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ABSTRACT

The immune checkpoint blockade is a novel approach of cancer therapy, which
markedly enhanced treatment efficacy of several cancer types. However, the frequency
of cancer patients non-responding to this treatment is high. Establishment of predictive
markers to distinguish patients suitable for the immune checkpoint blockade would
enhance the number of patients receiving benefit from the therapy. This dissertation thesis
focuses on the enhancement of efficacy of immune checkpoint inhibitors (ICIs) and
predictive markers in experimental models of mouse tumours induced by TC-1 and TC-
1/A9 cell lines and its clones with deactivation of interferon (IFN)-y signalling (TC-
1/dIfngrl and TC-1/A9/dIfngr1), or CD80 molecule (TC-1/dCD80-1). IFN-y is presumed
to be the main inducer of programmed death ligand 1 (PD-L1) and a major
histocompatibility complex I (MHC-I). Moreover, PD-L1 expression may predict
sensitivity to PD-1/PD-L1 blockade. Non-functional IFN-y signalling or downregulated
MHC-I expression has been associated with resistance to ICIs in some patients. We found
that IFNs type I (IFN-a and IFN-B) induced the expression of PD-L1 and MHC-I on TC-
1/A9/dIfngrl tumour cells with reversible downregulation of both molecules. We also
showed that deactivation of IFN-y signalling in TC-1/A9 cells was not a contraindication
to PD-1/PD-L1 blockade combined with DNA vaccination. As TC-1-induced tumours
were not sensitive to PD-L1 blockade, we next investigated the impact of CD80 expressed
in tumour cells on the efficacy of ICIs and the tumour microenvironment. Although the
CD80 deactivation in tumour cells did not induce the efficacy of anti-PD-L1 antibody, it
considerably promoted the efficacy of anti-CTLA-4 antibody. Moreover, TC-1/dCD80-1
cells were more immunogenic than the TC-1 cell line. Therefore, CD80 molecule should
be assessed as a predictive marker for cancer treatment by CTLA-4 blockade and as a
possible target for the development of tumour cell-specific cancer therapy. Besides the
major projects, experimental combined therapy of tumours with reversible
downregulation of MHC-I and development of mouse oncogenic cell line with
irreversible downregulation of MHC-I by deactivation of beta-2-microglobulin (B2m) are
included in the thesis. Altogether, we developed clinically relevant models of mouse
tumours with deactivated IFNGR1, CD80, and B2m and used them for enhancement of

cancer immunotherapy and for search of its predictive markers.



ABSTRAKT

Blokovani kontrolnich bodli imunitnich reakci je novym terapeutickym piistupem
v 1é¢b¢ nadord, ktery znacné zvysil Gcinnost 1écby rtiznych typti nadort. AvsSak podil
pacientt s nadory neodpovidajicich na tuto 1ébu je vysoky. Zavedeni predik¢nich znak
pro rozliSeni pacientd vhodnych pro 1é¢bu blokovanim kontrolnich boda by mohlo zvysit
pocet pacientl, ktefi by méli z této 1écby uzitek. Tato disertacni prace je zaméfena na
zvyseni Uc¢innosti inhibitort kontrolnich bodt imunitnich reakci (ICIs) a na predik¢ni
znaky s vyuzitim experimentalnich modeli mySich nador vyvolanych bunéénymi
liniemi TC-1 a TC-1/A9 a jejich klony s deaktivaci signalizace interferonu (IFN)-y (TC-
1/dIfngrl a TC-1/A9/dlfngrl) nebo molekuly CD80 (TC-1/dCD80-1). IFN-y je
povazovan za hlavni cytokin zvySujici expresi ligandu programované bunééné smrti 1
(PD-L1) a hlavniho histokompatibilniho komplexu I (MHC-I). Exprese PD-L1 muze
ptedpovidat citlivost k blokovani PD-1/PD-L1. Nefunkéni signalizace IFN-y nebo
snizend exprese MHC-I u nékterych pacientll souvisela s rezistenci k ICIs. Zjistili jsme,
ze IFN L typu (IFN-a a IFN-B) zvySuji expresi PD-L1 a MHC-I na nddorovych bunikéach
TC-1/A9/dIfngr1 s reverzibiln¢ snizenou expresi obou molekul. Také jsme ukézali, ze
deaktivace signalizace IFN-y v buitkdch TC-1/A9 nebyla kontraindikaci pro blokovani
PD-1/PD-L1 v kombinaci s DNA vakcinaci. ProtoZze nadory vyvolané buitkami TC-1
nebyly citlivé na blokovani PD-L1, nasledné jsme vySetfovali vliv molekuly CD80,
produkované v nadorovych butikach, na G€innost ICIs a na nadorové mikroprostiedi.
Ptesto, Ze deaktivace CD80 v nddorovych buiikach nezvysila u¢innost protilatky anti-PD-
L1, vyznamné podpofila G¢innost protilatky anti-CTLA-4. Buiky TC-1/dCD80-1 byly
vice imunogenni neZ bunéénd linie TC-1. Proto by mél byt posouzen vyznam molekuly
CD80 jako predikéniho znaku pro 1é¢bu nadorti blokovanim CTLA-4 a také jako moZny
cil pro vyvoj terapie proti nadorovym buiikdm. Kromé hlavnich projekti je v této praci
zahrnuta experimentalni kombinovana terapie nadorl s reverzibilnim snizenim MHC-I a
vyvo] mySi onkogenni bunécéné linie s ireverzibilné sniZzenou expresi MHC-I
prostiednictvim deaktivace beta-2-mikroglobulinu (B2m). Vyvinuli jsme klinicky
vyznamné mysi modely nddor s deaktivaci [IFNGR1, CD80 a B2m a vyuZili je pro

zvyseni u¢innosti nadoroveé terapie a hledani jejich prediktivnich znak.



1. INTRODUCTION

1.1. Immune checkpoints

Co-stimulatory and co-inhibitory molecules, defined as immune checkpoints,
tightly regulate immune reactions in order to maintain homeostasis of the host and to
avoid immunopathology (/, 2). The immune checkpoints were originally studied in T
cells. Besides the 1% signal, which naive T cells receive from the T cell receptor (TCR)
after recognition of antigen presented on the major histocompatibility complex (MHC),
co-stimulatory and co-inhibitory receptors provide the 2" signal in antigen-independent
manner (3, 4). Co-stimulatory receptors (such as cluster of differentiation (CD)28, CD80,
CD86, inducible T cell costimulatory (ICOS), glucocorticoid-induced tumour necrosis
factor receptor (GITR) and many others) support T cell activation, effector functions and
survival (5, 6). On the contrary, co-inhibitory receptors and their corresponding ligands
promote the state of unresponsiveness to antigenic stimulation. Overexpression of co-
inhibitory molecules is one of the major characteristics of T cell exhaustion, which can

be induced by persistent antigenic stimulation due to a chronic infection or cancer (7).

Expression of co-inhibitory receptors alternates during the T cell activation and
differentiation (8). Naive T cells express a high level of B and T lymphocyte attenuator
(BTLA) and T cell immunoglobulin mucin-3 (Tim-3) is detectable during this early stage
too (9). Additional co-inhibitory receptors, such as (cytotoxic T lymphocyte antigen 4
(CTLA-4), programmed death 1 (PD-1), lymphocyte-activation gene 3 (Lag-3), CD244,
T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based
inhibition motif domains (TIGIT) and killer cell lectin-like receptor subfamily G member
1 (KLRG-1)), are upregulated following antigenic stimulation (/0, /7). Majority of the
terminally differentiated effector T cells undergo apoptosis after clearance of antigen,
whereas long-lived memory T cells maintain the response after the secondary exposure
to antigen (/2, 13). Immune checkpoint molecules are important regulators of T cell
memory establishment. Expression of various immune checkpoints is specific for distinct
types of memory T cells, such as relatively high expression of immune checkpoints on
effector memory T cells in comparison with central memory T cells (/0). Interestingly,
some immune checkpoints, such as PD-1, inhibit CD8" T cell differentiation into memory

phenotype (/4).


https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphocyte

The firstly discovered immune checkpoint was CTLA-4, a type I transmembrane
receptor of the immunoglobulin family, expressed by T cells (/5). CTLA-4 competes
with CD28 for binding to the ligands CD80 and CD86 in order to inhibit activation of
naive T cells (/6—18). The affinity of CTLA-4 for CD80 and CD86 binding is approx. ten
times higher than that of CD28 (/8). The study also shows that CD80 and CTLA-4
expression increases in activated antigen presenting cells (APCs) and T cells,
respectively, whereas the expression of CD86 and CD28 is constitutive. CD80 is therefore
considered to be the primary ligand of CTLA-4, while CD86 predominantly interacts with
CD28 (18, 19). Expression of CTLA-4 varies in different T cell subsets. CTLA-4 is
expressed especially on activated CD4" T cells and to a lesser extent on CD8" T cells
(20). CTLA-4 mediated immunosuppression is one of the major effector mechanisms of
regulatory T (Treg) cells, which constitutively express high level of this molecule (21,
22). The essential role of CTLA-4 in Treg mediated immunosuppression has been
determined by Treg-specific CTLA-4 deactivation (23). In that study, CTLA-4" Treg cells
were unable to maintain self-tolerance and Treg specific CTLA-4 deactivation promoted

anti-tumour immunity.

Furthermore, one of the most frequently studied immune checkpoints is PD-1, a
type I transmembrane receptor and a member of the CD28/CTLA-4 family of
immunoglobulin receptors (24). The PD-1 gene was originally studied in apoptotic cell
lines and in mouse thymocytes (25). Function of this molecule was determined in a PD-
1 deficient mouse model (26). The animals developed severe lupus-like autoimmune
disease, which indicated the immunosuppressive role of PD-1. The PD-1 protein structure
consists of N-terminal Ig-like variable domain, a transmembrane region, and an
intracellular tail (27). Binding of ligand to PD-1 through the variable domain triggers
phosphorylation of immunoreceptor tyrosine-based inhibition motif and immunoreceptor
tyrosine-based switch motifon the PD-1 intracellular domain and association with
sarcoma homology 2 domain-containing protein (SHP) 1 and SHP2 tyrosine phosphatases
(27-29). Subsequently, SHP1/2 interfere with TCR and CD28 signalling pathways,
suppress T cell functions and promote apoptosis (30-32).

PD-1 is expressed especially on activated and effector memory T cells, Treg cells,
and natural killer (NK) T cells, and to some extent on B cells and NK cells (10, 33-35).
MHC-I restricted cytotoxic CD8" T cells are presumably the main target of PD-

1/programmed death ligand 1 (PD-L1) axis in tumours (36). The anti-tumour response in



some tumours with downregulated MHC-I expression is mediated by NK cells,
independently of CD8" T cells, and such tumours may also be sensitive to the PD-1/PD-
L1 blockade (37). However, the direct effect of PD-1 blockade on NK cell effector
functions remains unclear (38). Moreover, recent study has revealed an essential role of
myeloid cells in PD-1 mediated tumour protection (39). Specific deactivation of PD-1 in
myeloid cells resulted in enhanced effector functions of monocytes, macrophages, and
dendritic cells (DCs), reduced frequency of myeloid-derived suppressor cells (MDSCs),
and elevated frequency of effector memory T cells with improved anti-tumour effector

functions, although PD-1 expression on lymphoid cells was preserved.

PD-1 interacts with PD-L1 (Fig. 1) as well as PD-L2 (24, 40). Tumour cells and
several types of tumour infiltrating cells, such as T cells, B cells, NK cells, macrophages,

and DCs, may express PD-L1 and inhibit anti-cancer immune response (4/—43). PD-L2

Figure 1: Molecular structure of PD-1/PD-LI1 complex. The PD-1 domains are shown in
red and violet, and PD-L1 is blue (28).

1s expressed on stimulated macrophages and DCs, or B cells (44—46). Unlike PD-L1, the
contribution of PD-L2 in the immune response is controversial. In some settings, PD-1.2

acts as a co-stimulatory molecule, independent of PD-1, and inhibits tumour growth (45).

PD-L1 expression on tumour cells and/or host cells promotes tumour growth of
some tumour types (47-51). Importance of PD-L1 expression on host cells in the
inhibition of anti-tumour immunity was identified in B16 melanoma (47). Moreover, PD-
L1 expression on myeloid cells was found to be essential for response to PD-1/PD-L1
blockade in MC38-, A20-, and E.G7-induced tumours (57). Another study showed that

MC38 tumour cells as well as host cells inhibit T cell cytotoxicity and contribute to



tumour escape from immune surveillance (49, 50). Therefore, PD-L1 expression on
tumour cells and host cells may be predictive in the selection of patients suitable for PD-

1/PD-L1 blockade.

PD-L1 overexpression is a frequently occurring immune escape mechanism in
tumours. 9p24.1 amplification, enhancement of PD-LI] transcription, or increased
messenger ribonucleic acid (mRNA) stability due to disruption of the PD-L1 mRNA three
prime untranslated region upregulate PD-L1 expression (52—54). PD-L1 expression may
also be enhanced by constitutive activation of some signalling pathways in tumours, such
as mitogen-activated protein kinase kinase/extracellular signal-regulated kinase,
phosphatidylinositol 3-kinase/protein kinase B, Janus kinase (JAK)/signal transducer and
activator of transcription proteins (STAT), neurogenic locus notch homolog protein
3/mammalian target of rapamycin, or microRNA-200/zinc-finger E-box-binding
homeobox 1 (55-58). Some transcription factors have been reported to induce PD-L1
expression, for example, hypoxia-inducible factor 2a or STAT3 (59, 60). Furthermore,
PD-L1 upregulation in cancer is associated with viruses, such as Epstein-Barr virus
(EBV) and hepatitis B virus, and some bacteria, such as Helicobacter pylori (61-64).
However, the relationship between PD-L1 and viruses is not uniform in various studies
(65—67). Significantly upregulated PD-L1 expression was associated with lymphocyte
infiltration in tumours and interferon (IFN)-y expression in some human papillomavirus
(HPV)" head and neck squamous cell carcinoma (HNSCC) patients (66). On the contrary,
another study of HNSCC reported that HPV infection correlated with methylation of PD-
L1 promotor and silenced transcription of the corresponding gene (65). In conjunctival

squamous cell carcinoma (SCC), PD-L1 expression did not correlate with HPV status
(67).

Several studies evaluated PD-L1 as a prognostic marker in various cancer types.
For instance, upregulated PD-L1 implied reduced overall survival (OS) in breast cancer
(68). The study showed that PD-L1 expression was associated with increased tumour size,
metastasis into lymph nodes, and oestrogen receptor negativity. Moreover, genetic
alteration of 9p24.1 and PD-L1 upregulation in hepatocellular carcinoma correlated with
poor outcome of patients (69). On the contrary, PD-L1 in melanoma did not predict the
prognosis, although upregulation of PD-L1 correlated with the absence of metastasis in

lymph nodes (70).
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1.2.Cytokines in the tumour microenvironment

Cytokines are indispensable regulators of immune reactions and modulate anti-
cancer immune response. One of the most frequently studied cytokines in cancer is IFN-
v, a type I IFN occurring in the form of a homodimer, which was discovered in activated
human leucocytes (77). This cytokine is produced in tumours mainly by stimulated T
cells, innate lymphoid cells (ILC)1, NK cells, and NKT cells (72—74). IFN-y receptor
(IFNGR) comprises two IFNGR1 and two IFNGR2 subunits. The IFNGR recruits non-
receptor tyrosine kinases JAK1 and JAK2 upon binding IFN-y that activate transcription
factors STAT1 or STAT3 (75, 76). IFN-y induces the expression of IFN stimulated genes
(ISGs) in tumour cells as well as host cells and affects tumour growth (77). So far, 124
proteins of IFN-y signalling pathway have been described (78, 79).

IFN-y is a pleiotropic cytokine that can regulate multiple mechanisms in tumours,
for instance, antigen presentation, cell infiltration, cell cycle, metabolism, invasiveness,
and immunosuppression (78). IFN-y induces MHC-I expression and production of
chemokines with anti-tumour functions such as chemokine (C-X-C motif) ligand (CXCL)
9, CXCL10 and CXCLI11 (80, 81). IFN-y can downregulate PD-1 and act in a synergy
with immune checkpoint blockade (82). Furthermore, IFN-y contributes to the
polarization of macrophages into anti-tumour M1 phenotype (83). This cytokine may also
switch immunosuppressive tumour associated macrophages (TAMs) to M1 macrophages,

which express inducible nitric oxide synthase (iNOS) and produce nitric oxide (NO) (84).

Besides the immunostimulatory function of IFN-y, this cytokine promotes the
expression of immunosuppressive molecules, such as PD-L1 or indolamine 2,3-
dioxygenase (IDO). IFN-y upregulates the PD-L1 on tumour cells and host cells and PD-
L1 upregulation was also observed on exosomes derived from tumour cells (83, §6).
Efficiency of IFN-y to stimulate PD-L1 was even enhanced in triple negative breast
cancer (TNBC) by amplification of 9p24.1 chromosome (87). However, contradictory
effect of IFN-y signalling on anti-tumour immune response has been determined in
tumour cells in comparison with immune cells (77). IFN-y promoted PD-L1 expression
on colorectal and melanoma cancer cells, while it simultaneously stimulated effector
functions of immune cells in that study. Deactivation of IFN-y signalling in tumour cells
resulted in increased accumulation of T cells, maturation of NK/ILC1 cells, and

elimination of cancer cells.
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Even though IFN-y is considered to be the major cytokine inducing MHC-I and
PD-L1, other cytokines may have similar effect. A broad range of cytokines induce MHC-
I expression, such as IFN-a, IFN-f, tumour necrosis factor (TNF)-a, interleukin (IL)-1a,
or IL-27 (80, 88-90). Furthermore, IFN-o, IFN-B, IL-1a, IL-1B, IL-27, CCL2, and
granulocyte-macrophage colony stimulating factor (GM-CSF) can induce the PD-LI
expression (80, 86, 91-95). Some cytokines (for instance, TNF-a, epidermal growth
factor (EGF), and IL-6) regulate post-translational modifications of PD-L1 and stabilize
the molecule by inhibition of proteasomal degradation (96-98).

1.3. Immune checkpoint inhibitors

Recent discovery of the immune checkpoints and approval of immune checkpoint
inhibitors (ICIs) was a real breakthrough in cancer therapy because it prolonged survival
of many patients with different tumour types (99). In 2018, James Allison and Tasuku
Honjo were awarded the Nobel Prize in Physiology and Medicine for their discovery of
CTLA-4 and PD-1 and the development of ICIs (/00). The first ICI, a monoclonal
antibody blocking CTLA-4 (ipilimumab), was approved by FDA in 2011 for treatment of
malignant melanoma (/01). In 2014, first antibodies targeting PD-1 (pembrolizumab and
nivolumab) were approved for the treatment of metastatic melanoma and approvals for
additional types of cancer (such as non-small-cell lung carcinoma (NSCLC), renal cell
carcinoma (RCC), and head and neck carcinoma) were approved later (/02—104).
Moreover, another anti-PD-1 antibody (cemiplimab) was approved in 2018 for treatment
of cutaneous SCC (/05). Furthermore, PD-L1 blockade has been found effective in anti-
cancer therapy. In 2016, the first anti-PD-L1 monoclonal antibody (atezolizumab) was
approved for the treatment of bladder cancer, NSCLC, and triple-negative breast cancer
(106—-108). Additional approvals of new anti-PD-L1 antibodies (avelumab and
durvalumab) followed later (109, 110).

1.4. Mechanisms of tumour resistance to immune checkpoint inhibitors

Successful immunotherapy promotes recognition of tumour cells by the immune
system and tumour elimination (///). Although the immune checkpoint blockade was a
breakthrough in cancer therapy, many cancer patients are resistant to ICIs (172, 113).
Patients with primary (innate) resistance are completely non-sensitive to the therapy and
patients with secondary (acquired) resistance initially respond to the treatment and

develop resistance during the treatment (//4). The selective pressure of immune system
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and the cancer therapy shape characteristics of tumours and may result in the tumour

elimination, or evasion of the immune system and therapy (//5—-117).

The tumour microenvironment affects the therapeutic outcome of immune
checkpoint blockade (/78). Distinct types of tumours have been characterised as “cold”
or “hot” based on the level of tumour infiltration by immune cells and anti-cancer immune
response. The cold tumours are often resistant to immunotherapy and therefore the
development of combined therapy to switch cold tumours into hot is a challenging issue
(119). Cold tumours are deficient in activated immune cells owing to the absence of
danger signals, insufficient tumour antigen presentation, or inability of immune cells to
infiltrate the tumour. Immune cells accumulate in hot tumours, although persistent
stimulation with tumour antigens leads to exhaustion of T cells and to strengthening of
suppressive mechanisms in the tumour microenvironment. The hot tumours are especially
sensitive to immune checkpoint blockade (/20, 121). ICIs may restore the activation of

exhausted T cells accumulated in hot tumours and promote tumour regression.

Abrogation of tumour antigen presentation due to defects in the antigen-
processing machinery or downregulation of MHC-I expression frequently occurs in
patients resistant to ICIs (/22—125). Moreover, primary as well as secondary resistance
to ICIs were observed in patients with truncating mutations in JAK-1 or JAK-2 that
inhibited the function of IFN-y signalling in tumours (/22, 126). Low PD-L1 expression,
downregulation of antigen presentation, the lack of anti-proliferative effect of IFN-y, and
inhibition of tumour infiltration by T cells might have caused the resistance to ICIs in
tumours insensitive to IFN-y (/22, 126, 127). Expression of immunosuppressive
molecules by tumour cells may bypass blockade of PD-1/PD-L1 and mediate resistance
to ICIs (/128—130). For example, IDO, prostaglandin E2, IL-10, or transforming growth
factor B (TGF-B) may promote differentiation of immune cells into immunosuppressive
phenotype, which enhance tumour growth, such as Treg cells, M2 macrophages, or
MDSCs. PD-1/PD-L1 blockade may be compensated by upregulation of additional
immune checkpoints, such as CTLA-4, Tim-3, TIGIT, or Lag-3 (11, 131). Another study
reported that CTLA-4, Tim-3, Lag-3, or BTLA blockade synergised with inhibition of
PD-1/PD-L1 axis (/32). Thus, single ICI may be less effective than simultaneous
targeting of different pathways in cancer treatment. A single blockade of PD-1/PD-L1
axis may strengthen CTLA-4/CD80 signalling, as PD-L1 interaction with CD80 in cis

(on the same cell) inhibits immunosuppressive effect of CTLA-4 in some cases (/33).
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Resistance to PD-1/PD-L1 blockade may also be mediated by PD-L1 on the surface of
exosomes, which inhibits the effector functions of CD8" T cells and induce apoptosis of
these cells (134, 135). However, the mechanism of exosomal PD-L1 mediated resistance

to the anti-PD-L1 is unclear.

Furthermore, extrinsic factors, such as gut microbiota, may influence immune
reactions and sensitivity to ICIs (/36). The impact of gut microbiota on the sensitivity to
ICIs was tested in germ-free mice that received faecal transplantation from cancer
patients (/37—139). The efficacy of ICIs observed in cancer patients was preserved in
mice, in that study. Moreover, it was determined that changed microbiota composition
after treatment with antibiotics, tyrosine kinase inhibitors (TKIs), or corticosteroids may
induce primary resistance to ICIs (137, 140). For example, deficiency of Akkermansia
muciniphila (Verrucomicrobiae order) in the gut of the NSCLC, and RCC patients and
Bacteroides salyersiae (Bacteroidales order) in the RCC patients correlated with
resistance to blockade of PD-1/PD-L1 axis (/37, 139). Moreover, Bacteroidales order

was abundant in non-responders to anti-PD-1 in metastatic melanoma patients (/47).

Besides resistance to ICIs, some individuals may develop hyper-progressive
disease, a rapid increase of tumour growth after treatment with ICIs which is significantly
faster than in non-responders (/42). The hyper-progressive disease may be mediated by
rapid proliferation and immunosuppressive functions of Treg cells, exhausted T cells, M2
macrophages, or MDSCs (/43). However, mechanisms inducing the hyper-progressive

disease are not completely understood.
1.5. Predictive markers of response to immune checkpoint inhibitors

1.5.1. The tumour microenvironment

The tumour microenvironment regulates the therapeutic outcome of ICls.
Accordingly, the characteristics of tumour microenvironment may predict efficacy of the
therapy (/44). Analysis of PD-L1 expression on tumour cells or tumour infiltrating cells
was approved as the first predictive biomarker for response to PD-1/PD-L1 blockade in
several tumour types (Fig. 2). However, PD-L1 expression as a single biomarker was
predictive in only 28.9% of various cancer cases (/45). Low sensitivity of
immunohistochemistry (IHC), a standard technique of PD-L1 detection in the tumour

microenvironment, may contribute to the limited predictive capacity of PD-LI.
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Therefore, more sensitive methodologies are being developed, such as radiolabelled
monoclonal antibodies imaging with positron-emission tomography (PET) (/46). PD-L1
imaging with PET predicted the response of cancer patients to blockade of PD-1/PD-L1
more accurately than IHC. Standardisation of diagnostic assays in clinical use and
biomarkers additional to PD-L1 expression in tumours should increase accuracy to
predict the sensitivity of patients to ICIs (/47). Thus, predictive value of various markers

is investigated.

Companion PD-L1 Testing
10 — . = PD-L1 testing approved

[7]= PD-L1 testing not approved

Number of FDA Approvals

y LANHA N H A0,

Tumor Type
Figure 2: PD-LI testing as a companion diagnostic for administration of immune
checkpoint inhibitors. Bars represents the number of FDA approvals for immune
checkpoint inhibitors (pembrolizumab (N = 18), nivolumab (N = 11), atezolizumab (N
= 35), ipilimumab with nivolumab (N = 3), ipilimumab (N = 2), durvalumab (N = 2),
cemiplimab (N = 2), and avelumab (N = 2). The dark-gray colour illustrates approved
and the light-grey colour non-approved PD-LI testing. Abbreviations: gastro-
oesophageal junction (GEJ), hepatocellular carcinoma (HCC), Hodgkin’s Lymphoma
(HL), non-small-cell lung cancer (NSCLC), primary mediastinal B-cell lymphoma
(PMBCL), renal cell carcinoma (RCC), squamous cell carcinoma (SCC), small-cell lung

cancer (SCLC) (145).

The level of immune cell infiltration into tumour and a functional state of tumour
infiltrating cells are fundamental factors in the therapeutic outcome of ICIs. The

frequency of selected immune cells infiltrating tumours was described as an
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mimmunoscore” (/48). As CD8" T cells play the major role in tumour rejection in
response to ICIs, the accumulation of these cells in tumours is evaluated together with
expression of PD-1 and PD-L1 (/49). Enhanced abundance of CD8", PD-1", or PD-L1"
cells in tumours, detected by IHC before treatment with ICIs, predicted the response in
melanoma patients (//, 150). These studies showed that blockade of PD-1/PD-L1 axis
induced CD8" T cell proliferation, activation of effector functions, infiltration into tumour
parenchyma, and control of tumour growth. On the contrary to these studies, the
frequency of CD8" T cells and the ratio of CD4"/CD8" cells was not associated with
response to ICIs in metastatic melanoma patients receiving ipilimumab, pembrolizumab
or nivolumab, although the level of tumour infiltration by lymphocytes correlated with
OS (148). Furthermore, expression of immune checkpoints on CD8" T cells infiltrated
into tumour has been reported as a predictive marker for ICIs in cancer (/57). In that
study, partially exhausted (PD-1" CTLA-4") CD8" T cells infiltrated into tumour
predicted response to pembrolizumab or nivolumab in metastatic melanoma patients. The
study indicated that the frequency of partially exhausted CD8" T cells exceeding 20% of
all tumour infiltrating CD8" T cells detected before treatment was associated with
significantly higher response rate (RR) and longer progression free survival (PFS) after
PD-1 blockade. The treatment induced functional activation of CD8" T cells and
infiltration into tumours, while infiltration of CD4" T cells declined and the ratio of
CD47/CD8" cells was decreased. Accumulation of tumour-antigen-specific exhausted
CDS8" T cells within the tumours, especially tissue-resident memory cells (CD103* CD69*
CD49a"), was also a predictive factor of response to PD-1/PD-L1 blockade in patients
with HNSCC (752). ICIs restored effector functions of exhausted cells, induced
proliferation of memory T cells in the circulation, and initiated anti-tumour immune
response. Moreover, effector memory (EOMES™ CD69" CD45RO") T cells were
associated with prolonged PFS in melanoma patients, and upregulated abundance of these

cells was predictive of response to ICIs (/7).

