (IL-2, IL-12, IFN-
v), growth factor (GM-CSF), chemokines (CXCL9, CXCL10). Right- pro-
tumorigenic TME: M2 macrophages, tolerogenic DCs, MDSCs, Th2 cells,
Treg cells and bioactive molecules (protumorigenic cytokines (IL-4, IL-6, IL-
10, transforming growth factor-p (TGF-B), interferon-y (IFN-y), angiogenic
factors (VEGF), growth factors (GM-CSF, EGF, fibroblast growth factor
(FGF) and chemokines (CCL2)). The image was obtained from (Hourani et
al., 2021) [54].

Tumor hypoxia affects all the TME immune cell components (T cells,
monocytes/macrophages, NK cells, DCs and others). B. Chen et al 2020
published the Cancer Genome Atlas (TCGA) analysis study for HIF-1a
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expression in 10 types of cancers and its correlation with immune and stromal
signatures. HIF-1a expression correlated with worse patient outcomes. It
correlated with increased tumor suppressive signatures, including PD-L1
expression [56]. R.A Khouzam et al in 2020 performed immune cell analysis
in hepatocellular carcinoma (HCC) and glioblastoma multiforme (GBM)
patient samples using cell-type identification by estimating relative subsets of
RNA transcripts (CIBERSORT). This analytical tool is based on a gene
expression matrix of 547 genes to identify 22 immune cell types in TME.
Differential immune responses were noted in hypoxia-high versus hypoxia-
low tumors. The hypoxia high-risk groups showed immunosuppressive
phenotype, including Treg and MO M2 macrophages, whereas hypoxia low-
risk tumors showed immune-activating cell populations, such as NK cells,
CD8+ T cells, and M1 macrophages. In addition, immune checkpoint signals
and immunosuppressive cytokines were noted in hypoxia-high GBM tumors
[57]. In addition, the chemokine network, which is important in all stages of
tumor development, is altered under hypoxia [33].

Next, I will review the effects of tumor hypoxia on specific chemokines
(with emphasis on the CCL2-CCR2 and CXCL8-CXCR1/2 chemokine
signaling axis) and various immune cell subsets in tumors.

1.3.1.1. Chemokine network alterations in tumor hypoxia

1.3.1.1.1. Overview of chemokines

The chemokines are a vast family of small (60-100 amino acids), secreted
proteins that signal via the cell surface G protein-coupled heptahelical
chemokine receptors [58], whose main function is to regulate cell trafficking.
Although the first chemokine was identified in 1977, now we know more than
50 human chemokines and 20 chemokine receptors [59]. By stimulating the
migration of various blood cells, chemokines play a central role in the
development and homeostasis of the immune system as well as inflammatory
responses. Chemokines not only stimulate chemotactic cell migration but also
activate other types of cellular responses, such as cell arrest or adhesion [58].

Chemokines are defined by their primary amino acid sequence and the
arrangement of the cysteine residues within the protein. Disulfide bonds form
and maintain the structure of the chemokine monomer, which consists of a
central three-stranded B-sheet, an overlying C-terminal a-helix, and a short
unstructured N terminus that plays a critical role in receptor activation [58].
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Chemokines are split into four subfamilies based on the variation of the two
cysteine residues closest to the N terminus: CC (cysteines are directly set side
by side), CXC (single variable amino acid between two cysteines), CXsC
(three amino acids between these two cysteines), and XC (there is a lack of
first and the third cysteines of the motif) [58].

Chemokine receptors, heptahelical surface molecules that bind to
chemokines, are divided into conventional chemokine receptors (cCCKRs) and
atypical chemokine receptors (ACKRS) [58]. Once a chemokine is tethered to
a cCKR, conformational changes are induced, which translate into complex
intracellular signals that activate downstream pathways such as (-arrestins,
JAK-STAT pathways, and others [58]. There are currently 18 cCKRs known,
which are named according to the predominant chemokine they bind (i.e., CC,
CXC, CXsC, or XC), followed by the letter R (receptor), and then a number
reflecting the order of their discovery [58]. Receptor specificity is complex,
as many chemokines bind to multiple cCKRs, and some cCKRs have many
ligands. There are also variations in the affinity of certain chemokines toward
the receptors. Some cCKRs can also be activated by nonchemokine ligands.
For instance, high mobility group box 1 protein (HMGBL1) is a key CXC motif
chemokine receptor 4 (CXCR4) ligand [58]. Atypical chemokine receptors are
structurally related to cCKRs but do not couple to the signal transduction
pathways activated by cCKRs [58].

The chemokine network is complex and diverse and therefore exert
multifaceted roles in the cells and cell-cell interactions (Fig. 6). The function
of chemokines and their receptors encompasses not only chemokine-driven
cell migration, which guides immunological development, homeostasis, and
surveillance, but it also plays a key role in innate and adaptive responses,
inflammation, and tissue repair [58]. Therefore, chemokines and their
receptors are crucial factors in tumor evolution.

1.3.1.1.2. Chemokines and tumor hypoxia

Chemokines are an important component of the TME and various cell
interactions in the tumor niche. They can act via the autocrine loop of the
tumor cells and the paracrine loop between the tumor and the stroma cells:
TAMs, CAFs, tumor-associated neutrophils (TANSs), endothelial cells, and
others [60]. Depending on the context and exerted functions, chemokines can
be pro-tumorigenic or anti-tumorigenic [61, 62]. Chemokines can attract
various cells to the tumor niche, such as anti-cancer properties bearing TILs

26



and natural killer (NK) cells or pro-tumorigenic monocytes that become
TAMs.
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Figure 6. Functions of chemokines and their receptors. The image was
obtained from (Hughes et al., 2018) [58].

The chemokine network mediates various processes in tumor development,
such as progression, immune evasion, epithelial-mesenchymal transition
(EMT), and metastasis [61, 62].

The data on how hypoxia in TME alters chemokine profile is limited and
mainly is based on in vitro tests on different cell lines, which show the direct
effect of hypoxia on certain neoplastic processes [33]. In vitro tests show that
chemokine upregulation in hypoxia depends on the cell line and the context
(whether hypoxia is chronic or cyclic) [33, 63]. Next, I will focus on the role
of the CCL2-CCR2 and CXCL8-CXCR1/2 chemokine axis in the TME and
hypoxia as they are most relevant to my work.
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1.3.1.1.3. CCL2-CCR2 axis and tumor hypoxia

CCL2 was the first discovered human CC chemokine with its gene mapped
on chromosome 17 (chr.17, q11.2). It is composed of 76 amino acids and is
13 kDa in size [59].

CCL2 chemokine is secreted by a variety of cells in response to oxidative
stress, cytokines, or growth factors [59]. CCL2 binds to its receptor CCR2.
There are two alternatively spliced forms of CCR2: CCR2A (expressed by
mononuclear cells and vascular smooth muscle cells) and CCR2B (expressed
by monocytes and activated NK cells) [59]. Structurally, the N-terminal tail at
the end of the CCL2 protein determines CCR2 receptor binding affinity.
CCL2 can also bind to CCR4 receptors and ACKRs. CCL2 can regulate the
infiltration and migration of various cells monocytes/ macrophages, T cells,
and NK cells, playing critical roles in the immune response. CCL2 acts as a
potent factor in the polarization of ThO cells toward an immunosuppressive
Th2 phenotype [59]. Due to its role in the recruitment of monocytes, CCL2 is
important in the pathogenesis of many diseases, such as atherosclerosis,
inflammatory bowel disease, and cancer [62].
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Figure 7. CCL2 can recruit various immunosuppressive cells to the TME and
weaken the anti-tumor immune response. In addition to tumor cells, other cells
TAMs, TANs and CAFs can secrete CCL2 (Korbecki J. et al, 2020) [30].

CCL2 chemokine can be produced by the tumor cells as well as MDSC,
MSC, TAMs, TANs, and CAFs (Fig.7) [30]. CCL2 is associated with a worse
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prognosis in a variety of tumors. The CCL2-CCR2 signaling axis is
indispensable in all the stages of tumorigenesis, from initiation to progression
and metastasis [30]. It helps recruit TAMs and MDSCs into the tumor niche
and polarizes macrophages to the M2 phenotype [62]. It also recruits Treg and
Th17 cells into the tumors, creating an immunosuppressive niche. In tumor
cells, it increases proliferation and stemness, causing apoptosis and drug
resistance. By acting via endothelial cells, it contributes to angiogenesis. In
addition, it supports EMT transition and metastasis formation [62].

Studies show the variation of CCL2 secretion in response to chronic
hypoxia. Chronic hypoxia decreases the expression of CCL2 chemokine in
glioma, uveal melanoma cells, human umbilical vein endothelial
cells (HUVEC), and macrophages. On the other hand, chronic hypoxia
increases CCL2 protein in breast cancer, cervical cancer, multiple myeloma,
endothelial cells, and others [33]. These differences in CCL2 protein
expression in response to chronic hypoxia can be explained by the regulation
of CCL2 chemokine production. The promoter of the CCL2 gene contains
HRE [33]. At the same time, chronic hypoxia decreases the activity of oxygen-
dependent enzymes, such as Jumanji C domain-containing histone
demethylases (JHDMs), which leads to the methylation of the histones in the
promoter and enhancer regions of the CCL2 gene. This methylation leads to a
decrease in CCL2 protein expression. During cyclic hypoxia, the level of
CCL2 chemokine increases in alveolar macrophages, THP-1 monocytes,
endothelial cells, and melanoma cells. This effect is likely driven by the
induction of nuclear factor kappa B (NF-xB) [33, 34].

The CCR2 gene contains the HRE sequence. Chronic hypoxia increases
CCR2 expression in mDCs generated from primary human monocytes [64].
However, the M2 polarized macrophages derived from THP-1 monocytes did
not increase CCR2 expression under chronic hypoxia, but the addition of
HMGBL1, a nuclear chromatin-associated protein that works as a damage-
associated molecular pattern molecule, reduced CCR2 expression [65]. CCR2
MRNA expression was downregulated in mouse L929 fibroblast cells [66] and
human monocytes with an impaired response to CCL2 stimulation [67].

During cyclic hypoxia, both mRNA and protein expression levels of CCR2
were significantly increased in THP-1, and it was dependent on NF-
kB activation and upregulation of the receptor for advanced glycation
endproducts (RAGE) [68].

Data on how the tumor CCL2-CCR?2 axis is affected by hypoxia in vivo is
limited. It has been shown that hypoxic tumor-derived CCL2 chemokine
drives the accumulation of granulocytic CD11b*/Ly6C™¢/Ly6G* myeloid
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cells in murine mammary tumors, which helps to create the premetastatic
niche. In turn, CCL2 chemokine neutralization in such a medium decreases
metastatic tumor burden [35].

1.3.1.1.4. CCL2-CCR2 axis inhibition in cancer

Despite improved knowledge of the role of the CCL2-CCR2 axis in cancer,
we still lack an understanding of the effects of CCL2-CCR2 axis inhibition in
the hypoxic environment in solid tumors. Such comprehension is especially
pertinent today as CCL2-CCR2 axis inhibitors fail to show efficacy in clinical
trials. Targeting the CCL2-CCR2 axis as a treatment option is in various
stages of development. A few CCR2 receptor antagonists have been tested in
clinical trials. Sadly, PF-04136309, a small molecule targeting the CCR2
chemokine receptor, when used in combination with Nab-paclitaxel plus
Gemcitabine, had a concerning safety profile [36]. Three Phase I/l clinical
trials with BMS-813160, a CCR2 and CCR5 receptor dual antagonist, in
various combinations, have recently been completed (NCT03767582,
NCT03496662, NCT03184870), but no data have been reported. One Phase
I/ trial assessing the tolerability and efficacy of BMS-813160 with
Nivolumab and Gemcitabine and Nab-paclitaxel in pancreatic ductal
adenocarcinoma (PDAC) is active (NCT03496662). Similar issues are seen
with the development of antibodies targeting the CCL2-CCR2 axis. Carlumab,
a human immunoglobulin Glk (IgGlx) monoclonal antibody with high
affinity and specificity for human CCL2, was well-tolerated in a Phase Il
clinical study but did not show antitumor activity as a single agent in
metastatic castration-resistant prostate cancer [37]. A phase | study using
Plozalizumab, a highly specific humanized monoclonal antibody that interacts
with CCR2 and inhibits CCL2 binding, was terminated (NCT02723006).
Redundancy of the target, poor drug-like properties, insufficient drug level,
and many other factors could all contribute to the failed clinical trials with
small molecules targeting chemokine receptors [31]. However, the
development of novel CCL2-CCR2 axis inhibitors is evolving with new
potential drug candidates reported, including RS504393 [30] that needs to be
further explored [30] [38]. There is also a need for a better understanding of
how heterogeneous TME alters the response to such inhibitors.

1.3.1.1.5. CXCL8-CXCR1/2 axis and tumor hypoxia
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Initially discovered as a chemotactic agent for neutrophils, CXCL8 is a
peptide with 72 amino acids and has a critical N-terminal motif of Glu-Leu-
Arg that can be secreted by a variety of cells in the tumor, such as CAFs,
endothelial cells, DCs, monocytes, macrophages, and cancer cells [55].
CXCL8 chemokine signals through two G-protein-coupled cell-surface
receptors: CXCR1 and CXCR2 [55]. In addition to CXCL8, CXCR1 can
interact with CXCL6 chemokine and CXCR2 can interact with CXCL1,
CXCL2, CXCL3, CXCL5, CXCL6, CXCL7 chemokines [55].

The CXCL8-CXCR1/2 signaling axis is vital for tumor progression. It helps
recruit granulocytes and MDSCs to the site of the TME and promotes
angiogenesis, cancer cell proliferation, and immune resistance [55] [69] [70].
The CXCL8-CXCR1/2 axis is implicated in neutrophil extracellular traps
(NETSs) formation. These are extracellular web-like structures composed of
DNA-histone complexes and proteins released by activated neutrophils. These
structures are implicated in tumor progression and metastasis [71]. CXCLS8
chemokine secretion by the pancreatic cancer cells mediates CXCR2+CD68+
macrophage trafficking to the TME and contributes to cancer progression and
PD-1 blockade resistance in the murine pancreatic cancer cell model [72].
IFN-y cytokine decreased the secretion of CXCL8 chemokine in pancreatic
cancer cells and inhibited TAM migration to enhance anti-PD1 efficacy [72].
CXCLS8 secreted by TAMs promoted pancreatic cancer, HCC, prostate, and
thyroid cancer cell proliferation and invasion [55]. Mesenchymal stem cell-
derived CXCL8 promoted osteosarcoma pulmonary metastasis through
CXCR1/Akt signaling in mice [73]. CXCR1 gene knockdown improves the
sensitivity of human osteosarcoma cells to cisplatin, both in vivo and in vitro
[74].

CXCLS8 regulation under hypoxia has not been well studied. CXCLS8
upregulation depends on whether hypoxia is cyclic or chronic and the research
model studied. For example, chronic hypoxia does not alter CXCLS8
expression in breast cancer, lung adenocarcinoma, or uveal melanoma cells,
but is increased in GBM cells [63]. Regulation of CXCLS8 protein expression
under chronic hypoxia is also complex. In GBM cells, CXCL8 mRNA
expression in chronic hypoxia is activator protein 1 (AP-1) but not NF-xB
dependent [63]. In contrast, in some bladder cancer lines, CXCL8 protein
expression was associated with the activation of NF-kB but not AP-1[63]. In
rhabdomyosarcoma cells, CXCLS8 protein expression was regulated by AP-1
together with NF-xB and was not affected by HIF-1a. In HCC cells, an
increase in the expression of CXCL8 in chronic hypoxia was dependent on the
activation of HIF-1 and the effect of this transcription factor on NF-«B.

31



Similarly, the result of chronic hypoxia on CXCR1 and CXCR2 receptor
expression in cancer cells depends on the research model. Expression of
CXCR1 and CXCR2 receptors in cervical carcinoma cells and prostate cancer
cells increases via HIF-1 and NF-«B activation, whereas CXCR2 expression
in gastric cancer cells decreases.

CXCL8 chemokine secretion in cancer cells under cyclic hypoxia varies
based on the research model. In prostate cancer cells, both cyclic and chronic
hypoxia induce a similar increase in the expression of CXCL8 mRNA, but in
SK-0V-3 ovarian adenocarcinoma cells, only cyclic hypoxia increases the
expression of CXCL8 mRNA [75]. Interestingly, cyclic hypoxia increases the
expression of CXCL8 on neutrophils and the receptor of this chemokine,
CXCR2, which reduces the spontaneous apoptosis of these cells and likely
impacts TAN retention in TME under hypoxia.

Chronic hypoxia in primary human macrophages upregulates CXCL8, and
it is HIF-1a and HIF-2a-dependent [76]. During cyclic hypoxia, human THP-
1 macrophages, either unpolarized (MO) or polarized into M1 or M2
phenotype, have increased expression of this chemokine. Such expression can
be abolished in MO macrophages with a c-Jun N-terminal kinase (JNK)
inhibitor [77]. More research is needed to assess CXCL8 regulation in actual
hypoxic TME.

Plasma CXCL8 chemokine level could serve as a prognostic biomarker in
solid tumors, as patients with various solid tumors have elevated circulating
CXCL8 chemokine levels, which are associated with increased monocyte and
neutrophil infiltration, as well as worse outcomes and reduced effectiveness
of ICB [78, 79]. CXCL8-CXCR1/2 axis inhibition in combination with
immunotherapy may be a promising strategy. Sadly, recently published data
on the use of CXCR2 antagonist Navarixin in combination with
Pembrolizumab in adults with previously treated advanced or metastatic
castration-resistant prostate cancer, microsatellite-stable colorectal cancer, or
non-small-cell lung cancer did not show efficacy [80]. Nevertheless, the
development of novel agents targeting the CXCL8 chemokine is ongoing, and
several clinical trials are yet to be completed.
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1.3.1.2. Changes in the tumor immune cells under tumor
hypoxia

1.3.1.2.1. Cytotoxic T lymphocytes

While T-cells can function under mild to moderate hypoxia conditions, the
acidic pH of tumors suppresses T-cell activation, proliferation, and
cytotoxicity [81]. Interleukin-2 (IL-2)-driven T-cell proliferation stalls out at
pH 6.7. Extracellular pH in hypoxic tumors can be as low as pH 5.8-6.5. In
addition, lactic acid itself can block T-cell proliferation and effector functions
[81]. Calcinotto et al in 2012 described how acidic TME causes TIL anergy
in melanoma by suppressing IL-2 cytokine and interleukin-2 receptor alpha
chain (IL-2Ra) expression, diminishing signal transducer and activator of
transcription 5 (STAT5) and extracellular signal-regulated kinases (ERK)
activation, and decreasing CD3 and (-chain expression. Such cell anergy
could be reversed after pH was restored, but after some time [82].

Hypoxia triggers the release of adenosine precursor molecules, mainly
ATP and adenosine diphosphate (ADP), into the extracellular space through
channel-mediated transport or leakage due to non-specific membrane damage
[83]. In turn, the accelerated consumption of extracellular ATP and ADP by
hypoxia-sensitive, membrane-associated CD39 and CD73 ectonucleotidases
leads to the accumulation of end-product adenosine [84, 85]. CD4+ and CD8+
T cells express adenosine receptors (A2AR). Therefore, an abundance of
adenosine in the tumor milieu decreases the proliferation and synthesis of IL-
2, Tumor Necrosis Factor-alpha (TNF-a), interferon-gamma (IFN-y),
perforin, and FAS ligand by immune cells [86]. Reactive nitrogen species
cause nitration of the T-cell receptor and of CD8+, disabling recognition of
the major histocompatibility complex (MHC) - antigen complexes and T-cell
activation. Intratumoral nitration of the CCL2 chemokine reduces access of
TILs to the inner core of tumor tissues [87].

Hypoxia also affects co-stimulatory/inhibitory molecule expression on T
cells. HIF-1a increased costimulatory molecule CD137 (41-BB) expression
on activated T cells in culture. In addition, the CD137 receptor is upregulated
in murine tumors where TILs are experiencing hypoxia, as indicated by 18F-
MISO positron emission tomography (PET). Treatment with anti-CD137
monoclonal antibody diminished murine tumor growth [88].

Cancer cells employ MHC | receptor downregulation to avoid
immunosurveillance and killing [89]. Hypoxia decreases MHC | expression
on murine sarcoma tumor cells in vivo and in three-dimensional (3D) cultures
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[89]. In breast carcinoma patient tumor samples, CAlX-expressing hypoxic
areas correlated with decreased CD8+ T cell infiltration [90].

1.3.1.2.2. Regulatory T cells

The forkhead box P3 (FOXP3) gene, a regulator of the development and
function of Treg cells, has many predicted HREs. Hypoxia upregulates the
Foxp3 gene in primary mouse CD4+ T cells and human Jurkat cells. Hypoxia
increased the functional activity of murine Tregs [91] [92]. Facciabene et al
in 2011 showed that hypoxic intraperitoneal ovarian cancer cell line ID8
tumors recruit CD4+CD25+Foxp3+ Tregs cells, which dampen effector T cell
function and promote angiogenesis [9].

1.3.1.2.3. Tumor-associated macrophages and myeloid-
derived suppressor cells

Myeloid cells are known to play an important role in suppressing adaptive
immunity. The two main groups of suppressive myeloid cells in TME are
TAMs and MDSCs [93]. TAMs can develop from both tissue-resident and
circulating monocyte populations [94]. MDSCs are myeloid cells in the
immature state capable of suppressing T cell activity. MDSCs can be further
subdivided into 1) polymorphonuclear (PMN)-MDSCs, which express
CD11b*CD14-CD15" (in mice- CD11b*Lys6C"°Ly6G") surface proteins and
2) monocytic (M)-MDSCs, which express CD11b*CD14*"HLA-DR""- CD15
(in mice CD11b*Ly6C"Ly6G") surface proteins. TAMs are distinguished from
MDSCs by the presence of certain mature macrophage markers that MDSCs
lack, such as F4/80, CD68, and CD163, and low or absent SI00A9 expression
[95]. MDSCs under the influence of certain toll-like receptors (TLR) and
cytokine signaling can also differentiate into TAMs [96].

Chemotactic signals from the growing tumors recruit circulating
monocytes, where they differentiate into TAMs. The major chemokines that
drive such recruitment include CCL2 and CCL5. Blocking of the CCL2-CCR2
axis results in asignificant decrease in TAMs [94]. Other chemokines
involved in monocyte recruitment are CCL3, CCL4, CCLS8, and CCL22 [54].
Cytokines involved in monocyte transition to TAMs are colony-stimulating
factors-1 (CSF-1), VEGF, and IL-4 [97] [98].

Once monocytes reach the tumor bed and become TAMs, they are polarized
into type M1 or M2 [99]. M1 macrophages are strong effector cells, capable
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of Kkilling target cells and secreting proinflammatory cytokines. M2
macrophages promote angiogenesis and tissue remodeling, secrete anti-
inflammatory cytokines, and are pro-tumoral. TAMs are predominantly M2-
like with marked immunosuppressive properties [96] [99] (Fig. 8).
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Figure 8. Macrophage polarization. Adapted from S.D. Jayasingam et al
Front. Oncol., 2020 [99].

Both TAMs and MDSCs employ various mechanisms to suppress T-cell
immunity. They can upregulate PD-1 and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), which causes leukocyte apoptosis and anergy. They
deprive the local environment of nutrients necessary for T-cell activation and
function and generate nitric oxide and reactive nitrogen species by nitric oxide
synthase (iNOS) expression, which induces T-cell exhaustion. These
mechanisms decrease the effective killing of the tumor by T-cells and attract
tumor-supporting Tregs [100].

VEGF-A, semaphorin 3A (SEMA3A), and endothelial cell monocyte-
activating polypeptide-11 (EMAP-11) mediate TAM recruitment to the hypoxic
TME [101]. Recent evidence shows that large numbers of TAMs are attracted
to and retained in avascular and necrotic tumor areas [102]. At these sites,
TAMs appear to undergo marked phenotypic changes with activation of
hypoxia-inducible transcription factors, dramatically upregulating the
expression of many genes encoding mitogenic, proangiogenic, and
premetastatic cytokines and enzymes [102]. Under hypoxic conditions,
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murine and human TAMs display defective NF«xB, which impairs the
production of IL-12 and TNF-a, needed for antitumor immune responses
[102]. In addition, tumor-derived lactate (Warburg effect) can induce M2
phenotype-related genes, promote the expression of Arg-1, and stabilize HIF-
la [103]. Hypoxia via HIF-1a induces CD47 receptor expression in cancer
cells, promoting escape from phagocytosis by macrophages [104]. This way,
TAMs in hypoxic tumor areas promote immunosuppression, angiogenesis,
and metastasis.

Like TAMs, MDSCs preferably infiltrate hypoxic regions of the tumor. In
the experimental HCC tumor model, hypoxia prevented MDSC maturation at
the tumor site by inducing ectonucleoside triphosphate diphosphohydrolase 2
(ENTPD2) enzyme in cancer cells to generate a 5'-adenosine monophosphate
(AMP)-rich microenvironment [105]. In addition, MDSCs increase PD-L1
protein expression under hypoxia. Furthermore, the immune suppressive
function of MDSCs, isolated from the spleens of mice bearing B16-F10
tumors, was enhanced under hypoxia and was abrogated after blocking PD-
L1 [106].

1.3.1.2.4. Dendritic cells and natural killer cells

DCs are antigen-presenting cells (APCs) that help regulate innate and
adaptive immune responses. Interestingly, hypoxia increases the response to
proinflammatory stimuli in murine DCs and improves their function [107].
Monocyte-derived dendritic cells (mDCs) are also impacted by a hypoxic
environment. Recent studies show distinct gene expression profiles of mDCs
under chronic hypoxic conditions, where genes involved in glycolytic
metabolism, glucose transport, and coding for chemokines attracting
neutrophils and activated/memory T lymphocytes are upregulated. Other
genes affected were ones that code for endothelial cell survival, proliferation,
adhesion, and chemotaxis (osteopontin, VEGF, etc) [108]. Interestingly, under
hypoxic conditions, SCAIX may sample the microenvironment and generate
an immune response against extracellular antigens and therefore can be
applied for a vaccine strategy [109].

Hypoxia, in addition to its by-product lactate, inhibits NK cells' cytotoxic
activity [110, 111].
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1.3.2. Tumor acidosis

Figure 9. Low pH effects on TME and the adaptive immune response.
Tumor hypoxia leads to the upregulation of HIF-1a and the shift of tumor
metabolism to anaerobic glycolysis. Resultant intracellular acidosis is aborted
by CAIX, which hydrates CO,to produce bicarbonate and protons. This leads
to pericellular acidosis that is detrimental to anti-tumor immune responses. It
polarizes TAMs to M2 phenotype, increases survival of MDSCs, which
secrete VEGF, matrix metalloproteinases (MMPs) (pro-angiogenic), and
upregulates PD-L1. Low pH causes anergy of CD8+ T cells and stimulates the
progression of CD4+ T cells into the TH2 phenotype (tumor-promoting) as
opposed to TH1. TH2 cells secrete TGF-f (not IFN-y or TNF-a).

Warburg effect in growing tumors results in an acidic extracellular pH (pH
6.5- 6.9), compared to physiological conditions (pH 7.2-7.4) [112]. H+ ions
accumulate in the tumor-stroma interface, promoting tissue remodeling by
ECM degradation, activation of angiogenesis, and inhibition of immune
response [113, 114]. Such adaptations allow tumor cells to grow and invade.
Restoring pH with various treatments aborts tumor invasion [112]. The acidic
microenvironment created in the tumor vicinity by glycolytic activity can
cause upregulated expression of HIF-1a protein and VEGF cytokine, both of
which can contribute not only to increased angiogenesis but also to decreased
antigen presentation and the expansion of the population of
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immunosuppressive MDSCs [115]. IFN-y can be denatured at low pH, which
diverts T cells toward the protumor TH2 phenotype, as well as prevents the
activation of tumoricidal M1 macrophages [115]. As both cancer and immune
cells are heavily dependent on the glycolytic pathway for active proliferation,
they compete for glucose. It is a disadvantage of T cells as they cannot survive
without an adequate glucose supply. On the contrary, tumor cells can enter
quiescence for an extended period [116]. That way, tumor cells can endure
while T cells are not able to expand in the hostile environment [115] (Fig. 9).

Acidic TME induces an anergy in CD8+ T cells as it decreases cytolytic
activity, downregulates CD25 protein and TCR receptor, and decreases
cytokine production [19]. The acidic TME does not affect CD4+ T cells as
they rely on fatty acid oxidation [19]. Low pH via NF-«xB transcription factor
increases iINOS levels in macrophages. Exposure to lactic acid generated by
tumor cells induces VEGF cytokine and macrophage polarization towards the
M2  phenotype. The lactic-acid-stimulated  bone-marrow-derived
macrophages’ co-injection with tumor cell implantation in mice resulted in
significantly larger tumors than the co-injection with control macrophages
[103]. Extracellular acidosis upregulates arginase 1 (Argl) enzyme and
CD206+ protein on TAMs and helps inhibit T cell activation and proliferation
[19].

1.3.2.1. Targeting tumor hypoxia and acidosis

The pronounced effects of hypoxia on tumor immune responses call for a
search for agents that could alter hypoxic TME and, in turn, synergize with
various immunotherapies.

1.3.2.1.1. Ways to tackle tumor hypoxia

Re-oxygenation of tumor hypoxia zones could be the most direct strategy to
relieve negative hypoxic effects on immune cells. Pre-clinical studies with
syngeneic tumor models showed that respiratory hyperoxia could decrease
intratumoral hypoxia and enhance effector T cell infiltration, reduce Tregs,
and induce pro-inflammatory cytokines [117, 118]. However, such an
approach in a clinical setting is not feasible.

Metformin, an antidiabetic drug, inhibits mitochondrial complex I, reducing
tumor oxidative metabolism and alleviating tumor hypoxia. In turn, treatment
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with metformin in combination with anti-PD-1 blockade showed complete
tumor regression in pre-clinical studies [119].

Similarly, the anti-malarial drug Atovaquone inhibits oxidative
phosphorylation of complex Il of the mitochondrial electron transport chain
and reduces oxygen consumption rates in numerous cancer cell lines.
Administration of Atovaquone directly alleviates hypoxia in preclinical
xenograft models [120]. Patients with NSCLC who received Atovaquone
were noted to have increased tumor oxygenation that impeded hypoxic gene
expression [121].