Besides T cell infiltration into tumours and immune checkpoint expression by
these cells, diversity of TCR repertoire and clonal expansion was evaluated as a predictive
marker of response to ICIs. Accumulation of T cells in tumours correlated with reduced
diversity of TCR B-chain and upregulated clonality in melanoma patients subsequently
responding to pembrolizumab (/50). Proliferation was restricted to tumour-specific T

cells and such clones expanded in responders after pembrolizumab administration.
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Another study evaluated the predictive value of TCR diversity and clonality in peripheral
blood T cells (/53). The high clonality and the lack of TCR diversity predicted a
favourable outcome of pembrolizumab, or nivolumab, but poor response to anti-CTLA-

4 in melanoma patients.

1.5.2. Genetic alterations in tumours

Genetic instability enhances tumour immunogenicity and sensitivity to
immunotherapy. The predictive capacity of tumour mutational burden (TMB) in the
immune checkpoint blockade has been evaluated in cancer patients. The level of TMB
predicted therapeutic outcome in a dataset of patients with various tumour types
(melanoma, NSCLC, and 19 other types of tumours; N = 52, 36, and 63 patients,
respectively) (/54). In that study, the RR after PD-1/PD-L1 blockade was approx. three
times higher in patients with high TMB than in patients with low to intermediate TMB
across all tumour types. Interestingly, TMB was not predictive of the combined PD-1/PD-
L1 and CTLA-4 blockade. Other studies evaluated TMB as a predictive marker for
specific types of cancer, such as melanoma, NSCLC, or metastatic RCC (77, 155-157).
TMB correlated with the probability of response to PD-1 blockade in melanoma (77).
Furthermore, nivolumab and ipilimumab were significantly more efficient than
chemotherapy in stage IV or recurrent NSCLC patients with high TMB compared with
low TMB tumours (/55). However, TMB was not predictive in metastatic RCC patients
treated with nivolumab and/or ipilimumab or pembrolizumab (/56). Despite the
correlation of TMB with response to ICIs in several studies, 54.5% of patients with high
TMB in various tumour types did not respond to PD-1/PD-L1 blockade (/58). Therefore,
the combination of TMB with additional markers may improve prediction accuracy in

cancer.

Besides TMB, mismatch repair (MMR) and microsatellite instability (MSI) have
been evaluated as predictive markers of response to ICIs (/59). The frequency of defects
in deoxyribonucleic acid (DNA) repair, including MMR, did not correlate with RR to PD-
1/PD-L1 blockade across 13 different cancer types (//2). Moreover, proficient MMR,
low status of MSI, and low to intermediate TMB were identified in a fraction of cancer
patients who achieved objective response to ICIs (154, 160). In contrast to those studies,

MSI status contributed to the identification of metastatic gastric cancer (mGC) patients
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suitable for the therapy with ICIs (/617). In that study, MSI had stronger predictive
capacity than PD-L1 expression.

Determination of the immunoscore alongside the MMR and MSI may improve
the accuracy of prediction which patients may benefit from ICIs. In most cases, deficiency
of MMR and high MSI correlated with upregulated expression of PD-L1 and PD-L2,
infiltration of CD4" and CD8" cells and enhanced activation of IFN-y signalling in
majority of patients with colorectal cancer (CRC) (/60). However, the study also showed
increased PD-L1 expression and activated IFN-y signalling in tumours with proficient
MMR and low MSI. In that tumours, the level of CD4" and CD8" cells infiltration was
comparable to high MSI tumours and therefore PD-1/PD-L1 blockade may be efficient

in both tumour types.

Genetic instability may generate immunogenic neoantigens (/54, 162). Therefore,
the occurrence of neoantigens is evaluated alongside markers of genetic instability in
order to predict the efficacy of ICIs. For example, increased somatic non-synonymous
TMB and neoantigens detected in NSCLC correlated with favourable prognosis in
response to pembrolizumab (upregulated (ORR), durable clinical benefit (DCB), and
PFS) (163). Another study was conducted on 12 different types of advanced cancer
deficient in MMR and with high MSI status (//3). In that study, expansion of neoantigen
specific T cells was identified in responders to pembrolizumab, according to the
sequencing analysis of CDR3 regions of TCR. Moreover, neoantigens suitable for
presentation on MHC molecules have been shown to correlate with better clinical
outcome of patients with high TMB in different types of solid tumours treated with ICIs
(158). Genotype of HLA corresponds to the repertoire of epitopes presented on MHC
molecules (/64). Patients with heterozygosity at HLA-I, and especially HLA-B44 allele,
had a significantly better outcome of ICIs compared to patients with loss of

heterozygosity or HLA-B62.

Furthermore, copy number chromosomal aberrations in various types of cancer
are associated with the efficacy of ICIs. Focal copy number gain of 9p24.1, which
upregulates PD-L1, PD-L2, and JAK-2 expression, occurred in several malignancies,
such as Hodgkin’s lymphoma (HL), triple-negative breast cancer (TNB), diffuse large B
cell lymphoma, hepatocellular carcinoma (HCC) or CRC (69, 166—169). Predictive value

of this genetic alteration and constitutive upregulation of PD-L1 was evaluated for the
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efficacy of ICIs. PD-L1 was amplified in 0.7% of various types of solid tumours and
66.7% of patients with the upregulation of this gene responded to ICIs independently of
TMB or MSI (52). Furthermore, nivolumab was an effective treatment in relapsed or
refractory HL and the majority of patients bearing this type of tumour responded to the
therapy (166, 170). All patients in the study had genetic alterations of the PD-L1 and PD-
L2 loci, and upregulation of PD-L1 protein production was associated with increased
efficacy of nivolumab (/70). Upregulated PD-L1 was also detected in patients with rare
types of large B-cell lymphoma (relapsed/refractory primary central nervous system and
testicular lymphoma) sensitive to nivolumab (/77). The portion of responders to
pembrolizumab in relapsed or refractory classical HL was similar to nivolumab and the
majority of tumours were PD-L17, presumably due to 9p24.1 genetic alteration (/72).
Moreover, enhanced efficacy of pembrolizumab in a patient with advanced CRC and
9p24.1 copy number gain in liver metastasis further supports the predictive value of this

biomarker (/68).

1.5.3. Viruses and microbiota

Some viruses associated with tumorigenesis may affect sensitivity to ICIs and
serve as predictive markers. For instance, detection of EBV strongly correlated with
enhanced ORR to pembrolizumab in mGC (/67). On the contrary, Merkel cell
polyomavirus (MCPyV) detected in patients did not correlate with the response to
pembrolizumab in Merkel cell carcinoma (MCC) (34). Instead of the MCPyV status, the
high abundance of PD-1" and PD-L1" cells in tumours and the interaction of these
molecules were associated with clinical outcome. Another study also reported that
MCPyV did not correlate with response to pembrolizumab in MCC (/73). Furthermore,
sensitivity to nivolumab was independent of HPV infection or PD-L1 expression in

patients with HNSCC (174).

Treatment with antibiotics prior to administration of ICIs predicted reduced OS
and PFS of cancer patients due to altered composition of microbiota (/75). Several studies
analysed the enrichment of particular bacterial species in the gut of melanoma patients
before treatment and its impact on the efficacy of ICIs (/38, 141, 176). For instance,
Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus faecium indicated
response to the PD-1 blockade (/38). Moreover, Faecalibacterium in melanoma patients

was associated with response to ipilimumab or PD-1 blockade (/41, 176). Clostridiales
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order and Ruminococcaceae family were enriched in the gut of responders to anti-PD-1
in metastatic melanoma patients (/47). As the level of tumour infiltrating leucocytes is
associated with the efficacy of ICIs, the impact of bacteria on immune cell infiltration
into tumours has been assessed in some studies (/39, /41). For instance, A. muciniphila
increased the accumulation of CD4" T cells in mouse tumours (/39). Moreover, the
occurrence of other bacteria, Faecalibacterium genus (Clostridiales order), in the gut of
melanoma patients correlated with increased abundance of CD4" and CD8" T cells in the
periphery and it enhanced the accumulation of CD8" T cells in the tumours (/4/). On the
contrary, the high abundance of Bacteroidales supported the increased frequency of Treg
cells and MDSCs in the circulation and promoted resistance to PD-1 blockade in that

study.

1.5.4. Systemic factors

Liquid biopsy is advantageous in routine clinical practice thanks to its feasibility
and non-invasiveness. Prognostic value of several systemic factors examined from the
blood of cancer patients is studied in order to monitor the efficacy of ICIs and to predict
the suitability of treatment. Circulating tumour cells (CTC) and expression of
immunosuppressive molecules by CTC appeared to be prognostic in patients receiving
PD-1/PD-L1 inhibitors (177-179). CTC in the peripheral blood and PD-L1 expression on
these cells during the therapy correlated with inferior outcome of NSCLC and urothelial
cancer (UC) patients (177, 178, 180). Expression of IDO in CTC indicated shorter PFS
and OS, and increased risk of death in advanced NSCLC patients treated with anti-PD-1,
while PD-L1 surface expression on CTC was not predictive (/79). Moreover, the amount
of circulating tumour DNA was associated with response to CTLA-4 and PD-1/PD-L1
blockade in various types of tumours (161, 181, 182).

The composition of immune cells in the peripheral blood was evaluated as a
predictive marker of sensitivity to ICIs. The frequency of CD14"CD16'HLA-DRM
monocytes was described as a strong predictive marker of response to pembrolizumab or
nivolumab in patients with stage IV melanoma (7/83). In that study, high frequency of
monocytes and low frequency of T cells in the blood of responders indicated T cell
accumulation in tumours before treatment. The frequency of activated T cells, central
memory T cells, and NKT cells was enhanced in the circulation after PD-1 blockade in

responders. Another study focused on the predictive capacity of cytokines in the
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peripheral blood in patients with NSCLC receiving pembrolizumab or nivolumab (/84).
Cytokines (IFN-y, TNF-a, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, and IL-12) detected
before therapy did not predict therapeutic outcome of ICIs. However, increased
concentration of these cytokines after treatment markedly correlated with favourable
prognosis. Another study showed that increased concentration of IFN-y in blood samples,
which were stimulated with tuberculosis antigen in vitro, predicted response to PD-1/PD-
L1 blockade in NSCLC patients treated with nivolumab, pembrolizumab, or atezolizumab

(185).

1.5.5. IFN-y signalling

Several studies tested the capacity of IFN-y and IFN-y-related genes to predict the
therapeutic outcome of ICIs in various cancer types (11, 124, 186). Expression of IFN-y
and IFN-y-related genes correlated with “hot”/”inflamed” tumour microenvironment and
predicted response to ICIs in cancer patients (/86, 187). For instance, the expression of
IFN-y and IFN-y-inducible genes were upregulated in melanoma before atezolizumab
administration in responders (/87). Furthermore, the set of IFN-y-responsive genes,
which represented activation of IFN-y signalling, activation and effector functions of
immune cells and recruitment of CD8" T cells into tumours, predicted the efficacy of
pembrolizumab (/86). The set of IFN-y-responsive genes was initially defined in
melanoma and HNSCC patients and subsequently validated on a large cohort of patients
with nine different cancer types. Moreover, /[FNG expression and markers of IFN-y
stimulation in tumours before treatment were predictive in melanoma patients responding
to nivolumab (/24). Another study determined the expression of genes associated with
IFN-y and its downstream signalling, such as STATI and IRFI (I11). Expression of these
genes correlated with response to nivolumab or pembrolizumab in melanoma patients.
Similarly, elevation of pSTATI and its spatial colocalization with CD8" cells at the
invasive tumour margin indicated the response to pembrolizumab in metastatic melanoma
(150). Moreover, IFN-y expression signature in tumour microenvironment predicted the
efficacy of ICIs in NSCLC patients (77). In that study, the response to anti-PD-1 and anti-
CTLA-4 therapy surprisingly correlated with mutations in IFN type I and II pathways, on
the contrary to the aforementioned studies. This observation further supports the dual role

of IFNs in cancer.
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1.6. Integration of immune checkpoint blockade predictive markers

High throughput techniques have been used to integrate various predictive
markers to ICIs based on genomic and transcriptomic features (/88, /89). TMB did not
predict sensitivity to ICIs in melanoma in these studies. However, mutations in the DNA
repair gene BRCA2 were identified in tumours of responders, while innate anti-PD-1
resistance signature (IPRES) characterised by upregulated transcription of genes
associated with angiogenesis, hypoxia, remodelling of extracellular matrix, and
mesenchymal transition predicted primary resistance to the treatment (/88). Model
integrating clinical, genomic and transcriptomic characteristics of tumours showed that
MHC-II expression, tumour purity (the proportion of tumour cells in the tumour tissue),
heterogeneity (the occurrence of subclonal mutations), and ploidy predicted response to
anti-PD-1 (/89). Next, markers of resistance to PD-1/PD-L1 blockade were determined
in the tumour microenvironment based on clinical-grade RNA sequencing assay (/90).
Expression of immune checkpoint molecules Tim3 and VISTA, and CD68 marker of
macrophages predicted worst clinical outcome and markedly shorter PFS in patients with

diverse types of tumours treated with PD-1/PD-L1 blockade.

In conclusion, cancer is a heterogeneous disease and multiple factors affect the
therapeutic outcome of ICIs. Besides the integration of biomarkers, a personalized
approach would improve the accuracy of patient selection for the therapy. A tool “cancer
immunogram” designed to evaluate the probability of response to ICIs based on multiple
parameters has been recently introduced (/97). The cancer immunogram comprises
markers that represent the level of immune cell infiltration, mutational status, occurrence
of neoantigens, and the degree of immunosuppression in tumours. Subsequent studies
introduced alternative cancer immunograms related to UC or NSCLC (192, 193).
Development of immunograms related to additional cancer types and extension of a set

of predictive markers would contribute to the effective cancer treatment.
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2. AIMS

During my doctoral studies, I focused on the development of clinically relevant
experimental mouse tumour models with altered expression of molecules involved in

anti-tumour immune response and regulation of sensitivity to cancer immunotherapy.
The main aims of the dissertation thesis were:

e To assess whether deactivation of IFN-y signalling in tumour cells with reversibly
downregulated PD-L1 and MHC-I may be a contraindication to PD-1/PD-L1
blockade and to evaluate the impact of cytokines on PD-L1 and/or MHC-I
expression on tumour cells.

e To characterise the microenvironment of tumours with deactivation of CD80

costimulatory molecules and to test the sensitivity of these tumours to the ICIs.

Besides the main projects of this thesis, I participated in two projects focused on
mouse tumour models characterized by downregulation of MHC-I molecules. The aim of
the first project was to test experimental combined immunotherapy against tumours with
reversible MHC-I downregulation. In the second project, the aim was to generate a mouse
tumour model with irreversible downregulation of MHC-I molecules and to examine the

combined immunotherapy in this model.
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3. RESULTS AND DISCUSSION

3.1. Publication 1: Abrogation of IFN-y signalling may not worsen
sensitivity to PD-1/PD-L1 blockade

3.1.1. Main characteristics of cell lines used in the study

In order to assess whether the IFN-y signalling regulates the efficacy of the PD-
1/PD-L1 blockade, we used mouse oncogenic TC-1 cell line, which was prepared by
transformation of primary C57BL/6 mouse lung cells with the HPV16 E6/E7 oncogenes
and human activated H-ras. This cell line was kindly provided by Dr. T.-C. Wu, John
Hopkins University, Baltimore, MD, USA (/94). These cells constitutively express PD-
L1 and MHC-I. Next, TC-1/A9 cell line with reversible downregulation of PD-L1 and
MHC-I was generated from the TC-1 cell line (/95). The expression of both molecules
can be induced by cytokines, such as IFN-y. We used TC-1 and TC-1/A9 cell lines to
generate cells insensitive to IFN-y (TC-1/dIfngr]l and TC-1/A9/dlfngr1). We functionally
deactivated the IFNGR1 subunit of the IFN-y receptor with the CRISPR/Cas9 system
(Publication 1, Fig. 1A). Oncogenicity of the TC-1/dIfngrl or TC-1/A9/dIfngr! cells was
comparable to that of the TC-1 or TC-1/A9 cells, respectively (Publication 1 Fig. 1B).
This finding is in line with a previous study that has also shown similar oncogenicity of

melanoma cells with deactivated expression of IFNGR1 and parental cells (/96).

As the enhancement of tumour growth by PD-L1, expressed on tumour cells and
host cells, is dependent on tumour type (47-51), we evaluated the role of PD-L1 in the
oncogenicity of TC-1 and TC-1/A9 cell lines. We deactivated PD-L1 molecule with the
CRISPR/Cas9 system and produced TC-1/dPD-L1 and TC-1/A9/dPD-L1 cells
(Publication 1, Fig. 1C). Mice injected with various doses (3 x 10*, 3 x 10°, and 3 x 10%)
of TC-1/dPD-L1 cells did not form any tumour and only the 1 x 10° dose induced tumour
formation in two out of five mice (Publication 1, Fig. 1D). The TC-1/A9/dPD-L1 cells
were more oncogenic than the TC-1/dPD-L1 cells. However, the growth of TC-
1/A9/dPD-L1-induced tumours was significantly slower in comparison with TC-1/A9-
induced tumours. The reduced oncogenicity of both cell lines suggests the involvement
of PD-L1 expression on tumour cells in the suppression of anti-tumour immunity and
implies the potential sensitivity of TC-1- and TC-1/A9-induced tumours to PD-L1
blockade.
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3.1.2. The role of IFNGRI in anti-tumour immunity

We next tested the impact of IFNGR1 deactivation in tumour cells on pro-/anti-
oncogenic function of CD4", CD8", NKI.1" and macrophages in mouse tumours
(Publication 1, Fig. 2). We depleted immune cells in tumour bearing mice with anti-CD4,
anti-CDS8, or anti-NK1.1 antibody and treated mice with carrageenan to achieve
macrophage depletion. As IFN-y signalling of host cells was functional in tumours with
IFNGRI1 deactivation, we also treated mice with anti-IFN-y in order to evaluate the effect
of IFN-y on tumour growth. Deactivation of IFNGR1 in TC-1 cells eliminated the anti-
oncogenic role of CD8" cells and pro-oncogenic role of macrophages, while anti-
oncogenic function of NK1.1" cells and IFN-y remained preserved in TC-1/dIfngrl-
induced tumours. Only NK1.1" cells were anti-oncogenic in TC-1/A9-induced tumours,
which was not preserved in TC-1/A9/dIfngrl-induced tumours. Interestingly,
deactivation of IFNGRI1 in TC-1/A9 promoted the pro-oncogenic function of IFN-y. The
mechanisms of the impact of IFNGR1 deactivation in tumour cells on alterations in pro-

/anti-oncogenic immune cell functions are currently unclear.

3.1.3. PD-L1 and MHC-I expression in tumours in comparison with cell lines

Furthermore, we analysed PD-L1 and MHC-I expression on tumour cells obtained
from tumours (Publication 1, Fig. 3). The expression of both molecules was slightly
upregulated on TC-1/dIfngr] and TC-1/A9/dIfngr1 cells isolated from tumours compared
with parental cells. Moreover, the expression on TC-1/A9/dIfngr] cells in tumours was
comparable to the level of expression on TC-1/A9 cells stimulated with IFN-y in vitro.
These data suggest that besides IFN-y, other factors induced PD-L1 and MHC-I

expression on tumour cells in the tumour microenvironment.

3.1.4. Detection of cytokines in tumours and their secretion by cell lines

Multiple factors may induce PD-L1 or MHC-I expression, such as IFN-y, IFN-a,
IFN-B, IL-1a, IL-6, IL-27, TNF-a, chemokine CCL2, GM-CSF, and EGF (80, 86, 8§§-95,
97, 98). We therefore analysed the occurrence of these presumed inducers of PD-L1
and/or MHC-I expression in tumours and cell lines with a LEGENDplex assay
(Publication 1, Fig. 4A). We found almost all cytokines in tumours. The exception was
the absence of IFN-a in TC-1- and TC-1/dlfngrl-induced tumours. The cell lines
produced IL-6 and CCL2. Downregulation of PD-L1 and MHC-I expression on TC-1/A9
cells indicated that IL-6 and CCL2 did not induce the expression of these molecules. We
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therefore excluded these two cytokines from further analysis and tested the effect of
remaining cytokines on PD-L1 and MHC-I expression in vitro (Publication 1, Fig. 4B).
Among these cytokines, IFN-a and IFN-B significantly increased PD-L1 and MHC-I,
especially on TC-1/A9 and TC-1/A9/dIfngrl cells. Relative upregulation of both
molecules on TC-1/A9/dIfngr1 cells by type I IFNs was comparable to the effect of IFN-
v on TC-1/A9 cells. TNF-a slightly induced MHC-I expression on TC-1/A9/dIfngr1 cells.
According to previous studies, type I IFNs promote anti-tumour immune response and
may enhance the efficacy of ICIs (797, 198). Our data indicate that type I IFNs can be
potent inducers of PD-L1 and MHC-I expression on tumour cells that are insensitive to

IFN-y signalling.

3.1.5. PD-L1 and MHC-I expression in tumours with blockade of IFN-a and
IFN-B signalling

We next assessed the effect of type I IFNs on PD-L1 and MHC-I expression in
mouse tumours (Publication 1, Fig. 5). We neutralized IFN-o and IFN- function by
antagonistic monoclonal antibody anti-IFNART1, which targets a shared IFN-o and IFN-
B receptor, in mice bearing TC-1/dIfngrl- and TC-1/A9/dIfngrl-induced tumours. The
PD-L1 and MHC-I expression was markedly downregulated on TC-1/A9/dIfngr1 tumour
cells isolated from mice treated with anti-IFNARI1, whereas the expression on TC-
1/dIfngr] was not significantly changed. As mentioned above, IFN-a was not detected in
TC-1/dIfngrl-induced tumours, whereas this cytokine was present in TC-1/A9/dlfngr1-
induced tumours. The expression of PD-L1 and MHC-I on TC-1/A9/dIfngr1 cells isolated
from tumours was comparable to the expression of IFN-y stimulated TC-1/A9 cells in
vitro. It implies the predominant contribution of IFN-a in PD-L1 and MHC-I stimulation
on tumour cells in vivo, although the concentration of IFN-B was higher than the
concentration of IFN-a in all tumours. Type I IFNs are important inducers of anti-tumour
immune response and IFN-a has been particularly shown to enhance the efficacy of PD-
L1 blockade (197, 198). In line with the previous studies, we hypothesised that type I
IFNs might have enhanced the efficacy of PD-1/PD-L1 blockade in TC-1/A9/dItngr1-

induced tumours.

3.1.6. Sensitivity of tumours to combined therapy

Finally, we evaluated the sensitivity of TC-1/A9- and TC-1/A9/dIfngr1-induced
tumours to anti-PD-L1 therapy (Publication 1, Fig. 6). We combined PD-L1 blockade
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with DNA vaccination in order to stimulate the immune response against HPV16 E7
oncoprotein. TC-1/A9- as well as TC-1/A9/dIfngr1-induced tumours were sensitive to
PD-L1 blockade in combination with the DNA vaccination. Sensitivity to immune
checkpoint inhibition in tumours with deactivated IFN-y signalling has been also studied
in mouse tumours induced by CRC cell line (CT26) (77). Unlike the TC-1/A9 cell line
with cytokine inducible MHC-I expression used in our study, the CT26 cells are highly
immunogenic due to the constitutive expression of MHC-I. Deactivation of IFNGR and
IFNAR promoted the efficacy of PD-1/PD-L1 blockade owing to the inhibition of

resistance-associated IFN stimulated genes in CT26-induced tumours.

Recent evidence suggests that mutations in Ifngrl, Ifngr2, JAKI, and JAK2,
involved in IFN-y signalling, were detected in cancer patients regardless of response to
PD-1/PD-L1 blockade (123, 157, 188, 199-201). These studies further support the
clinical relevance of our model of PD-1/PD-L1 blockade in mice bearing tumours with
deactivated IFN-y signalling. Therefore, reduced sensitivity of tumour cells to IFN-y as a
single predictive marker should not be a contraindication to PD-1/PD-L1 blockade. In
conclusion, the predictive capacity of both, IFN-y and type I IFNs signalling should be
evaluated in PD-1/PD-L1 blockade.

3.2. Publication 2: CD80 expression on tumour cells alters tumour

microenvironment and the efficacy of cancer immunotherapy by

CTLA-4 blockade

CD80 is expressed by tumour cells as well as host cells and its pro-/anti-oncogenic
nature depends on various factors (202—206). In this study, we aimed to determine
whether CD80 expressed by tumour cells affects the tumour microenvironment and

sensitivity to ICIs.

3.2.1. Characteristics of TC-1/dCD&0-1 cancer cell line

Firstly, we deactivated CD80 molecule in the TC-1 oncogenic cell line with
CRISPR/Cas9 system and generated TC-1/dCD80-1 cells (Publication 2, Fig. 1). These
cells were more immunogenic than TC-1 cell line (Publication 2, Fig. 2A). Ten times
higher dose of TC-1/dCD80-1 than TC-1 cells formed tumours of comparable growth
(Publication 2, Fig. 2B). Our observation is in agreement with previously reported

reduction of tumour formation and growth due to CD80 deactivation (204).
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3.2.2. CD80 expression on tumour cells regulates immune reactions

Next, we analysed whether CD80 on tumour cells regulate anti-tumour immune
response (Publication 2, Fig. 3). The deactivation of CD80 switched pro-oncogenic nature
of macrophages to anti-oncogenic and abrogated the anti-oncogenic function of NK1.1°
cells. Consistent with our findings, another study has shown that CD80 expression on
tumour cells enhanced NK cell-mediated control of tumour growth (207). Furthermore,
CD80 deactivation promoted the immunosuppressive activity of CD4" cells, while the
anti-oncogenic function of CD8" cells remained preserved in the TC-1/dCD80-1-induced
tumours in our study. CD4" T cells express CTLA-4 with higher intensity than CD8" T
cells (20). As CDS8O is still expressed by host cells in mice bearing TC-1/dCD80-1-
induced tumours, enhancement of CTLA-4 expression by CD4" cells might contribute to

immunosuppressive mechanisms.

3.2.3. CD80 expression on tumour cells affects sensitivity to CTLA-4 blockade

We next tested the effect of CTLA-4 blockade in TC-1- and TC-1/dCD80-1-
induced tumours (Publication 2, Fig. 4). CD80 deactivation induced sensitivity of
tumours to CTLA-4 blockade. However, PD-L1 blockade did not significantly reduce
tumour growth and it did not support the effect of CTLA-4 blockade regardless of CD80
expression on tumour cells. Depletion of immune cells in mice bearing TC-1/dCD80-1-
induced tumours showed that CD8" cells were essential for the efficacy of anti-CTLA-4
treatment, whereas depletion of CD4" cells supported the effect of the therapy. Similarly,
direct killing of tumour cells by activated CD8" T cells in anti-CTLA-4 treated tumours
has been previously reported (208, 209).

3.2.4. CD80 expression on tumour cells regulates tumour microenvironment

We designed flow cytometry panels to compare microenvironment of TC-1- and
TC-1/dCD80-1-induced tumours. CD80 deactivation enhanced the frequency of both
lymphoid and myeloid cells in tumours (Publication 2, Fig. 5). Another studies have
shown that CD80 blockade induced infiltration of mouse adenocarcinoma (210, 211).
Furthermore, the frequency of M1 macrophages increased and M2 decreased in the TC-
1/dCD80-1- compared with the TC-1-induced tumours. Our data are in line with a
previous study which has shown that blockade of CTLA-4/CD80 axis induced M1
polarization of macrophages in melanoma patients (2/2). Moreover, CD80 deactivation

enhanced CTLA-4 expression on T helper (Th) 17 cells and upregulated the frequency of
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APCs in tumours. Consistently, enhanced APCs co-stimulation of lymphocytes has been

reported to induce CTLA-4 expression, particularly on Th17 cells (213).

Moreover, the CTLA-4 blockade downregulated frequencies of most immune cell
types in the TC-1-induced tumours, whereas it promoted the frequency of lymphoid cells
in the TC-1/dCD80-1-induced tumours (Publication 2, Fig. 6). Within the CD4" T cells,
especially the frequency of Th1 subset was enhanced in TC-1/CD80-1-, unlike the TC-1-
induced tumours. Increased infiltration of tumours by Thl cells has been previously
shown in mouse models as well as cancer patients treated with CTLA-4 blockade (796,

214, 215).

3.2.5. CD80 expression regulates immunosuppressive potential of Treg cells

The Treg cells were the most abundant CD4" T cell subset in untreated tumours.
In order to analyse immunosuppressive potential of Treg cells, we measured expression
of markers CTLA-4, GITR, ICOS, Lag3, CD73, granzyme B (GrzB), and neuropilin 1
(Nrp-1), which imply immunosuppressive potential of Treg cells (2/6-220), (Publication
2, Fig. 7). Furthermore, we performed unsupervised clustering by FlowSOM algorithm
and generated four distinct Treg subpopulations (subpopulation 1 (CTLA-4" GITRM
ICOS" Lag3'® CD73" GrzB" Nrp-1'°) and subpopulation 2 (CTLA-4" GITR" ICOSM
Lag3'° CD73" GrzB* Nrp-1'°) with high immunosuppressive potential, and subpopulation
3 (CTLA-4" GITRM ICOS" Lag3* CD73" GrzB" Nrp-1'°) and subpopulation 4 (CTLA-4"°
GITR  ICOS™ Lag3- CD73* GrzB" Nrp-1%) with weak immunosuppressive potential).
The anti-CTLA-4 treatment downregulated the frequency of subpopulation 3 Treg cells
in the TC-1-induced tumours, while it supported these cells and reduced frequency of

subpopulation 2 Treg cells in the TC-1/dCD80-1-induced tumours.

Collectively, our data indicate that CD80 deactivation in tumour cells promotes
infiltration of immune cells into tumours, inhibits the immunosuppressive

microenvironment and enhances tumour sensitivity to CTLA-4 blockade.
3.3. Publication 3: Experimental combined immunotherapy of tumours
with major histocompatibility complex class I downregulation

We have previously shown that the immune response to DNA vaccination
targeting tumour specific antigen E7 in TC-1/A9-induced tumours was weak in

comparison with TC-1-induced tumours (/95). Next, we have enhanced the efficacy of

29



DNA vaccination by combination with adjuvants in mice bearing tumours induced by
parental TC-1 cells (2217). Several other studies have also reported that combined cancer
therapy targeting innate as well as adaptive immunity is more efficient than a single
therapy (222, 223). To achieve the immune response against the TC-1/A9-induced
tumours, we tested combined therapy comprising DNA vaccination against the tumour
specific antigen E7, an adjuvant (oligodeoxynucleotide (ODN) 1585, levamisole, ODN
1826, or a-galactosylceramide (a-GalCer) — the mechanisms of action of these
compounds have been reviewed in the study (224), and the immune checkpoint blockade
with anti-Tim-3 monoclonal antibody (Publication 3, Fig. 1). The adjuvants alone did not
significantly influence tumour growth. Administration of ODN 1826 or o-GalCer
combined with DNA vaccination markedly reduced tumour growth and some tumours
completely regressed. This observation indicates indispensable cooperation of the innate
immune system and tumour specific adaptive immunity in tumour regression. Moreover,
anti-Tim-3 antibody enhanced the reduction of tumour growth in mice treated with
combination of ODN 1826, a-GalCer and DNA vaccine. Next, we delayed the
administration of adjuvants by one week after DNA vaccination and achieved enhanced
efficacy of the therapy (Publication 3, Fig. 2). Tim-3 blockade unfortunately did not have

a significant additional effect in the modified schedule.

Furthermore, we performed flow cytometry analysis of tumours during the period
of tumour regression induced by combined therapy (Publication 3, Fig. 3). Administration
of adjuvants in combination with DNA vaccine increased the frequency of CD45"
immune cells in tumours (Publication 3, Fig. 3A), particularly CD8" T cells, ¢cDCs, and
neutrophils (Publication 3, Fig. 3B). Tim-3 blockade did not have additional effect to the
combined therapy. Moreover, the frequency of Treg cells in CD3" population was
reduced (Publication 3, Fig. 3A). We also analysed the frequency of Nrp-1* Treg cells,
because Nrp-1 stabilise the phenotype of Treg cells and promote the survival and
immunosuppressive function of these cells in the tumour microenvironment (225).
Treatment of mice with adjuvants or anti-Tim-3 monoclonal antibody combined with
DNA vaccination reduced the frequency of Nrpl™ Treg cells. We also tested in vivo the
anti-tumour mechanism of the therapy by the administration of anti-CD4, anti-CD8, or
anti-NK1.1 antibody, carrageenan (depletion of macrophages), or anti-IFN-y neutralising
antibody (Publication 3, Fig. 3C). Particularly CD8" cells and IFN-y, and to a lesser extent

NKI1.1" cells and macrophages contributed to anti-tumour response induced by ODN
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1826 combined with DNA vaccine. Similarly, CD8", NK1.1" cells and IFN-y played anti-
tumour role in mice treated with a-GalCer combined with DNA vaccine, whereas

macrophages did not significantly affect tumour growth.

Previous studies have also shown cooperation between cells of innate and adaptive
immunity and important role of CD8" T cells and macrophages in killing of tumour cells
(226-228). We therefore focused on CD8" T cell activation and macrophage polarization
in TC-1/A9 tumours. In this respect, we measured IFN-y production, a marker of T cell
activation, with an ELISPOT assay (Publication 3, Fig. 4A). We isolated mononuclear
splenocytes from mice treated with DNA vaccine alone, or combined with ODN 1826, a-
GalCer and/or anti-Tim-3 monoclonal antibody and re-stimulated these mononuclear
splenocytes with E7 (MHC-I restricted) or PADRE (MHC-II restricted) peptides. The
treatment of mice with ODN 1826 enhanced IFN-y production, especially in PADRE re-
stimulated cells. a-GalCer, anti-Tim-3 or the combination of adjuvants with anti-Tim-3
did not improve the activation of splenocytes. Subsequently, we conducted flow
cytometry analysis of T-cell markers of activation (IFN-y and TNF-a) and exhaustion
(PD-1 and Tim-3) (7) in tumour infiltrating CD8" T cells (Publication 3, Fig. 4B).
Immunotherapy significantly induced IFN-y production in a relatively small portion of
CD8" T cells, and the frequency of PD-1" or Tim3" CD8" T cells in tumours was also
significantly increased. The expression of the immune checkpoints was reduced after

Tim-3 blockade.

According to the previous study, M2 macrophages are the major
immunosuppressive cells in TC-1-induced tumours (229). Macrophages are prominent
myeloid population also in TC-1/A9-induced tumours (Publication 3, Fig. 3B). Based on
the intensity of MHC-II expression (230), we monitored macrophage polarization into
M1 (MHC-II") and M2 (MHC-II"®®) phenotype. M1 macrophages are also defined by
other markers, such as iNOS and TNF-a and M2 macrophages by expression of arginase
and urea production (230-232). MHC-II" M1 macrophages were markedly enriched in
tumours of mice receiving immunotherapy, while MHC-I11"®¢ M2 macrophages were
abundant in tumours of non-treated mice (Publication 3, Fig. 5A). ODN 1826 combined
with DNA vaccination significantly induced the expression of iNOS, while TNF-a
intracellular expression was not enhanced with combined therapy (Publication 3, Fig.
5B). TAMs were partially Tim-3" and the immunotherapy upregulated the expression.
However, anti-Tim-3 monoclonal antibody did not support the shift of TAMs to the M1
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phenotype. In order to further test the role of ODN 1826 and Tim-3 blockade in the
polarization and activity of macrophages, we stimulated TAMs in vitro and used
peritoneal macrophages as a reference. We measured production of NO (a marker of
iINOS activity) (Publication 5, Fig. 5D) and TNF-a (Publication 5, Fig. SE). NO and TNF-
a were significantly induced by ODN 1826 in the IFN-y dependent manner in peritoneal
macrophages. The NO production by TAMs corresponded to the production by peritoneal
macrophages but ODN 1826 induced TNF-a independently of IFN-y treatment.
Interestingly, Tim-3 blockade did not have any effect on NO or TNF-a production. To
assess the ability of TC-1/A9 cells to directly influence the polarization of TAMs, we co-
cultivated TAMs and TC-1/A9 cells in vitro (Publication 3, Fig. 6). We measured the
production of NO (Publication 3, Fig. 6A) and urea (a marker of arginase activity;
Publication 3, Fig. 6B) as markers of M1 and M2 polarization, respectively. TC-1/A9
cells induced NO production in TAMs stimulated by ODN 1826, whereas urea production
was independent of the stimulation. Tim-3 blockade did not have the effect neither on NO
nor urea production. Altogether, these data indicate that TAMs in TC-1/A9-induced

tumours can be polarized to M1 phenotype by immunotherapy.

As the reduction of tumour growth after combined therapy was temporary, we
assessed the immunosuppressive mechanisms of acquired resistance to combined therapy.
With RT-qPCR, we measured expression of genes (Ifng, Idol, 1110, Foxp3, Ncf1, Tgfbl,
and Argl) potentially associated with immunosuppression within the tumour
microenvironment (Publication 3, Fig. 7). Ifng and Idol expression was enhanced with
combined therapy and both markers correlated with each other, which implies the
induction of Ido! expression by IFN-y in TC-1/A9-induced tumours. This observation

further supports the dual role of IFN-y in the tumour microenvironment (233).

3.4. Publication 4: Establishment and characterization of mouse tumour

cell line with irreversible downregulation of MHC class I molecules

Heterogeneity of MHC-I expression on tumour cells regulates their oncogenicity
and invasiveness and efficacy of immunotherapy (234). Downregulation of MHC-I
expression is one of the most frequent mechanisms of tumour escape from immune
surveillance and is associated with primary and acquired resistance to cancer therapy
(122, 235). In our study, we developed a model of TC-1-derived mouse tumours with

irreversibly downregulated MHC-I expression.
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Firstly, we deactivated beta-2-microglobulin (B2m) in TC-1 cells with
CRISPR/Cas9 system and established TC-1/dB2m cells with irreversible downregulation
of MHC-I. Next, we compared in vitro characteristics of TC-1, TC-1/A9, and TC-1/dB2m
cell lines (Publication 4, Fig. 1). Surface expression of H-2K®, H-2D®, and B2m molecules
was considerable on unstimulated TC-1 cells and IFN-y even slightly upregulated the
expression (Publication 4, Fig. 1A). Expression of these molecules on unstimulated TC-
1/A9 cells was downregulated but inducible by IFN-y. We confirmed the abrogation of
B2m and downregulated the surface expression of MHC-I heavy chains H-2K® and H-
2D® on TC-1/dB2m. Although B2m is also associated with CD1d molecule (236), the
deactivation of B2m did not affect the surface expression of CD1d. Furthermore, the
proliferation rate of TC-1/dB2m cells was significantly reduced compared to TC-1 and
TC-1/A9 cell lines and IFN-y did not affect this parameter in any cell line (Publication 4,
Fig. 1B). This observation is consistent with previous reports that showed B2m as a factor

promoting proliferation and invasiveness of tumour cells (237, 238).

Oncogenicity of TC-1/dB2m cells was markedly decreased in comparison with
TC-1- and TC-1/A9-induced tumours (Publication 4, Fig. 2A). Furthermore, MHC-I
downregulation was associated with abrogation of anti-oncogenic role of CD8" cells,
whereas NK1.1" cells significantly reduced the growth of all three types of tumours
(Publication 4, Fig. 2B). Consistently, a previous study has also shown enhanced growth
of mouse tumours with deactivated B2m after depletion of NK1.1" cells (239). Moreover,
MHC-I downregulation markedly decreased sensitivity to DNA vaccination (Publication
4, Fig. 2C). TC-1/dB2m-induced tumours did not respond to the DNA vaccine, although
the preventive DNA vaccination completely abrogated the growth of TC-1-induced
tumours and significantly reduced the growth of TC-1/A9-induced tumours. These data
indicate the importance of MHC-I expression on tumour cells in the efficacy of DNA
vaccine. In order to induce anti-cancer immune response in TC-1/dB2m-induced tumours,
we combined DNA vaccination with adjuvants (ODN 1826 or a-GalCer; Publication 4,
Fig. 3) successfully tested in TC-1/A9-induced tumours in the previous study (224).
Combined therapy significantly reduced the growth of TC-1/dB2m-induced tumours, but

this effect was weak.

We next analysed the tumour microenvironment in TC-1/dB2m-induced tumours
in non-treated mice and mice receiving immunotherapy (ODN 1826 alone or combined

with DNA vaccination; Publication 4, Fig. 4). The frequency of some lymphoid (CD4" T
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cells, Treg cells, and yoT cells) and myeloid (¢cDCs and pDCs) cells was significantly
increased, while the frequency of NK cells and TAMs was downregulated in TC-1/dB2m-
induced tumours in comparison with TC-1- and TC-1/A9-induced tumours. The ratio of
MHC-II" M1 to MHC-II"®¢ M2 macrophages was higher in TC-1/dB2m- than in TC-1-
and TC-1/A9-induced tumours. Immunotherapy did not significantly alter the proportion
of M1 and M2 macrophages in TC-1/dB2m-induced tumours, whereas we observed a
considerable increase of M1 macrophages in TC-1/A9-induced tumours after
immunotherapy in our previous study (224). In addition, immunotherapy increased the
frequency of TAMs, PD-1" TAMs, and activated PD-1" NK and NKT cells in TC-
1/dB2m-induced tumours to the level comparable with TC-1- and TC-1/A9-induced

tumours.

To further examine anti-tumour effect of immunotherapy, we depleted CD4",
CD8", and NK1.1" cells, and macrophages and we neutralised IFN-y in mice bearing TC-
1/dB2m tumours treated with DNA vaccine and ODN 1826 (Publication 4, Fig. 4D).
Combined therapy of TC-1/dB2m-induced tumours was associated exclusively with anti-
oncogenic function of NK1.1" cells and IFN-y. We observed activated phenotype of both
subpopulations of NK1.1" cells, i.e., NK and NKT cells, with flow cytometry. However,
a-GalCer, which can be presented on CD1d molecule and stimulate NKT cells (240), was
less efficient than ODN 1826 in combined immunotherapy and we therefore hypothesise
that NK cells are dominant in reactions against TC-1/dB2m-induced tumours. These data
support the conclusion that irreversible downregulation of MHC-I inhibited the adaptive
anti-tumour response in TC-1/dB2m tumours and thus reduced the efficacy of cancer

therapy.
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4. CONCLUSIONS

Despite the recent success of ICIs in cancer therapy, many patients suffer from
primary or acquired resistance. Personalised approach in the selection of patients suitable
for a specific type of cancer immunotherapy would prolong patients’ life expectancy,
minimise side effects, and reduce treatment expenses. Therefore, predictive markers are
necessary to distinguish which patients will benefit from the therapy. The objective of
this thesis was to establish clinically relevant mouse experimental tumour models in order

to study predictive markers for ICIs and anti-tumour immune response.

The main project of this dissertation thesis focused on the sensitivity of tumours
with abrogated IFN-y signalling to PD-1/PD-L1 blockade. IFN-y is considered to be the
major inducer of PD-L1 and MHC-I expression (87). PD-L1 expression in tumours
predicts sensitivity to PD-1/PD-L1 axis blockade in most cases (/45). Defects in IFN-y
signalling or MHC-I expression have been found in some cancer patients with primary
and acquired resistance to ICIs (122, 126). We showed that [IFN-a and IFN-f induced PD-
L1 and MHC-I expression on tumour cells with abrogated IFNGR1 receptor in vitro and
we confirmed this effect with antibody neutralizing IFN-o/IFN-B receptor in mouse
tumours. As both the TC-1/A9- and TC-1/A9/dIfngr1-induced tumours were sensitive to
the PD-L1 blockade combined with DNA vaccination, abrogation of IFN-y signalling
may not be a contraindication for PD-1/PD-L1 axis blockade. Sensitivity of tumour cells
to type I IFNs as well as IFN-y should be therefore evaluated as a predictive marker of
PD-1/PD-L1 blockade.

Efficacy of the anti-PD-L1 antibody was low in TC-1-induced tumours. Previous
study has shown that PD-L1 blockade may promote CTLA-4/CD80 axis (/33). Thus, we
tested whether CD80 expression on tumour cells inhibits sensitivity to PD-L1 blockade
in mice bearing TC-1-induced tumours. Although CD80 deactivation in TC-1 cells did
not enhance the efficacy of anti-PD-L1 treatment, TC-1/dCD80-1-induced tumours were
more immunogenic and more sensitive to anti-CTLA-4 antibody than TC-1-induced
tumours. Analysis of the tumour microenvironment revealed that CD80 deactivation
increased the frequency of lymphoid as well as myeloid cells infiltrating tumours. It also
promoted M1 phenotype of macrophages and enhanced CTLA-4 expression on Th17

cells. Therefore, CD80 expression on tumour cells should be assessed as a predictive
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marker of CTLA-4 blockade. Development of tumour cell targeted CD80 blockade

should be considered as a novel tumour treatment.

Next, we tested the combined therapy of tumours with reversible MHC-I
downregulation and evaluated the efficacy of another ICI, an anti-Tim-3 antibody. In this
study, activation of innate immune response with adjuvants (ODN 1826 and/or a-GalCer)
promoted the efficacy of DNA vaccination, which elicited adaptive immune response and
resulted in markedly reduced TC-1/A9-induced tumour growth. Although Tim-3 was
expressed in the tumour microenvironment, Tim-3 blockade had a weak effect on tumour
growth and anti-tumour immune response. The combined therapy enhanced the frequency
of immune cells (mainly CD8" T cells) in the tumours and induced macrophage
polarization into M1 phenotype. We showed that activation of innate and adaptive

immune response with combined therapy was beneficial in cancer treatment.

Finally, we introduced a tumour model with irreversible downregulation of MHC-
I. Expression of this molecule regulated sensitivity to DNA vaccination. While TC-1-
induced tumours were sensitive to DNA vaccination, the TC-1/A9-induced tumours were
less affected and TC-1/dB2m-induced tumours were resistant to DNA vaccination.
Combination of DNA vaccination with the adjuvant ODN 1826 only slightly reduced TC-
1/dB2m-induced tumour growth. The combined therapy did not increase the number of
cells infiltrating TC-1/dB2m-induced tumours. As the irreversible MHC-I
downregulation impaired the anti-tumour effect of CD8" T cells, NK1.1" cells controlled
the growth of TC-1/dB2m-induced tumours and were associated with the efficacy of the

combined therapy.

Taken together, this thesis contributed to the development of clinically relevant
mouse experimental models of tumours with abrogated IFN-y signalling or CD80
expression, or reversible and irreversible MHC-I downregulation. We used these models
to test the efficacy of ICIs and to study predictive biomarkers for this cancer treatment.
Research into single predictive markers should be implemented into the ‘“cancer
immunograms” to select cancer patients suitable for the treatment with ICIs and to choose
the appropriate type of this treatment. Moreover, we developed experimental combined
therapy of tumours with reversible MHC-1 downregulation, one of the most frequently
occurring mechanism of tumour escape from immune surveillance. Our experimental

model of reversible and irreversible MHC-I downregulation resembles the heterogeneity

36



of MHC-I expression in human tumours and may contribute to the further clinical

research into cancer therapy.
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5. CONTRIBUTION TO PROJECTS/PUBLICATIONS

5.1. Abrogation of IFN-y signalling may not worsen sensitivity to PD-
1/PD-L1 blockade

During my doctoral studies, I focused mainly on the sensitivity to PD-1/PD-L1
blockade in tumours with abrogation of IFN-y signalling. I had joined the lab when the
cell lines with IFNGR1 deactivation have already been prepared and the oncogenicity of
respective cell lines was evaluated. From then on, with the kind support of my supervisor,
I acquired funding for the continuation of this project (GAUK 988218), designed and
conducted most experiments (Publication 1, Fig. 1A, C, and D, Fig. 2-6), analysed the

data, and wrote the original draft of the publication where I am the first author.

5.2.CD80 expression on tumour cells alters tumour microenvironment
and the efficacy of cancer immunotherapy by CTLA-4 blockade

This study was the second project, where I was the first author of the respective

publication. I designed and conducted most experiments (data presented in all figures of

Publication 2), analysed the data, and wrote the manuscript of the publication, with the

kind support of my supervisor and colleagues.

5.3.Experimental combined immunotherapy of tumours with major
histocompatibility complex class I downregulation

In this study, I contributed to the analysis of tumour infiltrating leucocytes. I had

the opportunity to be involved in multicolour flow cytometry experiments and the data

analysis of lymphoid cells with FlowJo software (Publication 3, Fig. 3A, B and Fig. 4B).
I also helped with editing of the manuscript.

5.4. Establishment and characterization of mouse tumour cell line with
irreversible downregulation of MHC class I molecules

In this project, I assisted with in vitro proliferation assay (Publication 4, Fig. 1B),

was involved in in vivo depletion experiments (Publication 4, Fig. 2B, 4D) and

participated in the combined therapy (Publication 4, Fig. 3). Next, I was involved in
multicolour flow cytometry (Publication 4, Fig. 4) and helped with the design of
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multicolour panels of antibodies, the setup of flow cytometer, the experimental procedure,

and data analysis with FlowJo software. I was also involved in editing of the manuscript.

Prohlaseni Skolitele o podilu studenta na vysledcich

I agree with the author’s contribution statement.

RNDr. Michal Smahel, Ph.D.
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Abstract: Programmed cell death protein 1 (PD-1)PD-1 ligand 1 (PD-L1) blockade is a promising
therapy for various cancer types, but most patients are still resistant. Therefore, a larger number of
predictive biomarkers is necessary. In this study, we assessed whether a loss-of-function mutation of
the inte rferon (IFN}-y rece ptor 1 (IFNGR1} in tumor cells can interfere with anti-PD-L1 therapy. For this
purpose, we used the mouse oncogenic TC-1 cell line expressing PD-L1 and major histocompatibility
complex class [ (MHC-I) molecules and its TC-1/A9 clone with reversibly downregulated PD-L1 and
MHC-1 expression. Using the CRISPR/Cas9 system, we generated cells with deactivated IFINGR1
(TC-1/dIfngrl and TC-1/A9dlfngrl). In tumors, [FINGR1 deactivation did not lead to PC-L1 or
MHCA reduction on tumor cells. From potential inducers, mainly IFN-o and IFN-$ enhanced PD-L1
and MHC-I expression on TC-1/dlfngrl and TC-1/A9/dIngrl cells in vitro. Neutralization of the
IFN-o/TFN-f receptor confirmed the effect of these cytokines in vive. Combined immunotherapy
with PD-L1 blockade and DINA vaccination showed that [FNGR1 deactivation did not reduce tumor
sensitivity to anti-PD-L1. Thus, the impairment of IFN-y signaling may not be sufficient for PD-L1
and MHC-I reduction on tumor cells and resistance to PD-L1 blockade, and thus should not be used
as a single predictive marker for anti-PD-1/PD-L1 cancer therapy.

Keywords: immune checkpoint therapy; cancer; PD-1/PD-L1; IFNGR1; IFN- o; IFN- ; MHC class I

1. Introduction

Cancer immunotherapy based on blockade of the programmed cell death protein 1 (FD-1)/PD-1
ligand 1 (PD-L1) pathway with monoclonal antibodies is increasingly applied in clinical practice [1-4].
Initially, pembrolizumab and nivolumab were approved by the Food and Drug Administration (FDA)
in 2014 for the treatment of patients with advanced melanomas [4]. The number of approved antibodies
for the blockade of PD-1/PD-L1 signaling has rapidly increased and improved the therapy of different
malignant diseases in patients unsuccessfully treated by other methods [1]. Thus far, six antibodies
{pembrolizumab, nivolumab, atezolizumab, durvalumab, avelumab, and cemiplimab) have been
approved by the FDA [5,6] Momeover, in 2015, this progress also resulted in the FDA approval of
pembrolizumab as a drug for the first-line treatment of metastatic non-small cell lung cancer (NSCLC)
with PD-L1 overexpression [7].

However, despite the great success of this immunotherapy, the majority of the treated patients
(about 70-80%:) did not respond to therapy, and secondary resistance was recorded in some patients,
for instance approximately 25% of melanoma patients [5]. Themwefore, reliable predictive biomarkers
are required to select suitable patients for treatment to avoid unnecessary burden and reduce high
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expenses. Unraveling the mechanisms of successful FD-1/PD-L1 blockade and resistance to this therapy
contributes to the identification of such biomarkers [9].

Genetic analyses have suggested a relationship between treatment failure and impairment of
interferon (IFN)-y signaling in both primary [10] and secondary resistance to FD-1/PD-L1 blockade [11].
Sample analy sis of four patients with melanoma who acquired resistance to the FD-1 blockade revealed
mutations in genes encoding the Janus-associated kinase (JAKF1 or JAK-2 in two patients. These
mutations led to insensitivity to IFN-y treatment, which is associated with the downregulation of major
histocompatibility complex class I (MHC-T) expression. Moreover, in the third patient, a mutation in
the B-2-microglobulin gene msulted in a complete loss of surface MHC-1 expression [11].

Defects in responsiveness to IFIN-y stimulation were also associated with the primary resistance to
blockade of another immune checkpoint, the cy totoxic T-lymphocyte-associated antigen 4{CTLA-4) [12].
Therefore, IFN-v signaling may be considered as a predictive biomarker for cancer immunotherapy
with immune checkpoint inhibitors [13]. Somatic mutations in the JAKT and JAK2 genes weme identified
in various types of human malignancies with a range of 6%~12% and 5%—17%, respectively. As these
mutations can be responzible for the lack of acquired PD-L1 expression, they might predict patients
who are unlikely to benefit from the anti- PD-1/PD-L1 therapy [10].