Hypoxia-activated pro-drugs (HAPs) are DNA damage or kinase inhibitors
designed to be selectively activated under hypoxic conditions. They target and
kill hypoxic tumor cells that are traditionally resistant to conventional
therapies. To date, a limited number of HAPs have been evaluated in clinical
trials, including Porfiromycin, Banoxantrone, Tirapazamine, Evofosfamide,
PR-104, and Tarloxotinib. Of these, Evofosfamide is being tested in
combination with ICB in clinical trials (NCT03098160), but the status of this
clinical trial is unclear [122].

Targeting HIF has recently transitioned into clinical trials. A novel HIF-2
allosteric inhibitor, Belzutifan (MK-6482, PT2977), is currently being
evaluated in a Phase 3 trial in advanced renal cell carcinoma (RCC)
(NCT04195750) and VHL-associated RCC (Phase 2) (NCT03401788). A
dose-escalation/expansion trial in advanced solid tumors is now underway
(Phase I/lI) (NCT02974738). One study is evaluating Belzutifan in
combination with Cabozantinib in advanced clear cell RCC (NCT03634540).
In addition, data from the phase Il clinical trial of the HIF-20o inhibitor PT2385
were just reported, showing limited activity [123]. Whether HIF-2 inhibitors
can be advantageously combined with immunotherapies remains to be
determined. Pre-clinical studies show the effectiveness of HIF-1a inhibition
with DC vaccines in breast cancer models [124].

As hypoxia triggers a robust pro-angiogenic switch, targeting VEGF and
vascular endothelial growth factor receptor (VEGFR), angiopoietin-2 or
CXCL8 in combination with HIF inhibition is another attractive option.

1.3.2.1.2. Targeting tumor acidosis

The most direct approach to diminish tumor acidosis is by using buffers.

In pre-clinical murine models using buffers such as bicarbonate, imidazole-1-

yl-3-ethoxycarbonylpropionic acid (IEPA) to improve acidosis showed

positive results [125] [126]. A buffer therapy approach failed clinically in
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three clinical trials (NCT1350583, NCT01198821, NCT1846429) due to poor
patient compliance and grade 2 gastrointestinal toxicity [19].

Another approach to targeting tumor acidosis is via enzyme inhibition.
Ureases are urea-degrading enzymes that convert urea into more toxic
ammonia and lead to a local pH rise from the generated ammonia.
Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAMG6)-
targeted Jack bean urease (L-DOSA47) has begun to be used in preclinical
tumor models and clinical trials to modify the TME [127]. Research in
targeting lactate metabolism, by inhibiting lactate dehydrogenase A (LDHA)
has also gained speed [19].

lon transport, which permits cancer cell survival, inhibition may impede
acidosis. As a catalyzer of reversible hydration of CO; to bicarbonate and
protons at the extracellular surface, CAIX controls intracellular and
extracellular acid-base balance to maintain the survival of cancer cells and is
the key regulator of extracellular acidity. Therefore, inhibition of the catalytic
activity of CAIX to modulate acidity in TME has become a pursuit of many
researchers.

1.4. CAIX as a target in cancer therapeutics
1.4.1. CAIXin cancer

CAIX is a hypoxia-induced enzyme that belongs to hypoxia niche
modulatory proteins. CAIX is o carbonic anhydrase, a zinc metalloenzyme
that catalyzes the reversible hydration of carbon dioxide to bicarbonate ions
and protons in a cell, maintaining acid-base balance[11].

CA9 gene is located on the p12—p13 region of chromosome 9 [128]. The
basis of the unique properties of CA9 gene expression is the organization of
its promoter. The TACGTG HBS, located immediately upstream of the
transcription start, is the central regulatory element in the CA9 promoter, and
HIF-1 complex binding to the CA9 HRE is a prerequisite for further
transcription[49]. The remaining cis-acting elements in the CA9 gene are
subordinated to HRE and play significantly lesser roles [128]. Epigenetic
silencing via methylation of the CA9 promoter has been described and
represents a resistant mechanism during CAIX-directed therapies [49]. Other
mechanisms can regulate CAIX expression: inactive VHL increases CA IX
expression via active HIF-1a, and p53 activation leads to CA IX down-
regulation. Also, oncogenic PI-3K and ERK pathways can regulate CA 1X
expression by targeting cis-acting elements of the CA 1X promoter [128].
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In addition, CA9 gene expression can involve alternative splicing [129] as
the alternatively spliced (AS) variant of CA9 mRNA was demonstrated in
tumors, normal tissues, and under normoxia. The human AS mRNA lacks
exons 8-9 and codes for a truncated CA IX protein [129]. Such a variant of
CAIX can be present in normoxic cells. In the absence of full-length CA 1X,
it can produce false-positive results in studies designed to assess hypoxia
[129].

CA IX forms a homodimer in the crystal structure and is a multidomain
protein. It consists of an extracellular part with an active site and a
proteoglycan (PG) domain, which can open or close the active site of the
enzyme, a transmembrane segment, and a cytosolic tail [128] (Fig.10).

] -Proteoglycan domain
-Catalytic domain
IKelcl
MDY Wb”
-Transmembrane segment

-Intracellular tail

Figure 10. Depiction of the CAIX dimer with its four distinct parts: the
proteoglycan domain, catalytic domain, transmembrane segment, and the
intracellular tail. Certain objects in the image were obtained from NIH Bioart.

The CAIX enzyme’s catalytic domain faces the extracellular space. Like
other catalytically active CA isoforms, it contains a zinc ion at the bottom of
an active site cleft, which is essential for the catalysis and binding of
inhibitors. It is coordinated by three His residues (His94, His96, His119) and
a water molecule/hydroxide ion, which is nucleophilically activated upon
binding to the metal ion and efficiently transforms CO; into bicarbonate [128].
It is important to note that among the 12 catalytically active human CAs, the
active site amino acid residues are rather conserved. By CO; hydration CAIX
enzyme contributes to pH regulation across the plasma membrane, facilitating
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CO. diffusion and proton mobility. It exerts its action in partnership with other
acid extruders and bicarbonate importers such as sodium-dependent
bicarbonate transporters NBCel and NBCnl, lactate and proton-exporting
MCT1 and MCT4, NHE1, and others. It has been shown that CAIX can form
a transport metabolon with MCT1 and MCT4 [130]. In addition, CA IX can
also behave as an adhesion molecule. Its PG domain helps form focal adhesion
contacts during cell attachment and spreading on solid supports. It can also
disrupt intercellular adhesion contacts, disengaging E-cadherin from the
cytoskeletal base through the competitive binding to beta-catenin [11].

By helping maintain physiological pH in cancer cells, the CAIX enzyme
promotes tumor cell survival and progression. In addition, CAIX enzymatic
activity leads to pericellular acidosis in TME. As discussed previously, tumor
acidosis is associated with chemo/radio-resistance, suppressed immune
responses, and angiogenesis [6]. In addition, CAIX also drives cancer cell
migration, invasion, and epithelial-mesenchymal transition by both catalytic
and non-catalytic mechanisms [130-132]. Patients with high CAIX-
expressing tumors have a higher risk of disease progression and development
of metastases, independent of tumor type or site [14]. Increased CAIX
expression has been associated with worse prognosis in a group of devastating
pediatric cancers[14]: brain tumors [12, 13] and solid tumors outside the CNS,
such as bone and soft tissue sarcomas [15], NBL [16, 17] and others.

A recently published study of patients with recurrent/metastatic squamous
cell carcinoma of the head and neck (HNSCC), who received anti-PD-1
therapy, showed that lower tumor hypoxia, defined by lower CAIX staining
in patients’ tissues, was associated with significantly improved disease control
rate, progression-free survival, and overall survival. Lower tumor hypoxia
was associated with increased efficacy of anti-PD-1 therapy in these patients
[133].

1.4.2. CAIX as a target for cancer treatment

CAIX, as a hypoxia-induced enzyme, is an attractive target for cancer
hypoxia niche modulation. This protein is overexpressed in a variety of solid
tumors but has restricted expression in normal human tissues. Strong
expression of CAIX protein is seen in the basolateral surface of proliferating
crypt enterocytes of the duodenum, jejunum, and ileal mucosa [134]. In
addition, weak and diffuse CAIX protein expression is noted in the epithelia
of male efferent ducts and occasional foci in the pancreatic acini [134].
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To date, several small-molecule CAIX inhibitors have been designed, but
none have shown efficacy in clinical settings, likely due to limited drug-like
properties. The design of small-molecule inhibitors is based on sulfonamides
and their isosteres, such as sulfamates and sulfamides [128]. They act through
coordination to the zinc ion within the active site of the enzyme. The prototype
of such derivatives is acetazolamide, which is not selective for the CAIX
enzyme and, therefore, was further modified to achieve better selectivity
towards the CAIX enzyme. Second and third-generation agents include
benzolamide and SLC-0111. But despite multiple research papers on the
activity of various small-molecule CAIX inhibitors in vitro (and less so in
vivo), the clinical trials are sparse and do not show promising results. Most
studies use a non-specific CAIX inhibitor, acetazolamide, with limited
efficacy. Ongoing studies in lung cancer (NCTO03467360) and GBM
(NCT03011671) still await the results.

Small-molecule compound SLC-0111 entered phase 1 clinical trial in 2014,
No dose-limiting toxicities were reported up to 1000 mg/ day/ dose, other than
discontinuation of the drug by some patients due to the taste and texture of the
compound [21]. A multi-center, open-label Phase 1b study of SLC-0111 (oral)
in combination with gemcitabine in CAIX-positive patients with metastatic
PDAC was recently terminated (NCT03450018).

Limited results of CAIX inhibitors in the clinic can be attributed to gaps in
understanding how CAIX functions and how inhibitors exert their actions on
CAIX. In addition, CAIX upregulation is a dynamic process with flexible
compensatory mechanisms taking place when it is inhibited. Lastly, there is
a high homology in amino acid sequences between CA isozymes, which
makes the design and development of CA isoform-selective inhibitors
challenging. The sequence identity of the CA catalytic domain is more than
30 % [135]. The active sites of CA isoforms are conical in shape and differ
only by a few amino acids. The top of the binding site is variable, and the most
conserved residues are found deep in the active site and close to the zinc ion
[136]. Therefore, most inhibitors used in the clinic today lack selectivity
towards the targeted CA isozymes [22].

Our laboratory has developed and patented a series of lead small-molecule
CAIX inhibitory compounds, benzenesulfonamide derivatives, with VD11-4-
2 being the leading one [23] [26]. We further modified the leading VD11-4-2
compound into doubly headed AZ19-3-2
(https://patents.google.com/patent/W02022118277A1/en). AZ19-3-2 is a
highly selective inhibitor of CAIX. The binding of AZ19-3-2 to various CAs
was tested by fluorescent thermal shift assay (FTSA), isothermal titration
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calorimetry (ITC), and confirmed by stopped-flow assay of inhibition of
enzymatic activity (SFA). These studies showed exceptional sensitivity and
specificity toward CAIX enzyme with a picomolar binding constant. This
dissertation is based on studies with this novel CAIX inhibitor.

1.4.3. CAIX as a target for radiotherapy and diagnostics

As it was discussed previously, hypoxia is a predictor of worse outcomes
and treatment resistance in a variety of solid cancers. Therefore, the
characterization and detection of hypoxic regions within solid tumor masses
is an important task. Therefore, a molecular imaging application that targets
selective proteins that serve as markers for tumor hypoxia is needed. Such
imaging could help decide which patients will benefit from anti-hypoxia
therapy and help detect and follow the response of disseminated metastatic
disease to systemic and targeted therapies [137]. As increased CAIX
expression has been noted in a variety of cancers, the development of CAIX
recognition-based theranostic radiopharmaceuticals is of value [27].
Numerous CAIX-targeted radionuclide therapy agents are in various phases
of clinical trials [27]. The most suitable design approach for CAlX-targeting
theranostic compounds involves the formation of a conjugate between an
effective CAIX inhibitor and a metal chelator, tethered to a suitable linker
[27]. Several CAIX-targeting agents (monoclonal antibodies, antibody
fragments, peptides, and small molecules) conjugated to 8Zr, 18F, 1241, or In
have been suggested for PET/CT or SPECT/CT [27]. Many clinical trials
(NCT05018442, NCT03849118, NCT04897763, NCT05046665,
NCT04758780, NCT00884520, etc) have been initiated to evaluate the
diagnostic value of these radio-conjugates, including %Zr-labeled
Girentuximab (monoclonal antibody) and *¥F-VM4-037 (small molecule), for
the detection of urothelial, clear cell renal cell, and other cancers.

The ideal radiotracer must have high sensitivity and high specificity for
CAIX-positive metastases. As myelotoxicity was observed in most patients
treated with radioimmunoconjugate, small molecules remain a more
promising approach [138]. While most studies with small-molecule
conjugates are preclinical, few tracers have been tested in clinical trials with
mixed results. For instance, ®F-VVM4-037, a small-molecule radiotracer
developed on the sulfonamide pharmacophore, a derivative of the CA ligand
ethoxzolamide, failed to localize ccRCC tumors as it had a high background
in the kidney and liver [139]. Recently, a *™Tc labeled acetazolamide
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derivative, *"Tc-PHC-102, showed encouraging results in the pilot study
using a SPECT/CT scanner, identifying substantial tumor and metastasis
uptake. Gallbladder and stomach uptake was noted [140]. A pilot study of
8Ga-NY104, again based on an acetazolamide core, connected to a
hydrophilic spacer, and a chelator NOTA, in 3 patients with ccRCC showed
excellent tumor uptake and tumor-to-background. However, significant
uptake in the stomach and kidneys was noted [141]. The off-target uptake of
these compounds could be related to the non-specific CA binding.

Therefore, the first step in developing such theranostic pairs should involve
designing and synthesizing specific CAIX enzyme-recognizing compounds.
Our laboratory has designed and synthesized promising CAIX enzyme-
targeting compounds and tagged them to the NIR probe (CAIX enzyme
specific-NIR probe) as the first step in assessing the specificity and
biodistribution of these candidate probes for further development. Next, we
investigated the targeting abilities of the new CAIX enzyme specific-NIR
probes in vitro. My work encompassed the study of such compounds’ ability
to recognize CAIX enzyme in tumors in vivo in a proper xenograft platform.

In summary, tumor hypoxia and associated acidosis are linked to worse
cancer outcomes as they permit tumor progression, invasion, metastasis, and
immunosuppression. Mechanisms of immune suppression and ways to
overcome it are still not understood. Hypoxia and acidosis polarize
macrophages toward a tumor-promoting phenotype, block tumor killing by
the effector T cells, and attract immunosuppressive Treg cells. Therefore,
scavenging for pathways that could abort tumor hypoxia and acidosis is
needed. CAIX enzyme is one of the key regulators of tumor acidity in TME.
It is an attractive target for immunomodulation as well as diagnostics. The
CCL2-CCR2 chemokine signaling axis is indispensable in the
immunosuppressive microenvironment and is another attractive target to
explore. This work encompasses studies of these pathways in selected solid
tumor models.
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2. MATERIALS AND METHODS
2.1. Materials

75cm tissue culture flasks (#90076, TPP Techno Plastic Products AG)
12 well tissue culture plates (#92412, TPP Techno Plastic Products AG)
6 well tissue culture plates (#92406, TPP Techno Plastic Products AG)
96-well tissue culture plates (#92196, TPP Techno Plastic Products AG)
96-well cell culture plates, F-bottom (#655976, Greiner)

Nunc™ Polycarbonate Cell Culture Inserts in 12-well Plates, 0.4 um pore size
(#140652, Thermo Scientific)

Dulbecco’s Modified Eagle’s Medium (DMEM) (# 61965-026, gibco)
Advanced DMEM (ADMEM) (#12491-015, gibco)

Fetal bovine serum (FBS) (#12491-015, gibco)

Penicillin/streptomycin (#15140122) 100 units/mL

Tryple Express (#12604-021, gibco)

Phosphate Buffered Saline (PBS) (#20012019, gibco)

Hanks' Balanced Salt Solution (HBSS) (#SH30588.01, Cytiva)
Dymethylsulfoxid (DMSO) (#472324632, Roth)

Kolliphor HS 15 (#42966, SIGMA)

CCR2 antagonist RS504393 (#2517, TOCRIS)

Avastin (100mg/5ml solution, Roche)

AZ19-3-2 synthetic compound

GZ22-4 synthetic compound

AZ21-6 synthetic compound

Cytotoxicity Detection Kit (LDH) (#11644793001, Roche)
CyQUANT ™ XTT Cell Viability (# X12223, Invitrogen)

anti-hCD3 AF488 (#300320, BioLegend)

anti-h/mCD11b FITC (#101206, BioLegend)

anti-hCD86 AF488 (#53-0869-42, Invitrogen)

anti-hCD274 APC (#17-5983-42, Invitrogen)

anti-nCD8 PE/Cy7 (#344712, BioLegend)

anti-nCAIX AF488 (#FAB2188G, R&D)

anti-hCD45 PE/Cy7 (#304016, BioLegend)

anti-hVEGFR PE/Cy7 (# 393008, BioLegend)

anti-hPD1 PE (#621608, BioLegend)

anti-hnCCR2 PE (#357206, BioLegend)

anti-hCD4 APC (#51-0049-42, eBioscience)

anti-hCD206 APC (#17-2069-42, Invitrogen)

46



anti-hF4/80 APC (#123116, BioLegend)

anti-nCD44 APC (#559942, BD Pharmingen

anti-hCXCR1 FITC (#11-1819-42,eBioscience)

anti-hCXCR2 PerCP-eFluor710 (#44-1829-42, Invitrogen)

TruStainFcX anti-human (#422302, BioLegend)

TruStainFcX anti-mouse (#101320, BioLegend)

anti-mCD206 APC (#141708, BioLegend)

anti-mCD86 PE (#105008, BioLegend)

anti-mPD-L1 PE (#155404, BioLegend)

anti-mCCR2 PE (#150610, BioLegend).

7aad stain (#00-6993-50, eBioscience)

Partec CyFlow® Space cytometer.

mouse 1gG1lk PerCP-eFluor710 (#46-4714-82, Invitrogen)

mouse [gG2ak AF488 (#400233, Biolegend)

mat [gG2bk FITC (#400606, BioLegend)

ratlgG2ax APC (#400512, BioLegend)

mouse [gG2bk AF488 (#53-4732-80, Invitrogen)

mouse IgGlk APC (#17-4714-82, Invitrogen)

mouse IgGlk Pe/Cy7 (#25-4714-80, Invitrogen)

mouse 1gG2a AF488 (#1C003G, R&D)

mlgG2bk PE (#17-4732-81, eBioscience)

mlgG2ax PE (#98190, BioLegend)

mlgG2bx APC (#555745, BD Pharmingen)

anti-hCAIX M75 antibody (#00414, Abs Ab)

anti-mouse 1gG HRP antibody (HAF007, R&D)

B-actin antibody (#MA5-15739, ThermoFisher)

Collagenase D (#1108885, Roche)

DNAse (#52779120, Roche)

70 um strainer (#CLS431751, Corning)

Ammonium-chloride-potassium (ACK) lysing buffer (#A1049201, Gibco)
Flow cytometry staining (FACS) buffer (1xPBS, 0.5%FBS, 2.5mM EDTA
(#AM9260G, Thermo Fisher Scientific)

Radioimmunoprecipitation assay buffer (RIPA) (#89900, ThermoFisher)
Phosphatase inhibitor cocktail ((#78428, Thermo Scientific™)

Halt Protease Inhibitor Cocktail (#78425, Thermo Scientific™)
Phenylmethylsulfonyl fluoride (PMSF) Protease Inhibitor (#36978, Thermo
Scientific™)

4X lithium dodecyl sulfate sample loading buffer (LDS) (#NP0007,
Invitrogen)
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2-mercaptoethanol (B-ME) (#1610710, BioRad)

Bolt 4-12% Bis-Tris Plus gels (#NW0412, Thermo Scientific™)

0.2 um nitrocellulose membranes (#LC2000, Thermo Scientific™).

2% milk-TBST (1X Tris-Buffered Saline, 0.1% Tween® 20 detergent)
Tween-20 (#13474259, Fisher Scientific)

Novex ECL Chemiluminescent Substrate Reagent Kit (#WP20005,
Invitrogen).

NanoShuttle™ (#B22073BP, Greiner)

Holding drive (#655837, Greiner)

Ficoll-Paque™ PREMIUM (#17-5442-02, GE Healthcare).

Human IL-6 uncoated ELISA kit (#88-7066, Invitrogen)

Human IL-10 uncoated ELISA kit (#88-7106, Invitrogen)

Human TNF-a uncoated ELISA kit (#88-7346, Invitrogen)

Human MCP-1/ CCL2 uncoated ELISA kit (#88-7399, Invitrogen)

Human IL-8 uncoated ELISA kit (#88-8086 Invitrogen)

Human IFN gamma ELISA Development Kit (TMB) #900-T27, PeproTech)
Human IL-4 ELISA Development Kit (TMB) ((#900-T14, PeproTech)

Human VEGF DuoSet ELISA (#DY293B-05, R&D Systems)
3,3’,5,5’-tetramethylbenzidine (TMB) substrate solution

3.6% H>SO4

SouthernBiotech™ Mycoplasma Detection Kit

Alliance™ Q9 Imager system.

UVIBAND MAX analysis software system

Mettler Toledo SevenCompact™ pH meter S210 (#15360161, Fisher
Scientific)

Partec CyFlow® Space cytometer.

Life Technologies EVOS FL Auto Imaging System

Multiscan GO microplate spectrophotometer.
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2.2. Methods
2.2.1. Cell culture

SK-N-AS, a MYCN non-amplified, human NBL cell line was originally
purchased from ATCC and provided by Prof. AY. Huang, Case Western
Reserve University, USA. SK-N-BE, be2c, SH-SY5Y, LA1-55n lines were
kindly provided by Prof. Kanopka and Dr. E. Kriukiene, Vilnius University.
143B cell line was purchased from ATCC. The HeLa cell line was kindly
provided by Prof. Kanopka. The HeLaCAIXK® line was developed by Dr. J.
Matuliene, as published [28]. Cell lines were mycoplasma negative, as
confirmed using the SouthernBiotech™ Mycoplasma Detection Kit.

All lines were cultured in DMEM supplemented with 10% heat-inactivated
FBS, 100 units/mL penicillin, and 100 mg/mL streptomycin. Cells were grown
in a humidified incubator with 21 % O, and 5% CO;at 37 °C. Hypoxic
conditions, when needed, were achieved in the hypoxic chamber (MACS
VA500 microaerophilic workstation, Don Whitley Scientific, UK) with 1 % O,
5 9% CO-, and 94 % N.. Depending on experiments, cells grew in hypoxia from
48 hours to 11 days.

2.2.2. Animal care

For the in vivo animal study, female Nude mice (CR ATH HO Code
24106216), 5-6 weeks old, were obtained from Charles River Laboratories.
Animals were housed and handled in the Department of Animal Models
Animal Facility at Life Sciences Center, Vilnius University, Lithuania.
Animals were housed in an Allentown 48 Cage NexGen Mouse IVC Cage &
Rack System with individual ventilation, sterilized cages, and bedding. 5 mice
were housed per cage using a 12-h light-dark cycle, at 21-23 °C and 40-60 %
humidity. Animals were fed with a sterilized irradiated breeding/maintenance
diet for transgenic mice (#1414, Altromin) and sterilized water ad libitum.
Animals dedicated to imaging experiments were fed an irradiated chlorophyll-
deficient diet (#C1086194, Altromin). All experimental procedures
conformed to Directive 2010/63/EU requirements and were approved by the
Lithuanian State Food and Veterinary Service (Approval No G2-233, 2023-
01-18, No G2-194, 2021-11-09). Mice were observed every weekday and
weighed once weekly.
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2.2.3. Human neuroblastoma xenograft mouse model experiment

Before injection into animals, mycoplasma-free SK-N-AS cells in the
exponential growth phase were harvested, washed, and resuspended in PBS.
10-12 weeks female Nude mice (25 g) were inoculated subcutaneously (s.c)
into the right flank with 5x10® SK-N-AS cells resuspended in 100 uL of PBS.
Once tumors reached the average size of 35 mm?3, mice were randomized to
ensure equal tumor size distribution per group (n=7 per group). The 7 mice
per group were used based on published guidelines (54). Treatment with
AZ19-3-2 compound at 10 mg/ kg/ dose intraperitoneally (i.p.) daily was
initiated on the day of randomization. This dose was chosen based on
preliminary pharmacokinetic/ pharmacodynamic (PK/PD) studies. CCR2
antagonist RS504393 at a 2 mg/ kg/ dose i.p. daily was started on the 5th day
post-randomization to allow saturation of AZ19-3-2 compound with resultant
reduced pericellular tumor acidity. Such a dose of RS504393 was derived
from research publications [142]. The drug administration scheme is depicted
in Fig.11.

LAZ19.32 l l l 1 l l l l l ‘ l l l l —Combination arm (n=7)
} -cCRr2 antagonist LV | } J coR2 antagonist arm (=)

-—-AZ19-3-2 arm (n=7)

-Combination
T I T TN TN NN N TN NN NN NN AN N N N N A |
L] T T L T T T L] T T T 1 T T I T 1 1 L]

l _Inoculation of 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

tumor cells
/“:\Tl'

[ Days after tumor inoculation s
P, " :s
LN

Figure 11. Drug administration and timing scheme. Mice images obtained
from NIH BioArt.
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Tumor volume was monitored serially every other day using a digital
caliper and calculated using the formula: volume = (D*d"**r)/6, where D
represents the largest diameter and d the smaller diameter (55, 56). All mice
were sacrificed once a single tumor reached 1500 mm?volume. Animals were
euthanized with a flow of 8.0 L/ min of medical CO; gas (Elme Messer Lit,
Vilnius, Lithuania) followed by cervical dislocation. Harvested tumors were
weighed and analyzed using flow cytometry as described in the flow
cytometry section of the methods.

2.2.4. Human osteosarcoma xenograft mouse model experiments

Before injection into animals, mycoplasma-free 143B cells in the
exponential growth phase were harvested, washed, and resuspended in PBS.
8-12 weeks old female Nude mice were inoculated intraosseous (i.0.) under
isoflurane anesthesia with 0.5x108 143B cells resuspended in 20 uL of PBS
into the right tibia. Once tumors reached palpable size, on the 16" day post-
tumor inoculation, mice were randomized based on tumor size and treated
with CCR2 antagonist RS504393 at a dose of 2 mg/ kg/ dose i.p. daily or
vehicle control. 10 mice per group were used based on published guidelines
[143]. The drug administration scheme is depicted in Fig.12.
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Figure 12. Drug administration and timing scheme. Mice images obtained
from NIH BioArt.

For the experiments utilizing Avastin, treatment of mice was initiated on day
12 post-143B cell i.0. injection. AZ19-3-2 compound 10 mg/ kg/ dose i.p. was
administered daily, and Avastin was administered at 10 mg/ kg/ dose i.p.
twice weekly. Such a dose of Avastin was chosen based on available published
data [144]. The drug administration scheme is depicted in Fig.13.
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Figure 13. Drug administration and timing scheme. Mice images obtained
from NIH BioArt.

Tumor size was calculated as follows: volume = (D*d"?*r)/6, where D is the
longer measurement and d is the shorter one (55, 56). All mice were sacrificed
once a single mouse reached a tumor volume of 1500 mm?. At the end of the
experiment, animals were euthanized with a flow of 8.0 L/ min of medical
CO; gas (Elme Messer Lit, Vilnius, Lithuania) followed by cervical
dislocation.

2.2.5. Human cervical cancer xenograft mouse model visualization
experiment

Before injection into animals, mycoplasma-free cells in the exponential
growth phase were harvested, washed, and resuspended in PBS. 8-12 weeks
old female Nude mice were inoculated s.c. with 3x10° HeLaCAIX"T cells in
100 pL of PBS into the right flank of the mice, and the same number of
HeLaCAIXXO cells were injected into the left flank of the same mouse. Once
tumors reached a suitable size for imaging, GZ22-4 or AZ21-6 compounds
were injected intravenously (i.v.) at a dose of 2 mg/ kg/ dose once. Mice were
imaged every 24 hours post-injection using isoflurane anesthesia with the
Alliance™ Q9 Imager system. Images were quantified using the UVIBAND
MAX analysis software system. At the end of the experiment, animals were
euthanized with a flow of 8.0 L/ min of medical CO; gas (EIme Messer Lit,
Vilnius, Lithuania) followed by cervical dislocation.
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2.2.6. LDH and XTT assays

Approximately 6250 SK-N-AS cells per 100 uL. of DMEM medium were
seeded in a sterile 96-well tissue culture plate. After 24 hours of incubation in
1 % O, we removed the supernatant and titrated the CAIX inhibitor AZ19-3-
2 at doses 0.01, 0.05, 0.1, 0.5, 1, 2, 4, and 6 uM in the ADMEM (final volume
200 pL per well) in triplicate for each condition. The cells were then incubated
in 1 % O, for 48 hours. Subsequently, LDX and XTT assays were performed
according to the manufacturer's protocol using the Cytotoxicity Detection Kit
and CyQUANT ™ XTT Cell Viability Assay kit. The untreated cells/ control
OD was used as a reference value and set as 100 %. The treatment value was
calculated as % of the control. Data encompasses 3 separate experiments.

2.2.7. Extracellular pH measurements

For extracellular pH measurements, 0.15x10% SK-N-AS or 0.075x10°¢ 143B
cells were resuspended in 1 ml of DMEM per well and were seeded into 12-
well plates. CAIX inhibitor AZ19-3-2 at doses of 0.05 and 0.2 uM was added,
as well as a vehicle control. Cells were incubated for 48 hours under normoxia
and hypoxia. The pH measurements were taken using a Mettler Toledo
SevenCompact™ pH meter S210. Data encompasses 9 repeats per condition.

2.2.8. Flow cytometry

PBMCs, SK-N-AS, and 143B cells were collected by detaching with
TrypLE solution for 5 min, followed by the addition of DMEM supplemented
with 10 % FBS and 1 % penicillin/streptomycin. After washing collected
cells, the cell surface receptors FcyRIII (CD16) and FcyRII (CD32) were
blocked with Fc block (anti-human CD16/32) solution (1:100). Cells were
stained with the following anti-human antibodies (1:100): anti-hCD3 AF488,
anti-h/mCD11b FITC, anti-hCD86 AF488, anti-nCD274, anti-hCD8 PE/Cy7,
anti-hCAIX AF488, anti-hCD45 PE/Cy7, anti-hCD80 PE/Cy7, anti-hVEGFR
PE/Cy7, anti-hPD1 PE, anti-hCCR2 PE, anti-hCD4 AF647, anti-hCD206, and
anti-hF4/80 APC with corresponding isotypes. The 7aad stain was used to
discern live cells from the dead. Live cells were analyzed by flow cytometry
using Partec CyFlow® Space cytometer.