In our study, we derived mouse tumor cell lines unresponsive to IFN-y stimulation and analyzed
their response to treatment with PD-L1-blocking antibody. Tumors induced by these cells were sensitive
toanti-FD-L1 and acquired PD-L1 expression in vivo, This inding suggests that the exclusive abrogation
of IFN-y signaling in humor cells is not sufficient for an escape from anti-FD-L1 treatment and should
not be a reason for the exclusion of patients from this therapy.

2. Resulls

2.1, Characterization of TC-1 or TC-1/A9 Cell Lines with IFTNGRI or PD-L1 Deact foation

In order to assess whether tumors induced by IFN-y non-responsive tumor cells may be sensitive
to PD-1/PD-L1 blockade and simultaneously enhance the efficacy of immunotherapy of tumeors induced
by such cells, we prepared TC-1 and TC-1/A9 clones with a deactivated IFIN-y receptor. In these cells,
we determined the PD-L1 and MHC-I surface expression by flow cytometry (Figure 1A). Although
TC-1 cells and TC-1 clone with a deactivated IFN-y eceptor 1 (IFNGR1; TC-1/dIingrl) markedly
expressed PD-L1 and MHC-I molecules, on TC-1/A9 cells and the respective clone with deactivated
[FNGR1 (TC-1/A9/dlfngrl), PD-L1 and MHC-I expression were downregulated. After incubation with
IFN-v, PD-L1 and MHC-I expression were increased in TC-1 and TC-1/A9 cells, but TC-1/dlingrl and
TC-1/A% dlingrl clones did not respond to stimulation, which suggests successful IFNGR1 deactivation.
Oncogenicity of the modified clones was similar to that of the parental cells, and TC-1/A%-induced
tumors grew significantly faster than TC-1-induced tumors (Figure 1B).

To evaluate the impact of PD-L1 molecules expressed by TC-1 and TC-1/A9 cells on the protection
against immune sy stem attack, we generated cellular clones with deactivated PD-L1-TC-1/dPT+L1 and
TC-1{A%dPD-L1, respectively. As assessed by flow cytometry (Figure 1C), both clones remained PD-L1
negative after IFN-v stimulation. The MHC-T expression was not markedly altered on unstimulated
TC-1/dPD-L1 cells, but it was slightly increased on unstimulated TC-1/A9/dPD-L1 cells in comparison
with the TC-1/A9 cells. This expression was further enhanced after [FN-y treatment on both cell lines.

Oncogenicity of the TC-1/dPD-L1 and TC-1/A9/dPD-L1 cells was decreased in comparison with
the parental cell lines (Figure 1D). This effect was particularly decisive for the TC-1/dPD-L1 cells that
did not form tumors for the doses 3 x 104, 3 x 10%, and 3 x 10 and only generated tumors after
the injection of 1 x 10°% eells in two out of five mice. The TC-1/A%dPD-L1 cells formed tumors in
all mice injected with both 3 x 10* and 3 x 10° cells, but their growth was significantly reduced in
comparison with TC-1/A%induced tumors. Thus, PD-L1 expressed on the TC-1 and TC-1/A9 cells
plays an important role in the suppression of anti-fumor immunity. This effect is much more evident
for the TC-1 cell line.
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Figure 1. Characterization of the derived cell lines. Surface programmed cell death protein 1 (PD-1)
ligand 1 (PD-L1) and major histocompatibility complex class [ (MHC-I) expression on unstimulated
and stimulated (200 IU/mL interferon (IFN}y for 1 day) cells were analyzed by flow cytometry in TC-1,
TC1 clone with a deactivated IFIN-v receptor 1 (IFNGR1; TC-1/dIfngrl), TC-1/AS, and TC-1/A%/dlfngrl
cell lines (A) and TC-1/dPCrL1 and TC-1/AS/dPDL1 cell lines (C). Cells were incubated with specific
(B) Oncogenicity of TC-1, TC-1/dIfngrl, TC-1/A9, and
TC-1/A S/ dlfingr] cell lines was companed after subctitaneots (s.c.) administration of 3 % 10* cells to
C57BL/6 mice (1 = 5). (D)) For the evaluation of oncogenicity of cell lines with deactivated FD-L1,
various cell doses werm s.c. injected. The ratio of mice with a tumor to the total number of mice in the
group is shown Bars + SEM; ** p < 0.0001.

antibodies or isctype control antibodies.

2.2, Medhanisms Contributing to Anti-Tumor Immunity

To analyze the effect of IFNGR1 deactivation in tumor cells on a pro-fanti-oncogenic role of
immune cells, we depleted cluster of differentiation (CD)*, CDS*, or natural killer (NK)1.1* cells,
or macrophages in mice bearing tumors with functional or deactivated IFNGR1 (Figure 2). We also
neutralized IFN-y to evaluate its influence on the oncogenicity of tumors induced by cells non-sensitive
to this cy tokine. Although the depletion of CD8* or NE1.1% cells and IFMN-y neutralization enhanced
TC-1-induced tumor growth, depletion of macrophages inhibited the growth of these tumors. For TC-1/
dlfngrl-induced humors, depletion of NK1.1* cells and IFN-y neutralization had similar e ffects, but
the impact of CD8*-cell or macrophage depletion was not preserved. In mice with TC-1/A9 tumors,
depletion of NK1.1* cells resulted in significant enhancement of tumor growth. On the contrary,
depletion of any cell type did nothave a significant influence on the growth of TC-1/A9/dIfngr1-induced
tumors. However, I[FN-y neutralization significantly reduced the growth of these tumors.
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Figure 2. Mechanisms contributing to anti-tumor immunity. C57 BL/& mice (11 = 5) wete s.c. injected
with 33 10* tumor cells and treated with anti-cluster of differentiation (CD)4, ant-CD#8, anti-natuiral

killer (ME)L1, and anti- interferon ([FM}y antibodies or carrageenan. Phosphate-buffered saline (PBS)
whas injected as a negative control. Bars + SEM; * p < (.05

2.3. PD-L1 and MHC-I Surface Expression on Tumor Cells

We determined the intensity of PD-L1 and MHC-T expression on tumor cells derived from the
TCA1, TC-1/dlngrl, TC-1/AS, and TC-1/A% dlfngr] tumors ex vivo, in order to analyze the impact of
the amor microeny ironment on both molecules (Figure 3). Except for the TC-1-induced tumors, the ex
vivo expression was markedly increased in comparison with in vitro cultured unstimulated cells.
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Figure 3. Ex vivo analysis of PD-L1 and MHC-I surface expression by tumor cells. Cells (3 » 10%) were
g injected into C57BL/& mice (71 = 3} to form tumors. Cells harvested from tumors wene stained
by specific antibodies and analyzed by flow cytometry. CD45™ tumor cells were compared with cell
lines. In vitro cultured cell lines were untreated or stimulated for 1 day with 200 ILVmL IFN-y. Median
fluorescence intensity, MFI; columns, means of three samples; Bars, + SEM. * p < 0.05, ** p < 0.01,
¥ < 00001

Furthermore, this expression on cells isolated from TC-1/dIfngrl and TC-1/A%9/dIfmgr] tumors
was even slightly higher than on cells from TC-1 and TC-1fA9 umors. Moreover, for TC-1/A9- and for
TC-1/AY Tingrl-induced tumors, the expression of MHC-Tin particular was comparable to that observed
on TC-1/A9 cells stimulated with IFIN-y in vitro. These results showed that deactivation of the TEN-y
receptor did not reduce the level of PD-L1 and MHC-] expression in tumor cells in vivo. It suggests
that other factors, besides IFN-y, contributed to the induction of PD-L1 and MHC-T expression in
tumor cells
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2.4, Cytokines Inducing PD-L1 and MHC-I Expression on Tumor Cells

Consequently, we analyzed the occurrence of presumed PD-L1 andfor MHC- inducers (TFN-y,
IFMN-e, IFN-B, interleukin (IL}1e, IL-6, IL-27, tumor necrosis factor (TNFla, chemokine CCL-2,
granulocyte-macrophage colony stimulating factor (GM-CSF), and epidermal grow th factor (EGF)) in
tumors induced by TC-1, TC-1/dIngrl, TC-1/A9, and TC-1/A9/dIngrl cells and also in cell culture
supernatants in vitro (Figure 4A). We found almost all these cytokines in tumors. The only exception
was the absence of IFN-ut in TC-1- and TC-1/dIfngrl-induced tumeors. Allin vitro cultured cell lines
produced CCL-Z and IL-6. As the surface expression of PD-L1 and MHC-] is low on the unstimulated
TC-1/A% and TC-1/A9/dIngr] cells, CCL-2 and IL-6 should not induce PD-L1 and MHC-I expression.
Therefore, we excluded these two cytokines from further analysis and evaluated the effect of the
remaining cytokines on PD-L1 and MHC-I expression in vitro (Figure 4B). All cell lines were sensitive
to type I IFNs (IFN-or and IFN-f) and cultivation of cells in the presence of these cytokines induced
PD-L1 and MHC-Texpression. Relative increase of PD-L1 on TC-1 cells, unlike MHC-I, was substantial
after incubation with IFN-y. Both PD-L1 and MHC-I were increased on TC-1/A9 cells after treatment
with IFN-y and type I IFN=. TC-1/A9/dlingrl cells were considerably mome sensitive to type [TFN=
than TC-1/A9. TNF-a had minor effect on all cell lines and negligibly elevated MHC-I expression
only on TC-1/A%/dIngrl cells. None of the cell lines responded to other tested cytokines IL-1a, 1L-27,
GM-CSF, and EGF (data not shown).

A TUmors Cell knes
[[ 2.0 | G003
I o o 1
IFH=y L]
IL-1a 1
THF-g | G
ILE 1
||_1? T AN
GM-CS: el
o a gl
M b
Gt
Hald
bl -
asf i o
&
B
1EM-y IFN-c IFN- TNE-i
o _ _ _
E 15 'E 15 E 15 E 15
I} :
g 3 g 3 10
= & S & S 5 = 8
B ] é Q é Q é [
s A
*5‘ &rﬁ.ﬂf il @f D}a‘ﬁ o ﬁﬁ o -ssﬁ 3 es‘* o -x:ﬁ
S ; «‘-‘
A i \"" & «"'-' ‘l‘?
<& @' J
_#m 20 _ 20 E'El.:-
& z z
154 15 5 15
g £ £ H
104 10 o it
B El ] g
E 5d Z " 3" g 54
e Ty Ty u--l-l-l-l-ll-i-i-
LR LS. T
,\n & & ¥e K. 0 o
#& ﬁﬁ 43553 P @\“S ﬁﬁu *@’&
£ o A o
& o &

— 0 — 00 e

Figure 4. The effect of cytokines on PD-L1 and MHC-I surface expression. (A} The quantification of
cytokines that can enhance PC-L1 and/or MHC-Iexpression in tumors and supernatants of cells cultured
in vitra. (B) The effect of IFN-v, IFN-a, IFN-f, or TMF-a on PIL1 and MHC-I expression in vitro.
Median fluorescence intensity, MFL Relative MFI was calculated as MFLy oo IMEL e e colla
Columns, means of three samples; bars, + SEM.
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2.5. PD-L1 and MHC-I Expression ex Vivo after IFN-x and IFN-$ Signaling Blockade

To elucidate the role of IFN-cc and IFN-£ in tumors induced by cells insensitive to IFN-v, we applied
the antibody against the receptor subunit shared by both interferons—IFN-oc receptor 1 {(IFNAR1)—and
compared PD-L1 and MHC-lexpression in tumors from mice treated with phosphate-buffered saline (FBS)
or anti-IFNAR1 (Figure 5). Although the expression of these molecules was not changed on TC-1/dlingrl
cells isolated from tumors, it was notably reduced on TC-1/A%dIfngr] cells after anti-IFNAR1 treatment.

a00 ﬁ 25000 ﬂ
B e m—  TC-1/dlfngriPES 45
E‘m = 15000 = TC-tdiingri/anti-IFMART 35
] gmuuu — T AN PES 55
EZ.'O B000 == TC-1A0dingrlfami-IFNARY 55
O - 0

Figure 5 The role of IFMN-ac and IFM-P in TC-1dlingrl- and TC-1/A%dIfngrl-induced tumors. Cells
(3% 10 were s.c. imjected into C57BL mice (it = 5) to form tumors, Mice were treated with anti IFINAR1
antibody, or PBS was injected as a negative control Cells isolated from tumors wene stained by specific
antibodies and analyzed by flow cytometry. The ratio of mice with tumor to the total number of mice

in the group is shown Median fluomscence intensity, MFI; columns, means of analyzed samples; bars,
+ SEM; *** p < 0.0001.

2.6, Sensitivity to Combined Immunotherapy

As IFN-oc and IFN-§ induced PD-L1 and MHC-T expression on tumor cells in TC-1/A9/dlfngrl-
originated tumors, we examined the sensitivity of these tumors to anti-PD-L1 therapy (Figure 6).
We also included DN A vaccination against the human papillomavirus type 16 (HFV16) E7 oncoprotein
to enhance the immune response against the tumor-specific antigen. In both TC-1/ A% and TC-1/A9/
dlingrl-induced tumors, the combined immunotherapy significantly reduced tumor growth and
antiPD-L1 treatment significantly supported the effect of DNA immunization.

= = 2400
% % 1800

1200
g 3 W %
= =: &
g £ o

10 16 20 25 30 36 10 16 20 25 30 35
Diays afier TC-1042 incculation Diays after TC-1/490dHngr? inosulation
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—o— pBESCant-PO-L1 &i5 -5 pESClanti-FO-L1 55
—&— PADRE EFGGGPES 515 -8~ PADRE ETGGGPES &5

—B- PADRE ETGGGAan-PD-L1 55 -8 PADRE ETGGHani-POLY 55

Figure 6. The sensitivity of TC-1/A% and TC-1/A%/dIfngr] cells to anti-PD-L1 therapy combined with
DMNA immunization Cells (3 % 10*) were s.c. injected to C57BL/6 mice (1 = 5). Animals were treated
with anti-PT+L1 antibody and/or the Pan DR epitope (PADRE).EFGGG DNA vaccine delivered by a
gene gun. Control mice received PBS and/or pBSC. The ratio of mice with tumor to the total number of

mice in the group is shown Bars £ SEM; * p < 0,05, ** p < 0.01, ** p < 0,007, *** p < 0.0001.
3, Discussion

Although immune checkpoint blockade offers new promising possibilities in cancer treatment, the
number of non-responding patients is still high. Therefore, finding predictive markers is necessary to
identify potential responders. PD-L1 expression in tumors was used as the first predictive marker for
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immune checkpoint blockade. Thus far, the FDA has registered four different immunohistochemical
assays to assess PD-L1 expression in tumors. However, PD-L1 expression evaluated as a single
biomarker appeared predictive in only 28.9% of FDA approvals of immune checkpoint inhibitors [14].
Among the many different markers currently being studied, tumor sensitivity to IFN-y is considered
advantageous for immune checkpoint therapy. In tumors of non-responders, reduced sensitivity to
[FN-y and defective MHC-Iexpression was found [11]. However, this work did not focus on mutations
in tumors of responders to the therapy.

In this study, we tested the sensitivity of tumors induced by cells with functionally deactivated
IFN-y receptor to PD-L1 blockade. To address this question, we used TC-1 [15] and TC-1/A9 cell lines [16].
Although TC-1 cells markedly express PD-L1 and MHC-I molecules, this expression is reversibly
downregulated on TC-1/A9 cells and can be induced by cytokines such as IFN-v. Toevaluate how the
PD-L1 expression on TC-1 and TC-1/A9 cell lines influences oncogenidty and potential sensitivity to PD-11
blockade, we prepared TC-1/dPD-L1 and TC-1/A9/dPD-11 cells with deactivated PD-L1, respectively.
PD-L1 on TC-1 cells strongly promoted tumor formation because, after PD-L1 deactivation, most mice
did not form tumors from TC-1/dPD-L1 cells administered at different doses. The role of PD-L1 in
tumeor protection was lower for TC-1/A9 cells, as PD-L1 deactivation on these cells only reduced tamor
growth. Because MHC-Texpression on TC-1/A%dFPD-L1 cells was downregulated, these cells can be
less sensitive to CD8* T cell cytotoxicity than TC-1/dPD-L1 cells, and the protective role of PD-L1 on
TC-1/A%dPD-L1 cells can thus be lower. Previous shudies in various mouse tumor models showed that
PD-L1 expression on both tumor and host cells can contribute to tumor escape [17-21]. The elative
contribution of PD-L1 molecules expressed on tumor cells versus non-tumor cells to tumor protection
was dependent on the used model

After IFNGR] deactivation, we evaluated the effect of this modification on tumor growth and
anti-tumor immunity. Oncogenicity of the TC-1/dIfngr] and TC-1/A%/dIfngr] clones remained similar
to that of the parental cell lines. It resembles the unchanged growth of mice tumors induced by
intradermal injection of B16 cells with knockdown of the Ifngr]l gene [12]. On the contrary, mouse
ovarian cancer HM1 cell-induced tumors with Ifngrl knockdown grew more slowly than control
tumors [22]. However, these tumors were induced in the peritoneal cavity:

The role of IFN-y in tumor development is contex t-dependent [23]. On the one hand, IFIN-y promotes
tumor rejection by enhancement of antigen presentation (including MHC-I upregulation) and oy totondcity
of immune cells [24], and on the other hand, a selective pressure of prolonged exposure to IFN-y can
result in downregulation of antigen presentation [25]. Moreover, IFN-y stimulates PD-L1 and many other
molecules inhibiting the anti-cancer response [26,27] and activates some immunosuppressive cells [25].
We also found different roles of IFN-y in this study. Although in TC-1- and TC-1/dlngrl-induced
tumors, IFN-y had an anti-tumor effect and in TC-1/A%induced tumors, it did not markedly affect tumor
growth, this cytokine supported the growth of TC-1/AS9/dIngrl-induced tumors, which was mediated by
nor-tumor cells sensitive to IFN-y. IFNGER1 deactivation influenced the effect of certain immune cells
on tumor development, particularly on TC-1 versus TC-1/dIingrl tumors, where IFNGR1 deactivation
eliminated the anti-tumor effect of CD8* cells and pro-tumor effect of macrophages. Mechanisms
involved in these changes are not currently clear.

As deactivation of [FNGR1 did not lead to the downregulation of the FD-L1 and MHC-I molecules
on TC-1/dlingr] and TC-1/A9%dIngrl cells in vivo compared to TC-1 and TC-1/A9 cells, respectively, we
hypothesized that besides IFMN-y, other cytokines induced PD-L1 and MHC-lexpression. Several studies
have indicated the involvement of different factors (IFMN-a, [FN-8, IL-27, EGE, TNF-w, I[L-6, GM-CSE
IL-1cx, and CCL2 combined with lipocalin 2) in PD-L1 and MHC-1 stimulation or stabilization [27,29-39].
In this study, type I TFNs (IFN-oc and IFN-£) were the main inducers of PD-L1 and MHC-I expression.
We found both type I IFNs in TC-1A%dIfngrl-induced fumors but only IFN-g in TC-1/dIfngrl-induced
tumeors. This observation corresponds to theexpression of PD-L1 and MHC-T after IFNA R1 neutralization,
which significantly downregulated this expression in TC-1/A%/dlingrl- but not in TC-1/dIfngrl-induced
tumeors. Itimplies that from the type I IFNs, IFN- e mainly contributed to PD-L1 and MHC-I stimulation
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on fumor cells in the lumor microenvironment. In general, type [ TFNs are important inducers of an
immune response against tumors [40]. As suggested by the experimental freatment of tamors with the
IFN-o-anti-PD-L1 fusion protein, they can also enhance the efficacy of PD-L1 blockade [41].

As we found the in vivo effect of IFN-0 on PD-L1 and MHC-T expression for TC-1/AS/dIngrl-
induced tumors, we tested PD-L1 blockade on these tumors. Due to poor immunogenicity of tumors
with MHC-I downregulation, we combined PD-L1 blockade with DNA vaccination against the HPV16
E7 oncoprotein representing a tumor-specific antigen. After combined immunotherapy, the PD-L1
blockade significantly contributed to the inhibition of both TC-1/A9 and TC-1/A%/dIfngrl tumor growth.
Therefore, we searched whether mutations in IFN-y signaling in human fumors occur in responders to
PD-1/PD-L1 blockade. In five independent studies on different tumeor types with 115 patients defined
as responders to FD-1/PD-L1 blockade (L.e, patients with durable clinical benefit, complete response,
or partial response according to the response evaluation criteria in solid tumers (RECIST) v1.1), seven
patients {6.1%) had a missense or nonsense mutation in IFN-y signaling: one patient in Ifigrl and
JAE-2, one in JAK-1, and five in JAK-2 [42-46]. Out of 250 non-responders, missense, nonsense, or
splice-site mutations in IFN-v signaling were found in only 11 patients (4.4%): three in Ifngrl, one in
Ifngr2, four in JAE-1, and three in JAK-2 [42,44,45,47],

The sensitivity of tumor cells to IFN-y can play a critical role in the response to PD-1/PD-11
blockade, which was demonstrated on lung cancer cell lines [48]. However, our data provide evidence
that deactivated IFN-y signaling may not be sutficient for PD-L1 and MHC-I reduction on fumor
cells and resistance to PD-L1 blockade. We demonstrate in our TC-1/A9 tumor model that PD-L1 and
MHC-T induction can be performed by other cytokines, such as IFN-o and/or IFN-£. Mutations in
IFN-y signaling in tumors of patients that responded to PD-1/PD-L1 blockade suggest that similar
conditions can be found in human tumors. In cases when the resistance to PD-1/PD-L1 blockade was
associated with the abrogation of IFN-v signaling, other mutation(s) might be needed. As the tumor
microernwironment is a complex system, the selection of patients suitable for PD-1/PD-L1 blockade
should be conducted on the basis of a broad range of predictive markers that can include sensitivity
to both IFMN-y and type I IFN signaling. The only impairment in IFN-y pathway should not be a
contraindication to anti-PD-1/PD-L1 therapy.

4. Materials and Methods

4.1, Mice

Six- to eight-week-old female C57BL/6N mice (Charles River, Sulzfeld, Germany) were used in
the experiments. Animals were maintained under standard conditions and in accordance with the
guidelines for the proper treatment of laboratory animals at the animal facility of the Czech Center of
Phenogenomics (BIOCEY, Vestec, Czech Republic). All animal experimental procedures were carried
out in compliance with Directive 2010/63/EU and animal protocols were approved by the Sectoral
Expert Committee of the Czech Academy of Sciences for Approval of Projects of Experiments on
Animals (reference number 46/2016, 16 May 2016).

4.2, Cell Lines and Culture Conditions

TC-1 cell line {Cellosaurus ID: CVCL_4699; provided by T.-C. Wu, John Hopkins University,
Baltimore, MD, USA) was prepared by the transformation of C57BL/6 mouse primary lung cells
with the HFV16 EGEY oncogenes and human activated H-ras [15]. From a TC-1-induced tumor that
developed in a mouse preimmunized against the E7 antigen, the TC-1/A9 clone was selected on the
basis of a reduced surface expression of MHC-I molecules. This MHC-I downregulation is reversible
and can be restored with the IFIN-y treatment [16].

To abrogate the function of the IFN-y receptor in TC-1 and TC-1/A9 cells, the Ifngrl gene (NCBI
reference sequence NM_010511.2) was deactivated with the CRISPR/Cas9 system. Two target sites
(ATTAGAACATTCGTCGGTAC inexon 2 and CGACCGTATGTTTCGTATGT in exon 5) were designed
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using the CRISPR Design Tool (http://crisprmit.ediy) and cloned into the GeneA rt CRISPR Nuclease
Vector carrying the human CD4 gene (Life Technologies, Carlsbad, CA, USA). The constructed plasmids
verified by sequencing were transfected by Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) into TC-1 and TC-1/A9 cells, and three days after transfection, the successfully transfected
cells were marked with magnetically labeled antibody against CD4 (Thermo Fisher Scientific), enriched
by magnetic isolation, and cloned by serial dilution. The function of the IFNGR1 in clonal cell lines
was tested after 40-hour incubation with 200 IU/mL IFN-y PeproTech, Rocky Hill, NJ, USA) by flow
cytometric analysis of MHC-T expression (see above). Next, the Pded-111 Double Nickase Flasmid (m)
kit (sc-425636-NIC, Santa Cruz Biotechnology, Dallas, TX, USA) was used for deactivation of PD-L1 in
TC-1and TC-1/A9 cells. The transfected cells were preselected by puromycin {6 pg/mL added to the
culture media 2 days after transfection) for 4 days. TC-1/dPD-L1 and TCG-1/AS/dPD-L1 clone selection
were performed by single-cell sorting into a 96-well plate by a FACSAria Fusion flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). Cells were stained with anti-PD-L1-PE { phycoerythrin) antibody
{clone 10E9GZ; BioLegend, San Diego, CA, USA) and negatively selected.

All cells were grown in high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal calf serum (PC5; Biosera, Nuaille,
France), 100 IU/mL penicillin, and 100 pg/mL streptomycin (Biosera). Cells were passaged bwice a
week with (.05% trypsin containing 0.02% ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich,
Merck KGaA) in PBS (Sigma-Aldrich, Merck KGaA). In vitro cell stimulations were performed in
35 mm cell culture dishes. Cytokines IFIN-y (200 or 1000 IU/mL; PeproTech), IFN-ec (200 or 1000 IU/mL;
BioLegend), IFN- (200 or 1000 IU/mL; R&D Systems, Minneapolis, MN, USA), and TNF- {200 or
1000 IUfmL; PeproTech), IL-27 (5 IU/mL; BioLegend), IL-1c (1000 IUfmL; BioLegend), EGF (10 IU/mL;
BioLegend), or GM-CSF (200 IU/mL; BioLegend) were added to 2 mL of culture media for 1 day.

4.3. Plasmids

Plasmids pBSC [49] or pBSC/Pan DR epitope (PADRE).EFGGG [50] were used for immunization.
The PADRE.EFGGG fusion gene consists of the mutated HFV16 E7 gene (E7GGG) containing three
point mutations resulting in substitutions D21G, C24G, and E26G in the Rb-binding site [49] and the
universal helper Pan DR epitope (PADRE) designed in silico [51].

The plasmids were transformed into the competent E. coli XL-1 blue strain, cultured in Luria Broth
Medium (Sigma-Aldrich, Merck KGaA) with 100 pg/mL of ampicillin (Duchefa Biochemie, Haarlem,
The Metherlands), and purified with the Qiagen Plasmid Maxi Kit (Qiagen, Hilden, Germany).

4.4, Preparation of Gene Gun Cartridges

Plasmid DNA was coated onto 1 pm gold particles (Bio-Rad, Hercules, CA, USA) by the procedure
recommended by the producer of gold particles. Each cartridge contained 1 pg DNA coated onto (L5

mg of gold particles.
4.5, Animal Experiments

Immunocompetent C57BL{6N mice (five per group) were challenged with tumor cells suspended
in 150 pL PBS by subcutaneous {s.c.) injection into the back of animals, under anesthesia with ke tamine
{100 mg'kg; Bioveta, Ivanovice na Hane, Czech Republic) and xylazine {16 mg/kg; Bioveta). Tumor
growth was monitored three times a week, and lumor volume was calculated using the formula (m/6)
{ax bx c)where a, b, and c are the length, width, and height of the tumor, respectively.

Mice were immunized with the pBSC/PADRE. EFGGG plasmid by a gene gun (Bio-Rad, Hercules,
CA, USA) on days 3, 6, and 10 after TC-1/A9 or TC-1/A%9/dIingr] inoculation. DINA vaccination was
performed at a discharge pressure of 400 psi into the shaven skin of the abdomen. Each immunization
consisted of two shots delivering together 2 pug of plasmid DNA. The empty pBSC plasmid was used
as a negative control.

72



Inf. . Mol. Sci 2020, 71, 1806 10 of 14

In in vivo depletion experiments, the following doses of monoclonal antibodies (Bio X Cell, West
Lebanon, WH, USA} in 200 uL PBS were intraperitoneally (i.p.) injected: 100 pg of anti-CD4 (clone
GKL5), 100 pg of anti-CD8 (clone 2.43), and 100 ug of anti-NK1.1 (clone PK136). The efficacy of
depletions was verified by staining of splenocytes. To deplete macrophages, 1 mg of carrageenan IV
(Sigma-Aldrich, Merck KGaA) dissolved in 200 ul PBS was inoculated i.p. neutralization of the [FINAR1
was achieved with 200 pg of anti-IFNAR1 (clone MARI-5A3) and IPN-y with 300 pg of anti-IFN-y
{clone P4-6A2) in 200 uL PBS per mouse. Depletions and neutralizations were performed two days
before tumor-cell injection and then twice a week (or once a week in the case of anti-IFN-y) after tumor
cell inoculation.

4.6, Tumor Cel Preparation

For flow cytometry analysis, tumors with a volume of about 100 mm? were removed from the
animals. The tumor tissue was rinsed with PBS, cut to pieces, and treated with 1 mg/mL collagenase
NB 8 (SERVA, Heidelberg, Germany} and 100 ug/mL DNase I {(Roche, Basel, Switzerland) in Roswell
Park Memorial Instifute (RPMI) 1640 medium (Sigma-Aldrich, Merck KGaK) without FC5. To achieve
a single cell suspension, the treated tissue was mechanically and alse enzymatically dissociated at 37
°C using predefined programs on a gentleMACS Octo Dissociator (Miltenyi Biotec, Bergisch Gladbach,
Germany). The obtained cell suspension was filtered through a 70 pum cell strainer and washed with
RPMI medium. Erythrocytes were removed with an ammonium-chloride-potassium (ACK) lysing
buffer (0.15 M NH4Cl, 10 mM KHCOs, 1 mM EDTA, pH 7.2-7 4). Cell suspension was filtered through
a 42 pm mesh.

4.7, Tumor Lysate Preparation

To measure cytokine concentration, tumors with an average weight of 700 mg were immersed in
liquid nitrogen, immediately thawed, and cut into pieces. The tissue was homogenized in extraction
buffer (100 mM Tris, pH 7.4, 150 ;M NaCl, 1 mM ethylene glycol tetraacetic acid (EGTA), ImM EDTA,
1% Triton X-100, 1mM pheny Ime thy lsulfonyl Auoride, and Pierce protease inhibitor (Thermo Fisher
Scientific)) at a ratio of 300 mg of the Hssue to 1 mL of buffer at 4 °C. Samples were constantly agitated
in a gentle MACS Octo Dissociator at 4 *C for 2 hours and then centrifuged at 10,000x g at 4 *C for 20
min. The supermnatant was aliquoted and stored at —80°C.

4.8. Flow Cytometry

Single-cell suspensions of the cell lines wene incubated with Fixable Viability Dye (eFluor 4550V;
eBicscienoe) tolabel dead cells. In the following step, cells were stained for surface markers with anti-mouse
MHC-EFFITC {fluorescein isothiocyanate; clone 28.8.6; BD Bicsciences) and anti-mouse PD-L1-PE (clone
10E9GE; BioLegend). Isoty pe control antibodies for mouse IgG2a, k (clone MOPC-173), and rat IgG2b, k
{clone RTK4530; Biolegend) weme used for anti- MHC-T and anti- PD-L1 antibodies, respectively.

Cells isolated from tumors were also stained for viability as described above. Afterwards, the
cells were treated with anti-mouse CD1632 (Fe block, clone 93; BioLegend), and surface markers
CDd5, MHC-L and PD-L1 were stained with the antibodies anti-CD45 {clone 30-F11, Alexa Fluor 700;
BioLegend), anti-MHC-], and anti-PD-L1, as described above. Data were analyzed with the Flow]o
software, version 10.6 (BD Biosciences).

4.9. Cytokine Measurement

The presence of cytokines in fumors or in cell culture supernatants was evaluated by LEGENDplex
assays (Mouse Inflammation Panel and Mouse Type 1/2 Interferon Panel; BioLegend) and the Invitrogen
EGF Mouse ELISA Kit (Thermo Fisher Scientific) following the manufacturers’ protocols.
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4.10. Statistical Analysis

The oncogenicity and tumor growth after immunotherapy were evaluated by two-way ANOVA
and Bonferroni post-test. Tumor growth after neutralization of immune cells and results obtained by
flow cytometry were analyzed by one-way ANOVA and Bonferroni post-test. A difference bebween
groups was considered significant if p < 0.05. The calculations were performed using the Prism
software, version 7 (Graph-Pad Software, San Diego, CA, USA).
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Simple Summary: The recent discovery of immune checkpoint inhibitors constituted a breakthrough
in cancer treatment, but most patients are resistant to this therapy. Although the co-stimulatory
molecule cluster of differentiation (CDY 80 has been detected in several types of tumor cells, its
role in the tumor microenvironment and its sensitivity to immune checkpoint blockade are unclear.
We, therefore, introduced a dinically relevant mouse tumor model with deactivated CDE0. The
deactivation promoted a “hot” tumor microenvironment and enhanced the sensitivity to immune
che ckpoint blockade with antibody against the oy totoxic T-lymphocyte antigen 4 (CTLA-4). This
study contributed to the mesearch into predictive markers to select patients who are suitable for im-
mine checkpoint blockade therapy and suggested the development of a novel cancer immunotherapy
based on a tumor-cell-targeted CD80 blockade.

Abstrack Cluster of differentiation (CD¥) 80 is mainly expressed in immune cells but can also be
found in several types of cancer cells. This molecule may efther activate or inhibit immune meactions.
Here, we determined the immunosuppressive role of CD80 in the tumor microenvironment by
CRISPR/Cas9-mediated deactivation of the corresponding gene in the mouse cncogenic TC-1 cell line.
The tumor cells with deactivated CD80 (TC-1,/dCDS80-1) were more immunogenic than parental cells
and induced tumors that gained sensitivity to cytotoxic T-lymphocyte antigen 4 (CTLA-4) blockade,
as compared with the TC-1 cells. In vivo depletion experiments showed that the deactivation of
CD80 switched the pro-tumorigenic effect of macrophages observed in TC-1-induced tumors into
an anti-tumorigenic effect in TC-1/dCDE0-1 tumors and induced the pro-tumorigenic activity of
CD4* cells. Moreover, the frequency of lymphoid and myeloid cells and the CTLA-4 expression by T
helper (Th)17 cells were increased in TC-1/dCDE0-1- compared with that in the TC-1-induced tumors.
CTLA-4 blockade downregulated the frequencies of most immune cell types and upregulated the
frequency of M2 macrophages in the TC-1 tumors, while it increased the frequency of lymphoid cells
in TC-1/dCDS&0-1-induced tumors. Furthermone, the anti-CTLA-4 therapy enhanced the frequency of
CD&* T cells as well as CD4* T cells, especially for a Thl subset. Regulatory T cells (Treg) formed the
moet abundant CD4* T cell sibset in tintreated tiumors. The anti-CTLA-4 treatment dow nregilated
the frequency of Treg cells with limited immuncsuppressive potential in the TC-1 tumors, whereas it
entiched this type of Treg cells and decreased the Treg cells with high immunosuppressive potential
in TC-1/dCDB0-1-induced tumors. The immunosuppressive role of tumor-cell-expressed CDS0
shotild be considered in esearch into biomarkers for the prediction of cancer patients’ sensitivity to
immune checkpoint inhibitors and for the development of a tumor-cell-specific CDE0 blockade.

Keywords: CD80; CTLA-4; FDL1; tumor-infiltrating lymphocytes; cancer; immune checkpoint blockade

1. Introduction
The costimulatory molecule cluster of differentiation {CDY) 80, which can be expressed
on antigen-presenting cells (APCs) or tumor cells, interacts with both costimulatory (CD28)
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and coinhibitory (cytotoxic T-lymphocyte antigen 4 {CTLA-4)) receptors and regulates the
immune response [1,2]. The binding of CD28 and CTLA-4 to CD680 is competitive and
regulated by several factors, such as affinity to CD80 and kinetics of CD28 and CTLA-4
expression in T cells [2]. CTLA4 has approximately ten times higher affinity to CD80 than
CD28. However, CTLA-4 is mainly expressed on activated T cells, while CD28 is expressed
on T cells conskitutively [3].

It has been previously reported that the expression level of CD80 may regulate the
pro-/anti-oncogenic role of CD80 on tumor cells [4-6]. Low levels of CD80 expression
serve as a mechanism of tumor escape from immune surveillance due to a higher affinity
and, therefore, preferential binding of CTLA-4 to CD80 compared with that for CD28. On
the contrary, overexpression of CD80 promotes T cell activation and tumer rejection, and a
CD80 deficiency also increases the immunogenicity of tumor cells.

Furthermone, it has been shown that a soluble form of CD80 binds to programmed
cell death ligand 1 (PD-L1}) and inhibits the PD-1,/PDL1 axis [7]. Moreover, PD-L1 and
CD80 interacton in cis, but not in trans, inhibits the immunosuppressive PD-1,/PD-L1 and
CTLA-4/CD80 axes [5,9]. PD-Ll-blocking antibodies prevent CD80/PD-L1 interaction
on tumor-associated dendritic cells (DCs) and promote the CD80-mediated anti-tumor
immune response [10]. However, FD-L1 blockade may enhance CTLA-4/CD80-mediated
immunosuppression in certain settings [9].

According to the dataset of The Cancer Genome Atlas (TCGA) PanCancer Atlas Stud-
ies, available at the cBioPortal (hitps://bit.ly /3hE2100), accesse on 5 March 2021; 10,953
cancer patients from 32 studies), the CD80 gene is altered in 2% of patients, including
amplifications, deletions, and mutations that may result in unfunctional CD80. A defi-
ciency of CD28/CD80- or CD28/ CD86-mediated co-stimulation induces T cell anergy or
the establishment of a regulatory T cell (Treg) phenotype [11,12]. Moreover, anergic T
cells can serve as precursors to the establishment of peripheral Treg cells [13,14]. Treg
cells inhibit the anti-tumor immune response, enhance cancer progression, and mediate
resistance to cancer therapy by several mechanisms. For instance, Treg cells secrete the
immunosuppressive cytokines and cytotoxic molecules, perforin and granzymes, which
target effector immune cells [15,16] and express CD39 and CDV3 ectonucleotidases, which
produce immunosuppressive adenosine from extracellular adenosine triphosphate (ATP),
which is highly abundant in the tumor microenvironment [17,18]. In addition, some in-
hibitory receptors on Treg cells directly inhibit immune reactions. Surface expression of
CTLAA is considered a key immunosuppressive mechanism of Treg cells [19]. CTLA-4
inhibits the immune response via a blockade of antigen presentation due to its higher
affinity to CDB80in comparison with CD28, Treg cells also decrease the amount of CD80 on
the surface of APCs by CTLA4-mediated trans-endocytosis [20,21] CTLA-4™ Treg cells
had impaired immunosuppressive functions and were inefective in the control of immune
responses [22]. The direct role of the lymphocyte-activation gene 3 (Lag3) receptor in Treg
immunosuppression has been reported, but this issue is still debatable [23,24].

Treg-mediated immunosuppression is tightly regulated. Inducible T cell costimula-
tor (lCOS), glucocorticoid-induced tumor necrosis factor receptor (GITR), or neuropilin
1 (Nrp-1) induce the proliferation and effector functions of Treg cells and their tumor
infiltration [25,26]. On the contrary, PD-1 signaling inhibits Treg cell effector functions.
Therefome, Treg cells are activated by the blockade of the PD-1/PD-L1 axis, which may
induce the hy per-progression of cancer [27,25].

Immune checkpoint inhibitors targeting the CTLA-4/CD80 or PD-1/FPD-L1 axes consti-
tuted a major breakthrough in the treatment of several types of tumors, such as inoperable
or metastatic melanoma and non-small-cell lung cancer (NSCLC) [29-32]. However, many
patients are resistant to immune checkpoint blockade. Predictive biomarkers are, thus,
necessary to distinguish patients who will benefit from this therapy [33].

Regarding the various interacting partners of CD80, with their broad range of effects
on anti-tumeor immune responses, the role of CD80 in the tumeor microenvironment and
its impact on the efficacy of cancer therapy need to be elucidated. In the present study,
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we developed an experimental model of mouse tumors with functional or deactivated
CD80 and compared their immunogenicity and sensitivity to immunotherapy. Tumors
with CD80 deactivation were more immunogenic and prone to CTLA-4 blockade.

2. Resulls
2.1. CDB80 Deactivation Reduced Tumor Grouwt

As CDB0 expression on tumor cells can influence their immunogenicity, we sought to
determine whether CDS0 expression on TC-1 cells [34] affects tumor growth, the tumor
microenvironment, and the sensitivity to immune checkpoint blockade. Therefore, we gen-
erated TC-1 cells with a deactivated CD80 molecule (TC-1/dCD80) using the CRISFR/ Cas9
system. As the clones obtained after CD80 deactivation were heterogeneous in their CD80
expression, we selected three clones with apparently reduced CD80 surface expression
compared with TC-1 cells (Figure 1) for an analy sis of immunogenicity (Figure 2A4). Deacti-
vation of CD80 in the TC-1 cell line significantly reduced the growth of lumors induced
with all three clones. While TC-1/dCD&0 clone 1 (TC-1/dCD80-1) formed tumors in all
inoculated mice, clones TC-1/dCD80-2 and -3 generated tumeors in 80% and 60% of mice,
respectively, and their growth was highly delayed. We, therefore, used the TC-1/dCD80-1
clone in our further study of the tumor microenvironment and immunotherapy response,

Clone 1 Clone 2 Clone 3

B Unstained
aTc-1
O TC-1/aCcDBO

Coall count
= 8 & 8 B

Relative log luorescence

Figure 1. Flow cytometry analysis of co-stimulatory molecule cluster of differentiation (CI¥) 80 surface
expression on the TC-1 cell line and TC-1/ dCDE0 clones. Unstained cells were used as the negative
control.

We first tested various doses of TC-1/dCD80-1 cells to find a dose inducing umors
of a size that was comparable to the umors induced with 3 x 10% TC-1 cells. While the
growth of the TC-1/dCD80-1-induced tumors after inoculation of 3 x 10% and 1 x 10° cells
wias slower than that of TC-1-induced tumors, the 3 = 10° dose significantly enhanced the
growth of TC-1/dCD80-1-induced tumors and provided tumors of a similar size to those
induced with 3 x 10* TC-1 cells {Figure 2B).

2.2 CD80 Deactivation Altered Immune Reactions and Sensitivity to CTLA-4 Blockade

To investigate the impact of the CD80 deactivation in tumor cells on anti-tumor im-
mune reactions, we depleted CD4*, CD&*, natural killer (NK) 1.1* cells, or macrophages in
mice bearing TC-1- and TC-1/dCD80-1-induced tumors (Figure 3). The CD80 deactivation
switched the pro-tumor role of macrophages observed in TC-1-induced tumors (Figure 3A)
to anti-tamor abilities in TC-1/dCD80-1-induced tumors (Figure 3B). Moreover, the deple-
tion of CD4* cells did not markedly affect the growth of TC-1-induced tumors (Figure 3A)
but did reduce the growth of TC-1/dCD80-1-induced tumors (Figure 3B). CD8* cells had
an anti-tumor effect regardless of CD80 expression on tumor cells. Depletion of NK1.1*
cells significantly enhanced the growth of TC-1-induced tumors, whereas it did not have a
significant impact on the growth of TC-1/dCD80-1-induced tumors.
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Figure 2. TC-1/dCD80 immunogenicity in comparison with TC-1 cell line. C57BL/6 mice (it = 5) were
subcutaneously (s.c.) injected with 3 = 10* cells of three TC-1/ dCDB0 clones (A) or thiee different
doses of the TC-1/ dCD80-1 clone (B). Intotal, 3 » 10* TC-1 cells were inoculated for comparison.
Tumor growth and tumor formation were evaluated. Statistical analysis indicates a comparison with
TC-1 cells. Bars indicate +standard error of mean (SEM); *** p < 0.001, *** p.c 0.0001.
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Figure 3. The role of immiine cells in tumor growth. CD4*, CD&Y, or natural killer (NK) 111 cells
wene depleted by monoclonal antibodies and macrophages by carrageenan in mice bearing TC-1-
induced tumors (A4) or TC-1/dCD80-1-ind uced tumors (B). Statistical analy sis indicates a comparison
with the phosphate-buffered saline (PBS}treated group. Bars indicate £5EM; * p < (.05, ** p < 0.01,
ot < 00001

Furthermore, we tested the efficacy of immune checkpoint blockade with anti-CTLA-4
and anti-PD-11 antibodies in mice bearing TC-1- and TC-1/dCD80-1-induced tumors
{Figure 4). Unlike the TC-1-induced tumor growth, which was negligibly reduced by
anti-CTLA4 (Figure 4A), TC-1/dCD80-1-induced tumor growth was markedly inhibited
by the antibody (Figure 4B). The anti-PD-L1 antibody had no impact on either TC-1-
({Figure 4A) or TC-1/dCD80-1-induced tumeor growth (Figure 4B). Next, we hypothesized
that the CTLA-4/CD80 axis may inhibit the effect of PD-1/PD-L1 blockade. Therefore, we
simultaneously treated mice with PD-L1 and CTLA-4 blockades. However, these combined
blockades did not outperform the anti-tumor effect of CTLA-4 blockade, suggesting that
CTLA-4-mediated immunosuppression does not cause resistance to PD-L1 blockade.

81



Cancers 20, 13, 1035

a 3 B 10 17 20 24
A-m B1m T T T T T T T -
L B3 I 1 5 n oz

4 = 1zned f a3 8 i 2 4
E o] E,mn_ J [ i i P T %
; " B : - =
. B e LT
£ 1/ E s ! : ;' -+ PES
Ho ¥ p o 5 B & WECTLAS
: i o W & anFDLl

i - o = 5 @ni-POL1+and-OTLA-S

[ ® oW 4 0% % o 8

Paye after TC-1 nocubbon m“mm‘l noclaros

03 & W oM™ W M o

C:W" D1ﬂ_ T T T T T T T T -
s = _ E 'r:" +§ ":°- ] & 1;-’
E ool E eood b LS B - ; i i
5 o 8 g kel g2 d & 8 &
:;_w_ t By }’ H Rg Rf Rg
i Pobel
E 3004 i § o ¥ -+ PE3
E H O WMHCTLA4IPES

4 o o EeCTLA-ME-COM

o o Fl b L] i 30

o EabCTLA-duni-C08
© mAEHCTL A
o ACTLA-ACa Ml bl

Dy ftir TC-1 inesulabon

%
|
|

Figure 4. Immiunotherapy by immuine checkpoint blockade. Mice (1= 5) bearing either TC-1- (A] or
TC-1/dCD80-1-induced tumors (B) were treated with anti-cy totoxic T-ly mphocy te antigen 4 (CTLA-
4), anti-programmed cell death ligand 1 (FD-L1), or a combination of both antibodies. The cells
involved in the anti-tumor effect of CTLA-4 blockade wete analyzed by depletions of CD4Y, CDa*,
MNEKL1* cells, or macrophages in mice bearing TC-1-induced tumors (C) or TC-1/ dCD80-1-induced
tumaots (D). Phosphate-buffered saline (PBS) was used as the control. Statistical analysis indicates a
comparison with the anti-CTLA-4,/PBS group. Bars indicate £5EM;**** p < 0.0001

To determine the immune cells involved in the therapeutic outcome of CTLA-4 block-
ade, we depleted CD4*, CD8*, NK1.1" @lls, or macrophages in mice bearing TC-1- and
TC-1/dCD&0-1-induced tumors (Figure 4C,D). None of the depletions of immune cell
subpopulations significantly influenced the growth of TC-1-induced tumors in mice treated
with CTLA-4 blockade {Figure 4C). The depletion of CDE* cells abrogated the therapeutic
effect of CTLA blockade in TC-1/dCD80-1-induced tumors (Figure 4D). On the contrary,
anti-CD4 treatment synergized with CTLA-4 blockade to reduce the growth of these tumors.
The depletion of NK1.1* cells or macrophages did not influence the efficacy of CTLA-4
blockade against TC-1/dCD80-1 tumors

2.3, CD80 Deactivation and CTLA-4 Blockade Altered Tumor Microenvironment

We next analyzed the microenvironment of TC-1- and TC-1/dCD80-1-induced tumors
by flow cytometry to further characterize the immune cells that contributed to the reduced
growth of tumors with deactivated CD80 and mediated the effect of immune checkpoint
blockade with anti-CTLA-4 or anti-PD-L1 (Figure 5). Deactivation of CD80 in tumor cells
approximately doubled the infiltration of CD45* cells, but the proportion of T lymphocytes
was not substantially altered (Figure 5A). The frequency of most subpopulations of immune
cells in tumors was affected by CDB0 deactivation. In lymphoid cells (Figure 5B), the
frequency of natural killer (INK)) cells (CD45*, CD3~, vé T cell receptor (TCR)—, NK1.1*)
and natural killer T {NKT) celle (CD45*, CD3*, v6TCR™, NK1.1*) was markedly enhanced,
and the frequency of CD4* T cells (CD45*, CD3*, v6TCR™, NK1.17, CD4*) was also
increased in TC-1/dCD80-1- compared with that in TC-1-induced tumors. Similarly, the
frequency of most myeloid cells was elevated in TC-1/dCD80-1- compared with that in
TC-1-induced tumors (Figure 5C), such as tumor-associated macrophages (TAMs; CD45*,
CD11b*, LyeG—, F4/80%, 55C1), classical dendritic cells (¢DCs; CD45+, CD11c*, F4/80-,
Lyb6C—, CD317~ ), plasmacytoid dendritic cells (pDCs; CD45%, CD11c*, CD11b~, F4/80-,
LyéC*, CD317*), myeloid-derived suppressor cells (MDSCs; CD45*, CD11b*, Ly6G™,
F4/807, I_yEChl}, and tumor-associated neutrophils (TANs; CDdst, COM1bY, CD11c™,
LyoCint, Ly6G*),
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Figure 5 Flow cytometry analysis of immiine cells infiltrating TC-1- and TC-1/ dCD80-1-ind uced
tumaors. Mice (n = 4) were treated with anti-CTLA-4 or anti-PD-L1 and PBS was used as the control.
The total infiltration by immune cells and the proportion of lymphocy tes were determined using
CDM5 and CD3 markers, respectively (A). Cell subpopulations were stained with panels of antibodies
detecting either lymphoid (B) or myeloid cells (C). Bars indicate £5EM; * p < 0.05, ** p < 0.0L
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Furthermore, CD80 deactivation affected the proportions of M1 and M2 macrophages
within the TAM subpopulation, as assessed by major histocompatibility complex (MHC)-
IT expression (Figure 5C). The frequency of MHC-II™M M1 macrophages was markedly
increased, whereas the frequency of MHC-II~ M2 macrophages was slightly downregulated
in TC-1/dCD80-1- compared with that in TC-1-induced tumors.

CTLA-4 and PD-L1 blockades considerably decreased the infiltration of most immune
oells into TC-1-induced tumors, but this effect was significant only for NKT cells (Figure 5B).
Om the contrary, CTLA-4 blockade substantially increased the infiltration of ly mphoid cells
into TC-1/dCD80-1-induced tumors, such as CD4* or CD8* T cells, v&T cells, and NE
cells, and simultanecusly decreased the infiltration of pDCs. Moreover, CTLA-4 blockade
enhanced the infiltration of eosinophils (CD45*, CD11b*, CD11c™, Ly6G, 55CM) into
tumors, regardless of CD80 expression on tumor cells, and increased the frequency of
MHC-II~ M2 macrophages within the subpopulation of TAMs in TC-1-induced tumors.

PD-1 expression, a marker of immune cell activation or exhaustion, was significantly
altered in some subpopulations of leucocytes after immunotherapy (Figure 51). CTLA-
4 blockade enhanced PO+ expression on v8T cells, cDCs, and eosinophils, and PD-L1
blockade achieved the same on CD4* T cells in TC-1-induced tumors, Furthermore, CTLA-4
blockade significantly promoted PD-1 expression on TAMs in TC-1- as well as TC-1/dCD80-
l-induced tumors. In addition, this reatment slightly downregulated PD-1 on CD&* T cells
in TC-1-induced tumars, whereas it had the opposite effect on TC-1/dCD80-1-induced
tumors. Next, CTLA-4 blockade downregulated PD-1 on TANs, which was significant in
TC-1/ dCD80-1-induced tumors. PD-L1 blockade did not have a significant impact on PD-1
expression on myeloid cells.

Taken together, CD80 deactivation increased numbers of both lympheid and myeloid
cells infiltrating tumors and was associated with further enhancement of lymphoid cells
after treatment with the CTLA-4 antibody.

24. CD80 Deactivation Resulted in Increased CTL4-4 Expression on Th17 T Cells and Enhanced
Frequency of Thl Cells in Tumors after CTLA-4 Blockade

As the above-mentioned depletion of CTMY ells synergized with immunotherapy,
we analyzed subsets of tumor-infiltrating CD4* T cells {CDM5%, CD3*, y6TCR™, CD4*;
Figure 6). Treg cells (CD25*, Foxp3*) were the most abundant CD4* T cells, while the fre-
quency of T helper (Th)1 (IFN-y™), Th2 (IL-4"), and Th17 (IL-17A") cells was relatively low
in untreated tumors (Figure 6A). Therapy with anti-CTLA-4 or anti-PD-L1 downregulated
all CD4+ T cell subsets in TC-1-induced tumors. On the contrary, immunotherapy increased
the frequency of CD4* T cell subsets in TC-1/dCD80-1-induced tumors, particularly CTLA-
4 blockade, which markedly enhanced the frequency of Thl cells, while the frequency
of Th2, Thl7, and Treg cells was slightly upregulated in these ftumors. These findings
indicate that the anti-tumor effect of CTLA-4 blockade in TC-1,/dCD80-1-induced tumors
was associated with a substantially increased frequency of Thl cells in these tumors.

25 TCA TC-1/#CDED-1 4niDs
HE ™ cals

w 20 . [ . ThZ cals
E, 5 B Thi7 calks
=15 . TH =
2 . = 2x108 BN Treg ceils
=, ¢ Bl < i
= = cOE' T calls
#* -ty "3 12108

25 Bl T cells

T PES
20 2 ameCTLA- ] ' —
L | 12 3 4 anpRp-L1 TC-1 TC-15 COe0-1

Figure 6. Flow cytometry analysis of the CD4* T cell subpopulations in TC-1- and TC-1/dCD80-1-
induced tumors. Tumors (7 = 4) were treated with the anti-CTLA-4 or anti-PIML] antibodies and PBS
was tzed asthe control The frequency of CTMY T cell subsets (A) and surfae expression of CTLA-4 on
T cells in tumors (B) was evaluated Bars indicate 4= SEM; MFI—median flucrescent intensity; * p < 0105
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In order to assess which T cell subsets were the main target of CTLA-4 blockade in
the fumor microenvironment, we next evaluated the level of CTLA-4 expression on T cells.
In non-treated tumors, CTLA-4 was mainly expressed on Th2 cells, Thl7 cells, and Treg
oells, whereas its expression was negligible on Thi, v8T, and CD8* T cells {CDM45*, CD3*,
yoTCR~, CD8*; Figure 6B). In TC-1/dCD80-1-induced tumors, CTLA-4 expression was
significantly upregulated on Thi17 cells, which might be associated with the enhanced
sensitivity of these tumors to CTLA-4 blockade.