Flow cytometry on tumors harvested from mice. Tumors were dissected
from mice and placed into a separate 100 mm Petri dish on ice, quickly minced
with scalpels into fragments. Collagenase D 1mg/ ml and DNAse 0.05 mg/ mi
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were added into 2 ml HBSS and incubated at 37 °C for 15 min. Digested
tumors were passed through a 70 um strainer. Cells were centrifuged and
lysed with 2 ml of ACK lysing buffer for 1 minute to deplete red blood cells.
The reaction was quenched with HBSS, followed by centrifugation and
washing with FACS buffer, and the cells were then subjected to flow
cytometry analysis. TruStainFcX was used for non-specific receptor blockade.
To analyze tumor fraction in human cell xenografts, anti-hCD274 APC, anti-
hCA9 AF488, anti-hVEGFR PE/Cy7, anti-hCCR2 PE, and anti-hCD44 APC
with corresponding isotype controls were used. Anti-mouse antibodies were
utilized to analyze the immune fraction in xenograft tumors. Additionally,
non-specific receptor blockade was employed. TruStainFcX anti-mouse was
used. Antibodies used were anti-mCD206 APC, anti-mCD86 PE, anti-mPD-
L1 PE, and anti-mCCR2 PE with corresponding isotype controls. The 7aad
stain was used to discern live cells from dead. Cells were analyzed by flow
cytometry using Partec CyFlow® Space cytometer.

Data were analyzed using FlowJo. Isotype controls were used to depict the
threshold of positive cells. In all cases, the percentage of positive cells in the
isotype controls was calculated from all live cells. The percentage of live
tumor cells was calculated and used for further analysis. In the case of stroma
cells, live CD11b* cells were selected for analysis. The percentage of F4/80",
CCR2*, CD206", and CD86* was calculated of CD11b* cell population.

2.2.9. Immunohistochemistry

Immunohistochemistry (IHC) of 143B, SK-N-AS, and HelLa tumors was
performed at the National Pathology Center, Vilnius, Lithuania. Formalin-
fixed and paraffin-embedded (FFPE) slides cut at 3 microns were subjected to
H&E and IHC staining with BenchMark Ultra VENTANA. In brief, before
initial deparaffinization, sections were steamed at 60 °C for 24 min, then
antigen retrieval with CC1 for 64 min at 95 °C. The slides were incubated with
the CCR2 antibody (Roche clone SN707, 1:400) or CAIX antibody (Cell
Marque clone EP161; 1:50). Tissues were exposed to Dab chromogen for 8
min and then counterstained with hematoxylin, dehydrated, and mounted. A
universal DAB detection kit (# 92760-500, Roche) was used for visualization.

2.2.10. Western Blot

After 72 hr incubation under hypoxia or normoxia, neuroblastoma SK-N-
AS and osteosarcoma 143B cells were harvested, washed with PBS twice, and
resuspended in RIPA containing protease and phosphatase inhibitors
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(ThermoFisher Halt™ Phosphatase inhibitor cocktail, Halt Protease Inhibitor
Cocktail, and PMSF) for 30 min on ice and centrifuged at 16000%g for 15 min
at 4 °C. Total protein lysate was quantified by the Bradford method (53).
Lysate was boiled for 10 min at 95 °C in 4xLDS containing B-ME, then
separated using Bolt 4-12 % Bis-Tris Plus gels and transferred onto 0.2 um
nitrocellulose membranes. Subsequently, the membrane was blocked using
2 % milk-TBST for 1 hour and incubated overnight at 4 °C with the primary
antibody anti-hCAIX in 2 % milk-TBST. B-actin was used as a protein loading
control. Membranes were then washed three times for 5 min in TBST and
incubated for 2 hours at room temperature with a 1:1000 dilution of
corresponding secondary antibodies. After incubation with a secondary
antibody, membranes were washed an additional three times and incubated
using Novex ECL Chemiluminescent Substrate Reagent Kit substrate. Bands
were visualized using the Alliance Q9 Advanced (UVITEC) system.

2.2.11. Three-dimensional neuroblastoma cell SK-N-AS spheroid
culture experiment

Approximately 0.2x10° SK-N-AS cells per 2 mL DMEM medium were
seeded per well into 6-well plates. The next day, NanoShuttle™ 70 uL was
added into each well. After 24 hours of incubation, cells were seeded into 96-
well cell culture plates, F-bottom (400 cells per well in 150 pL tumor cell
medium). Cells were kept on the 96-well holding drive for 30 min. Plates were
transferred into the incubators with 1 % O, versus 21 % O, conditions. Once
spheroids were formed, after 48 hrs incubation, AZ 19-3-2 compound 200 nM
(n=10 (hypoxia), n=7 (normoxia)) and vehicle control (n=10) were added into
the corresponding wells. Spheroids were imaged daily starting the first day of
the addition of drugs using a Life Technologies EVOS FL Auto Imaging
System at 4X magnification. Compounds with the medium were changed
regularly every 48 hours. Images were analyzed using ImageJ software.

2.2.12. Cancer cell - PBMC assay

The healthy donor PBMC co-culture method better reflects in vivo cell
behaviors and has emerged as an important method with various applications
in cancer research [145, 146]. Our model did not allow direct cell-to-cell
contact and was focused on paracrine signaling and response to soluble
signaling factors [146]. We chose the co-culture study model as it involves
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the cultivation of different types of cells in the same conditions and allows
the exploration of dynamic interactions between cancer-immune cells [147].

Healthy donor
PBMCs ~

0.4 pm semipermeable
membrane ~—

Cancercells —

Figure 14. Scheme of cancer cell - PBMC co- culture assay using transwell.

Fig. 14 depicts the transwell assay setup. We used Thermo Scientific,
Nunc™ Polycarbonate Cell Culture Inserts in 12-well Plates, 0.4 um pore size
for the experiments with neuroblastoma SK-N-AS cells. First, 0.15x10° SK-
N-AS cells were seeded in 2 mL of ADMEM per well and incubated in 1 %
O,. After 24 hours, 0.2 pM AZ19-3-2 or vehicle control was added, and cells
were incubated in 1 % O, for an additional 24 hours. Subsequently, healthy
donor blood was collected in compliance with the bioethics protocol approved
by the Vilnius Regional Committee of Biomedical Research (2020 03 31
Nr.2020/3-1209-694) (6 donors). PBMCs were isolated using Ficoll-Paque™
PREMIUM according to the manufacturer's protocol. Once isolated, PBMCs
were counted and seeded at 1x10° per well with ADMEM + 5 % FBS and
placed in hypoxia. After 48-hour incubation in 1% O,, supernatants were
collected from the top or bottom chambers, centrifuged, and prepared for
indirect enzyme-linked immunosorbent assay (ELISA) analysis. PBMC from
the top chamber and SK-N-AS cells from the bottom chamber were harvested
for flow cytometry analysis. Data encompasses 6 different experiments.

For co-culture experiments with 143B cells, Thermo Scientific, Nunc™
Polycarbonate Cell Culture Inserts in Multi-Well Plates, 0.4 um pore size, 12-
well, were used. First, 0.15x10° osteosarcoma 143B cells per well were seeded
and left for 24 hours in 1% O, in ADMEM with 3% FBS. Vehicle or
RS504393 at 0.5 uM concentration was added, and cells were incubated in
21 % and 1% O,. After 24 hours, healthy donor blood was collected in
compliance with the bioethics protocol approved by the Vilnius Regional
Committee of Biomedical Research (2020 03 31 Nr.2020/3-1209-694) (3
donors). PBMCs were isolated using Ficoll-PagueTM PREMIUM according
to the manufacturer's protocol. Once isolated, PBMCs were counted and
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seeded at 1x10° per well with advanced DMEM + 5 % FBS. After 48-hour
incubation in 1% or 21 % O, supernatants were collected from the top or
bottom chambers and centrifuged at 300xg for 5 min. Supernatants were
collected and centrifuged again at 1000xg for 5 min and prepared for ELISA
analysis. PBMC from the top chamber and 143B cells from the bottom
chamber were harvested for flow cytometry analysis.

Data were analyzed using FlowJo. Isotype controls were used to depict the
threshold of positive cells. The percentage of live SK-N-AS or 143B cells was
calculated and used for further analysis. In the case of PBMCs, live CD45*
cells were selected for the study. T cell markers CD4, CD8, or PD-1 were
calculated in the CD3" population as a fraction of positive cells. The
percentage of cells expressing PD-L1", CCR2*, CD86", CD206", and
CD86*CD206* receptors was calculated from the CD11b* cell population. For
experiments with SK-N-AS cells, to avoid data variation among blood donors,
immune cell data were normalized. The percentage of positive cells of each
set of markers (PD-L1*, CCR2*, CD86*, CD206*, and CD86*CD206*) was
divided by the average value of positive cells of all treatments per donor.
Normalized data were presented as a relative % of positive cells of certain
markers in the graphs.

2.2.13. Quantitation of cytokines and chemokines in cell culture
supernatants

For quantification of cytokines and chemokines in cell culture
supernatants, the following ELISA kits were used: I1L-6, IL-10, TNF-a, CCL2,
CXCLS8, IFN-y, IL-4, and VEGF. ELISA Kkits are based on the sandwich
immunoassay technique. Supernatants were diluted up to 1:200. All procedures
were performed according to manufacturers’ protocols. In the last step, 3,3°,5,5’-
TMB substrate solution was added to each well. The plates were monitored for
15 min for color development, the reaction in wells was stopped with 3.6 %
H2SO4 solution, and the wells were read at 450 nm with reference wavelength at
620 nm using a Multiscan GO microplate spectrophotometer. A standard curve
was generated from the cytokine standard, and the cytokine concentration in the
samples was calculated. Data encompasses 6 experiments.

2.2.14. Statistical analysis

Data were analyzed using Graph Pad Prism software (version 10.0.2) and
presented as bar graphs with individual data points of at least five independent
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experiments. Data graphs are presented using Matplotlib 3.9.0. Independent
experiments referred to as n means the number of independent cell culture
preparations or animals. Kolmogorov—-Smirnov normality test was carried out
to test if the values come from a Gaussian distribution. Statistical comparisons
between treatment groups and controls were performed using two-way
ANOVA or one-way ANOVA in conjunction with a Tukey multiple
comparison test. For differences between treated and non-treated cohorts,
a paired Student's t-test was applied. In other cases, a Kruskal-Wallis test with
Dunn's post hoc test was used for non-parametric data. P values < 0.05 were
considered significant and were shown (p <0.05;"p <0.01,™p
< 0.001, ™ p < 0.0001).
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3. RESULTS

CAIX enzyme, being one of the key regulators of tumor acidity in hypoxic
TME, is an attractive target for immunomodulation and cancer diagnostics.
We therefore investigated the efficacy of CALX inhibition in the osteosarcoma
cell line 143B model and the neuroblastoma SK-N-AS cell line model. We
also assessed the feasibility of the CAIX protein recognition-based imaging
platform for the in vivo testing of fluorescent CAIX-enzyme-recognizing
compounds.

As the CCL2-CCR?2 axis is indispensable in tumor progression, we also
investigated the role and the efficacy of CCR2-CCL2 axis inhibition in the
osteosarcoma cell line 143B model as well as the neuroblastoma SK-N-AS
cell line model. We hypothesized that by targeting both tumor hypoxia (CAIX
enzyme inhibition) and the CCL2-CCR2 chemokine axis, which is
indispensable in immunosuppressive tumor niche creation, we would achieve
a better anti-tumor efficacy.

3.1. Efficacy of CAIX inhibition in human osteosarcoma 143B
cell-based model

Osteosarcoma is an aggressive bone cancer [148]. CAIX is expressed in
osteosarcoma and is associated with worse outcomes [15, 149]. CAIX
inhibition may be an attractive strategy for this type of cancer treatment [149].
Here we went on to test the efficacy of CAIX blockade in the 143B cell line
xenograft [150]. It is an attractive model to study metastatic disease [151]. We
used our novel CAIX inhibitor AZ19-3-2, which contains two VD11-4-2 head
groups attached via a 12-mer PEG linker chain. Among the available
synthesized CAIX inhibitors in our laboratory, it exhibits the best balance of
affinity and selectivity toward the CAIX enzyme with a picomolar binding
constant.

3.1.1. 143B cells have increased CAIX expression

We performed western blot (WB) analysis and flow cytometry analysis to
assess CAIX protein expression in the 143B cell line. We see a degree of
CAIX protein upregulation in normoxia with an increase in hypoxia (Fig.
15A, B).
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Figure 15. CAIX protein expression pattern of 143B cells and CAIX
inhibitor AZ19-3-2 induced phenotypic outcomes. A) WB analysis
depicting CAIX protein upregulation in 1 % O, compared to 21 % O,. B) Flow
cytometry analysis shows an increase in CAIX protein expression on 143B
cells in 1% O2 (red lines) compared to 21 % O2 (blue line); black line-
isotype control. C) epH changes in 143B cell supernatants in normoxia and
hypoxia with or without the addition of AZ19-3-2 in comparison to untreated
cells (UTD) and vehicle control (VEH). D) XTT (red circles) and LDH
(orange circles) measurements on 143B cells exposed to AZ19-3-2 treatment
for 72 hr under hypoxia.

CAIX enzyme, via CO; hydration, contributes to pH regulation across the
plasma membrane, facilitating CO; diffusion and proton mobility, and in turn
helps maintain physiological pH in cancer cells with resultant pericellular
acidosis [130]. Therefore, we assessed whether CAIX protein inhibition alters
pericellular pH in osteosarcoma 143B cells. In vitro, AZ19-3-2 caused
extracellular pH (epH) changes at a dose of 200 nM (Fig. 8C) as compared to
untreated (UTD) and vehicle (VEH) controls. These epH changes were
evident in hypoxia, but not in normoxia. Data shows that the AZ19-3-2
compound is fairly non-toxic. XTT and LDH profiles on 143B cells (Fig. 15D)
show significant toxic effects on cells only at a dose of 2 uM and higher.
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3.1.2. CAIX inhibition is ineffective in orthotopically implanted
human osteosarcoma 143B cell-based xenograft mouse model

Next, we investigated the effects of CAIX protein inhibition in
orthotopically implanted human 143B cell-based osteosarcoma xenograft
mice model in vivo. As CAIX enzyme inhibition as monotherapy did not show
efficacy in this model, we attempted a combination approach. We chose the
VEGFR blockade for potential synergy using the VEGF-A-targeting
monoclonal antibody Bevacizumab (Avastin) [152]. The VEGF-VEGFR
cytokine axis is implicated in tumor neo-angiogenesis and is active in
osteosarcoma patients [153]. Mcintyre et al have shown that CAIX
knockdown in cancer cells, together with Bevacizumab treatment, reduced
xenograft growth rate in the colon adenocarcinoma cell line HT29 and
glioblastoma cell line U87 [154]. In addition, the nonspecific CA inhibitor
Acetazolamide enhanced Bevacizumab treatment in HT29 xenografts [154].
However, data on the efficacy of specific CAIX inhibition in conjunction with
Bevacizumab in osteosarcoma is lacking.
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Figure 16. AZ19-3-2 compound as a single agent or in combination with
Avastin failed to slow the growth of orthotopically implanted human 143b
cell-based osteosarcoma xenograft tumors in vivo. The left graph shows
tumor volume changes over time in mice treated with: AZ19-3-2 compound
(red line and circles), Avastin (brown line and circles), combination (purple
line and circles), or control (orange line and circles). Corresponding tumor-
growth Kkinetics for individual animals in each group are shown on the right.
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6-12 weeks old Nude mice from Charles River Laboratories were injected
i.0. with 0.5x10° 143B cells into the tibia under anesthesia. Once tumors were
palpable, mice were randomized based on tumor size, and treatment was
initiated on day 12 post-cell injection. AZ19-3-2 compound 10 mg/ kg/ dose
i.p. was administered daily. Avastin was administered at 10 mg/ kg/ dose i.p.
twice weekly. Mice were sacrificed on day 27 of the experiment as tumors
reached 1500 mm?in size. 2 mice were sacrificed earlier due to ill appearance.
Only a minimal decrease in tumor size in the combination group was noted
(Fig. 16).

Tumors from the sacrificed mice were harvested and subjected to flow
cytometry analysis. Flow cytometry analysis of tumor cells revealed that
13.8 % of tumor cells express CAIX protein with an increase in the percentage
of CAIX protein-expressing cells in AZ19-3-2 treatment group (Fig. 17B).
Interestingly, there is an increase in CCR2 receptor percent expression in the
tumors from mice that received AZ19-3-2 compound compared to the vehicle
control (7.5+£1.3 % in vehicle group and 14.6+0.1 % in AZ19-3-2 treated
group) (Fig. 17 A, B). No difference was noted in the PD-L1 protein or
VEGFR receptor expressions among the groups (Fig. 17 A, B).

We also harvested ex vivo tumor cells back into the tissue culture. Once cells
grew back, we subjected them to 1% O, and analyzed CAIX protein
expression. There was 23 % increase in CAIX expression based on mean
fluorescence intensity (MFI) hypoxia/normoxia ratio in outgrown cells
compared to the original cultured cells (1.2+0.1 in the original cell culture and
1.440.2 in the outgrown cells from tumor) (Fig. 17C). The reason for such an
increase in CAIX protein needs to be further investigated.

In summary, combining the CAIX enzyme inhibition with Avastin was
unsuccessful. The reasons for such treatment inefficiency are not clear, likely
it is related to resistance to treatment via upregulation of alternative
angiogenic/ hypoxia signaling pathways [152]. As we saw CCR2 receptor
upregulation on tumors from mice treated with the AZ19-3-2 compound, we
elected to explore the role of the CCL2-CCR2 axis in the 143B osteosarcoma
model.
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Figure 17. Changes in surface protein expression of osteosarcoma 143B
xenograft tumors harvested from mice after treatment with AZ19-3-2,
Avastin, a combination of both, or vehicle control. A) CAIX, PD-L1,
VEGFR, and CCR2 protein surface expression MFI by flow cytometry on
harvested tumors. B) CAIX, PD-L1, VEGFR, CCR2 protein percent surface
expression on tumor cells harvested tumors. C) CAIX upregulation ration
(1% Oz 21 % O,) in outgrown tumor cells from AZ19-3-2 treated tumors
(blue bar) versus vehicle control (purple bar) versus original 143B (orange
bar) cell line. Avastin group- brown bar, combination-light blue bar.

3.2. Hypoxia alters CCR2 antagonist efficacy in human
osteosarcoma 143B cells

Here, we aimed to study the differential effects of CCL2-CCR2 axis
inhibition in hypoxia compared to normoxia in the pre-clinical metastatic
osteosarcoma human cell line 143B model [150]. We studied interaction
mechanisms between osteosarcoma cells and immune cells in hypoxia
versus normoxia and compensatory mechanisms involved when the CCR2
receptor was inhibited. We used two approaches — an in vitro co-culture of
143B cells with PBMCs and the in vivo mouse osteosarcoma xenograft
model. As discussed in the methods section, the healthy donor PBMC co-
culture method better reflects in vivo cell behaviors and is an important
method for studying cell-cell paracrine interactions [145, 146].

For CCL2-CCR2 axis inhibition we selected a small organic molecule
RS504393. It is a selective antagonist of the CCR2 receptor, that does not
induce chemotaxis and does not stimulate post-receptor signaling [38]. This
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compound blocks the CCR2 receptor by occupying a binding site for CCL2
without affecting CXCR1, CCR1, or CCR3 [38]. RS504393 has shown pre-
clinical activity when used in combination with ICB in solid tumors [142].

3.2.1. CCL2-CCR2 axis is active in human osteosarcoma 143B
cell-based model

143B cells secrete minimal CCL2 in cell culture under normoxia and
hypoxia. Although there was a 40 % decrease in secreted CCL2 protein level
under hypoxia when compared to normoxia, it was not statistically significant
(136%6 pg in 21 % O, and 81+18 pg in 1 % O,) (Fig. 18A). We then went on
to test whether the addition of IFN-y, a key cytokine in tumor immune niche
modulation [155], can alter CCL2 secretion by 143B cells. We saw a
significant 5-8-fold increase in CCL2 secretion in 143B cells under normoxia
and hypoxia (Fig. 18A). This data points to the importance of the cytokine
context in which cancer cells grow and how it can alter chemokine production
by cancer cells. This observation needs to be further explored.

CCR2 expression on 143B cells is not as robust in vitro. However, CCR2
receptor expression on CD11b+ cells increased 1.4-fold in hypoxia compared
to normoxia (from 0.7 % in normoxia to 1+0.03 % in hypoxia) and increased
by another 1.6-fold when CD11b+ cells encountered secretants from 143B
cells in a transwell system (1+0.03 % hypoxia/ mono-layer to 1.7+0.2%
hypoxia/ transwell) (Fig. 18B). Notably, CCR2 expression of CD11b+ cells
from a transwell was more pronounced under hypoxia. Chronic hypoxia can
affect CCR2 receptor expression in monocytes/macrophages differently
depending on the context [33]. Cyclic hypoxia, in general, upregulates CCR2
receptors in macrophages [156] [33]. In our experiments, CCR2 expression
on CD11b+ cells aligns with cyclic hypoxia findings. In addition, we detect
CCR2 expression in osteosarcoma 143B cell-based xenograft tumors ex vivo
by IHC staining (Fig. 18C).
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Figure 18. 143B cell phenotype in mono-culture and co-culture with
immune cells. A) ELISA analysis for differences in CCL2 secretion of 143B
cells grown in normoxia or hypoxia, without/with (+/-) IFN-y (n=2 per
experimental group). B) CCR2 receptor expression differences by MFI on
CD11b cells when PBMC are grown in mono-culture (blue circles) and in
transwell (teal squares) in normoxia (empty shapes) or hypoxia (filled shapes)
(n=3 per experimental group). C) CCR2 receptor expression (left) and H&E
stain (right) on 143B tumors by IHC; scale bars — 100 um. *P < 0.05; **P
< 0.01, ***P < 0.001, significance was determined using the Student's t-test.

3.2.2. Co-culture with PBMCs alters 143B cells' phenotype

As we saw that the crosstalk of 143B cells with immune cells can
upregulate CCR2 receptor on CD11b cells under hypoxia, we went on to test
the effects of co-culture and different oxygen tensions on osteosarcoma
143B cells. We assessed surface expression changes of CAIX, PD-L1, and
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CD44 proteins. We studied CD44 protein expression as it is a surface
glycoprotein, involved in cell adhesion, and is considered a cancer stem cell
marker [157]. Although hypoxia increased CAIX protein percent expression
in 143B cells in mono-culture from 1.5+0.2 % in normoxia to 3.1+0.2 % in
hypoxia, it was significantly increased in co-culture with PBMCs under
hypoxia (11.2+3.5 %) (Fig. 19A, B). PD-L1 protein percent expression
decreased in 143B cells from the one seen in cells grown in mono-culture
under normoxia (35.7+4 %) to the one seen on cells grown in hypoxia in
mono-culture (25+0.5 %) and in the transwell, regardless of oxygen
conditions (26.9+1.1 % in normoxia and 26+0.6 % in hypoxia) (Fig 19A,
B). Similarly, CD44 protein mean fluorescence on 143B cells decreased
from 2.9+£0.9 seen in cells grown inmono-layer under normoxia to 2.2+0.3
in mono-layer cells under hypoxia and in transwell regardless of oxygen
conditions (2.5+0.5 in 21% O and 1.2+0.2 in 1% O,) (Fig. 19A). In
normoxia, percent of 143B cells with VEGFR receptor expression increased
from 0.5+£0.2 % in mono-culture to 1.6+0.3 % in transwell. However, under
hypoxia, the percentage of 143B cells with VEGFR receptor expression
decreased from 0.9+0.2 % in mono-layer to 0.5+£0.2 % in transwell (Fig.
19B).

We elected to study the expression of CXCL8, VEGF, and CCL2 secretion
in osteosarcoma cells, as they have all been implicated in osteosarcoma
metastasis formation [158-160]. An ELISA analysis of the cell supernatants
revealed that 143B cells secreted very low amounts of CCL2 chemokine
under normoxia or hypoxia. However, CCL2 chemokine was notable in
PBMCs supernatants (Fig. 19C). Total CCL2 chemokine secretion was most
prominent in the transwell system under normoxia (1018+180 pg) but
decreased significantly under hypoxia (16065 pg) (Fig. 19C). We found
that VEGF cytokine secretion was prominent in 143B cells, but not in
PBMCs (Fig. 19C) and it did not change when cells were grown in co-
culture. Next, we assessed changes in CXCL8 chemokine secretion. CXCL8
chemokine can be pro-tumorigenic as it promotes the trafficking of
neutrophils and MDSCs into the TME [70] and is important in osteosarcoma
progression [161]. In our experiment, CXCL8 chemokine was primarily
secreted by PBMCs (6070+665 pg in 21 % O, and 27212+1950 pg in 1 %
0,) and increased further when cells were grown in a transwell system, more
S0 in hypoxia (11720+12861 pg in 21 % O, and 12500+9985 pg in 1 % O,)
(Fig. 19C).

Lastly, we performed a multiple-variables analysis of surface protein
expression changes in hypoxia. We uncovered changes in total CCL2
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chemokine secretion and expression of PD-L1, CD44, and CAIX proteins
on 143B (Fig. 19D) in the co-culture compared to mono-culture of 143B
cells.
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Figure 19. 143B cell phenotype in mono-culture and co-culture with
immune cells. A) Changes of surface protein expression MFI of the following
markers: CCR2, CAIX, VEGFR, and PD-L1 when 143B cells were gown in
mono-culture (brown circles), or they were exposed to PBMC cells in a
transwell assay (co-culture, purple squares) under normoxia (empty shapes)
or hypoxia (filled shapes). B) Changes in percentage of surface protein
expression of these markers: CCR2, CAIX, VEGFR, PD-L1, and CD44, when
143B cells were grown in mono-culture (brown circles) or when they were
exposed to PBMC cells in a transwell assay (purple squares), either under
normoxia (empty shapes) or hypoxia (filled shapes). C) Secretion of CCL2,
VEGF, and CXCLS8 by 143B cells (pink triangles) or PBMC (red squares) in
mono-culture, in transwell (teal rhombi) under normoxia (empty shapes) or
hypoxia (filled shapes). D) Multiple variables analysis for PD-L1, CCL2,
CD44, and CAIX expression in hypoxia, comparing transwell co-culture
phenotype with mono-culture. *P <0.05; **P <0.01, ***P <0.001;
significance was determined using the Student's t-test, n=3 per experimental
group.

Our data confirms that co-culture methods reveal more physiologically
relevant biological effects on cancer cells compared to mono-culture. We see
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significant changes in surface protein expression and chemokine production
by cancer cells when they are exposed to paracrine factors secreted from
PBMCs compared to mono-culture.

3.2.3. CCR2 inhibition alters 143B cell surface protein expression
pattern in co-culture with PBMCs
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Figure 20. Changes in expression of tumor cell markers upon CCR2
inhibition in hypoxia and normoxia. Changes in CAIX, PD-L1, CD44,
CCR2, and VEGFR protein surface expression on 143B cells by MFI (A) and
by percentage of live cells (B) in the co-culture when cells were pre-treated or
not with 500 nM of CCR2 antagonist under hypoxic or normoxic conditions,
(C) CXCR1 surface expression by percentage on live 143B cells in mono-
culture and co-culture when cells were pre-treated or not with 500 nM of
CCR2 antagonist under hypoxic or normoxic conditions. (D) Changes in
CD11b+CD86+, CD11b+CD163+, CD11b+CD206+, CCR2+,
CD11b+CCR2+, and PD-L1+ percentage of CD45+ cells by flow cytometry
on PBMC:s in their co-culture with 143B cells pre-treated or not with CCR2
antagonist under hypoxic or normoxic conditions. * P < 0.05; ** P < 0.01, ***
P <0.001; significance was determined using the Student's t-test, n=3 per
experimental group.

Comparing surface protein expression on osteosarcoma 143B cells in their
co-culture with PBMCs under normoxia and hypoxia conditions, we observed

68



that CCR2 inhibition increased MFI of CD44 protein (from 2.5£0 in vehicle
control group to 2.9+0.5 after CCR2 antagonist) and PD-L1 protein (from
0.3+0.01 in vehicle group to 0.32+0.01 in CCR2 antagonist group) expression
on 143B cells in normoxia and increased VEGFR receptor expression in both,
normoxia (from 1.6+0.3 % to 3.5+1.3 % after CCR2 antagonist) and hypoxia
(from 0.5+0.2 % to 1.3+0.4 % after CCR2 antagonist) (Fig. 20A, B). When
measuring the percentage of cells expressing CAIX protein, there was a
notable trend of decreased CAIX protein expression in hypoxia after adding
the CCR2 antagonist (from 11.2+3.5 % in the vehicle group to 6.8+2.8 % after
CCR2 antagonist addition) (Fig. 20A).

CXCR1 and CXCR2 are cognate receptors for CXCL8 chemokine [162].
Therefore, we analyzed changes in CXCR1 and CXCR2 receptors in 143B
cells and PBMCs. CXCR2 receptor was not detected (data not shown).
CXCR1 receptor percent expression on 143B cells in mono-culture increased
significantly in hypoxia compared to normoxia (from 1+0.2 % in normoxia to
4.2+0.5 % in hypoxia) (Fig. 20C). Interestingly, CXCRL1 percent expression
in transwell under normoxia (4.7£1.9 %) reached a similar level to that of
mono-culture under hypoxia (4.2+0.5 %) (Fig. 20C). This can be explained
by a prominent CXCLS8 secretion by PBMCs that in turn can affect tumor cell
receptor expression. CCR2 receptor inhibition did not significantly affect
CXCR1 expression (Fig. 20C).

We also determined changes in CD11b+CD86+, CD11b+CD163+,
CD11b+CD206+, CCR2+, CD11b+CCR2+, and PD-L1+ cell percentage of
CD45+ cells by flow cytometry on PBMCs that were co-cultured with 143B
+/- CCR2 antagonist under hypoxic or normoxic conditions. No significant
changes were noted except for a CCR2+ increase on CD11b when a CCR2
antagonist was added under normoxia (from 60.5+8.7 % in the vehicle group
to 83.5+10 % in the CCR2 antagonist group) (Fig. 20D). It is likely a
compensatory effect.

Next, we investigated cytokine secretion changes after the addition of a
CCR2 antagonist. A decrease in CXCL8 protein secretion by PBMCs in
mono-culture (more so under normoxic conditions) was noted (from
6070665 pg in the vehicle group to 3599+323 pg in the CCR2 antagonist
group in normoxia). However, CXCL8 chemokine secretion was not altered
in transwell (Fig. 21A). CCR2 antagonist decreased VEGF chemokine
secretion in the transwell under hypoxic conditions (from 2336%74 pg in
vehicle group to 1533184 pg in CCR2 antagonist group) (Fig. 21B), but not
in 143B cells in mono-culture. CCR2 receptor inhibition increased CCL2
protein secretion in PBMC mono-culture as well as transwell under both

69



hypoxia and normoxia (in the transwell. under normoxia. it was 1018+180 pg
in the vehicle group and 2337+440 pg in CCR2 antagonist group, and, under
hypoxia, it went from 159+65 pg in the vehicle group to 863+181 pg in the
CCR2 antagonist group) (Fig. 21C).

Figure 21. Changes in cytokine/chemokine secretion pattern upon CCR2
inhibition. Differences in secretion of CXCL8 (A), CCL2 (B) and VEGF (C)
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proteins by ELISA when osteosarcoma 143B cells were pre-treated or not with
500 nM of CCR2 antagonist. The difference is shown as a sum of cytokine
secretion levels from untreated (vehicle, red squares) to treated conditions
(orange squares) in osteosarcoma 143B cells or PBMC mono-culture and
transwell under hypoxic or normoxic conditions.

Our data show that CCR2 receptor antagonist effects in hypoxia are only
seen in the VEGF-VEGFR axis, where we see VEGFR upregulation on
osteosarcoma 143B cells, but diminished VEGF secretion in a transwell. It is
apparent that CCR2 receptor antagonist effects were mainly evident in
normoxia (such as increased PD-L1 and CD44 protein surface expression on
osteosarcoma 143B cells) and decreased CXCL8 chemokine secretion in the
transwell. The PD-L1 protein upregulation with CCR2 antagonist treatment is
very interesting, as recent publications suggest that the treatment with CCR2
receptor antagonist enhances tumor response to ICB [142].
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3.2.4. CCR2 receptor antagonist efficacy in mice with
orthotopically implanted human 143B cell-based osteosarcoma
tumors

To assess osteosarcoma 143B tumor growth in vivo under CCR2 inhibition,
143B cells were inoculated i.0. into the right tibia of Nude mice. Once tumors
reached palpable size, we randomized them into two treatment groups (n = 10
per group). We started treating tumors with the CCR2 receptor antagonist
RS504393 at a dose of 2mg/kg/dose i.p. daily from the day of
randomization. Treatment did not induce differences in tumor growth (Fig.
22A). Lack of response to CCR2 antagonist in vivo can be linked to tumor
hypoxia. Hypoxia is a prominent feature in 143B tumors [163]. In agreement
with that, 143B tumors from our experiment had pronounced expression of
hypoxia-induced CAIX protein detected by flow cytometry (Fig. 22C) [164].

We also performed flow cytometry analysis on tumor cells and some
immune cells, mainly murine monocytes/macrophages (since these xenografts
were grown in Nude mice with impaired T cells). It showed no changes in
CCR2 or PD-L1 protein surface expression in tumor cells from mice that
received CCR2 antagonists (Fig. 22B). In contrast, the VEGFR receptor signal
decreased significantly under CCR2 receptor inhibition compared to vehicle
controls (Fig. 22B). Interestingly, we observed two tumor cell populations
having different expressions of CD44: CD44'" and CD44"" (Fig. 22B, D).
The ratio of these populations changed after treatment with the CCR2
antagonist. CCR2 inhibition equalized the percentages of cells in each
population by increasing the number of CD44"9" cells (percentage of CD44'%
cells decreased from 57+14 % in vehicle group to 52.9+16.6 % in CCR2
antagonist group, and percentage of CD44"9" cellsincreased from 40+14 % in
vehicle group to 47+16 % in CCR2 antagonist group) (Fig. 22B, D). When
surveying the monocytes/macrophage cell population, we observed an
increased percentage of infiltrating CD11b*CD86" cells into the tumor (from
4.6+1.6 % in vehicle group to 8.3£4.7 % in CCR2 antagonist group) (Fig.
22E). However, we did not detect the change in a fraction of CD11b*CCR2*
cells (Fig. 22E).
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Figure 22. In vivo treatment with CCR2 antagonist did not affect tumor
growth or metastasis, but altered surface receptor expression on tumor
cells and infiltrating monocytes/macrophages. A) 143B tumor growth
dynamics in Nude mice when they were administered with CCR2 antagonist
(red circles) versus vehicle controls (brown circles). Data shown as Means
+SD, n=10 per experimental group). B) Dot and violin plots depicting MFI of
CAIX, PD-L1, CCR2, VEGFR, and CD44 surface protein staining on tumor
cells from mice treated with vehicle control (pink with red circles) or CCR2
antagonist (yellow with brown circles). Each data point represents a separate
tumor sample from mice. C) Percentage of CAIX+ cells in tumors from mice
treated with vehicle versus CCR2 antagonist by flow cytometry. D)
Differences of CD44 protein expression on tumor cells: population having low
expression of CD44 (CD44"") and population having high expression of
CD44 (CD44"s"), E) CD11bCCR2 and CD11bCD86 surface expression
differences in monocytes/macrophages from tumors of mice treated with
CCR2 antagonist (yellow with brown circles) versus controls (pink with red
circles). Each data point represents a separate tumor sample from mice, n=10
per experimental group. * P <.05; ** P <0.01, *** P < 0.001, significance
was determined using the Student's t test.

These results reveal CCR2 receptor antagonists’ effects on VEGF- VEGFR
cytokine axis, as we see 1.35-fold downregulation of the VEGFR receptor
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MFI. Interestingly, in tumors harvested from mice treated with CCR2
antagonist, we observed two populations of cells having either low or high
expression of CD44 protein. CCR2 antagonist shifted the cells from CD44'"
to CD44"e" in this way increasing overall CD44 protein expression. This is
likely an unwanted effect of treatment as the CD44 protein expression in
osteosarcoma cells is linked to proliferation and invasion [165, 166].

3.2.5. Proteome array of selected cancer-related targets of 143B
cells

The lack of response to CCR2 antagonist treatment in vivo prompted us to
go back to co-culture experiments. We analyzed cancer-related protein
changes in osteosarcomal43B cell-PBMC co-culture assay under the different
oxygen environments when cancer cells were exposed to CCR2 antagonist or
vehicle control. We performed a proteome array analysis of these cells using
the Human XL Oncology Array Kit. First, we assessed changes in
osteosarcoma 143B cells harvested from transwells versus from monoculture.
We observed a global increase in the majority of tested cancer-related proteins
in co-culture compared to monoculture (Fig. 23A). More importantly,
treatment of osteosarcoma 143B cells with CCR2 antagonist in co-culture
revealed differential upregulation of various proteins. For instance, expression
of receptor tyrosine kinase AXL, implicated in osteosarcoma metastasis,
increased under CCR2 inhibition in normoxia, but decreased in hypoxia (Fig.
23B). In addition, similar to co-culture experiment results, we see a decrease
in VEGF protein expression after CCR2 antagonist treatment on osteosarcoma
143B cells in hypoxia, but not in normoxia (Fig. 23B). Also, proteins
associated with drug resistance, such as delta like canonical Notch ligand 1
(DLL1) were upregulated in 143B cells when they were exposed to CCR2
antagonist in co-culture under hypoxia but not normoxia (Fig. 23B).
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Figure 23. Selected human cancer-related protein analysis on 143B cells
comparing mono-culture to co-culture and CCR2 antagonist response in
143B cells from co-culture in hypoxia versus normoxia. (A) Protein array
depicting differential protein expression fold changes of transwell compared
to mono-culture in hypoxia versus normoxia. (B) Protein array depicting
different fold changes in protein expression of CCR2 treated versus vehicle
control cells from co-culture in hypoxia versus normoxia.

These findings confirm that the healthy donor PBMC co-culture method
with cancer cells better reflects in vivo cell behaviors than cell mono-culture
experiments [145, 146]. We see an upregulation of most tested cancer-related
proteins in co-culture as compared to monoculture. In addition, we see the
opposite effect of CCR2 receptor antagonists on the same proteins on 143B
cells in co-culture in normoxia as compared to hypoxia. Investigation of
differential cellular responses to drugs under normoxia and hypoxia is gaining
more interest [167]. But no such studies have been performed using our
osteosarcoma research model using the 143B cell line with CCR2 receptor
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antagonists. These results will hopefully stimulate more research in
osteosarcoma treatment responses.

3.3. The efficacy of CAIX inhibition in neuroblastoma SK-N-AS
cell-based model.

NBL is the most common extracranial solid tumor in childhood,
accounting for 12-15 % of childhood cancer-related deaths [168]. Primary
NBLs arise from neural crest cells of the sympathetic nervous system. Clinical
disease evolution is heterogeneous, from spontaneous resolution to deadly
disseminated disease. Treatment also varies from observation, surgery for
low-risk patients, surgery plus chemotherapy for intermediate-risk diseases,
to multimodality treatments for devastating high-risk diseases. In turn,
survival depends on the NBL risk status, where low-intermediate risk patients
have an 85-80% cure rate, and high-risk patients have — 50 % [169].

Hypoxia is an important factor in NBL progression [170, 171]. Hypoxia
in NBL is associated with tumor reprogramming, induced de-differentiation,
increased metastatic potential, resistance to chemotherapy, and poor prognosis
[172] [173] [174]. Therefore, the development of alternative anti-cancer
agents targeting hypoxia-associated signals is important.

CAIX is expressed at significantly higher levels in NBLs from patients
with adverse features (such as MYCN amplification) [16, 17]. However, to
this date, evidence of single-agent CAIX inhibition efficacy in NBL is lacking.

Targeting CAIX alone is complicated by the plasticity in compensatory
mechanisms when CAIX is blocked and therefore is not enough to achieve
therapeutic efficacy [11]. Therefore, combination strategies tailoring plastic
CAIX compensatory mechanisms could result in robust tumor responses. We
identified three predominant chemokines of interest that NBL secretes:
CXCLS8, VEGF, and CCL2 [175, 176]. The increased expression of CXCLS8
in NBL patients [177] correlates with poor cancer prognosis and metastasis
[70, 178]. The CCL2 expression is pronounced in MYCN non-amplified
NBLs [175, 179]. Recent evidence points to a possible combinatory approach
of either CXCLS8 or CCR2 inhibition with ICB in various cancers [142] [180].
These findings prompted us to investigate whether CAIX inhibition alters
the secretion profile of CXCL8 and CCL2 chemokines in NBL cells and
whether CAIX enzyme inhibition with CCR2 inhibition is feasible in this
disease model. As in 143B studies for CCL2-CCR2 axis inhibition, we used
the small organic molecule RS504393. For the immunomodulatory effects of
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CAIX inhibition investigation, we employed PBMC and SK-N-AS co-culture
as described in the methods section and 143B studies.

3.3.1. CAIX protein is highly expressed in human neuroblastoma
SK-N-AS cells

50

SK-N-AS 21% O,
SK-N-AS 1% O,

MFI ratio 1%0, / 22.%0,

3
2 CAIX 88 - 50kDa
:j_- [] [ ]

B-actin  @w=s — 42 kDa

SK-N-BE SH-SY5Y Be2c LA1-55n SK-N-AS

400 pm

Figure 24. CAIX protein expression in human neuroblastoma SK-N-AS
cells. A) CAIX expression in various human NBL cell lines (SK-N-BE, SH-
SY5Y, Be2C, LA1-55n, SK-N-AS) by calculating MFI ratio in 1 % O2/ 21 %
0O, conditions. B) WB analysis of CAIX expression in SK-N-AS cell line in
normoxia compared to hypoxia. C) IHC staining of the SK-N-AS xenograft
tumor’s section (left image- H&E staining, right image- CAIX staining); scale
bars — 400 um. The white arrow shows positive CAIX antibody staining
(brown).

We have tested a handful of human NBL cell lines (SK-N-BE, Be2C, SH-
SY5Y, LA1-55n, SK-N-AS) for CAIX protein upregulation in hypoxia by
performing flow cytometry analysis. Neuroblastoma SK-N-AS cell line had
by far the strongest CAIX expression in hypoxic conditions when assessing
MFI ratio of CAIX protein expression intensity from cells in hypoxia
compared to normoxia (Fig. 24A). WB analysis confirmed avid CAIX protein
expression in hypoxia as compared to normoxia (Fig. 24B). In addition, we
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validated CAIX protein expression by performing immunohistology staining
on SK-N-AS tumors grown in Nude mice (Fig. 24C). All results confirmed
that neuroblastoma SK-N-AS cell-based tumor model is attractive for CAIX
enzyme inhibition testing.

3.3.2. In vitro effects of AZ19-3-2 compound in the neuroblastoma
SK-N-AS cells

Toxicity studies revealed that the AZ19-3-2 compound is non-toxic on SK-
N-AS cells, as XTT and LDH results show meaningful changes in values only
at high, non-selective doses of this compound (starting at 2 uM) (Fig. 25A).
We then assessed whether CAIX protein inhibition alters pericellular pH in
neuroblastoma SK-N-AS cells. We performed a series of epH measurements
with various doses of AZ19-3-2 and assessed epH changes. AZ19-3-2
compound showed diminished acidification at a dose of 200 nM only in
hypoxic conditions (Fig. 25B).
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Figure 25. CAIX-inhibitor induced phenotypic outcomes in
neuroblastoma SK-N-AS cell line. A) XTT (red circles) and LDH (orange
circles) results of 72hr exposure of SK-N-AS line in 1 % O, after AZ19-3-2
treatment with various doses of the compound. B) epH measurements of SK-
N-AS medium in normoxia and hypoxia 96 hrs post AZ19-3-2 treatment with
50 and 200 nM doses of the compound. Comparisons were made between
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21 % O, (orange circles) condition and 1 % O, (red circles). C) SK-N-AS
spheroid growth (relative size) over time in normoxia when subjected to
AZ19-3-2 (n=7) or vehicle control (n=10). D) SK-N-AS spheroid growth
(relative size) over time in hypoxia when subjected to AZ19-3-2, or vehicle
control (n=10 per group).

The in vitro efficacy of the AZ19-3-2 compound was also studied in the
3D neuroblastoma SK-N-AS cell spheroid culture model. 3D culture methods
reveal more physiologically relevant biological effects on cells as compared
to mono-culture [89]. We chose to grow 3D spheroids in normoxia and
hypoxia, as studies show that only 16% of cells of 3D spheroids grown in
“normoxic” 21 % O conditions experience hypoxia [89]. Actual oxygenation
in tumors is significantly lower, ranging from 0.3 % to 4.2 % O, with most
falling below 2 % [40]. Gomes et al performed 3D spheroid growth analysis
under non-physiological 21 % and physiological 5% O, conditions [181].
They found that in the 3D spheroids, cells at the spheroid surface proliferate
well both at 5% and 21 % oxygen concentrations, but 3D spheroid growth
was strongly inhibited when oxygen concentration was reduced to 5 %,
compared with spheroids cultured at 21 % oxygen. Lower environmental
oxygen concentration resulted in a faster decrease of the oxygen available
within the spheroid, leading to cell cycle arrest, whereas the 21 % external
oxygen concentration resulted in higher oxygen partial pressure deeper in the
spheroid, allowing cells to sustain proliferation [181]. With these uncertainties
in mind, we elected to perform 3D spheroid growth experiments in both 21%
and 1 % O, conditions. 48 hours after seeding, formed spheroids were treated
with 200 nM AZ19-3-2 or vehicle control for 11 days. We noted that spheroid
growth under hypoxia was diminished by half compared to normoxia
(294+28 % in the vehicle group in hypoxia and 512+114 % in the vehicle
group in normoxia on day 11 measurements) (Fig. 25C, D). As depicted in
Fig. 25D and Fig. 26, we observed a significant decrease in spheroid percent
growth in hypoxia when spheroids were treated with AZ19-3-2 compared to
vehicle controls (294+28 % in the vehicle group and 215+14 % in the AZ19-
3-2 treated group). Importantly, such an effect was not detected when
spheroids were grown under normoxia (512114 % in vehicle group and
487186 % in AZ19-3-2 treated group) (Fig. 25C). This could be related to
elevated oxygen tensions deeper in 3D spheroids with resultant lower CAIX
expression. However, we did not test CAIX protein expression differences in
spheroids under both conditions. It would be optimal to perform such
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experiments in around 5% O, conditions that more closely resemble
oxygenation levels in the actual tumor tissues.

VEHICLE AZ19-3-2

Figure 26. Optical images of SK-N-AS spheroids under hypoxia on the
last day of imaging. The first two columns show vehicle control, the second
and third rows show- AZ19-3-2 treatment. The scale bar is 200 pum.

3.3.3. AZ19-3-2 compound attenuates CCL2 and CXCLS8
chemokine secretion

We interrogated changes in SK-N-AS cell- PBMC crosstalk under hypoxia
and how CAIX enzyme inhibition alters them. We applied the transwell co-
culture assay as described in the studies with the osteosarcoma 143B cell line
and in the methods section. We discovered that the percentage of cells with
CAIX and PD-L1 protein surface expression significantly increased in tumor
cells exposed to supernatants from PBMCs (percent of CAIX protein
expressing cells increased from 44+12 % in mono-culture to 85+5 % in
transwell and percent of PD-L1 protein expressing cells increased from 53 %
to 366 %) ((Fig. 27A). It is likely related to additional stimuli from PBMCs
that promote the expression of these markers and likely reflect real-life TME
changes. The CCR2 receptor expression on the SK-N-AS cells from the
transwell co-culture had a minimal increase (Fig. 27A).
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Figure 27. Changes in expression of surface markers after SK-N-AS cell
supernatant exposure to PBMC cells in a co-culture assay. A) Change of
CAIX, CCR2, and PD-L1 expression on cancer cells. Orange—cancer cells
without PBMCs, red—cancer cells exposed to PBMCs, brown—cancer cells
exposed to PBMCs and 200 nM AZ19-3-2 (n=6 per group). B) Surface
expression of PD-L1, CCR2, CD86, CD206, and CD86*CD206* on CD11b
population of PBMCs in the co-culture in the presence (red bars) or absence
(dark blue bars) of 200 nM AZ19-3-2. The expression is represented as
a relative fraction of CD11b* cells. Control is the PBMCs monolayer depicted
in light blue bars (n=6 per group). In graphs A and B statistics were
determined using ANOVA (Tukey’s multiple comparison). * p <0.05; ** p
< 0.01, *** p< 0.001, **** p< 0.0001.

In contrast, when assessing PBMC surface expression changes, we
observed no differences in the surface expression of CD4, CD8, or PD-1 on
T-cells. Furthermore, there were no changes in CCR2 or PD-L1 protein
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expression on CD11b cells (Fig. 27B). Percent surface expression of co-
stimulatory molecules CD86 and CD206 on CD11b cells compared to cells
not exposed to the SK-N-AS cell line increased significantly (CD86%
increased from 0.8+0.1 % to 1.1+0.1 % and CD206% from 0.3+0.1 % to
1.2+0.3 %) (Fig. 27B). When CAIX enzyme was inhibited on SK-N-AS cells,
CD86 percent protein surface expression on CD11b cells trended downward
from 1.1+0.1% to 1+0.1 %, whereas CD206 protein percent surface
expression trended upward from 1.2+0.3 % to 1.4+0.2 %) (Fig. 27B).

Next, we investigated changes in the cytokine/chemokine secretion profile
by PBMCs and SK-N-AS in transwells. The cytokine values were below the
assay detection limit in various pro- and anti-inflammatory cytokines (such as
TNF-a, IL-6, IFN-y, IL-4, IL-10, TGF-B). However, the secretion of VEGF,
CCL2, and CXCLS8 proteins showed significant variations. First, we noted a
significant increase in VEGF, CCL2, and CXCL8 chemokine secretion when
cells were exposed to each other’s solutions in a transwell system compared
to immune or cancer cell monolayers (Fig. 28A, B, C, D). The addition of
CAIX inhibitor AZ19-3-2 significantly increased VEGF cytokine secretion in
PBMCs (from undetectable to 187457 pg) but not in transwell (from
2469+1345pg to 2165+1500 pg). AZ19-3-2 compound significantly
attenuated CCL2 (from 1525+1014 pg to 831+372 pg) and CXCL8 (from
52487430315 pg to 28966+15457 pg) chemokine secretion in transwells but
not in mono-layers (Fig. 28B, C).
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Figure 28. Changes in chemokine/cytokine secretion in neuroblastoma
SK-N-AS cell -PBMC cell transwell (TW) assay. Secretion of A) VEGF, B)
CCL2, and C) CXCLS8 in SK-N-AS cell monolayer, PBMC monolayer, and
TW when cells are exposed to AZ19-3-2 (red circles) or vehicle control
(orange circles) (n=6 per group). D) Differences in VEGF, CCL2, and CXCL8
chemokine/cytokine levels in TWs when SK-N-AS were pre-treated or not
with 200 nM of AZ 19-3-2. The difference is shown as a change in total
cytokine secretion levels from untreated to treated conditions (NETO values,
n=6 per group). Data are presented as the mean + SD. Significance was
determined using Kruskal-Wallis multiple comparison tests for differences
between monolayer and TW values, and for differences between treated and
non-treated cohorts, a paired Student's t-test was applied. * p <0.05; ** p
<0.01, *** p< 0.001.

These results show that cancer cell exposure to immune cells under
hypoxia reshapes cell surface expression with a significant increase in CAIX
and PD-L1 protein expression in cancer cells. CAIX enzyme inhibition
interfered with VEGF cytokine secretion on PBMCs and with CCL2 (2.10-
fold) and CXCLS8 (1.8-fold) chemokine secretion in a transwell. Whether these
changes are a result of the direct CAIX inhibition effect or indirect effects
mediated by one or more variables needs to be determined.
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3.3.4. Treatment efficacy of AZ19-3-2 compound in combination
with CCR2 receptor antagonist in neuroblastoma SK-N-AS cell-
based xenograft mouse model
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Figure 29. AZ19-3-2 in combination with CCR2 antagonist diminishes
growth of subcutaneously implanted SK-N-AS tumors. A) Tumor-growth
kinetics of subcutaneously implanted SKNAS tumors, that were subjected to
AZ19-3-3 treatment (pink circles), CCR2 antagonist (green circles),
combination (purple circles) or control (black circles). B) Final tumor weights
of the sacrificed animals at the end of experiment AZ19-3-3 treatment (pink
columns), CCR2 antagonist (green columns), combination (purple column) or
control (black column). C) Tumor-growth kinetics for individual animals in
each group. Each data point represents a separate tumor sample from mice
(n=7 per group). Significance was determined using ANOVA (Tukey’s)
multiple comparison test. * p < 0.05; ** p < 0.01, *** p< 0.001.

After establishing compound activity in vitro, we tested AZ19-3-2 efficacy
as a possible anti-cancer compound in vivo. SK-N-AS cells were inoculated
s.c. into the right flank of Nude mice. Once tumors reached palpable size
(mean volume 32 mm?®), we randomized them into four treatment groups (n =
7 per group). We started treating tumors with the compound AZ19-3-2 at a
dose of 10 mg/ kg/ dose i.p. daily on the day of randomization. We initiated
the administration of the CCR2 antagonist five days later at a dose of
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2 mg/ kg/ dose i.p. daily to allow saturation of AZ19-3-2 compound in the
tumors with resultant reduced pericellular tumor acidity. Tumor growth was
the slowest in the group of mice that received combination treatment (mean
tumor volume at the end of the experiment was 533+258 mm? in the vehicle
group and 2504247 mm? in the combination group) (Fig. 29A, C, D, E, F).
Although statistically significant differences in tumor weights between
vehicle control and combination treatment were not detected (mean tumor
weight at the end of the experiment was 0.6+0.4 g in the vehicle group and
0.3+0.3 g in the combination group) (Fig. 29B).

Although no synergy between CCR2 antagonist and CAIX inhibitor was
observed, results show the feasibility of combining CAIX enzyme inhibition
with CCR2-CCR2 axis inhibition. Further studies are needed to assess
whether changing the timing of CCR2 antagonist administration could
improve results. Translating this approach to a different tumor system would
also be beneficial.

3.3.5. Treatment-associated changes in subcutaneously implanted
human SK-N-AS neuroblastoma xenografts

We performed flow cytometry analysis on harvested neuroblastoma SK-N-
AS tumors from mice. We analyzed tumor cells and a limited number of
immune cells, mainly murine monocytes/macrophages (Nude mice have
impaired T cells). Although we did not observe significant alterations in tumor
or stroma cell surface expression of analyzed markers in tumors from mice
treated with AZ19-3-2, treatment with CCR2 antagonist showed more
pronounced CCR2 percent expression in tumors (6+3.6 % in the vehicle
group, 16+8 % in the CCR2 antagonist group and 206 % in the combination
group) (Fig. 30A). We think it is a compensatory effect. In addition, the
VEGFR receptor-expressing cell population was significantly higher in
tumors from mice treated with the combination compared to other groups
(0.9£0.2 % in the vehicle group and 6.9+5.2 % in the combination group)
(Fig. 30A). VEGFR is another potent hypoxia signal that could be activated
as a compensatory mechanism when CCR2 and CAIX proteins are inhibited.

In addition, CAIX protein percent expression significantly increased in the
group of mice treated with the combination (23.7+£7 % in the vehicle group
and 52+11 % in the combination group) (Fig. 30A). The percent surface
expression of stem cell marker CD44 decreased (although not significantly)
in tumors treated with a combination of AZ19-3-2 compound and CCR2
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antagonist (21.6£4.2 % in the vehicle group and 16.33.2% in the
combination group) (Fig. 30A).
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Figure 30. Flow cytometry analysis of harvested neuroblastoma SK-N-AS
tumors. A) Flow cytometry analysis of the percentage of CAIX*, CCR2*, CD44*,
VEGFR" cells in the tumor fraction cell population. AZ19-3-2 treatment (brown
columns), CCR2 antagonist (purple columns), combination (blue column), or
control (red column). Isotype control is depicted in orange columns. B) Flow
cytometry analysis of the percentage of CD11b*, CD11b* F4/80*, CD11b* CCR2*,
CD11b* CD206", and CD11b*CD86* cells in the stroma cells of the tumor of the
mice. Each data point represents a separate tumor sample from mice, n=7 per group.
Significance was determined using the Student's t-test.

When assessing murine stroma cells for CCR2 surface expression, we
noticed similar sharp increase effects in mice treated with CCR2 antagonist or
a combination. The percentage of CD11b*F4/80* cells decreased in mice
treated with the combination of AZ19-3-2 and CCR2 (5.5£0.8 % in the vehicle
group to 9.4+4.5% in the combination group) (Fig. 30B). However, no
difference was noted in CD11b*CCR2*, CD11b*CD206%, or CD11b*PD-L1"
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cell populations. The percentage of CD11b*CD86* cells significantly
decreased in tumors treated with AZ19-3-2 and CCR2 (3£2.7 % in the vehicle
group to 9.4+4.5% in the combination group) (Fig. 30B). Interestingly,
combination treatment significantly increased the percentage of
monocyte/macrophage cells (CD11b* population) in tumors (from 7.8+4.6 %
in the vehicle group to 54+10.7 % in the combination group) (Fig. 30B).

All these surface protein changes on tumor and monocyte/macrophage cell
populations potentially point to evasive mechanisms involved when mice
receive combination treatment, such as VEGFR protein upregulation and a
decrease in CD11b*CD86" cell population.

3.4. Creation of an imaging platform for CAIX enzyme
recognizing compounds

The development of theranostic radiopharmaceuticals remains an important
trend in cancer diagnostics and treatment [182]. Numerous targeted radionuclide
therapy agents are currently undergoing various phases of clinical trials [183].
CAIX-recognizing, small molecule-based, radiotracer conjugates developed to
date are non-specific, such as acetazolamide. That causes off-target binding, such
as the uptake in the stomach, kidneys, or liver [141]. Better, more specific, and
sensitive radiotracer small molecules are needed. My colleagues at the
Department of Biothermodynamics and Drug Design, Institute of Biotechnology,
Life Sciences Center, Vilnius University, have designed and synthesized several
CAIX enzyme-recognizing compounds and tagged them to the NIR probe. They
also performed in vitro work that helped choose the best candidate compounds
for further testing. My work encompassed the study of selected CAIX enzyme
specific-NIR probe-tagged compounds’ ability to recognize CAIX enzyme in live
tumors in a suitable mouse xenograft platform.

3.4.1. Human HelL.a cell-based cervical cancer xenograft mice
models feasibility assessment for the imaging

Our laboratory has developed a HeLacrCAIXX® cell line (HeLaCAIXX®).
The efficiency of the decrease in CAIX protein expression was confirmed by
flow cytometry and WB studies (Fig. 31A, B). In addition, IHC staining of
HeLa tumors shows negative CAIX staining (Fig. 31C). We then injected
human cervical cancer HeLaCAIX™WT cells and HeLaCAIXX® cells s.c. into
opposite flanks of the same Nude mice. Such an approach allowed us to
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compare compound distribution in CAIX enzyme non-expressing and CAIX
enzyme-expressing tumors in real-time in the same mouse.