2.5, CD80 Deactivation and CTLA-4 Blockade Affected Heterogeneity of Tumor-Infiltmting
Treg Cels

As Treg cells were the most abundant CDdqt subpopulation and their activity may
critically influence the effect of immunotherapy, we analyzed the heterogeneity of Treg cells
with the unsupervised clustering algorithm Flow S50M using markers of Treg cell activation
and effector functions (CTLA-4, GITR, ICOS, Lag3, CD73, granzyme B (GrzB), and Nrp-1;
Figure 7). We automatically generated four clusters that represent subsets of Treg cells with
a distinct immunosuppressive capacity based on the inbensity of expression of the respective
markers—subpopulation 1 (CTLA-4™, GITRM, ICOSh, Lag:!l‘:', CD73~, GrzB*, Nrp—ll"‘]
and subpopulation 2 (CTLA-4™, GITR™, ICOS™, Lag3'®, CD73*, GrzB*, Nrp-1) with high
immunosuppressive Eatentiai,. and subpopulation 3 (CTLA-4~, GITR™, ICOS™, Lag3*,
CDv3*, GrzB*, Nrp-1"°) and subpopulation 4 (CTLA-4", GITR®, ICOS!, Laga—, CD73%,
GrzB*, Nrp-1*) with weak immunosuppressive potential—and projected the distribution
of these subpopulations into tdistributed stochastic neighbor embedding (t-SNE) plots
{Figure 7A). Interestingly, CD80 deactivation partially changed the distribution of Treg
subpopulation 1 in the -SNE plot, and this effect was enhanced by anti-CTLA-4 freatment.
Subpopulation 2 was the most abundant phenoty pe within Treg cells in tumors, followed by
subpopulation 3 (Figure 7B). CTLA-4 blockade significantly downregulated the frequency
of Treg cells with subpopulation 3 and markedly upregulated subpopulations 2 and 4
in TC-1-induced tumors. The proportion of Treg subpopulation 3 was increased in TC-
1/dCD80-1-induced tumors treated with CTLA-4 blockade, which resulted in a significant
difference in this subpopulation in comparison with the TC-1-induced tumors treated with
the same antibody. These data show that CDB0 deactivation in tumor cells reduced the
immunosuppressive potential of Treg cells after umor treatment with CTLA-4 blockade.

Mext, we evaluated the effect of CD80 deachivation in tumor cells and immune check-
point blockade on the expression of Treg markers by the automatically generated Treg
subpopulations (Figure 52). Although CD80 deactivation did not have a significant impact
on the expression of most markers expressed by the Treg clusters, CO7 3 expression was sig-
nificantly downregulated in subpopulation 2 in TC-1,/dCD80H-induced tumors compared
with the same subpopulation in the TC-1-induced tumors. Immunotherapy significantly
affected the expression of several markers in the Treg subsets, such as the expression of
CTLAA, GITR, CD73, and GrzB in TC-1-induced tumors and the expression of GITR in
the TC-1/dCD80-1-induced tumors. These data suggest that CD80 expression in tumor
oells and immune checkpoint blockade might have altered immunosuppressive potential
within distinct Treg cell subsets.
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Figure 7. Diversity of Treg cells. In cells isolated from tumors (1 = 4) treated with PBS, anti-CTLA-
4, or anti-PD-L1, distinet Treg subpopulations were identified by the FlowSOM algorithm in the
concatenate of all grotups of samples and projected into t-distributed stochastic neighbor embedding
(t-SME) plots (A). The frequency of Treg subpopulations was statistically evaluated (B). * p< 0.05.
3. Discussion

Immune checkpoint blockade is a promising approach to cancer treatment despibe its
lack of efficacy in most patients. Markers for the prediction of immune checkpeint blockade
efficacy am, therefore, being intensively investigated [35]. CD80 is expressed in various
human tumors, such as melanoma, colon adenoma, and gastric adenocarcinoma [4,36,37],
as well as in oncogenic cell lines, for instance, cell lines derived from melanoma, colorectal
carcinoma, Burkitt's lymphoma, and gastreintestinal cancer [6,38]. CDB0 expression has
also been reported in the mouse oncogenic TC-1 cell line used in this study [34]. As CD80
may either stimulate or inhibit the immune response [1,2], we tested the role of CDB0 ex-
pression on TC-1 cells in the oncogenicity and efficacy of CTLA-4 and /or PD-L1 blockades.
Previously, it has been shown that CD80 silencing, as well as overexpression, in tumor cells
could inhibit their oncogenicity [6]. In line with that report, CDB0 deactivation in TC-1 cells
reduced tumor formation and growth in our study. However, the role of CD80 may differ
in various tumor types. In contrast to the aforementioned study, deactivation of CD80
expression or its neutralization by an anti-CDB0 antibody has promoted the expansion of
colonic neoplasia in mice and reduced T cell cytotoxicity [37].

Here, we showed that CD80 deactivation in bumor cells affected the pro-/ anti-tumorigenic
role of distinct immune cell populations. For instance, MNEL1Y cells lost the anti-lumorigenic
function in mice bearing TC-1/dCD80-1- compared with those with TC-1-induced fumors.
Our data correspond to the observation of an NK cellmediated reduction of CD80MEM tu-
mor growth [5]. Surprisingly, we observed that CD80 deactivation in tumor cells markedly
enhanced infiltration by NK and NKT cells, although the depletion of NEL1* cells did
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not affect TC-1/dCD80-1-induced tumor growth, Next, macrophages gained an anti-
tumorigenic function after CD80 deactivation in TC-1 cells, which is in agreement with
the enhanced frequency of M1 macrophages in TC-1/dCD80-1-induced tumors. In line
with this mesult, the blockade of the CTLA-4/CDB80 axis with ipilimumab in melanoma
patients has induced a switch in macrophage polarization from the M2 to the M1 phe-
notype [39]. As CD4* T cells and activated NKT cells have been reported to promote
macrophage polarization into the M1 phenotype [40-42], enhanced infiltration of these
cells might alter macrophage polarization in TC-1/dCD80-1-induced tumors. Furthermore,
CD4* cells became pro-tumorigenic in TC-1/dCD80-1-induced tumors, while CDS* cells
controlled tumor growth regardless of CD80 expression. It has been reported that CD4*
T cells preferentially express CTLA-4 and, therefore, have higher immunosuppressive
potential compared with that of CD8* T cells [43]. Moreover, CD80 deactivation in fumor
cells promoted fumor infiltration with APCs in our model. CD28 signaling induced by
APC-mediated co-stimulation has been shown to enhance CTLA- expression, predomi-
nantly on the Thi7 cell subset [44]. In our study, the APCs in the TC-1,/dCD80-1-induced
tumors might enhance T cell activation and CTLA-4 expression on Thi7 cells.

CTLA-4 blockade did not significantly reduce the growth of TC-1-induced tumors,
while it did markedly inhibit the grow th of TC-1/dCD80-1-induced tumors. Furthermore,
PD-L1 blockade was ineffective as a single therapy, and it did not enhance the effect
of CTLA-4 blockade in our study. However, the supportive effects of anti-CTLA-4 or
anti-PT+L1 therapies on treatment with cisplatin or a synthetic fusion protein vaccine,
inducing an immune response against the HPV16 E7 oncoprotein, respectively, have been
previously shown in TC-T-induced tumors [45,46]. Similarly to the TC-1/dCD80-1-induced
tumors, anti-CTLA-4 administered as a single therapy reduced the progression of another
tumor type, ie., mouse bladder cancer induced by the MB49 cell line with low CD80
expression [6,47].

Unlike in our study, simultaneous blockade of CTLA-4,/CD80 and PD-1/PD-L1 axes
has been more efficient than a single therapy in several studies [46-50]. Paradoxically,
anti-PD-L1 administered as a single therapy may enhance CTLA-4/CD80-mediated im-
munosuppression in some patients due to the disruption of the tumor-suppressive CD80
and PD-L1 in cis interaction [9]. Howewver, the interaction of mouse CTLA-4 with CD80
has been reported to cutcompete the tumor-suppressive CD80 and PD-L1 in cis interac-
tion [51]. This corresponds to our previous observation showing that deactivation of PD-L1
in the TC-1 cell line markedly reduced the tumorigenicity of these cells, which implies the
pro-fumorigenic role of the PD-L1 molecule, rather than CD80/PD-L1-mediated tumor
suppression [52]. We, therefore, assume that PD-L1 on tumer cells did not effectively
control the CTLA-4/CD80 axis in TC-1- and TC-1/ dCDE0-1-induced tumors.

In our study, the depletion of CD8* wells abrogated the effect of CTLA-4 blockade,
whereas the depletion of CD4* cells synergized with the therapy in TC-1/dCD80-1-induced
tumors. This result corresponds to published data showing that the efficacy of anti-CTLA-4
treatment has been dependent on activated tumor-infiltrating CD8* T cells [53]. Moreover,
distinct levels of PD+1, a marker of T cell activation, on CD8* T cells [54,55], might also
support the enhanced efficacy of CTLA-4 blockade in TC-1/dCD80-1- compared with that
in TC-1-induced tumors. Furthermore, we did not observe a significant impact of the
depletion of NK1.1* cells or macrophages on the efficacy of CTLA-4 blockade although this
treatment has been shown to induce the activation and degranulation of tumor-infil trating
NK cells [55].

CTLA-4 or PD-L1 blackade downregulated the frequency of immune cells in TC-1-
induced tumaors, while anti-CTLA-4 treatment upregulated the frequency of most ly mphoid
cells in TC-1/dCD80-1-induced tumors, Enhanced infiltration of immune cells into fumors
treated with immune checkpoint inhibitors has been previously reported [57]. As the
efficacy of immune checkpeoint blockade is dependent on tumor-infiltrating immune cells
and tumor-specific T cell responses [58], increased infiltration of TC-1/dCD80-1-induced
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tumors by immune cells might contribute to the sensitivity of these tumors to anti-CTLA-
4 therapy.

The CD4* T cell subsets regulate tumor growth differently [59]. Thl eells in tumors
protect the host against tumor growth, whereas Th17 and Treg cells are usually associated
with progression of the disease, and Th2 cells do not correlate with clinical outcomes in
many cases [59-63]. The anti-CTLA4 treatment upregulated the frequency of Thi, Thz,
Thi17, and Treg cells in TC-1/dCD80H-induced tumors. This effect was not elicited in TC-1-
induced tumors. The highly increased Thl cells probably contributed to the anti-tumor
effect of CTLA-4 blockade in TC-1/dCD80-1-induced tumors. Similarly, CTLA-4 blockade
has been previously reported to enrich Th1 and Th2 subsets in mouse as well as human
tumors and enhance IFN-y production by T cells [54-66].

Treg cells comprised the most abundant CD4* T cell subset in both TC-1- and TC-
1/dCD80-induced tumors. Treg subpopulations 1 and 2, automatically generated by the
FlowSOM software, markedly expressed CTLAA, GITE, and ICOS molecules. High ex-
pression of CTLA-4, as well as co-stimulatory receptors GITR and ICOS, has been observed
in Treg cells infiltrating mouse and human tumors [26]. CTLA-4 has been shown to be
indispensable in Treg-mediated immunosuppression, as CTLA-4™ Treg cells were unable
to maintain self-tolerance and immune homeostasis, and Treg-specific CTLA-4 deactivation
promoted anti-tumeor immunity [19]. Moreover, GITR and ICOS molecules maintain Treg
homeostasis, survival, and immunosuppressive functions [67-69]. Thus, we suppose that
the immunosuppressive potential of subpopulations 1 and 2 was high, whereas the low
CTLA4 expression in subpopulations 3 and 4 implied limited immunosuppressive poten-
tial. Furthermore, subpopulation 4 of Treg cellswas characterized by a low expression of
ICOS and GITR and slightly higher Nrp-1 expression compared with that in the remaining
Treg subpopulations. Similarly, Nrp-1 did not cluster with other markers in a study of the
phenotypic diversity of Treg cells isolated from skin [70]. Nrp-1* Treg cells have a strong
potential to infiltrate tumors in a vascular endothelial growth factor (VEGF}dependent
manner and inhibit the anti-tumor immune response [25]. As previously noted, VEGF
occurs in TC-1-induced tumeors [71]. However, the ICO5™ Treg subset has been defined
as “death prone” [67,68]. Therefore, we presume that the immunosuppressive potential
of subpopulation 4 was markedly limited. Our analysis of Treg subpopulations suggests
that the decreased immunosuppressive potential of Treg cells in TC-1,/dCD80-1-induced
tumors after CTLA-4 blockade might also contribute to the anti-tumor effect of anti-CTLA-4
therapy in these tumors.

4. Materials and Methods
4.1, Mice

Animal experiments were performed with female 6 to &week-old C57BL /6N mice
{Charles River, Sulzfeld, Germany) that were maintained under specific pathogen-free con-
ditions at the animal facility of the Czech Center of Phenogenomics (BIOCEV, Vestec, Czech
Republic). The guidelines for the proper treatment of laboratory animals were observed.

4.2, Cells and CD80 Denctivation

The TC-1 cell line (Cellosaurus ID: CVCL_4699; provided by T.-C. W, John Hopkins
University, Baltimore, MD), USA) was derived from C57BL/6 mouse primary lung cells by
transformation with HFV16 E6/E7 and human H-ras oncogenes [72].

The B7-1 Double Nickase Plasmid {m) kit (sc-419570-NIC; Santa Cruz Biotechnology,
Dallas, TX, USA) was used to produce TC-1/dCD80 cell clones with deactivated CD80.
The transfected cells were selected for 4 days with 6 pg/mL puromyecin, which was added
to the culture media 2 days after transfection. Next, cells were stained with anti-CD80-FITC
{fluorescein isothiocy anate) antibody (clone 16-10A1; BD Pharmingen, San Diego, CA, USA)
and single-cell clones with deactivated CD80 were selected by cell sorting into a 96-well
plate using a flow cytome ter FACSAria Fusion (BD Biosciences, Franklin Lakes, NJ, USA).
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Deactivation of the CD80 gene in the TC-1 /dCD80-1 done was verified by sequencing of
the target site.

Cell lines were culhured in high-glucose Dulbecco’s modified Eagle's medium (DMEM;
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) containing 10% fetal calf serum (FCS;
Biosera, Nuaille, France) and supplemented with 100 pg/mL streptomycin and 100 IU/mL
penicillin (Biosera),

4.3, Animal Experiments

Tumor cells were suspended in 150 uL PB5 and subcutaneously (s.c.) administered
into the back of C57BL/ 6N mice (five per group) under anesthesia with xylazine (16 mg,/ kg;
Bioveta, Ivanovice na Hane, Czech Republic) and ketamine {100 mg/ kg: Bioveta). Tumors
wene measured three times a week with calipers, and tumor volume was calculated using
the formula (/6] {a % b x ), where a, b, and ¢ are tumor dimensions.

Animals received intraperitoneal (Lp.) treatment with anti-CTLA-4 (150 pg, clone 909)
monoclonal antibody (Bio X Cell, West Lebanon, WH, USA) on days 3, 6, and 10 after tumor
cell inoculation, or anti-FD-L1 antibody (200 pg, cdone 10E9G2) on days 17, 20, and 24 after
tumor cell inoculation. For flow cytometry analysis of the tumor microenvironment, mice
waere breated with anti-PD-L1 on days 10, 13, and 17 after tumor cell administration.

Depletion of CD4*, CD&*, and NK1.1* cells in vivo was achieved by monoclonal
antibodies (Bio X Cell) diluted in 200 uL PBS and injected i.p. (100 wg of anti-CD4 {clone
GK1.5) with 100 pg of anti-CD8 (clone 2.43), and 100 pg of anti-NK1.1 (clone FK136)) twice
aweek. Macrophages were depleted by i.p. injection of 1 mg of carrageenan IV (Sigma-
Aldrich, Merck KGaA) dissolved in 200 pL PBS twice a week. The initial dose of antibodies
and carrageenan was administered 3 days after tumor cell inoculation. Depletion efficacy
was verified by the examination of splenocytes.

4.4, Stimulation of Cells Isolated from Tumors

Single-cell suspensions were prepared from tumors as previously described [52] and
stimulated prior to staining with panels of antibodies for llow cytometry analysis of the
T cells. In total, 2.5 = 10° cells were cultivated for 3 hours in 2 mL of Roswell Park
Memorial Institute (RFMI) 1640 medium (Sigma-Aldrich, Merck KGaA) supplemented
with 10% FCS (Biosera), 100 TU/mL penicillin, 100 pg/mL streptomycin (Biosera), and
50 uM Z-mercaptoethanol and containing 81 nM phorbol 12-myristate 13-acetate, 1.34 pM
ionomycin, 2 uM monensin, and 10.6 pM brefeldin A (Abcam, Cambridge, UK).

4.5 Flow Cytometry

Cells obtained from tumors were incubated with Fixable Viability Dye eFluor 455UV
{eBioscience) to stain dead cells. Then, the cells were treated with anti-mouse CD16/32
{Fec block, clone 93; BioLegend) and subsequently with antibodies binding surface markers
{Table 1). The washed cells were fived and permeabilized with the Fication/ Permeabilization
working solution {eBioscience, Thermo Fisher Scientific, Waltham, MA, USA). Furthermore,
a working solution of the Permeabilization Buffer (eBicscience) was used to stain intracel-
lular and nuclear markers with respective antibodies. Measurement of the stained samples
was performed on LSRFortessa (BD Biosciences, San Diego, CA, USA) and Gy toFLEX 1X
{Beckman Coulter, Indianapolis, IN, USA) flow cytometers. FlowJo™ software version
10.7 (BD Biosciences), FlowSOM version 2.6 [73], and E version 4.0.2 were used for data
analysis. Gating strategies are depicted in Figures 53 and 54. The values of the parameters
were as follows for the calculation of +5SNE: iterations—1000, perplexity—30, learning rate
{Eta}—478, gradient algorithm—Barnes-Hut; and, for FlowSOM, number of meta clusters:
4; sot sead: 3.
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Table 1. Antibodies for flow cy tometry.
Antigen Conjugate Clone Source Staining Panels
D1k BW421 M1,/70 BioLegand Surface 1
CDlle APC-Cy7 M418 BioLegand Surface 1
CD25 APC PCALS eBiceciences Surface 1 1 1
CD3 APC-Cy7 145-2C11 BioLegend Surface 1 1 1
CD317 APC w7 BioLegend Surface 1
CD4 Bvs1ot /PerCP-Cys.52 EM4-5 BioLegend Surface 1 2 2
CD45 Alesa Fluor 700 30-F11 BioLegend Surface 1 1 1 1
COF3 BViE0S TY/11.8 BioLegend Surface 1
cDa FITC 5367 BD Biceciences Surface 1 1
CTLA-4 PE/ Dazzle594 UC10-4B9 BioLegand Surface 1 1
F4,80 BWS10 BME BioLegand Surface 1
Fuoeep3 FE FIK-16a eBicarences MNuclear 1 1 1
GITR FITC DTA-1 BioLegand Surface 1
Granzyme B PE/Cy7 NGZB BioLegend Intracellular 1 1
ICDS5 BViEs0 TEI7GY BioLegend Surface 1
IFM-y BW421 XMWGL2 BioLegend Intracellular 1
IL-17A BWiEs0 TC11-18H10.1 BioLegend Intracellular 1
-4 BVTE6 11811 BD Biceciences  Intracellular 1
Lag3 BW7ES COBTW BioLegend Surface 1
Ly&C BVTE6 HEK1.4 BioLegand Surface 1
LyeG FITC 1AR BioLegand Surface 1
MHC-I PECy7 114.15.2 BioLegend Surface 1
NEKL1 BViEs0 PK134 BioLegend Surface 1
Nrp-1 BV 421 3E12 BioLegend Surface 1
P+1 P]E—Cy?’1 JPE? 29R1A12 BioLegend Surface 1 2
FD-L1 gﬂhﬁﬁ;ﬁz 10E9G2 BioLegend Surface 1 2
TCR /& BWE0S GL3 BioLegand Surface 1 1
u—anﬁhcqr presentin a panel

4.6, Statistical Analysis

Flow cytometry analysis and animal experiments were evaluated by two-way analysis
of variance and Bonferroni's post-test using Prism software, version 7 (GraphPad Software,
5an Diego, CA, USA). A difference of results was considered significant if p < 0.05.

5. Conclusions

CD80 expression on TC-1 tumor cells affected the tumor microenvironment and
sensitivity to immunotherapy. CD80 deactivation in these cells was associated with a
“hotter” microenvironment, decreased tumor growth, and enhanced sensitivity to CTLA-4
blockade. The impact of CD80 expression on tumeor cells on the efficacy of CTLA-4 blockade
has not been sufficiently investigated yet. Our study implies that CD80 expression on
tumor cells should be evaluated further as a possible predictive marker that may assist
clinicians in the selection of cancer patients who may be suitable for CTLA4 blockade
cancer therapy. Finally, the development of the tumor-cell-targeted CD80 blockade should
be assessed as a novel immunotherapeutic approach.

Supplementary Materials: The following are available online at https:/ fwww.mdpi com/ article,/ 10
L3390/ cancers13051935/ 51, Figure 51: Surface expression of FD-1 by leucocytes infiltrating TC-1- and
TC-1/dCDEHind uced tumors. Figure 52 Expression of Treg markers on the FlowS0M-identified
subpopulations 1-4. Figure 53: Gating strategy for lymphoid subpopulations. Figure 54 Gating
strategy for myeloid subpopulations.
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Abstract: Combined immunotherapy constitutes a novel, advanced strategy in cancer treatment.
In this study, we investigated immunotherapy in the mouse TC-1/A9 model of human papillomavirus
type 16 (HPV16}associated tumors characterized by major histocompatibility complex class I
(MHC-I) downregulation. We found that the induction of a significant anti-tumor response required
a combination of DINA vaccination with the administration of an adjuvant, either the synthetic
oligodeoxynucleotide ODN1826, carrying immunostimulatory CpG motifs, or a-galactosy leeramide
{x-GalCer). The most profound anti-tumor effect was achieved when these adjuvants were applied
in a mix with a one-week delay relative to DNA immunization. Combined immunotherapy induced
tumor infiltration with various subsets of immune cells contributing to tumor regression, of
which cluster of differentiation (CD) 8" T cells weme the predominant subpopulation. In contrast,
the numbers of lumor-associated macrophages (TAMs) were not markedly increased after
immunotherapy but in vive and invitro results showed that they could be mpolarized to an
anti-umor M1 phenotype. A blockade of T cell immunoglobulin and mucin-domain containing-3
(Tim-3) immune checkpoint had a negligible effect on anti-fumor immunity and TAMs repolarization.
Our results demonstrate a benefit of combined immunotherapy comprising the activation of both
adaptive and innate immunity in the treatment of tumors with reduced MHC-T expression.

Keywords: MHC-T; cancer immunotherapy; DNA immunization; CpG ODN; a-galactosylceramide;
humor-associated macrophages

1. Imtroduction

With the advent of immunotherapy, new prospects have been opened up for successful cancer
treatment. Increasing evidence shows that the efficacy of immunotherapeutic drugs can be enhanced
by combined applications, which are believed to support the anti-tumor response at multiple sites [1,2].
Further advances include optimization of immunotherapy timing as well as deeper investigation and
better understanding of tumor microenvironment biology [2].

It is well established that cluster of differentiation (CD)) 8" cytotoxic T lymphocytes (CTLs) are
the main anti-tumor effectors that are able to kill cancer cells in terms of their binding with the major
histocompatibility complex class I (MHC-T) molecules presenting antigenic peptides on a tumor-cell
surface. As MHC-1 downregulation is a mechanism widely used by tumor cells to avoid the recognition
by T cells and finally escape the immune surveillance [3], upregulation of MHC-I cell-surface expression
has recently been proclaimed the critical step to improve response to cancer immunotherapy [4].
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DMA vaccines constitute an attractive immunotherapeutic tool since they are stable, safe and
reproducible; they also involve low-cost production and easy modification of an antigen. Although
low immunogenicity is the major obstacle that limits large-scale application of DNA immunization [5],
the potency of these vaccines can be enhanced by adjuvants, for example, ligands for Toll-like receptors
{TLRs) [6]. Synthetic oligodeoxynucleotides {ODNs) carrying unmethylated immunostimulatory
CpG motifs and levamisole (LMS) can activate TLE-9 and TLR-2, respectively, which leads to the
enhancement of T helper 1 (Thl) immune response and stimulation of antigen presenting cells
{APC) [7,8]. Another compound with strong adjuvant activity is c-galactosylceramide (e-GalCer)
binding specifically to the CD1d protein present on APCs. These cells subsequently activate invariant
natural killer T {(iNKT) cells [%]. Through the production of vast amounts of cytokines of both
Thl pro-inflammatory (e.g., interferon y; IFN-v, or tumor necrosis factor o TNF-ot) and Th2
anti-inflammatory (e.g., interleukins (IL), such as IL-4, IL-10 and IL-13) responses followed by
downstream activation of natural killer (INK) cells, B cells, dendritic cells (DCs) and conventional T cells,
iNKT cells bridge the innate and adaptive immunity and affect both MHC-I positive and negative
tumor cells, which are the targets for CTL and NK cell lysis, respectively. This is an especially attractive
approach for elimination of heterogeneous fumor cells with respect to the MHC-I variability [10].

T cell immunoglobulin and mucin-domain containing-3 (Tim-3) was initially identified as a
molecule expressed on the differentiated Thl cells [11]. The results on preclinical cancer models have
revealed that Time-3 acts as an immune checkpoint receptor whose expression on dysfunctional CDst
T cells and regulatory T lymphocytes (Tregs) attenuates the Thl response [12]. Mowover, dysregulation
of Tim-3 expression is not limited to T cells, as ample evidence shows that it affects functionality of
innate immunity cells, including NK cells, DXCs, mast cells and macrophages (Mds) [13], thus making
Tim-3 a suitable candidate for cancer immunotherapy [12].

Mdbs are the most abundant tumor infiltrating cells that can represent up to 50% of tumor cell
mass and their presence at the tumor site is associated with poor prognosis in the major types of
solid tumors [14]. Regarding the anti-humor immunity, classically activated M= (M1) are considered
advantageous due to their ability to eliminate tumor cells. This type of Md's produce pro-inflammatory
cytokines, such as IL-12 and TNF- o and the free radical NO, a product of inducible nitric axide synthase
(iNO5) [15]. As the tumor progresses, M1-like Mds may change their functional phenoty pe to the
alternatively activated amor-promoting M2 profile associated with the increased Tim-3 expression [15].
Furthermore, expression of high levels of arginase 1 is the hallmark of M2 Mds [15]. Thisenzyme
competes with iNOS for the common substrate-arginine-and directs metabolism of this amino acid
to the production of omithine, a precursor of collagen [17]. Tumor-associated macrophages {TAMs)
mostly resemble the M2 phenotype in already established tumors [18] and promote tumor growth
and metastasis [19]. Therefore, an increasing attention is paid to the strategies that affect TAMSs in
order to increase the efficacy of anti-tumeor therapies, for example, by inhibition of M infiltration and
their survival in the tumor microerwironment or by blocking pro-tumorigenic activity of TAMs [20].
Moreover, repolarization of M2-like TAMs to the tumoricidal M1 phenoty pe by modulating the tumor
microenvironment has recently attracted much interest [19] because Mds utilize different mechanisms
of tumor-cell killing than T cells and can act when CTL-mediated killing is not evoked or tumor
cells are resistant to the CTL activity [21,22]. Indeed, it has been demonstrated in various murine
tumor models that upon proper stimulation, Mds can perform tumoristatic activities both in vitro and
in vive [23-27].