3.4.2. Imaging of mice bearing HeLa tumors with novel CAIX
enzyme specific-NIR probe compounds

To analyze fluorescent compound uptake, the two best candidate
compounds were chosen: AZ21-6 and GZ22-4. They had the best solubility
properties and the best in vitro binding to cells. Although both are CAIX
enzyme-recognizing compounds tagged to NIR probes, their light absorption
spectrum differs. Absorption of GZ22-4 is ~770-780 nm, whereas AZ21-6
~650-750 nm. Therefore, images were obtained using different fluorescence
filters: C780F850 for GZ22-4 compound distribution studies and C690F760
for AZ21-6 compound distribution studies. Compounds were injected i.v. into
the tail vein of the mouse, and images were obtained every 24 hours. We saw
differential uptakes of the compounds in HeLaCAIX™T tumors compared to
HeLaCAIXX° tumors (Fig. 32A, B and Fig. 33A, B).
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Figure 31. CAIX expression pattern in HeLaCAIXWT versus Hela
CAIXKO cells. A) CAIX MFI by flow cytometry analysis in HeLaCAIXWT
versus Hela CAIXX® lines. B) CAIX protein expression in 21 % O, versus 1 %
O, by WB in HeLaCAIXWT versus HelaCAIXKC lines. C) IHC of
HeLaCAIXYT versus HelaCAIXX® lines xenograft tumor sections reveal
absent CAIX staining in HelaCAIXX® tumor (left) compared to the section of
HeLaCAIX"T (right) tumor. Scale bars, 400 um.
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Figure 32. GZ22-4 compound uptake in Nude mice. A) GZ22-4 compound
uptake in Nude mice bearing HeLaCAIXWT tumor (left flank) compared to
HeLaCAIXX° tumors (right flank) 3 days after compound injection. Three
images are shown of a single mouse with three imaging techniques: left-raw
brightfield image, middle-grey scale fluorescence image, right-multicolor
fluorescence image. B) Uptake intensity in HeLaCAIXWT compared to
HeLaCAIX*° tumor ex vivo. C) Uptake intensity of harvested organs ex vivo.
Images obtained 3 days after compound injection i.v.
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Figure 33. AZ21-6 compound uptake in Nude mice. A) AZ21-6 compound
uptake in Nude mice bearing HeLaCAIXT tumor (left flank) compared to
HeLaCAIXX° tumors (right flank) 7 days after compound injection. Three
images are shown of a single mouse with three imaging techniques: left-raw
brightfield image, middle-grey scale fluorescence image, right-multicolor
fluorescence image. B) Uptake intensity in HeLa CAIXWT compared to
HeLaCAIXX° tumor ex vivo. C) Uptake intensity of harvested organs ex vivo.
Images obtained 7 days after compound injection i.v.
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Although CAIX enzyme specific-NIR probes showed great selectivity
toward HeLaCAIX"T tumors as compared to HeLaCAIXX® ones, the
excretion pattern of these compounds raised certain concerns. We noted the
prolonged accumulation of both compounds in the liver (Fig. 29C, 30C). In
addition, AZ21-6 compound was still detectable in the kidney (Fig. 30C) 7
days after the compound injection. Further improvements in the design of
these compounds are needed to avoid prolonged off-target organ
accumulation.
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3. DISCUSSION

Despite novel immunotherapy approaches, a significant number of pediatric
patients with solid tumors still fail to respond to treatment. Osteosarcoma and
NBL are no exception. Tumor hypoxia is a driving force behind tumor
progression and resistance to the treatment. CAIX protein is one of the
prominent hypoxia markers across a variety of tumors. For decades, attempts
have been made to develop selective CAIX inhibitors without much success.
Similarly, although avidly expressed in the majority of solid tumors, single-
agent CCL2-CCR2 axis inhibition does not seem to be enough to treat cancer
effectively [31]. Such treatment failures can be attributed to plasticity in
hypoxia responses and an active interplay in hypoxia signals. Tumors develop
evasive resistance during treatment, where alternative pathways are activated
to sustain tumor growth when the primary target remains inhibited. For
instance, during anti-angiogenic therapies tumors emerge with alternative pro-
angiogenic signaling pathways such as FGF that help employ the pericytes to
cover vasculature and augment metastasis [184].

In the 143B osteosarcoma xenograft model studies, single-agent CAIX
inhibition was ineffective. In tumors from mice that received CAIX inhibitor,
we saw CCR2 protein upregulation as a possible evasive mechanism at play.
An attempt to combine CAIX inhibition with Avastin in this model was not
successful. Adaptive resistance mechanisms when CAIX protein is inhibited
are less studied, but upregulation of other CAs, such as CAXII, likely take
place [185]. For instance, when the CA9 gene is knocked down in LS174Tr
colon carcinoma cells, partial compensation by up-regulation of CA XII in
vitro and in vivo was observed, suggesting cross-talk between CAs [186]. The
mechanism of this specific cross-talk between the CAs remains unclear.
Another reason for treatment failures can be linked to difficulties in
developing specific inhibitors. Most inhibitors used clinically lack selectivity
towards targeted CA isozymes, as there is a high homology of amino acid
sequence between isozymes, which makes the design and development of CA
inhibitors challenging [22]. The sequence identity of the CAs catalytic domain
is more than 30 % [135].

NBL cell line SK-N-AS has more avid CAIX protein expression under
hypoxia compared to osteosarcoma 143B line. Therefore, we explored
CAIX enzyme inhibition in this model as well. We used a cancer cell-PBMC
co-culture model to understand the effects of CAIX inhibition in tumor cell-
immune cell crosstalk. We uncovered an interplay between PBMCs and
cancer cells, where the presence of PBMCs exaggerated hypoxia responses
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with increased CAIX, CCR2, PD-L1 protein surface expression on cancer
cells, and increased VEGF, CXCL8, and CCL2 chemokine secretion.
Mechanisms are not clear but are likely via various secretory signals. The
addition of CAIX inhibition to co-culture resulted in decreased CXCL8 and
CCL2 chemokine secretion. CXCL8 chemokine is extensively explored due
to its relation to poor cancer prognosis and metastasis [187-191]. It can act as
an independent predictive marker in patients receiving ICB. Therefore,
CXCLS8 blockade has been tested in conjunction with ICB in pre-clinical
models [178] or with other therapies [162]. Therefore, the link between CAIX
and CXCLS8 signaling would be important to pursue further.

Our work also highlights the importance of choosing the right in vitro
platform in investigating complex biological interactions. The co-culture
method revealed exaggerated upregulation of CAIX protein compared to the
mono-culture method, suggesting other, not yet identified factors involved in
CAIX protein expression regulation.

The combination of CAIX enzyme inhibition with CCR2 receptor inhibition
in the SK-N-AS xenograft model showed moderately slower tumor growth in
the combination group. We detected a downregulation trend of CD44 protein
surface expression in tumors from mice treated with a combination. Likely,
it’s a treatment effect and not adaptive resistance. CD44 protein belongs to a
heterogeneous group of surface glycoproteins, involved in cell-cell and cell-
matrix interactions. In NBLs, its expression and functional activity are more
pronounced in MYCN non-amplified tumors/cell lines [192]. CD44+ NBL
xenografts have pronounced metastatic patterns [193] and CD44"9"NBL cells
sorted from cell lines, mouse xenografts, or patient-derived xenografts (PDXs)
have increased proliferative and self-renewal capacity [194]. Therefore, lower
CD44 protein expression on tumor cells is likely beneficial. Analysis of
murine CD11b+ expressing cells in tumors showed a significant decrease in
CD86+ surface protein expression on CD11b of tumors from mice treated with
the combination compared to other groups. CD86 protein is one of the type |
transmembrane proteins, a ligand for CD28 that is associated with T cell
activation of the immune system [195]. It is a costimulatory molecule that
CD11b" cells express as a response to pro-inflammatory signals [196]. As
CD11b+CD86+ cells are important in activating adaptive immune responses,
a decrease in CD86+ cells could be an unwanted tumor escape mechanism
resulting from treatment pressure.

We also attempted to elucidate CCR2-CCL2 axis-driven mechanisms of
143B osteosarcoma cell lines in different oxygen microenvironments.
First, we interrogated the effect of the CCR2 receptor antagonist on the ability
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of 143B cells to secrete chemokines CXCL8, CCL2, and VEGF. All these pro-
angiogenic and pro-inflammatory chemokines are angiogenic and implicated
in cancer metastasis [197] [198]. CXCL8 chemokine and VEGF cytokine
were shown to be increased in the blood serum of patients with osteosarcoma
[161]. We investigated cytokine secretion differences in the co-culture model
when 143B cells were exposed to PBMC-secreted molecules to 143B mono-
culture. In mono-cultures, PBMCs secreted more CXCLS8 protein than 143B
cells, and this difference was more notable in normoxia than in hypoxia.
Conversely, there was an increase in CXCL8 chemokine secretion in both
oxygen conditions in the co-culture. Interestingly, the CCR2 antagonist
effectively decreased CXCL8 chemokine secretion by PBMCs, but only in
normoxia.

CCL2 chemokine secretion was also more pronounced in PBMCs but not in
143B cells. Although the CCL2 protein level increased in the transwell co-
culture under normoxia, it decreased significantly in hypoxia. The mechanism
of such downregulation of CCL2 protein secretion in hypoxia is unclear.
Treatment with CCR2 receptor antagonist dramatically increased CCL2
chemokine production across experimental conditions. We believe this is a
compensatory effect of the CCR2 receptor blockade, preventing CCL2
binding.

The VEGF-VEGFR cytokine axis is implicated in tumor neo-angiogenesis
and represents a prognostic marker in osteosarcoma patients [153]. Notably,
the VEGF cytokine secretion pattern was different from that of chemokines
CCL2 and CXCLS8, as this cytokine was produced mainly by 143B cells and
not PBMCs in mono-cultures. In the co-culture, we noticed that VEGF
cytokine secretion was more pronounced in hypoxia than in normoxia. CCR2
antagonist was more effective in decreasing VEGF protein secretion in
hypoxia, with increased VEGFR protein expression on 143B cells in the co-
culture.

We also noted differential changes in the expression of PD-L1, CD44,
CAIX, and CCR2 proteins on the surface of 143B cells in the transwell co-
culture model compared to the cell monolayer. The CD44 protein is linked to
worse survival in osteosarcoma patients [199] as it promotes osteosarcoma
cell migration and proliferation. CD44 positively correlates with PD-L1 in
osteosarcoma [200] [166]. In agreement with this notion, we observed that
143B cells have high expression of both markers, PD-L1 and CD44, and
hypoxia decreases expression of both. Interestingly, the addition of a CCR2
antagonist increased PD-L1 and CD44 protein expression in normoxia but
failed to do so in hypoxia. CAIX protein expression increased on the surface
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of 143B cells in hypoxia, and even more so in their co-culture with PBMCs.
CCR2 antagonist caused a decrease in CAIX protein expression, although not
significant. The possible mechanism of the link between the CCR2-CCL2 axis
and CAIX protein needs to be further explored. Although CCR2 protein
expression slightly decreased on 143B cells in hypoxia, there was a significant
increase in CCR2 protein surface expression in CD45*CD11b* cells. Our data
aligns with the notion that cyclic hypoxia can upregulate CCR2 receptors in
macrophages [156] [33], but chronic hypoxia can induce various CCR2
receptor expression changes in monocytes/macrophages depending on the
context [33] [65]. The CCR2 antagonist increased CCR2 protein surface
expression on 143B cells in transwell across different oxygen conditions, and
this was likely a compensatory effect.

In agreement with these observations, the treatment of mice bearing
osteosarcoma 143B cells-based tumors with CCR2 antagonist in vivo did not
slow tumor progression. It is likely due to decreased oxygen tensions in the
tumor that alter treatment response, as we saw in the co-culture model. Flow
cytometry analysis of harvested osteosarcoma tumors from mice showed
alterations in tumor CD44, VEGFR, and PD-L1 protein expression as well as
CD86 protein surface expression on monocytes/macrophages in the CCR2
antagonist treatment group compared to vehicle controls. CCR2 receptor
inhibition increased the fraction of VEGFR* and PD-L1* tumor cells, which
might indicate an evasive mechanism when an alternative pro-angiogenic,
immunosuppressive pathway is activated. Interestingly, we observed two
populations having either low or high expression of the CD44 protein. CCR2
antagonist shifted the cells from CD44"°" to CD44"¢" in this way increasing
overall CD44 protein expression. This is likely an unwanted effect as CD44
protein expression is linked to worse survival in osteosarcoma patients [199].
In tumor stroma analysis, we noted an increase in CD11b*CD86" cells after
CCR2 inhibition. TAMs that express CD86* can exert both pro-tumorigenic
and anti-tumorigenic functions depending on their activation state [201].
Therefore, an increase in the number of subsets of these cells could potentially
be a desired effect of CCR2 inhibition-related treatment.

We also performed a more in-depth proteome analysis of cancer-related
targets in 143B tumor cells grown in co-culture with PBMC and when they
are subjected to CCR2 antagonist in hypoxia versus normoxia. Proteome
analysis revealed differential expression patterns in tumor cells. Hypoxia-
related proteins such as CAIX and HIF-1a further increased with CCR2
antagonist administration in hypoxia. VEGF cytokine secretion decreased in
143B cells from the hypoxic co-culture when a CCR2 antagonist was added,

93



and we observed the same trend in the mice tumors’ VEGFR protein
expression. Also, protein associated with drug resistance, such as DLL1was
upregulated in osteosarcoma 143B cells from the co-culture treated with a
CCR2 antagonist under hypoxia but not under normoxia. These hypoxia-
driven mechanisms are likely responsible for poor response to CCR2
treatment and need to be addressed in future therapy designs.

Lastly, we investigated the feasibility of tumor CAIX detection in vivo in
the cervical cancer HeLa xenograft mouse model. We have chosen the most
promising CAIX enzyme-recognizing compounds and tagged them to the NIR
probes as the first step in assessing the specificity and biodistribution of these
candidate probes for further development. We saw differential uptakes of the
CAIX enzyme-specific NIR probe compounds in HeLaCAIX™T tumors as
compared to HeLaCAIXKC tumors in mice in vivo. Based on the images, the
GZ22-4 compound is more specific toward CAIX and has a faster clearance
when compared to other compounds (based on ex vivo mouse organ images
showing no fluorescence in the kidney compared to the AZ22-4 compound).
However, the persistence of the fluorescence uptake in the liver raises
concerns and the need to improve the design of these compounds to avoid
prolonged liver accumulation. These findings will serve as a platform for
future CAIX-based cancer imaging technology development.
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CONCLUSIONS

Despite recent breakthroughs in cancer treatment, such as immunotherapy,
targeted therapies, and cellular therapies, the survival of pediatric patients
presenting with advanced-stage or relapsed solid tumors remains poor [1].
Tumors employ a variety of compensatory mechanisms to evade tumor
killing. Tumor hypoxia and associated peritumoral acidosis significantly
contribute to cancer progression and treatment resistance. CAIX, a hypoxia-
induced enzyme, helps cancer cells overcome intracellular acidosis and
survive. The CCL2-CCR2 axis is activated in hypoxic TME and helps sustain
immunosuppression. Both have become attractive targets in cancer therapy
development.

Our work highlights the compensatory mechanisms involved when CAIX
or CCL2-CCR2 axis is inhibited in pediatric cancer solid tumor models, such
as neuroblastoma and osteosarcoma, the role of hypoxia in tumor editing, and
the potential for attenuating both signals, CAIX and CCL2-CCR2, that are
indispensable in helping tumor cells survive.

Chemical compounds possessing high affinity (approximately 30 pM Kd)
and significant (approx. >100x) selectivity for CAIX over remaining
catalytically active CA isozymes were designed, synthesized, and evaluated
in our laboratory (Department of Biothermodynamics and Drug Design). My
work encompassed the biological evaluation of the AZ19-3-2 inhibitor,
demonstrating compound suitability and limitations for cancer therapy and
diagnostics. AZ19-3-2 compound successfully reduced NBL SK-N-AS cell
spheroid growth under hypoxia, but not under normoxia. This compound also
reduced tumor growth in mice NBL xenograft model when it was used in
combination with a CCR2 antagonist.

In addition, selected CAIX enzyme-recognizing-NIR probe-tagged
compounds GZ22-4 and AZ21-6 were injected into mice bearing tumors; they
accumulated in the CAIXYT tumors, but not in CAIXX® tumors. These results
demonstrate the compound’s potential suitability for future CAIX-expressing
cancer diagnostics.

Additionally, we show that hypoxic conditions alter the expression of
different cellular markers and impair CCR2 antagonist effects in the
experimental 143B osteosarcoma model. This investigation suggests potential
strategies to overcome such resistance by using dual targeting with CCR2
inhibition, such as inhibiting CAIX, VEGFR, or CD44 expression or activity.
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Importantly, we show the advantages of using tumor cells and the PBMC
co-culture model over mono-cultures in better reflecting the actual in-situ
phenotype of the tumor cells.

All these findings can serve as a foundation for future hypoxic tumor niche
recognition-based therapy and diagnostics development.

Conclusions:

1. CAIX enzyme inhibition with the AZ19-3-2 compound as a
monotherapy or in combination with Avastin was ineffective in an
osteosarcoma 143B xenograft model.

2. In vitro, CAIX enzyme inhibition with 200 nM of the AZ19-3-2
compound reduced neuroblastoma SK-N-AS spheroid growth 1.38-
fold under hypoxia but not normoxia.

3. Combination of CAIX enzyme inhibition using AZ19-3-2 compound
with CCR2 receptor antagonist diminished mean tumor growth in vivo
by half in the neuroblastoma SK-N-AS model.

4. CAIX enzyme inhibition using 200 nM of AZ19-3-2 compound
decreased CXCL8 by 1.8-fold and CCL2 chemokine secretion by
2.19-fold in PBMCs in PBMC-SK-N-AS co-culture assay using a
transwell model.

5. CCR2 antagonist was not effective in the experimental osteosarcoma
143B mouse model.

6. CAIX enzyme recognizing-NIR probe-tagged compounds AZ21-6
and GZ22-4 selectively recognized and differentiated CAIXWT tumors
from CAIXKC tumors in mice.

7. Under hypoxia, co-culture of osteosarcoma 143B cells or
neuroblastoma SK-N-AS cells with human PBMCs increased CAIX
protein surface percent expression by 3.6-fold on 143B cells and 1.9-
fold on SK-N-AS cells compared to cell monolayers.

Future directions will include 1) different therapy combination approaches

that address hypoxic TME and 2) CAIX protein-based diagnostics
development.
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SUMMARY/ SANTRAUKA

SANTRUMPOS

B-ME — 2-merkaptoetanolis
CAs — karboanhidrazes
CAIX — karboanhidrazé IX
CAF — su véziu susije¢ fibroblastai
CCL2 - C-C motyvo chemokino ligandas 2
CCR2 - 2 tipo C-C chemokino receptorius
CNS — centriné nervy sistema
DMEM - Dulbeko modifikuota Eagle terpé
DNR - deoksiribonukleortigstys
ELISA — imunofermentinés analizés metodas
epH — ekstralgstelinis pH
eNKT — natiiralios Zudikés T Igstelés
FBS — isaktyvintas fetalinio versiuko serumas
FGFs — fibroblasty augimo faktorius
FFPE — formaline fiksuoti ir parafine jlieti blokali
HIF — hipoksijos indukuojamas faktorius
HRE - hipoksinio atsako elementas
ICB — imuninés sinapsés slopinimas
IFN-y — interferonas gama
IHC — imunohistochemija
IL — interleukinas
i.p. — intraperitonealiai
i.v. — intraveniskai
LDS - li¢io dodecilo sulfatas
MDSC — mieloidinés kilmés supresinés lastelés
MMP — matrikso metaloproteinazés
MFI — vidutinis fluorescencijos intensyvumas
NBL — neuroblastoma
NIR — artimasis infraraudonyjy spinduliy ruozas
PBS — fosfatinis buferis tirpalas su fiziologine drusky koncentracija
PBMC — periferinio kraujo vienbranduolés Igstelés
PD-L1 — programuotos Iasteliy ztties baltymo ligandas 1
PD-1 — programuotos lasteliy ziities baltymas 1
PEG — polietilenglikolis
PMSF — fenilmetilsulfonilfluoridas
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RIPA — radioimunoprecipitacijos reakcijos buferis

TAM - su naviku susij¢ makrofagai

TBST — Tris buferinis tirpalas su fiziologine drusky konc. ir 0.1% Tween®
20 detergentu

TGF-B — transformuojantis augimo faktorius beta

TNF-a — naviko nekrozés faktorius alpha

Treg — reguliaciniai T limfocitai

VEGF — kraujagysliy endotelio augimo faktorius

VEGFR — kraujagysliy endotelio augimo faktoriaus receptorius

IVADAS

Vaiky, serganciy pazengusios stadijos arba recidyvuojanciais standziaisiais
navikais, iSgyvenamumas iSlicka prastas net ir taikant naujausius gydymo
metodus, jskaitant imunoterapija [1]. Todél, norint vystyti naujus
prieSvézinius vaistus, reikia geriau suprasti vaiky vézio biologija. Vaiky
standieji navikai skiriasi nuo suaugusiyjy. Jie turi labai maza naviko
deoksiribonukleorig§¢iy (DNR) mutacijy skaiéiy, todél yra maziau
imunogeniski [2]. Vaiky navikuose randamas maZesnis navika infiltruojanciy
limfocity skaiCius, taip pat maza imuninés sinapsés baltymy, tokiy kaip
programuotos lgsteliy Zzities baltymo ligando-1 (PD-L1) ir programuotos
lasteliy  ziities baltymo-1 (PD-1), raiska. Siuose navikuose gausu
mieloidinés kilmés supresiniy Iasteliy (MDSC), su naviku susijusiy
makrofagy (TAM), su véziu susijusiy fibroblasty (CAF) ir reguliaciniy T
limfocity (Treg), kurie sukuria imunosupresing aplinkg [2]. Taciau
suaugusiyjy ir vaiky navikai turi bendrg bruoza, kuris yra su naviku susijusi
hipoksija, ir ji siejama su naviko agresyvumu ir progresavimu.

Naviko augimas ir progresavimas yra susije su jo prisitaikymu prie
hipoksijos. Naviko hipoksija koreliuoja su prasta véziu serganciy pacienty
prognoze ir atsparumu jprastiniam gydymui [2]. Hipoksija skatina
imunosupresiniy metabolity gamyba naviko mikroaplinkoje, o tai, savo
ruoztu, turi imunosupresinj poveikj [3, 4]. Sumazéjes deguonies kiekis
stimuliuoja lasteliy procesy pokycius, kuriuos reguliuoja transkripcijos
faktorius — hipoksijos indukuojamas faktorius (HIF). Baltymai, aktyvuojami
hipoksijos metu, yra svarbiis naviko progresavimui. Hipoksijos metu Iastelése
vykstantys metaboliniai pokyciai sukelia rugsStiniy medziagy apykaitos
produkty kaupimasi. Siekdamos iSvengti ilgalaikio uzrtgstéjimo, lastelés
jjungia papildomus pH reguliavimo mechanizmus. Lastelése vyksta
intensyvus laktato ir protony iSskyrimas j iSor¢, o bikarbonato jonai jneSami
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vidun. [5]. Tai, savo ruoZtu, rigstina uzlgsteling terpe auglio mikroaplinkoje,
0, tuo paciu, slopina imuninj atsaka, sukelia uzdegima, skatina angiogeneze ir
invazija, lemia atsparuma chemoterapijai ir radioterapijai [5]. Hipoksijos
sukeltas imuninés sistemos slopinimas veikia visy tipy imuniniy lasteliy
funkcija: nuo dendritiniy lasteliy aktyvacijos slopinimo iki TAM brendimo [6]
ir M2 poliarizacijos, lemianéios T lasteliy funkcijos slopinima [7] ir Treg
jdarbinimg [8]. Hipoksija taip pat padidina programuotos lasteliy zuties
baltymo ligando (PD-L1) rai8kg navikinése lastelése, todél atsiranda
Vertinant tokj zenkly hipoksijos poveiki naviko imuniniam atsakui, tikslinga
ieskoti su hipoksine naviko aplinka susijusiy taikiniy, kuriuos slopinant galéty
bty stiprinamas imunoterapinis poveikis.

Karboanhidrazé IX (CAIX) yra fermentas, kurio raiska stipriai aktyvuojama
hipoksijos [5]. Jis efektyviai katalizuoja anglies dioksido pavertimg j
bikarbonato jonus ir protonus. Tai viena i§ penkiolikos Zmoguje randamy a-
karboanhidraziy Seimos izoformy, kurios reguliuoja jony transportavima ir pH
homeostaze zmogaus organizme. CAIX palaiko fiziologinj vézio Igsteliy pH
taip skatindama $iy lasteliy i8likima ir progresavimg [10]. Tai savo ruoztu
sukelia uzlastelinés aplinkos uzrtigstéjima. Padidéjusi CAIX raiska yra
susijusi su blogesne jvairiy vézio formy prognoze, tarp jy centrinés nervy
sistemos (CNS) navikiniai susirgimai [11, 12] osteosarkoma [13], krties
vézys [14], neuroblastoma (NBL) [15, 16].

Padidéjes rugstingumas navike slopina naviko imuninj atsaka ir uztikrina
atsparuma gydymui [10, 17]. CAIX fermento slopinimas galéty pakeisti TME
rig§tinguma ir leisti imunoterapijai veikti. Siuo metu CAIX slopinimo, susieto
su imunoterapija, veiksmingumas yra ribotas ir pademonstruotas tik peliy
melanomos modelyje [18]. CAIX tikslinés terapijos vystymas link klinikiniy
tyrimy zmoguje yra komplikuotas. [ fazés klinikiniy tyrimy rezultatai su
mazos molekulinés masés CAIX fermento slopikliu SLC-0111 buvo paskelbti
2016 m., taiau tolesnés paZzangos nepastebéta [19]. Tikslinga naujy,
veiksmingesniy CAIX fermento slopikliy paieska. Didelis aminoriigsciy
sekos panasumas tarp CA izofermenty apsunkina CAIX specifiniy slopikliy
karimg [20]. Mano kolegos Vilniaus universiteto, Gyvybés moksly centro,
Biotechnologijos institute benzeno sulfonamidy pagrindu sukiiré auksto
afiniSkumo ir selektyvumo mazos molekulinés masés CAIX fermento slopiklj
VD11-4-2, kuris parodé daug Zadantj in vitro aktyvuma [21-23]. Sis slopiklis
buvo toliau modifikuotas j slopikli AZ19-3-2, kuriame yra dvi VD11-4-2
galvos sujungtos per polietilenglikolio (PEG) jungiamajg granding. Lyginant
su VD11-4-2, jis pasizymi didesniu afiniskumu ir selektyvumu CAIX
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fermento atzvilgiu bei pikomoline jungimosi konstanta. Siame darbe buvo
naudojamas Sis slopiklis. Pastebéjus, kad CAIX baltymas iSreikstas
standziuosisuose navikuose, jis tapo patraukliu taikiniu vézio radionuklidy
diagnostikos platformai [24]. Mano kolegos Vilniaus universiteto Gyvybés
moksly centro Biotechnologijos institute taip pat susintetino CAIX
atpazjstancius junginius, paZymétus artimojo infraraudonyjy spinduliy (NIR)
zondu [25]. Siame darbe isbandytas $iy junginiy veiksmingumas in vivo pelés
modelyje.

Hipoksiné auglio niSa perprogramuoja chemokiny sekrecija auglyje bei
lasteliy tinkla. Vézyje vyraujanciy chemokiny slopinimas kartu su CAIX
fermento slopinimu galéty biti patrauklia gydymo strategija. C-C motyvo
chemokino ligando 2 (CCL2) bei 2 tipo C-C chemokino receptoriaus (CCR2)
signalinis kelias yra biitinas vézio progresavimui, nes jis yra aktyvus naviko
hipoksijoje, neoangiogenezéje, imunosupresiniy Igsteliy jdarbinime ir
metastazavime [26, 27]. Be véziniy lasteliy, CCR2 taip pat yra sintetinamas
gausybgje lasteliy, tokiy kaip monocitai/makrofagai, taip pat T reguliacinése
lastelése, CD4+, CD8+ T lastelése, natiiralios zudikés T lastelés (eNKT),
endotelio lgstelése ir fibroblastuose [28]. Todél $is kelias svarbus véZiniy ir
imuniniy Igsteliy komunikacijai. Nors CCR2 turi ir kitus ligandus, tokius kaip
CCL8, CCL12 ir kt., CCL2 turi didziausig afiniSkuma [27]. CCL2 yra vienas
stipriausiy chemoatraktanty, dalyvaujan¢iy makrofagy pritraukime j navika
[29]. CCL2-CCR2 signalinio kelio reguliavimas ir vaidmuo naviko
hipoksijoje néra gerai istirti. CCL2 turi hipoksijos atsako elementg (HRE),
todél CCL2 raiska gali biiti kontroliuojama HIF-1 [30]. Sio chemokino raiska
hipoksijoje yra kompleksiska ir priklauso nuo lgsteliy tipo ir aplinkos. Létiné
hipoksija sumazina CCL2 chemokino kiekj monocituose / makrofaguose ir
kai kuriose vézio Iasteliy linijose, taCiau cikliska hipoksija (labiau biidinga
navikams) padidina CCL2 chemokino sekrecijg ir padidina CCR2 receptoriy
reguliavimg makrofaguose [30, 31]. Hipoksijoje, naviky i$skiriamas CCL2
skatina  granuliocity CD11b+/Ly6Cmed/Ly6G+ mieloidiniy lgsteliy
kaupimasi peliy pieno liaukos navikuose, kurie padeda sukurti pries
metastazing ni$g. Savo ruoztu CCL2 neutralizavimas Siame modelyje
sumazino augliy metastazavimg [32]. Tokiu badu CCL2-CCR2 signalinis
kelias islieka patraukliu prieSvézinés terapijos taikiniu.

Tyrimo tikslas

Istirti, ar su hipoksija susijusiy baltymuy, tokiy kaip CAIX, ir (arba) CCL2-
CCR2 signalinio kelio slopinimas yra veiksmingas pasirinktuose
ikiklinikiniuose standziyjy naviky modeliuose bei istirti naujy CAIX fermenta
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atpazjstaniy junginiy, pazyméty artimyjy infraraudonyjy spinduliy ruozo
(NIR) fluorescencine Zyme pritaikyma augliy in vivo vaizdinimui.

Tyrimo uzdaviniai:

1. Istirti CAIX slopiklio poveikj neuroblastomos SK-N-AS bei
osteosarkomos 143B lgstelése in vitro bei augliy augimui in vivo kaip
monoterapijg ir derinyje su pasirinktais vaistais.

2. Apibidinti CAIX slopinimo poveikj imuniniy Igsteliy ir neuroblastomos
SK-N-AS navikiniy lasteliy sgveikai in vitro.

3. Apibudinti CCL2-CCR2 signalinio kelio slopinimo poveikj imuniniy
lasteliy ir osteosarkomos 143B navikiniy Igsteliy sgveikai in vitro.

4. Apibudinti CCL2-CCR2 signalinio kelio slopinimo poveikj
osteosarkomos 143B lasteliy naviko modelyje in vivo.

5. I8tirti naujy CAIX fermentg atpazjstanciy ir su NIR fluorescencine zyme
konjuguoty junginiy AZ21-6 ir GZ22-4 tinkamuma in vivo augliy vaizdinimui
peléje.

6. Sukurti véziniy lgsteliy ir sveiky donory periferinio kraujo
vienbranduoliy Iasteliy (PBMC) bendros kultiiros metoda, skirtg véziniy
lasteliy ir imuniniy lasteliy sgveikai tirti.

Mokslinis naujumas

Misy tyrimas pateikia naujus mokslinius duomenis apie kompensacinius
mechanizmus, kurie i$Saukiami navike slopinant CAIX fermentg arba CCL2-
CCR2 signalinj kelig. Istyréme CCR2 antagonisto poveikj eksperimentiniame
osteosarkomos modelyje. Taip pat Siame darbe pabréziamas daugialypis
CAIX vaidmuo naviko ir stromos komunikacijoje. Tai pirmasis tyrimas,
kuriame buvo istita CAIX slopinimo su CCR2 antagonistu efektas
neuroblastomos ksenografto modelyje. Galiausiai buvo iSbandytas CAIX
atpazjstanéiy ir NIR fluorescencine zyme pazyméty junginiy pritaikymas
zmogaus véziniy lasteliy ksenograftiniuose augliuose peléje.

Ginamieji teiginiai:

1. CAIX slopinimas kaip vieno agento terapija turi minimaly
veiksminguma osteosarkomos ikiklinikiniame vézio modelyje.

2. CAIX slopikliy efektyvumas-yra zenklus juos naudojant Kartu su
CCR2 antagonistu zmogaus neuroblastomos lasteliy SK-N-AS
ksenografto modelyje peléje.
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3. CAIX fermento slopinimas kei¢ia chemokiny CCL2 ir CXCL8
sekrecijg sveiky donory PBMC ir neuroblastomos SK-N-AS Iasteliy
ko-kulttiroje in vitro.

4. CCL2-CCR2 signalinio kelio slopinimas osteosarkomos 143B
Iastelése turi skirtingg atsaka skirtingose deguonies aplinkose.

5. Peliy, ekspresuojanéiy CAIX baltymg navikuose, vaizdinimas in vivo
yra galimas naudojant CAIX fermentg atpaZjstanCius ir
fluorescencine NIR Zyme pazymétus junginius AZ21-6 ir GZ22-4 .

METODAI

Lasteliy kultiiros

SK-N-AS, Zmogaus neuroblastomos lasteliy linija gauta i§ Prof. A.Y.
Huang, Case Western Reserve universitetas, JAV. SK-N-BE, be2c, SH-
SY5Y, LAL1-55n, HeLa linijas maloniai partpino prof. Kanopka ir dr. E.
Kriukiené. 143B lgsteliy linija buvo jsigyta i§ ATCC. HeLaCAIXX® linijg
i$vedeé dr. J. Matuliené [25].

Visos linijos buvo kultivuotos naudojant Dulbeko modifikuota Eagle terpe
(DMEM), papildyta 10 % iSaktyvinto fetalinio verSiuko serumo (FBS) bei 1 %
penicillino/streptomicino  (P/S, 100 U/ml/100 pg/ml). Lastelés buvo
auginamos inkubatoriuje palaikant 21 % O ir 5% CO; esant 37 °C.
Hipoksinés salygos buvo pasiektos naudojant hipoksing kamerag (MACS
VAS500 mikroaerofiliné darbo stotis, Don Whitley Scientific, JK) su 1 % Oy,
5 % CO; ir likutiniu N2. Lastelés buvo laikomos hipoksijoje nuo 48 val iki 11
dieny priklausomai nuo eksperimento salygy.

Bandomujy gyviiny prieZitira

Tyrimui buvo naudojamos 5-6 savai¢iy Nude peliy patelés (CR ATH HO
kodas 24106216) gautos i§ Charles River Laboratories. Gyvinai buvo
Gyviiny modeliy skyriuje. Gyviinai buvo laikomi Allentown 48 Cage NexGen
Mouse IVC Cage & Rack narvelivose su individualia ventiliacija,
sterilizuotais narvais ir lizdais. Viename narve buvo laikomos 5 pelés,
naudojant 12 valandy Sviesos ir tamsos cikla, esant 21-23 °C temperatiirai ir
40-60 % drégmei. Gyviinams buvo taikoma sterilizuota ir apSvitinta dieta
skirta transgeninéms peléms (Altromin, #1414) ir sterilizuotas vanduo ad
libitum. Gyviinai, skirti vaizdinimo eksperimentams, buvo Seriami
sterilizuota, apsvitinta bei be chlorofilo dieta (Altromin, #C1086194). Visos
eksperimentinés procediros atitiko ES Direktyvos 2010/63/ES reikalavimus
ir buvo patvirtintos Lietuvos valstybinés maisto ir veterinarijos tarnybos
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(patvirtinimo Nr. G2-233, 2023-01-18, Nr. G2-194, 2021-11-09). Pelés buvo
stebimos kiekvieng darbo dieng ir sveriamos kartg per savaitg.

Neuroblastomos véZinés linijos SK-N-AS augliy peléje tyrimas

10-12 savaiciy Nude peliy pateléms j desinio Sono paodj buvo suleista 5x10°
Zmogaus neuroblastomos vézinés linijjos SK-N-AS lasteliy. Kai navikai
pasieké vidutinj 35 mm? dydj, pelés buvo paskirstytos j grupes pagal naviko
dydzius, kad biity uztikrintas vienodas naviko dydzio pasiskirstymas grupéje
(n =7 vienai grupei). Randomizacijos dieng buvo pradétas gydymas AZ19-3-
2 junginiu po 10 mg/ kg/ doze | pilvaplévés ertme (i. p.) kas parg arba
kontrolinis nesiklis. CCR2 antagonistas RS504393 (#300816-15-3, TOCRIS)
2 mg/ kg/ doze i. p. per parg buvo pradétas 5 dieng po randomizacijos, kad
AZ19-3-2 junginys bty prisotintas ir dél to galimai sumazéty naviko
tarplastelinés aplinkos riigS§tingumas. Naviko dydis buvo matuojamas
slankmaciu kas antra dieng. Naviko tiiris buvo apskaifiuojamas pagal
formule: turis = (D*dA2*m)/6, kur D reiskia didziausig skersmenj, o d —
mazesnj skersmenj. Visos pelés buvo nugaiSintos, kai bent vienas auglys
pasieké 1500 mm? tiirj. Eksperimento pabaigoje gyviinai buvo nugai$inami
naudojant CO; dujas 8,0 L/min (Elme Messer Lit, Vilnius, Lietuva) bei
cervikaliniy slanksteliy dislokacija. IS pelés i§imti navikai buvo analizuojami
taikant tékmés citometrijos metoda.

Osteosarkomos vezinés linijos 143B augliy peléje eksperimentas

I 8-12 savaiCiy Nude peliy pateliy deSinius Slaunikaulius buvo suleista
0,5x10° osteosarkomos 143B Igsteliy/ 20 pL fosfato buferio tirpale (PBS).
Operacijos metu anestezijai buvo naudojamas isofluranas. Kai navikai pasieke
apc¢iuopiama dydj, 16 dieng po naviko inokuliacijos, pelés buvo paskirstytos j
tiriamas grupes pagal naviko dydj. Vienai grupei buvo leidziama CCR2
antagonistas RS504393 (#2517, TOCRIS) 2 mg/ kg dozé i.p (n=10). Antrai
kontrolinei grupei buvo leidziamas nesiklis. Naviko dydis buvo apskaiciuotas
taip: taris = (D*dA2*n)/6, D reiskia didziausig skersmenj, o d — mazesn]
skersmenj. Visos pelés buvo nugaiSintos, kai bent vienas auglys pasieke 1500
mm? tiirj. Eksperimento pabaigoje gyviinai buvo nugaisinami naudojant CO,
dujas 8,0 L/min (Elme Messer Lit, Vilnius, Lietuva) bei cervikaliniy
slanksteliy dislokacijg. IS pelés iSimti navikai buvo analizuojami taikant
tékmeés citometrijos metoda.
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Gimdos kaklelio vézio linijos HeLa augliy eksperimentas su vaizdinimu

8-12 savai¢iy Nude peliy pateléms buvo suleista 3x10° HeLaCAIXWT
Igsteleliy/100 pL PBS j desinjjj peliy Song, ir tiek pat HeLaCAIXKC Igsteliy
buvo suleista j kairjji tos pacios pelés Song. Kai navikai pasieké vaizdavimui
tinkamg dydj, GZ22-4 arba AZ21-6 junginiai buvo suleidZiami vienkartinai
intraveniskai (i.v.) naudojant 2 mg/ kg/ doze. Pelés buvo vaizdinamos kas 24
valandas po injekcijos su Alliance™Q9 Imager sistema pasitelkiant izoflurano
anestezija. Vaizdai buvo kiekybiskai jvertinti naudojant UVIBAND MAX
analizés programingés jrangos sistemg. Eksperimento pabaigoje gyviinai buvo
nugaiSinami naudojant CO, dujas 8,0 L/min (Elme Messer Lit, Vilnius,
Lietuva) bei cervikaliniy slanksteliy dislokacija.

Lasteliy gyvybingumo jvertinimas (LDH ir XTT tyrimai)

Lastelés buvo isséjamos | sterilia 96 Sulinéliy plokstele. Po 24 valandy
inkubacijos 1 % O,, paSalinama lgsteliy augimo terpé ir jdedama titruotos
dozés CAIX slopikliy ADMEM terpéje. Tada lastelés inkubuojamos 1 % O
48 valandas. LDX ir XTT tyrimai atliekami pagal gamintojo protokolus,
naudodami citotoksiSkumo aptikimo rinkinj (LDH) (#11644793001, Roche)
ir CYQUANT™ XTT Igsteliy gyvybingumo rinkinj (#X6493, Invitrogen).
Kontrolinés lgstelés gavo neSiklj. Vertés buvo apskaiciuotos kaip kontrolinés
grupés % dalis. Duomenys apima 2 atskirus eksperimentus po 3 pakartojimus.

epH matavimas

epH matavimams uzséta 0,15x10% SK-N-AS arba 0,075x10° 143B lIgsteliy j
12 Sulinéliy plokstelg/1 ml terpe su neSikliu arba AZ19-3-2 atitinkamomis
koncentracijomis. Lastelés buvo inkubuojamos 48 val normoksijos ir
hipoksijos salygomis. pH matavimai buvo atlikti naudojant Mettler Toledo
SevenCompact™ pH matuoklj S210. Duomenys apima 9 pakartojimus
kiekvienai salygai.

Véziniy lasteliy ir PBMC tékmés citometrija

PBMC, SK-N-AS ir 143B lastelés buvo surinktos ] citometrinius
mégintuvélius, centrifuguotos 5 min. 300 g grei¢iu. Nuplovus surinktas
lasteles, jy pavirSiaus receptoriai FcyRIII (CD16) ir FeyRII (CD32) buvo
blokuoti Fc bloko (anti-zmogaus CD16/32) tirpalu (1:100). Nuplovus
kartotinai, PBMC, SK-N-AS ir 143B lastelés buvo nudazytos Siais antikiinais
atpazjstanéiais Zmogaus baltymus: anti-hCD3 AF488 (#300320, BioLegend),
anti-h/mCD11b FITC (#101206, BioLegend), anti-hCD86 AF488 (#53-0869-
42, Invitrogen), anti-hCD274 APC (#17-5983-42, Invitrogen), anti-hCD8
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PE/Cy7 (#344712, BioLegend), anti-hCAIX AF488 (#FAB2188G, R&D),
anti-hCD45 PE/Cy7 (#304016, BioLegend), anti-hCD80 PE/Cy. 7 (#305218,
BioLegend), anti-hVEGFR PE/Cy7 (# 393008, BiolLegend), anti-hPD1 PE
(#621608, BiolLegend), anti-hnCCR2 PE (#357206, BioLegend), anti-hCD4
AF647 (#51-0049-42, eBioscience), anti-hCD206 APC (#17-2069-42,
Invitrogen) ir anti-hF4/80 APC (#123116, BioLegend). Taip pat dazoma su
atitinkamomis izotipinémis kontrolémis. 7aad dazas (#00-6993-50,
eBioscience) buvo naudojama gyvoms lasteléms atskirti nuo mirusiyjy.
Tékmés citometrija atlikta naudojnt Partec CyFlow® Space citometra.

Peliy naviky tékmés citometrija.

I§ peliy i8imti navikai buvo susmulkinti 100 mm Petri 1€ksteléje. Tuomet jie
aizomiuzpilant Kolagenazés D (#1108885, Roche) 1 mg/ml ir DNAzés
(#52779120, Roche) 0,05 mg/ ml j 2 ml HBSS ir inkubuojant 15 min 37 °C.
Suskaldyti navikai buvo perleidziami per 70 um pory filtrg. Lastelés
centrifuguojamos ir eritrocitai  lizuojami 2 ml eritriocity  lizavimo
(ACK)buferiu 1 minutg. Centrifuguojama ir plaunama FACS buferiniu
tirpalu. TruStainFcX (#422302, BioLegend) buvo naudojamas nespecifinei
receptoriy blokadai. Siekiant iSanalizuoti naviko frakcija zmogaus lasteliy
ksenograftuose, buvo naudojami $ie antik@inai: anti-hCD274 APC (#17-5983-
42, Invitrogen), anti-hnCA9 AF488 (#FAB2188G, R&D), anti-hVEGFR
PE/Cy7 (#393008, BioLegend), anti-nCCR2 PE (#357206, BioLegend), anti-
hCD44 APC (#559942, BD PharmingenTM) su atitinkamomis izotipinémis
kontrolémis. Siekiant iSanalizuoti imuning frakcija ksenografiniuose
navikuose, buvo naudojami antikiinai prie§ pelés antigenus. Antikiiny Fc
receptoriy blokavimui buvo naudojamas antikiiny prie§ Siuos receptorius
misinys TruStainFcX (#101320, BioLegend). Naudoti antiktinai buvo anti-
mCD206 APC (#141708, BiolLegend), anti-mCD86 PE (#105008,
BioLegend), anti-mPD-L1 PE (#155404, Biolegend), anti-mCCR2 PE
(#150610, BioLegend). 7aad dazas (#00-6993-50, eBioscience) buvo
naudojamas gyvoms lgsteléms atskirti nuo zuvusiy. Tékmeés citometrija
atliekama naudojant "Partec CyFlow® Space™ arba BD FACS Symphony Al
citometrus. Duomenys buvo analizuojami naudojant "FlowJo" programa.

Imunohistochemija

143B, SK-N-AS ir HeLa naviky imunohistocheminis dazymas (IHC) buvo
atliktas Nacionaliniame patologijos centre, Vilniuje. Formaline fiksuoti ir
parafine jlieti audiniai (FFPE) buvo supjaustyti 3 mikrony storiu. Dazyta
CCR2 antikiinu (Roche klonas SN707, 1:400) arba CAIX antikiinu (Cell
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Marque klonas EP161; 1:50). Vaizdinimui naudojamas universalus DAB
aptikimo rinkinys (# (92) 760-500, Roche).

Imunoblotingas

SK-N-AS ir 143B lastelés buvo surinktos po 72 val inkubacijos
normoksijoje arba hipoksijoje, du kartus plaunamos PBS ir lizuojamos
naudojant radioimunoprecipitacijos reakcijos buferinj tirpala (RIPA) (#89900,
ThermoFisher), kuriame pridéta proteazés ir fosfatazés slopikliy
(ThermoFisher Halt Phosphatazés™ slopikliy kokteilis (#78428), Halt
proteazés slopikliy kokteilis (#78425) ir fenilmetilsulfonilfluorido (PMSF)
proteazés slopiklis (#36978)). Lizatas centrifuguotas 16000x g 15 min 4 °C
temperattroje. Bendras baltymy lizatas buvo kiekybiskai jvertintas Bradfordo
metodu (53). Lizatas buvo redukuojamas 4X li¢io dodecilo sulfato (LDS)
méginio buferiniame tirpale su B-ME, inkubuojant 10 min. 95°C
temperatiroje. Lizatas frakcionuotas SDS-PAGE elektroforezés budu,
naudojant Bolt 4-12 % Bis-Tris Plus gelius (Thermo Scientific™) ir perkeltas
ant 0,2 um nitroceliuliozés membrany (Thermo Scientific™). Blokavimas
vykdytas su 2 % pieno milteliy 1X Tris-Buferio tirpale su 0.1 % Tween® 20
detergentu (TBST) 1 valanda. Inkubuota per naktj 4 °C temperatiiroje su
pirminiais antikiinais anti-hnCAIX M75 (#00414, Abs Ab) 2 % pieno/TBST
tirpale. Kontrolei naudoti antikinai prie§ p-aktin  (#MA5-15739,
ThermoFisher). Po inkubacijos membranos buvo tris kartus plaunamos po 5
min TBST. Po plovimy inkubuojama su atitinkamu antriniu antikiiniu 1:1000.
Po plovimy, membranos rySkinamos naudojant Novex ECL
chemiliuminescencinio substrato reagenty rinkinio substratg (#WP20005).
Vaizdinama naudojant Alliance Q9 Advanced (UVITEC) sistema.

SK-N-AS sferoidy augimo eksperimentas

Mazdaug 0,2x10° SK-N-AS Igsteliy/2 ml DMEM terpés uzséta j 6 Sulinéliy
plokstele. Kita dieng buvo pridéta NanoShuttleTM 70 uL (#B22073BP,
Greiner). Po 24 valandy inkubacijos lastelés buvo persétos | 96 Sulinekiy
ploksteles su F-dugnu (# 655976, Greiner) (400 Igsteliy vienoje duobutéje
150 uL DMEMterpéje). Kad sferoidai pradéty formuotis, iSsétos lastelés
30 min laikytos ant 96 Sulin¢liy plokSteleéms pritaikyto magnetinio disko
(#655837, Greiner). Plokstelés buvo perkeltos j inkubatorius su 1 % O ir
21 % O salygomis. Po 48 val. inkubacijos j atitinkamus Sulinélius pridéta
junginiy: AZ19-3-2 200 nM (n=10, normoksijoje ( n=7)) ir nesiklis (n=10).
Sferoidai buvo fotografuojami kasdien nuo pirmosios junginio uzdéjimo
dienos naudojant fluorescencijos vaizdinimo sistemg EVOS FL Auto Imaging
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System (Life Technologies). Nuotraukoms taikytas 4X padidinimas. Terpé su
junginiais buvo reguliariai kei¢iama kas 48 valandas. Sferoido dydis buvo
kiekybiskai jvertintas naudojant "Image]" programa.

Véziniy lgsteliy — PBMC ko-kultiiros eskperimentas

Véziniy lasteliy ir sveiko donoro PBMC ko-kultiiros metodas yra taikomas
vézio tyrimuose, nes geriau atspindi in vivo lasteliy elgesj [33, 34]. Miisy
modelis neleido tiesioginio kontakto tarp lasteliy ir buvo orientuotas i
parakrininj signalg ir atsaka j tirpius signalinius baltymus [34].

Sveiko donoro
PBMCs ~_

0.4 pm pusiau
pralaidi membrana —

. Ve

Vézineés lasteles —

1 paveikslas. Véziniy lgsteliy - PBMC ko-kultiiros tyrimo schema.

1 paveiksle pavaizduota ko-kultitos tyrimo saranka. Siam tyrimui mes
naudojome Thermo Scientific, Nunc™ polikarbonato lasteliy kultiiros
intarpus 12 Sulinéliy plokstelése, 0.4 um (#140652). Pirmiausia, 0,15x10° SK-
N-AS lasteliy 2ml ADMEM (#12491-015, Gibco) terpés buvo isséta j 12
Sulinéliy plokstele ir inkubuota 1 % O,. Po 24 valandy buvo pridéta 0,2 uM
AZ19-3-2 bei kontrolei naudojamas neSiklis. Lastelés buvo inkubuojamos
1 % Oz dar 24 valandas.

Sveiko zmogaus donoro kraujas buvo renkamas laikantis Vilniaus
regioninio biomedicininiy tyrimy komiteto patvirtinto bioetikos protokolo
(2020 03 31 Nr.2020/3-1209-694). PBMC buvo izoliuoti naudojant "Ficoll-
PagueTM PREMIUM" (#17-5442-02) "GE Healthcare" pagal gamintojo
protokolg. Lastelés buvo suskaiCiuotos ir iSsétos 1 x 10° /Sulinéliui su
ADMEM + 5% FBS. Po 48 valandy inkubacijos 1% O2 i§ virSutinés arba
apatinés ploksteliy surinktos lgstelés buvo centrifuguojamos ir ruoSiamos
imunofermentinés analizés metodo (ELISA) bei tékmés citometrijos tyrimui.
Duomenys apima 6 nepriklausomus eksperimentus.

143B eksperimentui buvo uzséjama 0,15x10° 143B lgsteliy j Sulinélj ir 24
valandoms auginama 1 % O, ADMEM su 3 % FBS. Sekancig dieng buvo
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jdedama 0,5 uM RS504393 (#2517, TOCRIS) junginio arba nesiklio kontrolé
ir lgstelés inkubuojamos 21 % arba 1 % O». Po 24 valandy sveiko donoro
kraujas buvo uzsé¢jamas 1x10%Sulinéliui su ADMEM + 5% FBS. Po 48
valandy inkubacijos 1 % arba 21 % O, i§ virSutinés arba apatinés ploksteliy
surinktos lastelés buvo centrifuguojamos ir ruosiamos ELISA analizei beli
tekmeés citometrijos tyrimui. Duomenys apima 6 skirtingus eksperimentus.
Duomenys buvo analizuojami naudojant "FlowJo" programa. Izotipo
kontrolé buvo naudojama teigiamy lasteliy slenks¢iui pavaizduoti. Buvo
apskaiciuota ir tolesnei analizei panaudota gyvy SK-N-AS arba 143B Iasteliy
procentiné dalis. PBMC atveju analizei buvo atrinktos gyvos CD45+ Iastelés.
T lasteliy zymenys CD4, CD8 arba programuotos lasteliy zities baltymas
(PD-1) buvo apskaiéiuoti CD3+ populiacijoje kaip teigiamy lgsteliy dalis. PD-
L1+, CCR2+, CD86+, CD206+ ir CD86+CD206+ procentiné dalis buvo
apskaiCiuota i§ bendros CDI11b+ Iasteliy populiacijos. Siekiant iSvengti
duomeny skirtumy tarp kraujo donory, imuniniy lgsteliy duomenys buvo
normalizuoti ir naudojami tolesnei analizei. Kiekvieno Zymeny rinkinio
teigiamy lagsteliy procentas (PD-L1+, CCR2+, CD86+, CD206+ ir
CD86+CD206+) buvo padalintas i§ vidutinés visy gydymo bidy teigiamy
lasteliy vertés vienam donorui. Normalizuoti duomenys grafikuose buvo
pateikti kaip santykinis tam tikry Zymeny teigiamy lasteliy procentas.

Citokiny ir chemokiny Kiekybinis nustatymas ELISA metodu

Citokiny ir chemokiny kiekybiniam nustatymui lasteliy kulttiros
supernatantuose buvo naudojami Sie ELISA rinkiniai: IL-6, 1L-10, TNF-a,
CCL2, CXCL8 (#88-7066, #88-7106, #88-7346, #88-7399, #88-8086
Invitrogen, Thermo Fisher Scientific, JAV), interferono gama (IFN-y), IL-4
(#900-T27, #900-T14, PeproTech), VEGF (#DY293B-05, R&D sistemos).
Citokiny nustatymas atliktas pagal gamintojo protokolg. Citokiny
koncentracija apskaiciuota i$ kalibracinés kreivés.

Statistiné analizé

Duomenys buvo analizuojami naudojant Graph Pad Prism programine
jrangg (10.0.2 versija). Duomeny grafikai pateikiami naudojant Matplotlib
3.9.0 arba Graph Pad Prism programing jranga (10.0.2 versija). Nepriklausomi
eksperimentai, vadinami n, reiskia nepriklausomy lasteliy kultiros preparaty
arba gyviiny skai¢iy. Buvo tikrinama, ar duomenys atitinka Gauso skirstinj.
Jei taip, ANOVA palyginimas buvo atliekamas naudojant Bonfferoni arba
Tukey testus. Ko-kultiiros tyrimuose, tiriant skirtumus tarp gydyty ir negydyty
kohorty, buvo taikomas studento t testas. Jei duomenys nebuvo iSsibarste
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pagal normalyjj skirstinj, buvo atlickamas palyginimas Kruskal-Wallis
metodu kartu su Dunn's post hoc testu. Jei p vertés buvo mazesnéms uz 0.05,
buvo laikoma statistiskai reikSmingu skirtumu ir nurodoma taip: *p < .05,
**p< 0.01, ***p < 0.001, ****p < 0.0001.

REZULTATAI

Norédami jvertinti hipoksiniy naviko Zymeny vaidmenj imuninio naviko
mikroaplinkoje, iStyréme CAIX slopinimo veiksminguma o0steosarkomos
143B ksenografto modelyje bei neuroblastomos SK-N-AS ksenografto
modelyje. Be to, iStyréme CCL2-CCR2 signalinio kelio slopinimo
veiksminguma tuose paciuose modeliuose. Galiausiai jvertinome CAIX
atpazjstanciy ir NIR fluorescencine Zyme pazyméty junginiy pasisavinimag
pelés gimdos kaklelio vézio HeLa linijos ksenografte in vivo.

CAIX slopinimo veiksmingumas osteosarkomos 143B vézinés linijos
modelyje

Osteosarkoma yra agresyvus kauly vézys [35]. CAIX baltymo raiska
osteosarkomoje yra susijusi su blogesne prognoze [36]. Tokiu bidu CAIX
slopinimas gali buti patraukli strategija Sio tipo véziui, pagrjsta anks¢iau
paskelbtais tyrimais in vitro [36]. Siame tyrime i§bandéme CAIX slopinimo
veiksmingumg 143B lasteliy linijos ksenografte [37]. Tai patrauklus modelis
metastazuojancios ligos tyrimui [38]. Tyrimuose naudojome misy
laboratorijoje naujai sukurtg CAIX slopiklj AZ19-3-2.

Imunoblotingo rezultatai patvirtino CAIX raiska 143B lasteliy linijoje
hipoksijoje (2A pav.). IStyréme CAIX baltymy slopinimo poveikj Siame
naviko modelyje in vivo. Kadangi CAIX slopinimas pats savaime neparodé
veiksmingumo, bandéme taikyti kombinuota gydymo metoda. Siekdami
galimos sinergijos, pasirinkome kraujagysliy endotelio augimo faktoriaus
receptoriaus (VEGFR) blokavima, naudodami j kraujagysliy endotelio
augimo faktoriy (VEGF-A) nukreipta monokloninj antikiing Bevacizumaba
(Avastin) [38] . Duomenys rodo, kad CAIX slopinimas sustiprina anti-VEGF
gydyma kity standZiyjy naviky atveju [39]. Anestezuotoms 6-12 savaiéiy
amziaus Nude peléms buvo suSvirksta po 0.5 min. 143B Iasteliy intratibialiai.
Kai augliai tapo apciuopiami, pelés buvo suskirstytos j gydomasias grupes
pagal naviko dydj. AZ19-3-2 junginys buvo skiriamas 10mg/kg/doze i.p.
kasdien. Avastinas buvo skiriamas 10 mg/kg/doze i.p. du kartus kas savaite.
Pelés buvo nugaiSintos 27 eksperimento diena, nes augliai pasieké 1500 mm?
dydi. IS jy 2 pelés buvo nugaiSintos anksciau dél blogos iSvaizdos.
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Eksperimento pabaigoje buvo stebimas tik minimalus naviko dydZzio
sumazgjimas kombinuoto gydymo grupéje (2B pav.).
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2 paveikslas. CAIX slopininimas 143B osteosarkomos modelyje. A)
Imunobloto analizé, vaizduojanti CAIX baltymo raiskos padidéjimag 1 % Op,
palyginti su 21 % O,. B) Intratibialiai implantuoty 143B lasteliy augimo
kinetika taikant skirtingus junginius: AZ19-3-3 junginys (raudona linija ir
apskritimai), Avastinas (ruda linija ir apskritimai), kombinacija (violetiné
linija ir apskritimai) bei neSiklio kontrolé (oranziné linija ir apskritimai). C)
CAIX, PD-L1, VEGFR, CCR2 pavirsiaus baltymy ekspresijos procentiniai
poky¢iai 143B navikuose, surinktuose i§ peliy po gydymo. C) CAIX vidutinio
fluorescencijos intensyvumo (MFI) santykio (1 % O / 21 % Oy) palyginimas
iSaugintose lastelése 1§ AZ19-3-2 gydyty naviky (mélyna juosta), neSiklio
kontrolés (violetiné juosta), Avastino grupés - ruda juosta, kombinacijos -
Sviesiai mélyna juosta) jas lyginant su pradine 143B lasteliy kulttra (oranzinés
juostos) lasteliy linija.

Eksperimento pabaigoje surinkti navikai buvo analizuojami tékmés
citometrijos biidu, kuris parodé nezymy CAIX ir CCR2 baltymy procentinés
raiSkos padidéjimg AZ19-3-2 gydytoje grupéje (CCR2 baltymo procentiné
raiSka iSaugo nuo 7,5%1,3 % neSiklio grupéje iki 14,6+0,1 % AZ19-3-2
junginio grupéje) (2C pav.). Taip pat iSauginome surinktas naviko lasteles
lasteliy kultaroje. Kai lgsteliy priaugo, mes jas paveikéme 1% O ir
palyginome CAIX ekspresija apskaic¢iuodami vidutinio fluorescencijos
intensyvumo santykj (1 % O/ 21 % O). I§ auglio iSaugintose lastelése MFI
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(1% 0./21% Oz) santykis buvo didesnis palyginus su pradinémis
kultivuotomis lgstelémis (1,18+0,1 pradinése lagstelése ir 1,4+0,2 i§ auglio
iSaugintose lastelése) (2D pav.). Tikétina, kad tai susije su dar ryskesne $iy
naviky hipoksija in vivo.

Apibendrinant galima pasakyti, kad bandymas derinti CAIX slopinima su
Avastinu nebuvo sékmingas. Taciau §is tyrimas paskatino mus istirti CCL2-
CCR2 signalinio kelio slopinimg 143B osteosarkomos modelyje.

Hipoksija keicia CCR2 antagonisty veiksminguma 143B modelyje.