Based on these findings, we investigated a combined immunotherapy that stimulated both
adaptive immunity (via DNA immunization) and innate immunity (by administration of TLRs
agonists or e-GalCer) in the murine TC-1/ A9 tumor model characterized by downregulated MHC-T
expression. We also aimed to inhibit immunosuppression by blocking the Tim-3 receptor. Combined
immunotherapy reduced the growth of tumors resistant to single therapeutics. In this effect, CD&*
T cells, NE1.1* cells and Mds were involved but the contribution of Tim-3 blockade was marginal.
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2. Results

2.1. ODN1826 and a-Gal Cer Are Effective Vacaine Adjuvants for DNA Immunization against Tumors with
Reduced Expression of MHC Class I Molecules

In initial experiments, mice were immunized with the pBSC/ PADRE.E7GGG plasmid by a gene
gun 3, 6 and 10 days after inoculation of TC-1/A9 cells. Systemic activation of innate Immunity
with ODN1585 LMS, ODN1826, or a-GalCer as well as inhibition of immunosuppression by
antibody against Tim-3 were performed on the same days as DNA immunization. In accordance
with the previous study, DNA vaccination against the E7 oncoprotein did not affect the growth of
TC-1/A%induced tumors. Moreover, the efficacy of DINA immunization was not improved after
administration of Tim-3 blockade. A significant tumor growth retardation in immunized mice was
found when either ODN1826 or a-GalCer were administered (Figure 51). Blockade of Tim-3 resulted in
enhanced anti-tumor response only in mice treated with immunization and o-GalCer (p < 0.05, 31 days
after inoculation of tumor cells). Additionally, in two immunized mice treated with either ODN1826 or
e-GalCer, the tumor did not develop or completely regressed.
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Figure 1. Compatison of the anti-tumor effects induced after the administration of CpG ODMN1826 and
w-GalCer either alone or in a mix in the non-immunized and immunized mice. Animals (1= 5) wene
injected 5.c. with TC-1/A9 cells and immunized 3 times by a gene gun with either the empty pBSC
plasmid (referred to as non-immunized mice, A-C) or pBSC/PADRE.EF GGG (immunized mice, D-F).
Vaccine adjuvants ODN1826 (A, D), a-GalCer (B,E), or a mix of ODN1826 and a-GalCer (C,F) weme
administered on the same days as DNA vaccines, Soime groups received a monoclonal antibody against
Tim-3. Mo. of mice with a tumor/no. of mice in the group is indicated. Bars: £5EM; *** p< 0,001,
*t p (L0001, Statistical significance refers to the comparison with the group immunized with the
PADREEY GGG gene. The experiment was repeated with similar results.

As we demonstrated the significant adjuvant effect only for ODN1826 and «-GalCer, we
focused on these two compounds in subsequent experiments. At first, we asked whether these
two immunostimulators can exert an anti-tumor response in non-immunized mice (Figure 1A-C).
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Simultanecusly, we evaluated the combination of ODNI1826 and c-GalCer (Figure 1CF). This
experiment confirmed the adjuvant efficacy of ODN1826 (Figure 1D) and o-GalCer (Figure 1E) in
immunized mice but the combination of these two adjuvants did not further enhance the suppression
of tumor growth. Momover, co-administration of antibody against Tim-3 significantly supported the
anti-tumor effect solely in ODN1826 and «-GalCer mixture, resulting in inhibition of tumor growth in
2 out of 5 mice in the group. In non-immunized mice, ODN1826, a-GalCer and anti-Tun-3, neither
alone nor in any combination, induced the inhibition of tumor growth,

These data showed that DNA immunization against the E7 oncoprotein was indispensable for
combined immunotherapy of tumors with downregulated expression of MHC-I molecules and that
combination of two adjuvants, ODN1826 and o-GalCer, did not induce stronger anti-lumor response
than single adjuvants.

2.2. Delayed Administration of ODN1826 and «-GalCer in Combination Promoted Inhibition of Tumor Growth

In spite of the substantial efficacy of combined immunotherapy against TC-1/A9 cells, maost
mice still developed a tumor. Therefore, we also tested modifications in the number and timing of
doses. To this end, we compared previously used injection of the ODIN1826 plus a-GalCer mixture
{supplemented with anti-Tim-3 in some groups) on days of immunization (Le., 3 doses delivered 3,
6 and 10 days after inoculation of tumor cells, Figure 2A) with injection of 5 doses on days 3, 6, 10,
13 and 17 (Figure 2B) and 3 doses on days 10, 13 and 17 {Figure 2C). Application of bwo additional
doses enhanced the anti-humor response in comparison to three doses on days of DINA immunization
but even higher improvement was achieved with three doses delayed by one week in comparison
with the original schedule. After postponing the administration of immunostimulatory compounds, a
portion of initially developed tumors partially regressed until day 24 but they subsequently progressed
in all mice. Co-administration of anti-Tim-3 did not improve the anti-tumor effect in any group.
In summary, the highest efficacy of the adjuvants was achieved when administered one week after
DNA immunization.
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Figure 2. The effects of different dosage and timing protocols. Mice (1= 5) were injected with TC-1/ A9
cells and immunized by a gere gun. Mice received combinations of ODIN1826, e-GalCer and o-Tim-3
3 times on the days of immunization (4), 5 times with two additional doses on days 13 and 17 (B) and
3 times with a one-week delay following DNA immunization (ie, on days 10, 13 and 17) (C). Bams:
+5EM; ** p< 0.0, ¥ p < 0001, *** p < 0.0001. Statistical significance refers to the comparison with the
group immunized with the PADREETGGG gene. The experiment was repeated with similar resuilts.

2.3, Immunotherapy Induced Infiltration of Tumors with Various Immune Cells that Differently Affected
Thumor Growth

To find cells with anti-tumor activity, we first studied infiltration of humors with immumne cells by
flow cytometry using two panels of antibodies identifying the main subpopulations of lymphoid and
myeloid cells. We isolated cells from the tumors of the treated mice 14-18 days after inoculation of
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TC-1/ A9 cells, because in this period tumor grow th was slowed down and tumeors partially regressed
in some mice. In the tumors of non-treated mice analyzed 12 days after tumor-cell inoculation, CT45*
cells constituted about 5% of total live cells {Figure 3A) After DNA immunization, the numbers of
these cells approximately doubled and further increase was recorded when ODN1826 or c-Gal Cer were
administered on days of DINA immunization. A mix of ODN1826 and o-GalCer did not outperform the
effect of single adjuvants. CD3* cells constituted about 20% of CD45* cells in noretreated mice, almost
40% in DNA-immunized mice and approximately 60% in mice receiving combined immunotherapy
(Figure 3A). Antibody against Tim-3 influenced neither infiltration of CD45* cells nor a proportion of
CD3* cells.
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Figure 3. Tumor-infiltrating immiune cells and their role in tumor growth. Analysis of tumor-infiltrating
cells was performed by flow cytometry (A, B). Mice (1 = 4) were injected with tumor cells and
immunized by a gene gun Vaccine adjuvants and anti Tim-3 were administered on the same days as
the DINA vaccines. Tumor cells were isolated on day 12 from non-treated tumors and on days 14-18
from treated tumors and stained with fluorochrome-labeled antibodies. (A) Frequencies of CD45%
and CD3* cells, Treg (COMYCD25 Foxp3t) and Nipl? Treg cells. Statistical significance refers to
the comparison with the non-treated (pBSC) group. (B) Overview of the mean percentages of the
major subpopulations of tumorinfiltrating cells in total cells. (C) The effect of in vivo depletion of
immune cells and neutralization of [F-y on the anti-tumor response induced by immunotherapies
with ODN1826 or eeGalCer in the immunized mice (1 = 5). Vaccine adjuvants were injected on the days
of immunization. Statistical significance refers to the comparison with the group thatwas immunized
with the PADRE.EFGGG gene and received an adjuvant. Bars: £5EM;* p < 005, ¥ p< 0.01, ¥* p< 0.001,
e  0.0001.

In non-treated tumors, the population of CD45* cells comprized particularly TAMs (defined as
CD11b*F4/ 801 Grl _"rl‘“":l and NK cells (CD3~NK1.1*) (Figure 3B). After DNA immunization, all of
the detected subpopulations were increased and this increase was enhanced after co-administration
of ODNI1826 or a-GalCer. CDE* T cells were the predominant subpopulation of infiltrating cells
in treated tumors, especially after combined immunotherapy. Of the myeloid cells (CD37), TAMs
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were the most abundant but the highest increase was found for neutrophils (CD11b*F4/ 80~ Gr1highy
and classical DCs (cDC; CD11c*F4/80~Grl"MHC-II*). Increase in plasmacytoid DCs (pDC;
CD11c"Grl /1™ F4/ 80~ CD11b~CD317%) was observed as well

Intratumoral regulatory T cells (Treg; CDMYCD25*Foxp3d*™) were also increased after
immunotherapy (Figure 3B) but the proportion of Tregs in CD3* cells was reduced from approximately
20% in nor-treated tumors up to 3% in tumors treated with DNA immunization and ODN1826
(Figure 3A). As neuropilin 1 (Nrp1) has been identified as a critical factor for the stability of Treg cells
and their suppression of anti-tumor immunity [28] we tested Nrpl expression on Tregs. While in
tumors of non-treated and DINA-immunized mice, about 680% of Tregs expressed Nrpl, after combined
immunotherapy, Nrpl expression was decreased to about 40% (Figure 3A).

To further investigate the mechanisms underlying the anti-tumor efficacy of ODIN1826 or a-GalCer
in the immunized mice that were injected with TC-1/A9 tumor cells, we depleted in vivo CD4t, CDst,
or NK1.1* cells with monoclonal antibodies and Mds by administration of carrageenan. Furthermore,
we performed IFN-y neutralization with monoclonal antibody. After administration of ODN1826,
depletion of CD8* cells and neutralization of IFN-y completely abolished the anti-tumor effect of
combined immunotherapy and inoculation of carrageenan and anti-NK1.1 partially restored tumor
growth. On the contrary, antibody depletion of CDd* ells increased the anti-tumor response. In mice
treated with DINA immunization and a-GalCer, antibodies against CD8, NK1.1 and IFN-v induced
tumor growth but carrageenan and anti-CD4 did not have a marked effect (Figure 3C).

In summary, after combined immunotherapy, TC-1/A%induced umors were increasingly
infiltrated with various immune cells. CD8% cells, NEK1.1% cells and IFIN-y contributed to the anti-tamor
effect of both ODN1826 and a-GalCer but Mds reduced tumor growth only after administration of
ODMN1826 and this adjuvant stimulated also immunosuppressive CD4* cells.

2.4. Combined Immunotherapy Did Not Substantially Enhance Either Systemic or Intratumoral Activation of
CD8* Cells

As CD8* T lymphocytes were the predominant cells that infiltrated fumors after combined
immunotherapy, we tested their systemic activation by an ELISPOT assay detecting the IFN-y
production in mononuclear cells isolated from spleens of non-tumor-bearing mice. For this testing,
we applied the immunization schedules used in our previous immunotherapeutic experiments.
Mononuclear splenocy tes were activated with either the E7go s peptide carrying the immunodominant
H-2DP-restricted epitope that activates CD8* T cells specific for the human papillomavims type 16
(HFV16} E7 oncoprotein or the PADRE peptide representing a universal helper epitope activating
CD4* T cells {Figure 4A). Immunization of mice with the empty pBSC plasmid served as a negative
control and restimulation of mononuclear splenocytes from these mice with either peptide did not
result in their activation to produce IFIN-y. A significant induction of both EF-and PADRE-specific
reactions was observed when mice received the PADRE EFGGG DMA vaccine. Administration of
ODN1826 on days of DNA immunization augmented the PADRE-specific immunity about three times
but this strong activation resulted in only slight stimulation of the response of CD8* T cells. a-GalCer
did not promote activation of either CD4* or CD8* T cells (it rather slightly reduced stimulation of the
E7-specific response). Activation of CD8* cells induced by DNA immunization was not also enhanced
by combined immunotherapy that included antibody against Tinr3 and /or a mix of ODN1826 and
ce-GalCer or by one-week-delayed administration of adjuvants.

MNext, we evaluated the functional state of CD8* T cells in tumors by flow oy tometry determining
the production of IFN-y and TNF-a cytokines and the expression of PD-1 and Tim-3 immune
checkpoints. While in non-treated mioe, the expression of IFN-y and TNF-a in CD8* T cells was
negligible, both cytokines were increased after immunotherapy (reaching at last 3% and 1% positive
cells, respectively; Figure 4B} but this increase was relatively low. The mean expression of PD-1 and
Tim-3 in non-treated mice was about 35% and 8%, respectively and it was significantly increased up to
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about 80% and 60% after immunotherapy, respectively (Figure 4B). Tim-3 blockade slightly reduced
upregulation of these checkpoints.

A o B
CRETS COBIFN-* colis COB"TMF-:* celis
3 w
u 1250
2 s =
o 1]

E 10aE &
3 .
g b g
B L=
i *
g .
o 12 3 4 8 67 12 3 40 87
E .
¥l ol o o
COPD-1" colis COE'Timd" cells
e = o+ 4+ 4+ CDNIAN
& - s 4 s ® ® % 4 gOulCH e 100
- = * + a-Tamed
Ly ﬁ: L2 % ao
] E
Bl = &b
PADRE -1 a8
PRI S u o ap
2 = B
5 &N & 0
S 5 f B &
B 12 3 4 § 6 7 12 3 4 8 8 7
g o
=
g 5
2 1 pBSC
oy 2  PADRE EFYGGE
£ e - 3 +00N1826
Qf;ﬁ PP PP PG 4 + n-GelCer
£ s H £ +a-Tima
rd L e e TN & + ODM 1826+ -GalCar
& 7 + QDM 826+ -GalCerto-Tim3
B withiout pepbide

W with paplds

Figure 4 Activation of CD8* T cells by combined immunotherapy and characterization of
tumor-infiltrating CDS* T cells. (A) Analysis of activated CD8* cells by an ELISPOT assay. Mice (n= 3)
were immunized by a gene gun on days 3, 6 and 10 and inoculated with ODMN1526, a-GalCer and
anti-Tim-3 on the days of immuniz ation (D3) or with a one-week delay following DMNA fmmunization
{(D10). Eight days after the last immunization, mononuclear cells were prepared from pooled
splenocytes, restimiilated with peptides and IFN-y-producing-cells were detected. Columns, mean
of triplicate samples; bars, + SEM. The experiment was repeated with similar results. (B) Analysis of
intratumoral CO8* T cells by flow cytometry. The experiment was performed as in Figure 3. Columns,
mean of four samples; bars, &+ SEM; * p< 0.05, ¥ p < 0.01, ** p < 0.001, *** p < 0.001. Statistical
significance refers to the comparison with the non-treated (pBSC) group.

These data also show that activation of specific CD8* T cells induced by DNA immunization
was not further significantly enhanced by adjuvants. High expression of immune checkpoints on
intratumoral CD8* lymphocytes after immunotherapy could be responsible for their relatively low
expression of [FN-y and TNF-c.

2.5, Immunotherapy Induced Pdarization of TAMs info M1 Mds

We monitored polarization of TAMs by staining of MHC-II molecules that are used as a marker
of M1 Mds. In flow cytometry analysis of TAMs, we distinguished cells with low and high MHC-II
expression (Figure 5A). In tumors of non-treated mice, the proportion of M2 Mds was more than
60% (Figure 5B). After DNA immunization, we found about 20% of M2 Mds and their proportion
further decreased after the addition of ODMN1826 and, or c=GalCer. iNOS and TME o« are other markers
of M1 M®=s [29]. However, iINOS expression was significantly increased only in the group with the
strongest M1 polarization, that is, after DNA immunization accompanied by ODIN1826 administration
(Figure 5C) and TNF-a expression was not enhanced after immunotherapy. TNE- o was produced by
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about 40-50% of TAMs but in tumors treated with DMNA immunization and ODMN1826 or anti-Tim:-3, its
expression was significantly reduced to 30-35% (Figure 5C}. Tim-3 blockade did not markedly promote
M1 polarization, although the Tim-3 receptor was expressed on about 30% of TAMs in non-treated
tumors and this expression was significantly augmented to 80-85% after administration of ODN1826

and/ or a-GalCer.
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Figure 5. Characterization of TAMs. After immunotherapy, TAMs weme isolated from tumors
and analyzed by flow cytometry. The experiment was performed as in Figure 3. (A) Gating of an
MHC-TI marker. (B) Overview of mean percentages of TAM subpopulations distinguished by MHC-II
expression. (C) Frequendies of iNOSY, TNF-o" and Tim-3* Mds; columns, mean of four samples.
TAM:= were also isolated from non-treated tumers and stimuilated in vitro. The nitrite (D) and TWE-x
(E} concentrations were measired in the supernatants by Griess reagent and ELISA test, respectively.
pM®s were used for comparison. Columns, mean of 3 independent experiments. Bars, + SEM;
o< 005 Y p < 001, Y pa 0001, M p o 00001 Statistical significance refers to the comparison with
the non-treated (pBSC)/ unstimulated group.
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To study the effect of ODN1826 on Mds, in vitro stimulations of TAMs and peritoneal Mds
{pMds) were performed. pMds are one of the best-studied M$ populations. They are characterized
by plasticity that allows them to acquire specific phenotypes upon stimulation with different cytokines.
The isolated pMds and TAMs were stimulated in vitro with ODN1982, ODN1826, ITFN-y and
anti-Tim-3 to investigate polarization to the anti-tumor M1 phenotype. We hoped to elucidate the
function of Tim-3 in this polarization as Tim-3 was shown to be expressed on the surface of elicited
pM®s from C56BL/6 mice [30]. For analysis of Md» stimulation, we used enzymatic activity of iNOS
and TNE-e production. Incubation with IFN-y together with lipopolysaccharide (LPS; a positive
control for M1 polarization) and with IFIN-y+ODN1826 led to the induction of iNOS expression
{Figure 5D} and secretion of TNF-at (Figure 5E} in both TAMs and pMds. ODIN1826 alone induced
production of TNF-o and slight activation of iNOS but only in TAMs. Blockade of Tim-3, stimulation
with IL-4 {used as a positive control for M2 polarization), or incubation with the control ODN1982 did
not influence activation of any M1 marker.

To summarize, these data show that TAMs were polarized in vivo into M1 Mds after combined
immunotherapy. Both TAMs and pMd= from nalve mice were polarized to the M1 phenotype upon
in vitro stimulation with the combination of ODN1826 and IFN-y but ODN1826 alone significantly
induced only TNF-o production in TAMs. Tin3 blockade did not influence M1 polarization.

2.6. Co-Culture of TAMs with TC-1/A9 Tumor Cells Enhanced iNOS and Arginase Activity

Expression of iNOS and arginase are hallmarks of M1 and M2 phenotypes, respectively [29].
In fact, litte is known about the modulation of activity of both enzymes with respect to the interaction
of TAMs with tumeor cells. To address this question, we performed co-culture experiments, where
TAMSs isolated from TC-1/ A%induced tumors were cultured in vitro with TC-1,/A9 cells in stimulation
variants comprising IFN-y, a TLR agonist (LP5 or ODIN1826) and anti-Tim-3, followed by measurement
of nitrite and urea concentrations (Figure 6), which are the reaction products of iNOGS and arginase,
respectively. Siimulation of co-cultures with IFN-y+LPS and IFN-y+ODN1826 resulted in further
enhancement of nitrite production in comparison to the production of this iINOS metabolite in TAMs
alone (Figure 6A). Moreover, co-culture of tumor cells with TAMs stimulated with either IFEN-v or
ODMN1826 significantly induced iNOS activity, while slight increase of nitrite production was detected
in TAMs stimulated alone. Blockade of Tim-3 in the co-cultures, either alone or in combination with
ODN1826 or IFN-v, did not affect iNOS activity. Nitrite concentration in co-cultures upon simulation
with IL-4 or control ODN1982 remained unchanged with respect to TAMs alone. These results indicate
that TC-1/A9 cells promoted the iINOS induction in TAMs activated by [FN-y or ODIN1826.
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Figure 6. In vitro modulation of iNOS and arginase activity in the co-culture of TAMs with TC-1/A9
cells. Co-cultures as well as control cells, i.e., TAMs and TC-1/A9 cells alone, were stimulated for
44 h. The nitrite concentration was determined by Griess reagent (A} and urea was quantified by the
microplate method (B). Columns, mean of thiee independent experiments; bars & SEM; **** p < 0.0001.
Statistical significance refers to the comparison of co-cultures with TAMs alone.
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In TAMs isolated from the TC-1/A%induced tumors, urea production was only augmented after
stimulation with IL-4 (Figure 6B, p < (.05}, a classical activator of the M2 phenotype. This effect was
markedly enhanced by co-culture of TAMs with TC-1/A9 tumar cells (Figure 6B). The co-culture alone
significantly enhanced urea production in TAMs and after stimulation of co-cultures with ODN1826,
further enhancement was recorded. IFN-y inhibited the stimulatory activity of co-culture. Blockade
of Tim-3 did not affect the arginase activity in co-cultures. The urea background in TC-1/A9 cells
was lower than in TAMs and was not influenced by any stimulation. In summary, co-culthure alone
stimulated arginase in TAMs. While IL-4 promoted this effect, IFN-y reduced arginase activity.

2.7. Enhancement of IFN~y Expression in Tumors Correlated with Induction of Idel Expression

Next, we analyzed immune reactions in the tumor microerwironment by RT-qPCR. As we
induced only temporary inhibition of tumor growth by combined immunotherapy, we supposed
that immunosuppressive mechanisms outperformed antitumor immunity during tumor development.
Therefore, we focused this analysis on the expression of some genes that could be associated with
immunocsuppression, namely Tgfbl and 1110 producing cytokines TGF1 and IL-10, respectively,
Foxp3 that is activated in Treg cells, Idol and Argl encoding enzymes indoleamine 2,3-dioxy genase 1
{IDO1) and arginase 1, respectively and Ngfl coding for the p47{phox) subunit of the inducible
NADPH oxidase type 2 (NOX2) produced in myeloid derived suppressor cells (MDSC) and Treg
cells. The expression of Ifig encoding [FN-v was also tested. The highest induction of expression after
immunotherapy was found for Idel and Ifig (Figure 7). Despite high variability, the expression of these
two genes significantly correlated (Figure 7). The expression was also increased for 1110 and Foxp3 but
when compared with the pBSC-treated group by multiple comparisons, no significant difference was
observed. These data suggest that IFN-y induced by immunotherapy initiated not only activation
of anti-tumor reactions but also immunosuppression that was mediated particularly by IDO1 in the
humor microenvironment.
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Figure 7. Analysis of gene expression in tumors by RT-qgPCE. The experiment was performed as in
Figure 3. Columns, mean of 4-6 samples; bars, &£ SEM;* p< 0,05, ** p< 001, **p < 0.001, ¥** p < 0.0001.
Relative expression and statistical significance refer to the comparisons with the non-treated (pBSC)
grotip. The inserted graph shows the correlation between Ifitg and Idol expression

3. Discussion

It is increasingly evident that highly efficient cancer immunotherapy must include activation
of both adaptive and innate immunity accompanied by the inhibition of immunosuppressive
mechanisms [31-33]. In this study, combined immunotherapy was designed to target tumors induced
by subcutaneous (s.c.) injection of mouse oncogenic TC-1/A9 cells, characterized by reversible
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downregulation of MHC-T molecules. Since, in our previous studies, we had demonstrated that
TC-1/ A% induced tumors were pootly sensitive to DNA vaccination against the E7 oncoprotein [54]
and in tumors developed from parental TC-1 tumor cells, the effect of DNA immunization was
markedly enhanced by systemic delivery of ODN1826 ar LMS [35], we tested these immunostimulatory
drugs against MHC-Fdeficient TC-1/A9 cells in this study. Moreover, as we identified a substantial
proportion of NK and NKT cells in immune cells infiltrating TC-1-induced tumors [36], we also
evaluated the effect of ODN1585 used for the activation of NK cells and a-GalCer inducing NET cells.

After the initial screening of four immunostimulatory drugs combined with DNA immunization,
we performed our next experiments with the two most efficient compounds, ODN1826 and a-GalCer.
As their primary target cells are different—TLR-%-expressing cells, mainly Mds, DCs and NK cells
for ODIN1826 and iNKT cells for a-GalCer—we hoped for their possible synergistic or additive effect.
We found that both ODN1826 and «-GalCer had to be combined with DNA immunization for the
induction of anti-tumor effect. Reinis et al. demonstrated the anti-tumor effect of monotherapy
with immunostimulatory drugs against TC-1/A9 cells but they applied ODN1826 or ODNI1585
intratumeorally [37] or administered B-GalCer intraperitoneally {Lp.) in different dosage and timing
protocols [36]. A mix of ODIN1826 and a-GalCer did not promote DINA immunization more efficiently
than single adjuvants. Only when the number of adjuvant doses was increased from three to five or
when three adjuvant doses were administered with a one-week delay after DNA immunization, tamor
growth was further inhibited but this reduction was transient. The delayed delivery of adjuvants
probably enables activation of adaptive immunity induced by DNA vaccination that subsequently
cooperates with innate immunity stimulated by adjuvants [358]. This enhancement is similar to the
impact of delayed PD-1/FD-L1 blockade [36,39].

Given that most cells infiltrating TC-1 tumors are M2-polarized Medps [40] that produce the Tim-3
receptor (our unpublished result), we included the Tim-3 blockade into our combined immunotherapy
in order to support the activity of adjuvants in M1 polarization of TAMs. As this polarization into
the anti-tumorigenic phenotype could substantially contribute to the anti-tumor effect irrespective of
MHC-I expression on tumor cells, this study focused on repolarization of TAMs and their involvement
in anti-tumor immunity in this study. However, we found only weak and inconsistent effect of
anti-Tim-3 treatment on anti-tumor response. Moreover, flow cytometric and functional in vitro
analysis of TAMs did not show any benefit of Tim-3 blockade for M1 polarization and anti-humor
stimulation of TAMs.

In an attempt to detect cells and mechanisms contributing to temporary tumor regression, we
analyzed the tumor microenvironment during this period. In comparison with non-treated mice,
all detected populations of lymphoid and myeloid cells were increased after DNA immunization.
Following the addition of ODN1826 and/or o-GalCer, CD8™* T cells in particular were further
increased. When we tested the systemic activation of E7-specific CD8* T cells by DNA immunization,
we found a weak enhancement induced by ODN1826 but o-GalCer rather reduced this response,
which corresponded to results obtained after the combination of x-GalCer administration with DNA
vaccination against Trypanosoma cruzi trans-sialidase surface antigen [41]. Repeated administration of
ee-GalCer could be responsible for the impairment of immunity induced by a DINA vaccine [42].