Toliau siekéme istirti CCL2-CCR2 signalinio kelio blokavimo
veiksmingumo skirtumus hipoksijoje ir normoksijoje Zmogaus osteosarkomos
lasteliy linijos 143B modelyje. Siekéme iSsiaiskinti sgveikos mechanizmus
tarp osteosarkomos lgsteliy ir imuniniy lasteliy hipoksijoje ir normoksijoje bei
kompensacinius mechanizmus, susijusius su CCR2 slopinimu, pasitelkiant
véziniy lgsteliy ir sveiko donoro PBMC ko-kultiiros metoda [33, 34]. CCL2-
CCR2 kelio slopinimui pasirinkome maza organing molekule RS504393
(spiropiperiding) — selektyvy CCR2 receptoriaus antagonista [40]. Sis
junginys blokuoja CCR2 receptoriy, uzimdamas CCL2 suri§imo vieta,
nepaveikdamas CXCR1, CCR1 ar CCR3 receptoriy [40]. RS504393 parodé
daug zadantj aktyvumag, kai buvo naudojamas kartu su imuninés sinapsés
blokada standziyjy naviky ikiklinikiniuose tyrimuose [41]. Mes iStyréme
CCR2 antagonisto poveikj 143B lasteliy gebéjimui sekretuoti chemokinus
CXCL8, CCL2 ir VEGF. Visi §ie angiogeniniai ir prieSuzdegiminiai
chemokinai vaidina svarby vaidmenj osteosarkomos progresavime. Be to,
iStyréme pavirSiaus baltymy CAIX, VEGFR bei PD-L1 raiskos pokycius
143B lastelese. Mes taip pat iStyréme CD44 baltymo raiska, nes Sis
glikoproteinas svarbus lasteliy adhezijoje ir yra laikomas vézio kamieniniy
lasteliy zymeniu [42].

143B lastelés sekretuoja nedidelj kieki CCL2 chemokino, kuris zenkliai, 5-
8 kartus, iSauga paveikus lgsteles IFN-y (3A pav). CCR2 receptoriaus raiska
143B lastelése in vitro néra tokia zymi. Visgi CCR2 receptoriaus procentiné
raiSka ant CD11b+ Iasteliy, lyginant su normoksija, padidéja esant hipoksijai
ir tampa dar ryskesne, kai CD11b+ lgstelése ko-kultiroje su 143B Igstelémis
(0,71 % normoksijoje monokultiiroje, 1+0,03 % hipoksiioje monokultiiroje,
1.7£0.2 % hipoksijoje ko-kulttroje) (3B pav.).
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3 paveikslas. 143B lasteliy fenotipas monokultiiroje ir kartu su
imuninémis Iastelémis. A) 143B Iasteliy, iSauginty normoksijos ar hipoksijos
metu, CCL2 sekrecijos skirtumai -/+ IFNy atlikus ELISA tyrimg. B) CCR2
ekspresijos skirtumai ant CDI11b lasteliy, kai PBMC auginamos
monokultiiroje (apskritimai) ir ko-kultiiroje (kvadratai) normoksijoje (tus¢ios
formos) arba hipoksijoje (uzpildytos formos). C) PavirSiaus baltymy
ekspresijos pokyciai vertinant §iy zymeny MFI: CCR2, CAIX, VEGEFR ir PD-
L1, kai 143B lastelés buvo auginamos monokultiiroje (rudi apskritimai), arba
ko- kuttiroje (violetiniai kvadratai) normoksijos (tuS¢ios formos) arba
hipoksijos (uzpildytos formos) salygomis.

143B lasteliy ko-kultiira su sveiko donoro PBMC sukelia CAIX baltymo
raiSkos poky¢ius. Kaip ir tikétasi, 143B Igstelése hipoksijoje CAIX baltymo
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raiSka vertinant MFI padidéjo lyginant su normoksija (nuo 0,28+0,01
normoksijoje iki 0,3+0,01 hipoksijoje). Idomu tai, kad CAIX baltymo MFI
raiSka dar labiau padidéjo kai lastelés buvo inkubuotos ko-kulttroje su PBMC
(nuo 0,3%+0,01 normoksijoje iki 0,49+0,06 hipoksijoje). Lyginant su
normoksija, PD-L1 baltymo raiSka lasteliy pavirSiuje vertinant MFI pakito
atvirk$¢iai — sumazéjo hipoksijoje tiek 143B lasteliy monokultiiroje, tiek ir
ko-kultiroje (nuo 0,354+0,04 monokultiiroje normoksijoje iki 0,28+0,01
monokultiiroje hipoksijoje bei 0,3+0,01 ko-kultiiroje hipoksijoje) (3C pav.).
Panasiai, CD44 baltymo MFI 143B lastelése sumazéjo nuo 2,9+0,9
monokultiiroje normoksijoje iki 2,2 & 0,3 Igstelése monokultiiroje hipoksijoje
ir ko-kultiroje, abiem deguonies sglygomis (2,5+0,5 21 % O ir 1,2%+0,2 1 %
02).
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4 paveikslas. 143B lasteliy sekrecijos skirtumai monokultiiroje lyginant
su ko-kultiira. A) CCL2, VEGF, CXCLS sekrecijos pokyc¢iai 143B Igstelése,
PBMC bei ko- kultiroje normoksijoje ir hipoksijoje. B) CXCL8, C) CCL2,
D) VEGEF sekrecijos poky¢iail43B, PBMC arba ko- kultiiroje normoksijoje ir
hipoksijoje paveikus lasteles neSikliu arba CCR2 antagonistu. Raudoni
apskritimai — nesiklis, oranziniai apskritimai — CCR2 antagonistas. *P < 0,05;
**p < 0,01, ***P < 0,001, statistinis reikSmingumas buvo nustatytas
naudojant Studento t-testa, n=5 eksperimentinéje grupéje.
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Atlikta supernatanty i§ monokultiiros ir ko-kulttiros analizé ELISA metodu
parodé, kad tick 143B lastelés, tieck PBMC sekretuoja CCL2 tiek
normoksijoje, tiek hipoksijoje. Nors CCL2 sekrecija padidéjo ko-kulttiroje
normoksijoje, ji zenkliai sumazéjo esant hipoksijai (nuo 1018 + 180 pg ko-
kulttiroje normoksijoje iki 160 + 65 pg hipoksijoje) (3A pav.). VEGF sekrecija
buvo stipresné 143B lastelése, bet ne PBMC (4A pav.) ir nepasikeité ko-
kulttroje. CXCLS8 baltyma, atvirksciai, daugiausia iSskyr¢é PBMC (6070 +
665 pg 21 % O, ir 27212 + 1950 pg 1 % Oy) ir jis toliau didéjo, kai lastelés
buvo auginamos ko-kultiiroje, ypa¢ hipoksijos salygomis (11720 + 12861 pg
21 % O ir 12500+9985 pg 1 % O-) (4A pav.).

Toliau iStyréme citokiny ir chemokiny sekrecijos pokycius po CCR2
antagonisto pridéjimo. Pastebéjome PBMC CXCLS8 sekrecijos sumazéjima
monokultiiroje nuo 6070 + 665 pg nesiklio jtakoje iki 3599 + 323 pg po CCR2
antagonisto esant normoksijai (3B pav). Tac¢iau CXCLS sekrecija ko-kulttiroje
nepakito (4B pav.). CCR2 antagonistas sumazino VEGF sekrecija ko-
kulttroje hipoksinémis salygomis (nuo 2336+74 pg po neSiklio iki
153384 pg po CCR2 antagonisto) (4C pav.), bet ne 143B Iastelése
monokultiiroje. CCR2 slopinimas padidino CCL2 sekrecija PBMC
monokultiiroje bei ko-kultiiroje esant tiek hipoksijai, tiek normoksijai (4D

pav.).
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5 paveikslas. Auglio lasteliy Zymeny ekspresijos poky¢iai po CCR2
slopinimo hipoksija ir normoksija. CAIX, PD-L1, CD44, CCR2 ir VEGFR
pavirsiaus ekspresijos pokyciai 143B lgstelése vertinant MFI (A) ir pagal gyvy
lasteliy (B) procenting dalj bendroje kultiiroje, kai lastelés buvo i§ anksto
apdorotos arba neapdorotos 500 nM CCR2 antagonisto hipoksinémis ar
normoksinémis saglygomis. * P < 0,05; ** P < 0,01, *** P < (0,001, statistinis
reikSmingumas buvo nustatytas naudojant Studento t-testa, n=5
eksperimentingje grupéje.
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Norédami jvertinti navikiniy Igsteliy fenotipo poky¢ius po CCR2 slopinimo,
mes iStyréme gautus vézio Zymeny raiSkos pokycius 143B lastelése, kai jos
buvo auginamos monokultiiroje arba ko-kultiroje. Lygindami pavirSiaus
baltymy raiSka 143B lastelése jy ko-kultiiroje su PBMC normoksijos ir
hipoksijos salygomis pastebéjome, kad CCR2 slopinimas padidino CD44 (nuo
2,540 nesiklio kontroléje iki 2,9+0,5 po CCR2 antagonisto) ir PD-L1 (nuo
0,3+0,01 po nesiklio iki 0,32+0,01 po CCR2 antagonisto) baltymy MFI raiska
143B lastelése tik normoksijoje. VEGFR baltymo procentiné pavirSiaus raiska
pakito tiek normoksijoje (nuo 1,6+0,3 % po nesiklio ir 3,5+1,3 % po CCR2
antagonisto), tiek ir hipoksijoje (huo 0,5+0,2 % po nesiklio iki 1,3+0,4 % po
CCR2 antagonisto) (5A, B pav.). Buvo pastebimas CAIX baltymo procentinés
raiSkos sumazéjimo hipoksijoje po CCR2 antagonisto pridéjimo (nuo
11,2+3,5 % nesiklio grupéje iki 6,8+2,8 % pridé¢jus CCR2 antagonisto) (5A,
B pav.).

Sie duomenys patvirtina, kad ko-kultiiros metodas atskleidzia fiziologiskai
reikSmingesnj biologinj poveikj lasteléms, palyginti su monokultiira. Matome
reik§Smingus pavirSiaus baltymy ekspresijos pokycius, taip pat padidéjusia
chemokiny gamyba vézio lastelése, kai jos yra veikiamos parakrininiy
faktoriy, iSskiriamy i§ PBMC, palyginti su monokultira. Taip pat misy
duomenys rodo, kad CCR2 receptoriaus antagonisto poveikis hipoksijos
atveju matomas tik VEGF-VEGFR asyje, kur matome VEGFR baltymo
padidéjima 143B lastelése, bet sumazinta VEGF citokino sekrecija ko-
kulttroje. Akivaizdu, kad CCR2 receptoriaus antagonisto poveikis ryskesnis
normoksijoje (padidéjusi PD-L1 ir CD44 baltymy pavirSiaus ekspresija 143B
lastelése ir sumazéjusi CXCL8 chemokino sekrecija ko-kultaroje). PD-L1
baltymo raiSkos padidéjimas gydant CCR2 antagonistu yra labai jdomus, nes
naujausiose publikacijose teigiama, kad gydymas CCR2 receptoriy
antagonistu sustiprina naviko atsakg j imuninés sinapsés slopiklius [144].

Gydymas CCR2 antagonistu in vivo neturi jtakos naviko augimui 143B
ksenografto modelyje.

Siekiant jvertinti CCR2 antagonisto efektyvuma 143B naviko modelyje in
vivo suleidome 143B lgsteles | Nude peliy blauzdikaulj. Kai navikai pasieké
apc¢iuopiama dydj, juos suskirstéme i dvi gydymo grupes (n = 10 grupéje).
Viena grupé gavo CCR2 antagonista RS504393 2 mg/ kg dozg i.p. karta per
parg, kita - nesiklj. CCR2 slopinimas nesumazino augliy augimo (6A pav.).
Eksperimento pabaigoje navikai buvo surinkti i§ peliy ir iSanalizuoti taikant
téekmés citometrijos metoda, siekiant jvertinti pavirSiaus zymeny raiska naviko
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lastelése ir peliy monocituose/makrofaguose, nes augliai buvo auginami Nude
pelése su sutrikusiomiaT lgsteleliy veikla

Silpnas atsakas ] CCR2 antagonistg in vivo gali buti susij¢s su naviko
hipoksija. Hipoksija yra rySkus 143B naviky bruozas [43]. Miusy
eksperimento 143B navikai turéjo ryskia aktyvaus CAIX baltymo raiska
hipoksijoje pagal tekmés citometrijos duomenis (6C pav.) [44]. Mes taip pat
jvertinome CD44 baltymo raiska. Jdomu tai, kad mes stebéjome dvi naviko
Igsteliy populiacijas, turin¢ias skirtingas CD44 iSraiSkas: CD44nezymi raiska jy
CD447miniska (61 pav.). Siy populiacijy santykis pasikeité po gydymo CCR2
antagonistu. CCR2 slopinimas iSlygino lasteliy procenta kiekvienoje
populiacijoje, padidindamas CD44%mi riska Jagteliy skaiGiy (CD44nezymi raiska
lasteliy procentas sumazéjo nuo 5714 % nesiklio grupéje iki 52,9+£16,6 %
CCR2 antagonisty grupéje, o CD44%mi sk Jagteliy procentas padidéjo nuo
40£14 % nesiklio grupéje iki 47+16 % CCR2 antagonisto grupéje) (6D pav.).
Analizuodami naviko Iasteliy frakcija tékmés citometrijos bidu,
nepastebéjome jokiy CCR2 ar PD-L1 raiskos Iastelés pavirsiuje pokyc¢iy peliy,
gavusiy CCR2 antagonistus, naviko lastelése (6B pav.). Taciau VEGFR
signalas vertinant MFI vidutiniskai sumazéjo 1.34 karto esant CCR2
slopinimui (6B pav.). Tirdami monocity/makrofagy lasteliy populiacija,
pastebéjome padidéjusia CD11b+CD86+ lasteliy infiltracijg j navika (nuo
4,6+1,6 % nesiklio grupéje iki 8,3+4,7 % CCR2 antagonisty grupéje) (6E
pav.). Taciau CD11b+CCR2+ lasteliy frakcijos pokycio neaptikome (6F
pav.).
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6 paveikslas. Gydymas CCR2 antagonistu in vivo neturéjo jtakos naviko
augimui, bet pakeité pavirSiaus receptoriy raiSka naviko lastelése ir
infiltruojanciuose monocituose/ makrofaguose. A) 143B naviko augimo
dinamika Nude pelése, kai joms buvo skiriamas CCR2 antagonistas (raudoni
apskritimai), palyginus su neSiklio kontrole (rudi apskritimai). (Duomenys
rodomi kaip vidurkiai +/- SD, n=10 eksperimentinéje grupéje). B) CAIX, PD-
L1, CCR2, VEGFR ir CD44 pavirSiaus baltymy MFI peliy gavusiy nesiklj
augliuose (rausva su raudonais apskritimais) arba CCR2 antagonista (geltona
su rudais apskritimais), naviko lasteliy. C) CAIX+ lasteliy procentiné dalis
pagal tékmeés citometrijos duomenis augliuose peliy, gavusiy nesiklj lyginant
su CCR2 antagonistu. D) CD44 raiskos skirtumai naviko lastelése. E)
CD11bCCR2 ir CD11bCD86 monocity/makrofagy pavirSiaus zymeny raiskos
skirtumai tarp peliy, gydyty CCR2 antagonistu (geltona su rudais
apskritimais), ir gavusiy ne$iklj (rausva su raudonais apskritimais).
Kiekvienas duomeny taSkas rodo atskirg naviko méginj i§ peliy, n=10
kiekvienai eksperimentinei grupei. * P < 0,05; ** P < 0,01, *** P < 0,001,
statistinis reik§mingumas buvo nustatytas naudojant Studento t testa.

Sie rezultatai atskleidzia CCR2 receptoriaus antagonisto poveikj VEGF-

VEGFR citokiny asiai, nes matome VEGR baltymo sumazéjimg augliuose
(panasy poveikj matéme ir ko-kulttiros eksperimente).

133



143B lasteliy pasirinkty onkogeniniy baltymuy limituota proteomikos
analizé

Nepakankamas atsakas | CCR2 antagonisty gydyma in vivo mus paskatino
grizti prie ko-kultiiros eksperimenty tam, kad issiaiSkintume mechanizmus
nulemiancius silpng atsaka. Tam, ko-kultiiroje bei monokultiiroje skirtingomis
deguonies salygomis uzaugintas 143B Iasteles iSanalizavome naudodami
proteomikos rinkinj "Human XL Oncology Array Kit". Pirma, jvertinome
143B lasteliy baltymy pokyt] ko-kultiiroje lyginant su monokultira.
Pastebéjome zenkliai pakitusias baltymy raiskas ko-kultiroje lyginant su
monokultiira (7A pav). Dar svarbiau, kad gydymas CCR2 antagonistu 143B
lastelése ko-kultiiroje atskleidé skirtingg jvairiy baltymy raiska normoksijoje
palyginus su hipoksija (7B pav).
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7 paveikslas. Zmogaus su véZiu susijusiy baltymy analizé 143B lastelése,
uzaugintose monokultiiroje ir ko-kulttiroje normoksijoje ir hipoksijoje
bei paveiktose arba ne CCR2 antagonistu. A) Baltymy karStyjy tasky
zemelapis, vaizduojantis diferencinius baltymy raiskos pokycius lyginant ko-
kulttroje uzaugintas lasteles su monokultira hipoksijos ir normoksijos
salygomis. B) Baltymy karStyjy tasky zemélapis, vaizduojantis skirtingus
baltymy raiSkos pokycius, lasteles paveikus CCR2 antagonistu arba nesikliu
hipoksijos ir normoksijos saglygomis.
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Sio eksperimento rezultatai patvirtina, kad véziniy Iasteliy ir sveiko donoro
PBMC ko-kultiiros metodas geriau atspindi lgsteliy elgesj in vivo lyginant su
lasteliy monokultiira. Matomas daugumos su véziu susijusiy baltymy raiskos
sustipréjimas ant véziniy lasteliy i§ ko-kultiiros lyginant su monokulttra. Be
to, vézineése lastelése, augintose ko-kultiiroje, mes matome priesingg CCR2
receptoriaus antagonisto poveikj daliems baltymy raiskai esant normoksijai,
palyginti su hipoksija. Skirtingas atsakas j vaistus esant normoksijai ir
hipoksijai sulaukia vis didesnio susidoméjimo [45]. Tikimasi, kad Sie
rezultatai paskatins skirti daugiau démesio prieSvéziniy vaisty poveikio
skirtumams skirtingose deguonies aplinkose.

CAIX slopinimo veiksmingumas neuroblastomos SK-N-AS ksenografto
modelyje.

A B
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8 paveikslas. CAIX baltymo raiska SK-N-AS lasteliy linijoje. A) CAIX
baltymo raiSka jvairiose Zzmogaus neuroblastomos lgsteliy linijose (SK-N-BE,
SH-SY5Y, Be2C, LA1-55n, SK-N-AS), apskaic¢iuojant MFI santykj 1 % O>
ir 21 % O salygomis. B) CAIX baltymo raiskos jvertinimas imunoblotu SK-
N-AS lasteliy linijoje normoksijoje ir hipoksijoje. C) Imunohistologine
analize jvertinta CAIX raiSka SK-N-AS ksenograftiniame naviko modelyje,
kairéje naviko pjuvis, nudazytas hematoskilinu ir eozinu, deSingje - naviko
pjuvis nudazytas CAIX atpazjstanciu antiktiniu (balta rodyklé nurodo ruda
spalva nusidaziusias CAIX baltymg ekspresuojancias sritis).
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Pirmiausiai i$tyréme CAIX baltymo raiska tékmés citometrijos metodu keliose
zmogaus NBL lgsteliy linijose (SK-N-BE, Be2C, SH-SY5Y, LA1-55n, SK-N-AS).
SK-N-AS lasteliy linija turéjo stipriausig CAIX raiska hipoksinémis sglygomis (8A
pav.). Imunobloto analizé patvirtino stiprig CAIX baltymo raiska SK-N-AS linijoje
hipoksijoje palyginus su normoksija (8B pav.). Be to, patvirtinome CAIX raiska,
atlikdami imunohistologing analiz¢ ant SK-N-AS naviky i§ Nude peliy (8C pav.).
Visi rezultatai patvirtino, kad SK-N-AS naviko modelis yra patrauklus CAIX
slopinanciy junginiy tyrimams.

Toksiskumo tyrimai parod¢, kad AZ19-3-2 junginys yra netoksiskas SK-N-AS
lasteléms, nes XTT ir LDH rezultatai rodo reikSmingus verciy pokycius tik esant
dideléms, neselektyvioms dozéms, pradedant nuo 2 uM (9A pav.). Taip pat
atlikome epH matavimus su skirtingomis AZ 19-3-2 dozémis ir jvertinome pH
poky¢ius. AZ19-3-2 junginys parodé terpés riigstinimo slopinimg mazomis 200 nM
dozémis hipoksijos salygomis (9B pav.).
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9 paveikslas. CAIX slopiklio poveikio SK-N-AS lasteliy linijoje
vertinimas. A) XTT (raudoni apskritimai) ir LDH (oranziniai apskritimai) 72
val po po AZ19-3-2 junginio pridéjimo j SK-N-AS lasteliy terpe. B) SK-N-
AS terpés epH matavimai normoksijoje ir hipoksijoje 96 val. po AZ19-3-2
pridéjimo 50 ir 200 nM junginio dozémis. Buvo lyginama 21 % O- (oranziniai
apskritimai) buklé ir 1 % O (raudoni apskritimai). C) SK-N-AS sferoidy
augimas (santykinis dydis) laikui bégant normoksijoje, kai jis veikiamas
AZ19-3-2 (n = 7) arba nesiklio kontrole (n = 10). D) SK-N-AS sferoidy
augimas (santykinis dydis) hipoksijoje, kai jie veikiami AZ19-3-2 arba
nesiklio kontrole (n = 10 vienai grupei).
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AZ19-3-2 junginio veiksmingumas in vitro taip pat buvo tiriamas SK-N-AS
lasteliy linijjos 3D Igsteliy kultiiroje. Pra¢jus 48 valandoms po uzséjimo,
susidare sferoidai kas 48 val 11 dieny buvo veikiami AZ19-3-2 arba tirpiklio
kontrole. Kaip pavaizduota 9C ir 9D pav., pastebéjome, kad sferoidy augimas
hipoksijos metu, matuojant procentinj augima, sumazgjo perpus, palyginti su
normoksija (294+28 % nesiklio grupéje esant normoksijai ir 512+114 %
nesiklio grupéje hipoksijoje pagal paskutinés dienos matavimus). Taip pat
pasteb&jome reikSmingg sferoidy augimo slopinimg AZ19-3-2 poveikyje
hipoksijoje lyginant su neSiklio kontrole (294+28 % neSiklio grupéje ir
215+14 % AZ19-3-2 gydytoje grupéje) (9D pav.). Svarbu pazyméti tai, kad
toks AZ19-3-2 efektas nebuvo stebimas normoksijos salygomis (5124114 %
nesiklio grupéje ir 487+86 % AZ19-3-2 gydytoje grupéje) (9C pav.). Tai
parodo specifinj CAIX slopinimo veiksminguma tik hipoksinémis salygomis,
kai yra stebima padidéjusi CAIX baltymo raiska.

Navikai yra nevienalytés sudéties, susidedancios ne tik i§ naviko lasteliy,
bet ir i§ imuniniy lasteliy, endotelio lasteliy, fibroblasty, uzlastelinés terpés ir
kt. Kryzminis pokalbis tarp visy iy lasteliy perprogramuoja naviko lgsteles ir
keicia jy pavirSiaus baltymy raiSka. Todél mes jvertinome tokios kryzminés
sgveikos pokyc¢ius hipoksijoje. Tam pritaikéme SK-N-AS ir sveiko donoro
PBMC ko-kultiiros modelj, aprasyta Siame darbe anks¢iau tyrimy skyrelyje su
143B lastelémis. Mes atradome, kad CAIX ir PD-L1 baltymy pavirSiaus
procentiné raiSka zymiai padidéjo naviko lastelése, kai jos auginamos ko-
kulttros salygomis (CAIX baltymag ekspresuojanciy lasteliy padidé¢jo nuo
44+12 % monokultiiroje iki 85+5 % ko-kultaroje, bei, atitinkamai, PD-L1
baltyma ekspresuojanciy lasteliy procentas padidéjo nuo 543 % iki 3616 %)
(10A pav.). Tiketina, kad tai susij¢ su papildomais PBMC aktyvinanciais
veiksniais, kurie skatina $iy Zymeny raiSkg ir greiCiausiai atspindi realius
auglio mikroaplinkos pokyc¢ius. CCR2 receptoriy lygis SK-N-AS pavirsiuje
taip pat nezenkliai didéjo (10A pav.).
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10 paveikslas. Pavirsiaus Zymeny raiS§kos pokyciai SK-N-AS ir PBMC
lastelése, auginant monokultiiroje ir ko-kulturoje bei esant AZ 19-3-2
poveikiui. A) CAIX, CCR2 ir PD-L1 raiSkos poky¢iai vézinése lastelése.
Oranziniai stulpeliai — vézingés lastelés be PBMC, raudoni — vézinés lastelés,
paveiktos PBMC, ruda — vézinés lastelés, paveiktos PBMC, ir 200 nM AZ19-
3-2 (n =6 vienai grupei). B) PD-L1, CCR2, CD86, CD206 ir CD86+CD206+
raiSka CD11b lasteliy pavirSiuyje PBMC monokultiiroje, ko-kulturoje bei
200 nM AZ19-3-2 poveikyje. Raiska vaizduojama kaip santykiné CD11b+
lasteliy frakcija (n = 6 vienai grupei). Statistiskai reikSmingi pokyciai buvo
nustatyti taikant ANOVA (Tukey daugybinio palyginimo) metoda. * p < 0,05;
**p <0,01, *** p< 0,001, **** p< 0.0001.

Vertinant PBMC aktyvinimo Zymens pavirSiaus raiskos pokycius,
nenustatéme CD4, CD8 ar PD-1 raiskos skirtumy T-1astelése. Taip pat nebuvo
CCR2 ar PD-LI raiskos pokyciy (10B pav.). Taciau ko-kultiiroje Zenkliai
padidéjo ko-stimuliuojan¢iy molekuliy CD86 ir CD206 raiska CD11b lasteliy
pavirsiuje lyginant su monokultira (CD86 % padidéjo nuo 0,8+0,1 % iki
1,1+0,1 %, o CD206 % - nuo 0,3+0,1 % iki 1,2+0,3 %) (10B pav.). CAIX
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slopinimas SK-N-AS lastelése mazino CD86 procenting raiskg CDI11b
lastelése nuo 1,1+0,1 % iki 1+0,1 %, tuo tarpu CD206 baltymy procentiné
pavir$iaus raiSka padidéjo nuo 1,2+0,3 % iki 1,4+0,2 % (10B pav).

Taip pat iStyréme PBMC ir SK-N-AS citokiny/chemokino sekrecijos profilio
poky¢ius ko- kultiiroje. Naviko nekrozés faktoriaus-alfa (TNF-a), IL-6, IFN-
v, IL-4, IL-10, transformuojancio augimo faktorius beta (TGF-p) vertés buvo
zemesneés nei naudoto nustatymo rinkinio aptikimo riba. Taciau buvo nustatyti
VEGF, CCL2 ir CXCLS8 sekrecijos pokyc€iai. Pirmiausia nustatéme
reik§minga VEGF, CCL2 ir CXCL8 sekrecijos padidéjima ko-kultiroje
lyginant su lasteliy monokultiiromis (11A,B,C pav.). CAIX slopiklio AZ19-
3-2 prid¢jimas zymiai padidino VEGF sekrecija PBMC monokultiiroje (nuo
neaptinkamo lygmens iki 187+57 pg), bet ne ko-kultiiroje (nuo 2469+1345 pg
iki 21651500 pg) (11A pav). AZ19-3-2 zymiai susilpnino CCL2 (nuo
1525+1014 pg iki 831+372pg) ir CXCL8 (nuo 52487+30315pg iki
28966115457 pg) baltymy sekrecija ko-kultiiroje, bet ne monokultiiroje (11B,

C pav.).
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11 paveikslas. Chemokiny/citokiny sekrecijos pokyciai hipoksijoje SK-N-
AS-PBMC lasteliy ko-kultiiroje lyginant su monokultara. (A) VEGF, (B)
CCL2 ir (C) CXCL8 sekrecija SK-N-AS lasteliy monokultiiroje, PBMC
monokultiiroje ir ko-kulttiroje, veikiant AZ19-3-2 (raudoni apskritimai) arba
nesiklio kontrole (oranziniai apskritimai) (n = 6 vienai grupei). D) VEGEF,
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CCL2 ir CXCL8 chemokiny lygiy skirtumai ko-kultiiroje paveikus 200 nM
AZ19-3-2. Skirtumas parodomas kaip bendro citokiny sekrecijos lygio
pokytis lyginant gydyta su negydyta bukle (NETO vertés, n = 6 vienai grupei).
Duomenys pateikiami kaip vidurkis + SD. Reik§mingumas buvo nustatytas
naudojant Kruskall-Wallis testg, siekiant nustatyti skirtumus tarp
monokultiiros ir ko-kultiiros veréiy, o skirtumams tarp gydyty ir ne buvo
taikomas porinis Studento t testas. * p < 0,05; ** p < 0,01, *** p< 0,001.

Sie rezultatai rodo, kad véziniy lasteliy poveikis imuninéms Igsteléms
hipoksijos metu keicia lasteliy pavirSiaus zymeny raiSka, Zymiai
padidindamas CAIX ir PD-L1 raiska véZinése lastelése. Jis taip pat mazina
CDS86 reguliavimg ir skatina CD206 raiska CD45+CD11b+ Igstelése. Be to,
CAIX slopinimas mazina CCL2 ir CXCLS sekrecija ko-kulttiroje.

AZ19-3-2 kartu su CCR2 antagonistiniu poveikis SK-N-AS ksenografte
in vivo.
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12 paveikslas. AZ19-3-2 kartu su CCR2 antagonistu maZina SK-N-AS
naviky augimg. A) Po oda implantuoty SK-N-AS naviky, kuriems buvo
taikomas AZ19-3-3 gydymas (roziniai apskritimai), CCR2 antagonistas
(zalieji apskritimai), derinys (purpuriniai apskritimai) arba kontrolé¢ (juodi
apskritimai), augimo kinetika (n = 7 vienai grupei). B) galutiné nugaisinty
gyviny naviko masé eksperimento pabaigoje gydant AZ19-3-2 (rausvos
kolonélés), CCR2 antagonistu (zalios kolonélés), kombinacija (purpuriné
kolon¢le) arba nesikliu (juoda kolona). C) Naviko augimo kinetika atskiriems
kiekvienos grupés gyviinams. Kiekvienas duomeny taskas rodo atskirg peliy
naviko méginj (n = 7 vienai grupei). StatistiSkai reik§mingi skirtumai buvo
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nustatyti naudojant ANOVA (Tukey's) testa. * p < 0,05; ** p < 0,01, *** p<
0,001.

Nustatg CAIX slopiklio AZ19-3-2 aktyvuma in vitro, iSbandéme jo
veiksmingumg in vivo, atlikdami peliy SK-N-AS ksenografto tyrimg. SK-N-
AS lastelés buvo inokuliuojamos po oda j deSinjji Nude peliy Song. Kai
navikai pasieké apciuopiamg dydj, juos suskirstéme j keturias gydymo biidy
grupes pagal augliy dydzius (n = 7 vienai grupei). AZ19-3-2 junginys buvo
leidziamas i.p. kasdien 10 mg/ kg/ dozé. CCR2 antagonistas buvo leidziamas
i.p. 2 mg / kg/ doze pradedant 5 diena nuo CAIX slopinimo pradzios. Naviko
augimas buvo léCiausias peliy grupéje, kuriai buvo taikomas kombinuotas
gydymas (vidutinis naviko tiiris eksperimento pabaigoje buvo 533+258 mm?3
nesiklio grupéje ir 2504247 mm?® kombinacijos grupéje) (12A, C-F pav.).
Taciau statistiskai reikSmingi naviko svorio skirtumai tarp nesiklio kontrolés
ir kombinuoto gydymo nebuvo nustatyti (vidutinis auglio svoris eksperimento
pabaigoje buvo 0,6 + 0,4 g nesiklio grupéje ir 0,3 + 0,3 g kombinacijos
grupéje) (12B pav.).

Eksperimento pabaigoje buvo atlikta naviky analizé taikant tékmés
citometrijos metoda. ISanalizavome naviko lasteles ir peliy
monocitus/makrofagus, nes Sie ksenograftai buvo auginami Nude pelése su
sutrikusia T lasteliy funkcija. Nenustatéme reikSmingy analizuojamy zymeny
pokyciy navike ar stromos lgstelése, surinktose i§ peliy, gavusiy AZ19-3-2
junginj. Gydymas CCR2 antagonistu parodé rySkesng CCR2 procenting raiska
navikuose (6+3,6 % nesiklio grupéje, 168 % CCR2 antagonisty grupgje ir
20£6 % derinio grup¢je). Manome, kad tai kompensacinis poveikis. Pelése,
gavusiose AZ19-3-2 derinj su CCR2 antagonistu, VEGFR+ Igsteliy procentas
buvo Zymiai didesnis palyginus su kitomis grupémis (0,9+0,2 % neSiklio
grupéje ir 6,9£5,2 % kombinacijos grupéje) (13A pav.). VEGFR yra dar
vienas stiprus hipoksijos signalas, kuris gali buti aktyvuotas kaip
kompensacinis mechanizmas, kai slopikliai veikia CCR2 ir CAIX baltymus.
Taip pat, CAIX procentiné raiska zZymiai padidéjo auglio lgstelése i§ peliy
gavusiy kombinacijg (23,7+7 % neSiklio grupéje ir 52+11 % kombinacijos
grupéje) (13A pav.). Kamieniniy lgsteliy Zymens CD44 procentiné raiska
lasteliy pavirSiuje sumazejo (nors ir nezymiai) navikuose, gydytuose AZ19-3-
2 ir CCR2 deriniu (21,6%4,2 % nesiklio grupéje ir 16,3+3,2% derinio grupéje)
(13A pav.).
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13 paveikslas. SK-N-AS naviko tékmés citometrija. A) CAIX+, CCR2+,
CD44+, VEGFR+ lasteliy procentiné dalis navikiniy lasteliy populiacijoje. B)
CD11b+, CD11b+ F4/80+, CD1lb+ CCR2+, CD1lb+ CD206+ ir
CD11b+CD86+ lasteliy procentiné dalis tarp peliy naviko stromos lasteliy.
(n=7 kiekvienoje grupéje). Statistinis reikSmingumas buvo nustatytas
naudojant Studento t-testa.* p < 0,05; ** p < 0,01, *** p<0,001.

Vertindami peliy monocity/makrofagy lasteliy CCR2 pavirSiaus raiska,
nustatéme panaSy padidéjimo poveikj peléms, gydytoms CCR2 antagonistu ar
kombinacija. CD11b+F4/80+ populiacija sumazéjo pelése, gydytose AZ19-3-
2 ir CCR2 kombinacija (13B pav.). Ta¢iau CD11b+CCR2+, CD11b+CD206+
ar CD11b+PD-L1+ pokyciy lasteliy populiacijose  nenustatyta.
CD11b+CD86+ lasteliy procentas zymiai sumazéjo navikuose, gydytuose
AZ19-3-2 ir CCR2 antagonistu (3+2,7 % nesiklio grupgje iki 9,4+4,5 %
derinio grupéje) (13B pav.). Jdomu tai, kad kombinuotas gydymas zymiai
padidino monocity/makrofagy lasteliy frakcija (CD11b+ populiacijos)
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navikuose (nuo 7,8+4,6 % nesiklio grupéje iki 54+10,7 % derinio grupéje)
(13B pav.).

Nors sinergistinio efekto tarp CAIX slopiklio ir CCR2 antagonisto
nepastebéta, Sie rezultatai rodo, kad CAIX fermento slopinimg galima derinti
su CCR2-CCR?2 asies slopinimu. Reikia atlikti tolesnius tyrimus, siekiant
jvertinti, ar pakeitus CCR2 antagonisto vartojimo laikg, rezultatai galéty
pageréti. Taip pat, biity naudinga pritaikyti Sig kombinacija skirtingy naviky
modeliuose.

Naviko vaizdinimo platformos sukiirimas CAIX baltymo raiskos
pagrindu

Radiofarmaciniy preparaty kiirimas vézio diagnostikai ir gydymui islieka
aktualus [46]. Taikininés radionuklidy terapijos preparaty vystymas yra
jvairiose klinikiniy tyrimy stadijose [47]. Iki Siol mazy molekuliy junginiy
pagrindu sukurti CAIX atpazjstantys konjugatai yra nespecifiniai, nes jie
remiasi acetazolamido pagrindu [48]. Todél yra tikslingas jautresniy,
tikslesniy CAIX atpazinimui skirty preparaty kiirimas. Pirmasis zingsnis
kuriant tokius preparatus turéty apimti labai specifiniy CAIX atpazjstanciy
junginiy projektavima ir sintez¢. Miisy laboratorija sukiiré keleta CAIX
atpazjstandiy  junginiy  kandidaty.  Siam  tyrimui  pasirinkome
perspektyviausius CAIX atpazjstancius junginius pagal in vitro duomenis ir
pazyméjome juos NIR fluorescencine zyme (CAIX specifinis-NIR
konjuguotas junginys). Istyréme $iy junginiy efektyvuma in vivo pelés gimdos
kaklelio vézio HeLa ksenografto modelyje.

Anksé¢iau miisy laboratorijoje buvo sukurta HeLaCAIXK® lgsteliy linija,
neturinti CAIX raiSkos vertinant pagal tékmés citometrijos ir imunobloto
duomenis (14A, B pav). Jos raiskos nebuvimas, lyginant su HeLaCAIX"T,
buvo nustatytas ir imunohistocheminés analizés metodu naviko méginiuose
(14C pav.).
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14 paveikslas. CAIX baltymo raiSkos vertinimas HeLaCAIX"" ir Hela
CAIXKO linijose. A) CAIX fluorescencijos skirtumai atlickant tékmés
citometrijos analize. B) Imunoblotingas, rodantis CAIX baltymo kiekj
HeLaCAIXWT ir Hela CAIXX® linijy Igstelése normoksijoje ir hipoksijoje. C)
CAIX Dbaltymo raiska pagal naviko imunohistocheming analizg:
HeLaCAIX"WT desinéje, HelaCAIXKC kairéje. Skalé 400 pum.

CAIX specifiniams-NIR konjuguotiems junginiams analizuoti buvo
pasirinkti du junginiai: AZ21-6 ir GZ22-4. Jie pasizyméjo geriausiomis
tirpumo savybémis ir geriausiu in Vvitro prisijungimu prie lasteliy. Suleidome
HeLaCAIX"WT Igsteles ir HeLaCAIXX® Igsteles j priesingus Nude peliy Sonus.
Kai navikai pasieké apciuopiama dydj, atlikome vaizdinima naudodami
Alliance™Q9 Imager sistemg. Vaizdai buvo gaunami kas 24 valandas po i.v.
konjugaty injekcijos | pelés uodegos veng. Naudojant abu junginius buvo
nustatytas skirtingas junginio susikaupimas HeLaCAIX™WT ir HeLaCAIXK®
navikuose (15 ir 16 pav.).
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--KEPENYS

-BLUZNIS

-INKSTAS

15 paveikslas. GZ22-4 junginio susikaupimas Nude pelése. A) GZ22-4
junginio susikaupimas Nude pelése su HeLaCAIXWT naviku deSingje
palyginti su HeLaCAIXK® naviku kairéje pra¢jus 3 dienoms po junginio
injekcijos. Rodomi trys tos pacios pelés vaizdai su trimis vaizdavimo budais:
kairéje- tiesoginés Sviesos nuotrauka, viduryje- vienspalvis fluorescencinis
vaizdas, deSinéje puséje- spalvotas fluorescencinis vaizdas. B) Jsotinimo
GZ22-4 junginiu intensyvumas HeLaCAIXYTnavike (desinéje) lyginant su su
HeLaCAIXX® naviku (kairéje) ex vivo. C) GZ22-4 junginio jsisavinimo
intensyvumas tirtos pelés kepenyse, bluznyje ir inkste ex vivo. Vaizdai, gauti
praéjus 3 dienoms po junginio injekcijos j vena.

A

--KEPENYS

--BLUZNIS

¥ --INKSTAS

16 paveikslas. AZ21-6 junginio susikaupimas Nude pelése. A) AZ21-6
junginio susikaupimas Nude pelése su HeLaCAIXYT naviku deSingje
palyginti su HeLaCAIXK® naviku kairéje praéjus 7 dienoms po junginio
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injekcijos. Rodomi trys tos pacios pelés vaizdai su trimis vaizdavimo budais:
kairéje- tiesoginés Sviesos nuotrauka, viduryje- vienspalvis fluorescencinis
vaizdas, deSinéje puséje- spalvotas fluorescencinis vaizdas. B) Isotinimo
AZ21-6 junginiu intensyvumas HeLaCAIX%“Tnavike (desinéje) lyginant su su
HeLaCAIXX® naviku (kairéje) ex vivo. C) AZ21-6 junginio jsisavinimo
intensyvumas tirtos pelés kepenyse, bluznyje ir inkste ex vivo. Vaizdai, gauti
praéjus 7 dienoms po junginio injekcijos j vena.

Nors CAIX specifiniai-NIR konjuguoti junginiai parodé didelj selektyvuma
HeLaCAIXWT navikams lyginant su HeLaCAIXK® navikais, $is tyrimas
iSrySkino keleta problemy. Mes pastebgjome ilgalaikj abiejy junginiy
kaupimasi kepenyse, kas yra nepageidautinas efektas (Pav.15C ir 16C). Todél
reikia toliau tobulinti $iy junginiy dizaing.

DISKUSIJA

Nepaisant naujy imunoterapijos metody, nemaza vaiky, serganciy
standziaisiais navikais, tokiais kaip osteosarkoma ir neuroblastoma, vis dar
yra nepagydomi. Naviko hipoksija yra varomoji jéga, lemianti naviko
progresavimg ir atsparuma gydymui. CAIX yra vienas i§ rySkiausiy hipoksijos
zymeny jvairiuose navikuose. DeSimtmecCius buvo bandoma sukurti
selektyvius CAIX slopiklius prieSvézinei terapijai be didelés sékmés.
Panasiai, ir jvairiuose navikuose aktyvuoto CCL2-CCR2 signalinio kelio
slopinimas néra pakankamai efektyvus, kad buty galima veiksmingai gydyti
vézj. Tokios gydymo nesékmés gali bti siejamos su plastiSku vézio atsaku |
gydyma bei aktyvia hipoksijos signaly sgveika. Gydymo metu navikuose
i§sivysto atsparumas, kai yra aktyvuojami alternatyvis signaliniai keliai,
palaikantys naviko augimg, nepaisant pirminio taikinio slopinimo.
Pavyzdziui, gydymo angiogeneze¢ slopinanciu antikiinu prie§ VEGF metu
atsiranda naviky, turin¢iy alternatyvius angiogeninius signalinius kelius,
tokius kaip fibroblasty augimo faktorius (FGF) [49].

Misy tyrimuose su 143B ksenografto modeliu nustatéme atsparumo
mechanizmus, kai buvo slopinama CAIX fermentas in vivo. Taip pat
nustatétme CCR2 baltymo raiskos padidéjima gydytuose navikuose.
Bandymas derinti CAIX slopinimg su Avastinu in vivo taip pat nebuvo
s¢kmingas. CAIX fermento slopinimo nulemti atsparumo mechanizmai yra
mazai iStirti, taCiau tikétina, kad vyksta kity karboanhidraziy, kaip CAXII,
iSaugimas [50]. Kita CAIX fermento slopikliy neveiksmingumo priezastis gali
biiti susijusi su sunkumais kuriant specifinius slopiklius. Dauguma kliniskai
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naudojamy karboanhidrazés slopikliy néra selektyviis, nes tarp CA
izofermenty yra didelé homologiné aminoriigs¢iy seka [20]. CA katalizinio
domeno sekos tapatumas yra didesnis nei 30 % [51, 52].

Skirtingai nuo 143B lasteliy linijos, neuroblastomos lasteliy linija SK-N-AS
turi Zenkliai didesng CAIX baltymo raiSka esant hipoksijos salygoms. Todél
tyréme CAIX fermento slopinimg ir Siame modelyje. Naudojome véziniy
lasteliy ir PBMC ko-kultiiros modelj, kuriame néra tiesioginio lasteliy
kontakto, bet vyksta parakrininé sgveika. Siekéme istirti CAIX fermento
slopinimo poveikj, esant naviko ir imuniniy lasteliy sagveikai. PBMC buvimas
ko-kultiroje padidino hipoksijos atsaka vézinése lastelése. Nustatéme
padidéjusia CAIX, CCR2, PD-L1 baltymy raiskg véziniy lasteliy pavirSiuje
bei padidéjusia VEGF citokino ir CXCLS, CCL2 chemokiny sekrecijg.
Mechanizmai néra aiskis, bet tikétina, kad tai vyksta per jvairius sekrecinius
signalus. Idomu tai, kad nenustatéme uzdegiminiy (TNF-a, IL-6, IFN-y) ir
priesuzdegiminiy citokiny (IL-4, IL-10, TGF-B) sekrecijos. Svarbu tai, kad
gydymas AZ19-3-2 susilpnino chemokiny CXCLS ir CCL2 sekrecijg, bet ne
kitus hipoksijos Zymenis.

CAIX slopiklio ir CCR2 receptoriaus antagonisto derinys SK-N-AS
ksenografto modelyje parodé létesnj naviko augimg kombinacijos grupéje
lyginant su monoterapija. Naviky tékmés citometrijos analizé parodé
reikSminga CD44 baltymo raiSkos sumazéjimg peliy, gydyty kombinacija,
navikuose. Tikétina, kad tai gydymo efektas, o ne adaptyvus atsparumas.
CD44 baltymas priklauso heterogeninei pavir§iniy glikoproteiny grupei,
dalyvaujanciai lasteliy-lasteliy ir lasteliy-uzlastelinés terpés saveikoje. NBL
atveju CD44 baltymo raiska ir funkcinis aktyvumas yra rySkesni MYCN
transkripcijos faktoriaus raiskos nevykdanciuose navikuose ir 1gsteliy linijose
[53], nes MYCN transkripcijos faktorius slopina CD44 baltymo raiska.
Neseniai paskelbti tyrimy duomenys parodé, kad CD44 baltymo raiska,
nepaisant MYCN statuso, nulemia blogesne¢ prognoze pacientams, turintiems
MYCN raiskos nevykdancius NBL navikus[54].

CDl11b+ Iasteliy analizé navike parodé reikSmingg CD86+ raiskos
sumazgjimg lasteliy pavirSiuje navikuose, gautuose i§ peliy, gydyty CAIX
slopiklio ir CCR2 antagonisto kombinacija, palyginus su kitomis grupémis.
CDI11b yra mieloidiniy-monocitiniy lasteliy diferenciacijos zZymuo [55].
CD86 baltymas yra vienas i§ I tipo transmembraniniy baltymy, CD28
ligandas, susijes su imuninés sistemos T lasteliy aktyvacija [56]. Todél
CD86+ lasteliy sumazéjimas gali biiti nepageidaujamas naviko atsparumo
mechanizmas, nes CD11b+CD86+ Igstelés yra svarbios aktyvuojant adaptyvy
imunin] atsaka.
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Mes taip pat bandéme jvertinti CCR2-CCL2 signalinio kelio slopinimo
poveiki 143B osteosarkomos modelyje. Pirmiausia iStyréme CCR2
antagonisto poveiki 143B Igsteliy linijos gebéjimui iSskirti chemokinus
CXCL8, CCL2 ir VEGF. Visi $ie chemokinai yra angiogeniniai ir susij¢ su
vézio metastazémis [57, 58]. Yra nustatyta, jog CXCL8 chemokino ir VEGF
citokino koncentracija yra padidéjusi osteosarkoma serganciy pacienty kraujo
serume [59]. Toliau palyginome $iy baltymy sekrecijos skirtumus véZiniy
lasteliy ir PBMC ko-kultiiros modelyje. Lyginant su 143B monokultiira,
nustatéme CXCL8 chemokino sekrecijos padidéjima ko-kulttroje. Jdomu tai,
kad CCR2 antagonistas veiksmingai sumazino PBMC CXCL8 baltymo
sekrecija tik normoksijos atveju. CCL2 chemokino sekrecija buvo ryskesné
PBMC, bet ne 143B lgstelése. Nors CCL2 baltymo lygis padidéjo ko-kulttiroje
normoksijos metu, jis Zenkliai sumazéjo hipoksijoje. Tokio CCL2 baltymo
sekrecijos reguliavimo mechanizmas hipoksijos atveju yra neaiSkus.
Gydymas CCR2 antagonistu dramatiskai padidino CCL2 gamyba
eksperimentinémis salygomis. Manome, kad tai yra kompensacinis CCR2
receptoriy ~ blokavimo  poveikis, kai sickiama  kompensuoti
neaktyvy/uzblokuotg receptoriy, padidinant jo raiska.

VEGF-VEGFR signalinis kelias yra susijes su naviko angiogeneze ir yra
prognostinis Zymuo osteosarkoma sergantiems pacientams [60]. Pazymétina,
kad VEGF citokino sekrecijos pobudis skyrési nuo CCL2 ir CXCLS8
chemokiny sekrecijos, nes §j citoking daugiausia gamino 143B lIgstelés, o ne
PBMC monokulttirose. Bendroje kulttiroje nustatéme, kad padidéjusi VEGF
baltymo sekrecija buvo rySkesné hipoksijoje nei normoksijoje. Savo ruoztu
CCR2 antagonistas veiksmingiau mazino VEGF baltymo sekrecijg esant
hipoksijai  ko-kultiroje. ~Apibendrinant, nustatéme skirtingg CCR2
antagonisto poveikj CXCL8 ir VEGF baltymy sekrecijai normoksijoje ir
hipoksijoje.

Misy tyrimas taip pat atskleidé PD-L1, CD44, CAIX ir CCR2 baltymo
raiSkos pokycius 143B Iasteliy pavirSiuje ko-kultiros modelyje, palyginti su
lasteliy monokultiira. CD44 yra transmembraninis glikoproteinas, hialurono
rugsties receptorius, kuris vaidina svarby vaidmenj lgsteliy tarpusavio
sgveikoje per osteoponting,kolagenus irmatrikso metaloproteinazes (MMP)
kurios yra susijes su naviko progresavimu ir metastazémis ikiklinikiniuose
osteosarkomos tyrimuose [42]. Tai, taip pat, susije su blogesniu osteosarkoma
sergan¢iy pacienty iSgyvenamumu [61]. Padidéjusi CD44 baltymo raiska
skatina osteosarkomos lasteliy migracija ir proliferacijg bei teigiamai
koreliuoja su osteosarkomos imuninés patikros tasko baltymais, tokiais kaip
PD-L1 [62, 63]. Remdamiesi Sia samprata, nustatéme, kad 143B lastelés turi
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didele abiejy zymeny, PD-L1 ir CD44, raiska, o hipoksija sukelia mazesnj $iy
zymeny raiSkos reguliavimg. Miisy tyrime CCR2 antagonisto pridéjimas
padidino PD-L1 ir CD44 baltymy rai$ka normoksijoje, bet neturéjo poveikio
esant hipoksijai.

Toliau nustatéme reik§Smingg CAIX baltymo raiSkos padidéjima 143B
lasteliy pavirSiuje hipoksijos metu, o dar labiau ko-kulttroje su PBMC. CCR2
antagonistas sumazino CAIX baltymo raiska 143B lgstelése esant hipoksijai,
nors §is pokytis nebuvo statistiskai reikSmingas. Reikia toliau nagrinéti galima
CCR2-CCL2 signalinio kelio ir CAIX fermento ryS$io mechanizma. Miisy
tyrime CCR2 baltymo raiska Siek tiek sumazéjo 143B lastelése esant
hipoksijai. PrieSingai, esant hipoksijai, CD45+CDI11b+ lastelése Zymiai
padidéjo CCR2 baltymo pavirsiaus raiska, o tai rodo, kad $is Igsteliy pogrupis
gali buti jautresnis hipoksijai. Gydymas CCR2 antagonistu padidino CCR2
pavirSiaus raiska 143B lastelése ko-kulttiroje esant skirtingoms deguonies
salygoms, ir tikétina, kad tai buvo kompensacinis poveikis. Nors ankstesni
tyrimai parodé apie sumazéjusia CCR2 baltymo raiska M2 makrofaguose
esant hipoksijai [64], nustatéme prieSingg poveikj. Nors CCL2-CCR2
signalinio kelio slopinimas osteosarkomoje tebéra patrauklus imunoterapinis
gydymas, Siandien daugybé jrodymy rodo, kad CCR2 receptoriaus slopinimas
kaip monoterapija neveikia [28]. Sutikdami su S$iais pastebéjimais, miisy
tyrime peliy gydymas CCR2 antagonistu in vivo nesulétino naviko augimo
lyginant su nesiklio kontrole. GreiCiausiai tai yra dél jvairiy deguonies
koncentracijy navike. Jos galimai turi jtakos gydymo atsakui, kaip matéme
ko-kultiiros eksperimentuose. Peliy, gydyty CCR2 antagonistu, naviky tékmés
citometrijos analizé parodé naviko CD44, VEGFR ir PD-L1 baltymo raiskos
poky¢ius. CCR2 antagonisto poveikis padidino VEGFR+ ir PD-L1+ naviko
lasteliy frakcija, o tai gali biiti atsparumo mechanizmai, kai aktyvuojami pro-
angiogeniniai/imunosupresinis signaliniai keliai.

CCR2 antagonisto poveikis modifikavo CD44+ lasteliy frakcija. Taip pat
jdomu tai, kad aptikome dvi naviko lasteliy populiacijas, turincias skirtingg
CD44 raiskg: CD44nemymimiska jr CDA4%mimiska CCR2 receptoriaus slopinimas
i8lygino Igsteliy procentg kiekvienoje populiacijoje, padidindamas santykinj
CD44%ymiraiska Jagteliy skaidiy.

Atlikdami naviko stromos analizg, nustattme CD11b+CD86+ Iasteliy
populiacijos padidéjimag po CCR2 slopinimo. CD86 yra kostimuliaciné
molekulé, kurig CD11b+ Igstelés gamina kaip atsakg j uzdegima skatinancius
signalus [56]. TAM, ekspresuojantys CD86, gali atlikti tiek pro-
tumorigenines, tiek anti-tumorogenines funkcijas, priklausomai nuo jy
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aktyvacijos biisenos [65]. Todél §iy lasteliy pogrupiy skaiciaus padidéjimas
gali biti pageidaujamas su CCR2 blokavimu susijusio gydymo poveikis.

Kadangi CCR2 antagonisto neveiksmingumas in vivo gali bati susijes su
hipoksine naviko mikroaplinka, atlikome i§samig su véziu susijusiy taikiniy
proteomine analiz¢ naviko lgstelése, pakartodami ko-kultiros eksperimenta.
Proteominé analiz¢ atskleidé diferencinius raiskos modelius naviko lgstelése.
Su hipoksija susije baltymai, tokie kaip CAIX ir HIF1A, dar labiau sustipréja
hipoksijoje veikiant CCR2 antagonistui. Jdomu tai, kad remiantis proteomikos
duomenimis, VEGF sekrecija sumaZzéjo ko-kultiiroje veikiant CCR2
antagonistui. Nustatéme tg pacig peliy naviky VEGFR raiskos mazéjimo
tendencijg pelése gavusiose CCR2 antagonists.

Galiausiai bandéme istirti naviko CAIX aptikimo in vivo galimybes gimdos
kaklelio vézio HeLa ksenografto modelyje. In vivo tyrimai su CAIX
specifiniais-NIR konjuguotais junginiais parodé zymiai rySkesne jy
lokalizacija HeLaCAIX"T navikuose lyginant su HeLaCAIXX® navikais. Su
NIR fluorescencine zZyme konjuguotas GZ22-4 junginys buvo jautresnis
CAIX atzvilgiu ir turéjo greitesn] pasiSalinima lyginant su AZ21-6 junginiu in
vivo. Sie tyrimai reik§mingi toliau plétojant véZio vaizdinimo technologijas,
nukreiptas | CAIX baltymo atpazinima.

ISVADOS

Nepaisant imunoterapijos sukelto proverzio vézio gydyme, navikai islieka
viena i§ pagrindiniy vaiky mirties priezasCiy visame pasaulyje [1].
Prie§vézinio gydymo metu navikuose yra pajungiami jvairiis kompensaciniai
mechanizmai, padedantys apeiti vaisty poveikj. Naviko hipoksija ir su ja
susijes tarplastelinés terpés uzriig§téjimas reikSmingai prisideda prie vézio
progresavimo ir atsparumo gydymui. CAIX, hipoksijos indukuotas fermentas,
padeda vézinéms lagsteléms iSgyventi hipoksijos salygomis. CCL2-CCR2
signalinis kelias yra svarbus naviky imunosupresinés niSos formavime. Tiek
CAIX fermentas, tiek CCL2-CCR?2 signalinis kelias yra patrauklts taikiniai
prieSvézinei terapijai. Miisy darbas nagringjo S$iy taikiniy slopinimo
galimybes vaiky standziyjy naviky osteosarkomos ir neuroblastomos
modeliuose.

Mes atskleidéme daugialypj CAIX vaidmenj naviko ir monocity/makrofagy
komunikacijoje. Tai yra pirmasis tyrimas, kuriame bandoma pritaikyti CAIX
slopinimo ir CCR2 antagonisto derinj neuroblastomos ksenografte in vivo.
Misy tyrimas atskleidzia galimus adaptyvaus atsparumo mechanizmus
naudojant §iuos junginius.
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Mes, taip pat, parodéme, kad hipoksinés salygos keicia skirtingy lgsteliy
zymeny ekspresija ir pablogina CCR2 antagonistinj poveikj
eksperimentiniame osteosarkomos modelyje. CCR2 slopinimas 143B lasteliy
modelyje turi skirtingg poveikj baltymy pavirSiaus raiskai ir citokiny
sekrecijai, priklausomai nuo deguonies kiekio. CCR2-CCL2 signalinio kelio
blokavimas naudojant CCR2 antagonista nestabdo 143B naviko augimo, bet
keicia auglio mikroaplinkg dél sumazéjusios VEGFR raiskos ir CD44
ekspresuojanciy lasteliy populiacijos padidéjimo.

143B lasteliy ko-kultiiros proteomo tyrimai atskleidé jvairiy baltymy,
dalyvaujanciy angiogenezéje, hipoksijoje, adhezijoje diferencinius pokycius
esant skirtingoms deguonies koncentracijoms. Miisy duomenys rodo CCL2-
CCR2 signalinio kelio blokavimo galimybes deriniuose su VEGFR, HIF arba
CAIX slopikliais. Misy darbas parodé galima véziniy lasteliy ir PBMC ko-
kultiros modelio pritaikymg siekiant atskleisti naviko Iasteliy fenotipa
tiksliau, labiau atitinkant gyvo auglio aplinkg. Galiausiai mes parodéme
galimg CAIX fermentui specifiniy, su NIR Zyme sujungty, junginiy
pritaikymg gyvame organizme. Visi Sie tyrimai gali prisidéti prie ateities vézio
gydymo ir diagnostikos nukreiptos j hipoksine naviko nisa.

ISvados:

1. CAIX slopiklis AZ19-3-2 nebuvo veiksmingas osteosarkomos 143B
ksenografto modelyje peléje nei kaip vienas agentas nei
kombinacijoje su Avastinu.

2. Lyginant su neSiklio kontrole, 200 nM CAIX slopiklio AZ19-3-2
slopino neuroblastomos SK-N-AS lasteliy sferoidy augima 1.38 karto
hipoksijoje, bet ne normoksijoje.

3. CAIXslopiklio AZ19-3-2 ir CCR2 antagonisto kombinacija dvigubai
sumazino naviko augimg neuroblastomos SK-N-AS ksenografto
modelyje peléje.

4. CAIX slopinimas naudojant AZ19-3-2 1.8 karto sumazino CXCLS ir
2.19 karto sumazino CCL2 baltymy sekrecija SK-N-AS- PBMC ko-
kultiiros tyrime.

5. CCR2 antagonistas nebuvo veiksmingas Zzmogaus osteosarkomos
143B ksenografto modelyje peléje.

6. CAIX specifiniai ir su NIR fluorescencine Zyme konjuguoti junginiai
AZ21-6 ir GZ22-4 gebéjo atskirti CAIX Dbaltymo raiska
pasizymincius navikus nuo CAIX baltymo raiskos neturin¢iy naviky
peléje.

7. Hipoksijoje, CAIX baltymo procentiné raiska ant osteosarkomos
143B ir neuroblastomos SK-N-AS véziniy Iasteliy pavirSiaus
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padidéjo atitinkamai 3.6 bei 1.9 karto kai jos buvo auginamos ko-
kulttroje su PBMC lyginant su monokultiira.

Ateities tyrimy kryptys galimai apims: 1) su hipoksija susijusiy naviko
atsparumo gydymui mechanizmy isSifravima, 2) skirtingy gydymo deriniy,
itraukian¢iy CCR2 antagonista bei CAIX slopiklius, iStyrima, 3) CAIX
atpazinimu pagrjstos vézio diagnostikos vystyma.
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