In vivo depletion and neutralization showed an involvement of CD8* T cells, NK1.1* cells and
IFN-v in anti-tumor immunity induced by both ODN1826 and o-GalCer. However, TAMs were
only necessary for the anti-tumor effect elicited by ODN1826 stimulation. Which cells directly killed
tumor cells is doubtful. Despite MHC-1 downregulation in oncogenic TC-1/A9 cells, these cells could
be a target for CD8* T cells because MHC-] expression has been upregulated in vive [34]. However,
Bercovici and Trautmann challenged the idea that the main function of CD&* T cells in tumor regression
is direct tumor cell killing [43]. Instead, they proposed a role of Mds and neutrophils in this process
and supported their suggestion experimentally in the TC-1 tumor model [27]. In that study, they
showed a dynamic cooperation between CD&* T wells and myeloid cells in the microenwironment
of regressing tumors and demonstrated killing of tumor cells by TAMs via TNF-a production and
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phagocytosis. Similar results showing cooperation between CD8* T cells and TAMs and a critical role
of TAMs in elimination of TC-1-induced tumors were also observed in another study after vaccination
with peptides [44].

Further flow cytometric analysis of CD8* T cells from regressing tumors showed increased
production of IFN-y and TNF-a after immunotherapy but only in a small portion of cells and
no difference was found between DNA immunization and combined immunotherapy. Increased
PD-1 expression suggests that most cells were activated by immunotherapy but as the majority
of these cells also expressed Timr3, they were probably exhausted [45] Additionally, other
immunosuppression mechanisms may have outweighed the induced anti-tumor reactions, such
as PD-L1 and DO expression (found by RT-qPCR analysis) that may have been induced by IFN-y
elicited by immunotherapy.

In parallel to the in vivo experiments, we tested the in vitro activation of Mds by ODN1826,
anti-Tim-3 and IFN-y that were supposed to mimic the in vive immunotherapies. Besides TAMs
isolated from TC-1/A%induced tumors, pMds were examined in these experiments as the reference
cells. We observed that neither IFN-y nor ODN1826 could significantly induce iNOS in both types of
Mdes but their combination resulted in high NO production. This result corresponds to the concept of
‘priming’ by IFN-y and "triggering’ by various TLE agonists, indicating that M® activation requires
two signals for inducing iNOS activity [46,47].

TNE- is a pro-inflammatory cytokine, which can negatively regulate the expression of M2
M genes, both in vivo and invitro [45]. In contrast to the high amounts of TNF-o produced by
TAMs and pMds upon stimulation with IFN-y plus the TLR ligand, ODN1826 differently affected
these Md» populations in our in vitro experiments. We observed low amounts of TNF-a secreted by
ODN1826-activated pMds, while ODN1826-activated TAMs produced bulk of this cytokine. This
result suggests that different mechanisms govern the production of TNF-u in both types of Mds,
which may be ascribed to the functional heterogeneity of these cells or presence of mechanisms that
neutralize TNF-a in a long-term culture of ODN1826-activated pMds [49].

Despite the growing evidence of NO contribution to Md-mediated tumor cell killing [24,25],
the role of this molecule in cancer remains controversial, as its pro- or anti-tumor activities depend
strongly on concentration [50]. To delineate hosw humor cells can affect NO production by Mdrs, we
set up co-culture experiments of TAMs with TC-1/A9 cells. Additionally, we tested arginase activity
as this enzyme competes with iINOS for arginine but performs antagonistic activity [17] or may
work as the iNOS modulator to overcome the exacerbating NO production [51,52]. In culture with
tumor cells, TAMs produced significantly more NO than in mono-culture, provided that they were
simultaneously challenged with IFN-y plus TLR agonists. Tumor cells also induced iNOS activity
in IFM-y- or ODMN1826-stimulated TAMs. However, whether such activated TAMs are tumoricidal
remains questionable. As previously reported, tumor cells can provide a co-stimulatory signal for
increased NO production by activated pMds but this NO enhancement did not correlate with
oy totoxicity exerted on tumor cells in vitro [53]. Furthermore, while in in vive immunotherapies
against TC-1-induced tumors, NO did not affect the tumor regression [27], NO produced by in vitro
activated pMds can act as one of the cytotoxic mediators against tumor cells [24,25]. On the other
hand, tumor cells may also suppress NO production by pMds [22].

In our study, arginase activity in TAMs seemed to be upregulated more easily than INOS. While
NO production in co-culture with TC-1/ A9 cells was limited to the simultaneous stimulation with
[FN-vy, the TLR ligand, or their combination, arginase activity in TAMs was upregulated by co-culture
with tumor cells regardless of further stimulation. We hy pothesize that such arginase upregulation
may be either due to more efficient arginine utilization by M2 M®s [17] or influenced by the presence
of other cell types, which were detected in the adherent population of CD45% cells, A recent study has
described a CD11b*Gr1*F4,/ 80~ cell subpopulation that adheres strongly to the plastic surface but is
unable to differentiate into TAMSs and additionally resembles more MDSCs than Mdes [54]. Although
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the authors do not report on whether this cell subpopulation expresses either of the enzymes studied
in our experiments, it is well established that MDSCs can upregulate arginase but also iNO5 [55].

Mdrs are gaining increasing interest as they are numerous in tumors and possess potential
for adaptation to perform anti-tumor activities. In this study, we showed that TAMs isolated from
TC-1/A%induced tumors are plastic cells that can be polarized to the M1 phenotype by combined
immunotherapy that is efficient against tumor cells with reduced MHC-I expression. Thus, TAMs
should not be neglected when designing the immunotherapy against tumors with downregulated
MHC-I molecules.

4. Materials and Methods
4.1. Preparation of Reagents and Media

The TLE-9 agonists ODN1826 (class B; TCCATGACGTTCCTGACGTT) and ODN1585
{class A; GGGGTCAACGTTGAGGGGG) carrying immunestimulatory CpG motifs and a negative
control, ODN1982 (TCCAGGACTTCTCTCAGGTT) without CpG motifs, were synthetized with a
phosphorothicate-modified backbone {Generi Biotech, Hradec Kralove, Czech Republic) and dissolved
in phosphate-buffered saline (PBS; ODN1826 and ODIN1982) or deionized water {ODIN1585). o-GalCer
{Abcam, Cambridge, UK, ab144262) was solubilized in dimethyl sulfexide (DMSO; Sigma-Aldrich,
5t Louis, MO, USA) by heating at 80 *C for 20 min and sonication in an ultrasonic bath until
complete dissolution.

TC-1/ A9 cells weme grown in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM;
Sigma-Aldrich, 5t Louis, MO, USA, D6429) supplemented with 10% fetal bovine serum (FBS; Biosera,
MNuaille, France, FB-1090} and 100 U/mL penicillin and 100 pg/mL streptomy cin (DMEM-K). Md=
were maintained in DMEM F12 medium (Biosera, Nuaille, France LM-D1222) with 10% FBS and
antibiotics as mentioned above (DMEM F12/10).

4.2 Mice

Seven- to eightweek-old female C57BL/6NCrl mice (Charles River, Sulzfeld, Germany) were
used in the immunization experiments. Animals wene maintained under standard conditions and in
accordance with the guidelines for the proper treatment of laboratory animals at the Animal Facility
of the Czech Center of Phenogenomics (BIOCEV, Vestec, Czech Republic). All animal experimental
procedures were carried out in compliance with Directive 2010/63/EU and animal protocols were
approved by the Sectoral Expert Committee of the Czech Academy of Sciences for Approval of Projects
of Experiments on Animals (reference number 46/2016, 16th May 2016).

4.3, Tumor Cell Line

Tumor development in mice was induced with the TC-1/A9 clone [34] that was derived from
mouse TC-1 cell line. TC-1 cells were generated by transformation of primary C57BL/6 mouse lung
cells with the HPV16 E6/E7 oncogenes and activated H-ras [56]. From a TC-1-induced tumor that
developed in a mouse preimmunized against the E7 antigen, the TC-1/A9 clone was selected based on
a reduced surface expression of MHC-I molecules. This MHC-1 dewnregulation is reversible and can
be restored with the IFN-y treatment [24].

4.4, Plasmids

The pBSC [57] and pBSC/PADRE.EFGGG [58] plasmids were used for immunization of mice.
The PADREEFGGG fusion gene consists of the mutated HFV16 E7 gene (EFGGG) containing
three-point mutations resulting in substitutions D21G, C24G and E26G in the Rb-binding site of
the E7 oncoprotein [57] and the sequence encoding the Pan DR helper epitope (PADERE) designed
in silico [59]. The plasmids were transformed into competent E. coli XL-1 blue strain, cullured in
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Luria Broth Medium with 100 pg/mL of ampicillin and purified with the NucleoBond Xtra Maxi Kit
(Macherey-Nagel, Duren, Germany, 740414},

4.5, Combined Immunotherapy Experiments

C57BL/ 6NCrl mice {five per group) were challenged with 3 x 10* TC-1/ A9 tumor cells suspended
in 0.15 mL PBS by s.c. injection into the back under anesthesia (day 0). Mice were immunized with
the pBSC/PADRE E7GGG plasmid by a gene gun (Bio-Rad, Hercules, CA, USA) on days 3, 6 and 10
after tumor-cell inoculation. DINA vaccination was applied at a discharge pressure of 400 psi into the
shaven skin of the abdomen. Each immunization consisted of two shots delivering together 2 pg of
plasmid DNA. The empty pBSC plasmid was used as a negative control,

The immunized mice were injected Lp. with four different vaccine adjuvants dissolved in 200 pL
PBS. ODN1826 and ODN1585 were administered at a dose of 50 pg, LMS5 (Sigma-Aldrich, 5t. Louis,
MO, USA, 1.9756) at a dose of 20 pg and o-GalCer at a dose of 2 pg. Some groups of mice were injected
i.p. with 200 pg/ 200 ul PBS of anti-Tim-3 monoclonal antibody (clone RMT 3-23; Bio X Cell, West
Lebanon, NH, USA). Control mice received PBS. The immuncstimulatory compounds ODMN1826 and
a-GalCer were also administered in a mix. Different schedules and numbers of doses in combined
immunotherapy were tested as specified for each experiment.

In the depletion experiments, the following doses of monoclonal antibodies (Exbio, Prague,
Czech Republic) were injected i.p.: 100 pL of anti-CD4 (clone GK1.5), 100 pL of anti-CD8 (clone 2.43)
and 400 pL of anti-NEL1 (clone PE136). To deplete Mds, 1 mg of carrageenan IV (Sigma-Aldrich,
5t. Louis, MO, USA, 22049) dissolved in 200 L PBS was inoculated i.p. [60]. Neutralization of IFN-v
was achieved with 300 pg of monoclonal antibody per mouse (clone P4-6A2, Bio X Cell, West Lebanon,
NH, USA). Depletions and neutralizations were performed on days 4, 7, 11, 14, 18 and 21 after
tumor-cell inoculation.

Tumor growth was monitored three times a week and tumor volume was calculated using the
formula {m/6) (s = b x ), where a, b, care length, width and height of the fumor.

4.6, Isolation of TAMSs

For in vitro experiments on TAMs, C57/BL/6NCrl mice were injected s.c. with 3 x 10° TC-1/ A9
cells. Nor-necrotic tumors were excised as soon as they reached 10 mm in diameter (i.e., on days 13-14).
To obtain single-cell suspension, removed tumors were washed in PBS, cut into <3 mm pieces and
disaggregated with 1 mg/mL collagenase NB 8 (SERVA, Heidelberg, Germany, 17456) and 100 pg/mL
DNase I (SERVA, Heidelberg, Germany, 18535) in RFMI-1640 medium {without FBS) at 37 °C using
a gentleMACS Octo Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany). The obtained cell
suspension was filtered through a 70-pm mesh (Miltenyi Biotec, Bergisch Gladbach, Germany). Red
blood cells were lysed with the ACK buffer (0.15 M NH,Cl, 10 mM KHCO;, 0.5 M EDTA, pH7.2-7.4),
which was followed by positive selection of CD45* cells using anti-CD45 antibody-conjugated magnetic
beads (Miltenyi Biotec, Bergisch Gladbach, Germany, 130-097-153) and an autoMACS Pro Separator
device (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instruction.
The selected CDM5* cells were plated on a 10-cm dish at a concentration of 1.5 x 10F cells/mL adjusted
with the complete DMEM F12/10 medium and allowed to adhere to the plastic at 37 °C and 5% CO, for
34 h. Then, the non-adherent cells were removed by extensive washing with warm PBS. The adherent
cells were collected by gentle scraping in cold 10 mM EDTA /PBS and 5 x 105 cells per well were
plated into a 24-well plate in complete DMEM F12/10 medium. The cells were incubated at 37 *Cand
5% COy; overnight for the subsequent in vitro experiments.

4.7. Isolation of pMds

Peritoneal cells were collected by peritoneal cavity lavage. C57BL/6NCrl mice were injected i.p.
with 1 mL of 3% Brewer thioglycolate broth (Sigma-Aldrich, 5t. Louis, MO, USA, 70157) 96 h prior
collection. phdbs were enriched by adhesion to plastic for 3 h by plating 5 x 10° cells perwell into a
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24-well plate containing 750 L. of DMEM F12/10. Nen-adherent cells were removed by washing with
warm PBS and adherent cells were incubated in a fresh medium at 37 °C and 5% CO, overnight.

4.8, In Vitro Stimulations of TAMs and pMds

For in vitro stimulations, cells were cultured in a final volume of 1 mL of DMEM-K in a 24-well
plate. Different variants of cell activation were tested with the following concentrations of reagents:
5 ug/mL of ODNs, 10 pg/mL of LMS, 10 ug/mL of anti- Tim-3, 10 ng/mL of LPS {Sigma-Aldrich,
St. Louis, MO, USA, 1L4391) and 200 U/mL IFN-y { PeproTech, Rocky Hill, NJ, USA, 315-05). Stimulation
with LPS+IFN-y served as a positive control for M1 Mds and activation of Mds to M2 type was
achieved by incubation with 25 ng/mL IL-4 {PeproTech, Rosky Hill, NJ, USA, 214-14). Unstimulated
cells served as a negative control. pMds were stimulated for 72 h and TAMSs for 48 h. Supernatants
were collected, centrifuged for 5 min at 350x g and used in aliquots for NO and TNF-cx assays.

4.9, NO Measurement

NO was determined by measurement of its stable metabolite NO, ™~ in supermatants by Griess
reagent composed of (1.2% naphthylethylenediamine dihy drochloride (Sigma-Aldrich, 5t. Louis, MO,
USA, 222438) and 2% sulphanilamide (Sigma-Aldrich, 5t. Louis, MO, USA, 59251) in 5% phosphoric
acid. Equal volumes of the supernatant from in vitro cell stimulations and Griess reagent were mixed
and incubated in the dark at room temperature (RT) for 10 min. The absorbance was measured at
540 nm using a microplate reader (Tecan, Mannedorf, Switzerland). The nitrite concentration was
determined by using the standard curve of sodium nitrite (0-100 uM; Sigma-Aldrich, St. Louis, MO,
USA, 31443),

4.10. TNF-« Enzyme-Linked Inmiunosorbent Assay (ELISA)

TNEF-o concentration was determined in the supernatants from in vitro cell stimulations using
sandwich ELISA (eBioscience, San Diego, CA, USA, 88-7324-22) according to the manufacturer’s protocol.

4.11. IEN--y Enzyme-Linked Immunospot (ELISPOT) Assay

An IFN-y ELISPOT assay was performed on mononuclear cells isolated from pools of splenocytes
(3 mice per group) according to the protocol described previously [36]. Cells were incubated witheither
0.1 pg/mL of the E7 g9 e peptide (RAHYNIVTE, > 96% pure; Clonestar Biotech, Brno, Czech Republic)
derived from the HFV16 E7 oncoprotein or 1 ug/mL of the PADRE peptide (AKFVAAWTLEAAA,
>81% pure; GenScript, Fiscataway, NJ, USA) at 37 °C in 5% CO2 for 24 h.

412, Co-Culture of TC-1/A9 Tumor Cdls with TAMs

TAMs from TC-1/ A% induced tumors were isolated according to the protocol decribed above.
The concentration of the collected adherent cells was adjusted to 1 = 106 cells/ mL with DMEM F12/ 10
and 100 pL of this cell suspension was distributed into the 96-well plate and incubated at 37 *C in
5% CO, for the subsequent co-cultume experiments. On the next day, the adherent cells were washed
with warm PBS and some of them were overlaid with 1 x 10¢ TC-1/A9 tumor cells in 100 pL of
DMEM-EK. Control cells, that is, TAMs without tumor cells and TC-1/ A9 cells alone, were incubated
in DMEM-K as well. After the adhesion of TC-1/A9 cells, the cells (ie., TC-1/A9, Mds and their
co-culture) were washed with PBS and subsequently 100 pL of simulatory compounds with the
concentrations described above were applied for the next 44 h. Afterwards, the supernatants were
collected for the measurement of nitrite by the Griess reagent and the cells were washed with PBS
for the arginase microplate assay. Incubation of DMEM-K with stimulatory compounds without cells
followed by measurement with the Griess reagent was performed in order to eliminate the interference
with this reagent.
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4.13. Arginase Microplate Assay

Arginase activity was measured in terms of urea quantification using the microplate method [51]
onl x 10° of TAMs, 1 x 10 of TC-1/A9 cells, or their co-culture after 44-h stimulation. The absorbance
was measured at 540 nm using a microplate reader and the urea concentration was calculated using
the calibration curve ranging from 0 to 320 pg/mL.

4.14. How Cytometry

The preparation of a single cell suspension from a tumor tissue was performed as described
previously [36] (see also isolation of TAMs). Four panels of fluorescent-labeled antibodies were used to
identify the main cell populations infiltrating the tumor (Table 1). Staining was performed in 96-well
plates. Prior to surface staining, the cells were stained for viability with Fixable Viability dye eFluor
4551V (eBioscience, San Diego, CA, USA, 65-08658-14) in PBS. Staining of surface markers was followed
by a fixation and permeabilization step if needed. To detect the nuclear Foxp3 transcription factor, the
cells weme treated with the Fixation/ Permeabilization Concentrate (eBioscience, San Diego, CA, USA,
0-5123-43) diluted 1:3 with the Fixation /Permeabilization Diluent {eBioscience, San Diego, CA, USA,
(0-5223-56). Cytokine and iNOS production were observed after incubation with the IC Fixation buffer
{eBioscience, San Diego, CA, USA, 00-8222-49). In both cases, a washing step with the Permeabilization
buffer (eBioscience, San Diego, CA, USA, 00-8333-56) followed the fixation and permeabilization.
Subsequently, the cells were measured on an LSRFortessa (BD Biosciences, San Diego, CA, USA) flow
cytometer and the results were analyzed with Flow]Jo v10.4.2 software (BD Biosciences, San Diego,
CA, UsA).

Table 1. List of antibodies used for flow cytometry.

Antigen Conjugate Clane Source Staining Panels

ol BVidzl Mil/70 Biclegend, 101251 Surface L] [ ]
i BV&s0 Ndls Biclegend, 117339 Surface L ]

25 APC PCALls eBioscienaes, 17-0051-51 Surface L]

Cha APC-Cy7 1452011 Biclegend, 100330 Surface - - - L ]
Chalr APC el BioLegend, 177015 Surface

Cid EVsio EMi-s BicLegend, 100559 Surface L] L]

CIods Alexa Fluor 700 30-F11 BioLegend, 103128 Surface - . ] [

CDe FITC 5367 B Bicscishoess, 553051 Surface - - -

Fdys0 BVs10 Bbds Biclegend, 123135 Suirface -

Foxp3 PE HK-15s ﬁgmamﬁ&mmwm Nuclear L]

!

Grl PE/BV7ES # EB&-5C5 Bio =, FADSED 4 Surface L] *
IFM-y BVidzl XMGL2 B Bicsciehces, 563376 Intracellular L]
MHCI  PerCP-Cyss/PECyr ¢ Ms/ildlsz | oo f,;:::h’fm@ o S . *
NE1.1 BV&s0 PK134 Biclegend, 108735 Suirface - L]

iNOS Alexa Fluor 458 ONFT eBiosclenaes, 53-5920-80 Intracellular .
Nepl BVd21 IE12 BicLegend, 145209 Suirface -

PD-1 PEC ME1ALz 135215 Surface L]

Tien-3 hl’g] FMT323 wﬂm&mﬂ, 118708 Surface [ ] ]
THF PE-DAZZLES 2 MPeXT22 Biclegend, 506345 Intracellular - -

® %, antibody present in a panel

4.15. Quantification of mENA Expression by RT-4PCR

Specific primers for the detection of target genes (Table 2) were designed and evaluated with SYBR
green chemistry by the Gene Core-qPCR and dPCR Core Facility (BIOCEV, Vestec, Czech Republic),
which also performed all qPCR reactions. As reference genes for normalization, Thp (TATAA-box
binding protein), Yohas (Tyrosine 3-tryptophan 5-monooxygenase activation protein) and Rplp
(Ribosomal protein P(, large) were selected from the Reference Gene Panel (Mouse) (TATAA Biocenter,
Goteborg, Sweden, A102). For the selection of these genes with the most stable expression, 36 tumors
induced by TC-1 or TC-/ A9 cells were utilized. To ensure variability of the tumor microenvironment
with respect to immunotherapy, some mice were treated with DNA immunization, LMS, ODN1826,
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ODMN1585, carrageenan, or antibody against [FIN-y as described above. After the excision of tumors
from mice, a representative part of samples was immediately placed into the ENAlater Solution
{Thermo Fisher Scientific, Waltham, MA, USA, AM7021) and stored at 4 °C for a maximum of 14 days
prior to RNA isolation. Then, samples were disrupted by a rotor-stator homogenizer (Omni TH,
Kennesaw, GA, USA) in alysis buffer from the NucleoSpin RNA kit (Macherey-Nagel, Duren, Germany,
740955) and total RNA was isolated. One microgram of RNA was reverse transcribed in a 20-pL.
reaction using the TATAA GrandScript cDNA Synthesis kit (TATAA Biocenter, Goteborg, Sweden,
A103b} according to the manufacturer’s instructions. The amplifications of cDNA of the target genes
and three reference genes were done simultaneously in duplicates in a 384-well microplate format of
the LightCycler 480 Real-Time PCR System (Roche Diagnostics, Basel, Switzerland). Ten microliters
of the reaction solution contained 1% TATAA SYBR Grandmaster mix {TATAA Biocenter, Goteborg,
Sweden), 400 nM of each of primer and 2 pL. cDNA (diluted 10x). The standard program was used
(95 °C for 30 s followed by 40 cycles of 95 °C for 5 s, 60 °C for 15 s, 72 °C for 10 = and melting
curve). For the control of the genomic DINA background, the ValidPrime assay (TATAA Biocenter,
Goteborg, Sweden) was done. The data processing and relative quantification of mRINA expression
were performed using the GenEx v6 software (TATAA Biocenter, Goteborg, Sweden).

Table X List of target genes and primer sequences for gPCR assays.

Target Reference Sequence . " ! . i Amplicon
e {NCBI D) Forward Primer 5 — 3 Reverse Primer ¥ — 3 bp)
Ing WNM_i08337.4 TTCCTCATGGCTGTT TCTGG CACCATCCTTTTIGCCAGTTC 148
Idal NM_001293600.1 GTCTOGAGAAACCCAAGGAA ATATOCCGAGAACCTOGAAA 81
o NM_010548.2 CGETGAGAAGCTCGAAGACCOC ATGGCCTTGTAGACACCTTG 137
Foxpa NM_001199347.1 ACCTCGCTGCCAAGATG TOCCGAGGAGCAGACTC 124
Nt NM_010frad TGTTCCTGGTTAAGTGGCAG GGTGTGGGATGACTCTGTTC 144
Tebl NM_011s7.2 TCAGACATTCGGGA AGCAG AAGCTAACGCCACGAATTCT 136
Argl NM_00rdszs ATGGA AGAGTCAGTGTGETG GECAGTCTTGATGTCAGTET 128
MCEL Mational Center for Bio Information; Ifng, interfern gamma; Ided, indoleamine 2, 3-dimy genase 1;

110, interleukin 10; Foxpd, forkhead boo P3; Nofl, neutrophil cytosolic factor 1; Tgftd, transforming groneth factog
beta 1; Argd, arginase, liver

4.16. Statistical Analysis

Tumor growth was analyzed by bwo-way analysis of variance (ANOVA) and Sidak multiple
comparisons. Intergroup comparisons from flow cytometry and in vitro stimulations of peritoneal
cells and CD45™ adherent cells were made by one-way ANOVA and Dunnett multiple comparisons.
Co-culture and RT-qPCR experiments were analyzed by two-way ANOVA and Dunnett multiple
comparisons. The Spearman coefficient was calculated for the analysis of the correlation between
Ifng and Idol expression. Results were considered significantly different if p < 0.05. Calculations were
performed using the GraphPad Prism 6 softwame (GraphPad Software, San Diego, CA, USA).

5. Conclusions

This study demonstrates that for immunotherapy of tumors with MHC-T dewnregulation, the
combined activation of both adaptive and innate immunity is needed. Despite negligible sensitivity
of these tumor cells to DINA immunization, CD&* T cells activated by immunization played an
important role in the anti-tumor response elicited by combined immunotherapy. In addition, NK1.1*
cells and Mds repolarized to the M1 phenotype were involved in the inhibition of lumor growth.
However, Tim-3 blockade did not significantly contribute to the anti-umor effect. As tumor growth
was reduced only transiently, further efforts should enhance the combined immunotherapy to handle
immunosuppression that probably prevailed in progressing tumors.

Supplementary Mate rials: Supplementary materials can be found at http:/ fwww.mdplcom,/1422-0067 /1911 /
3693 /51,
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Abstract. In the majority of human tumors, downregula-
tion of major histocompatibility complex elass I (MHC-I)
expression contributes to the escape from the host immune
system and resistance to immunotherapy. Relevant animal
models are therefore needed to enhance the efficacy of cancer
immunotherapy. As loss of B-2 microglobulin expression
results in irreversible downregulation of surface MHC-I
melecules in various human tumers, the §-2 microglobulin
gene (B2m) was deactivated in a mouse oncogenic TC-1 cell
line and a TC-1/dB2m cell line that was negative for surface
MHC-I expression was derived. Following stimmlation with
interferon y, MHC-I heavy chains, particularly the H-2D"
melecules, were found to be expressed at low levels on the
cell surface, but without -2 microglobulin. B2m deactivabion
in TC-1/dB2m cells led to reduced proliferation and tumeor
growth. These cells were insensitive to DNA vaccination and
only weakly responsive to combined immunctherapy with a
DNA vaccine and the ODN1826 adjuvant. fn vive depletion
demonstrated that NK1.1* cells were involved in both reduced
tumor growth and an antitumor effect of imnmnotherapy.
The number of immune cells infiltrating TC-1/dB2m-induced
tumors was comparable with that in tumors developing from
TC-1/A9 cells characterized by reversible MHC-I down-
regulation. However, the composition of the cell infiltrate was
was not increased in TC-1/dB2m tumors after imnmmotherapy.
Therefore, the TC-1/dB2m cell line represents a clinically
relevant tumor model that may be nsed for enhancement of
cancer immunotherapy.
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Introduction

During tumer development, oncogenic cells are under the
surveillance of the host immune system. This leads to the
selection of cells with adaptations that confer a survival
advantage (1). The reduced expression of surface major histo-
compatibility complex class I (MHC-I) molecules is one of
the most frequent mechanisms of evasion from Immune reac-
tions in different human tumers, ranging from 15% in renal
carcinoma to 93% in ung cancer and >75% in most types of
epithelial-derived tumors (2). The majority of MHC-I aberra-
tions are reversible and are often associated with defects in the
antigen-processing machinery (APM). In that case, reduced
MHC-I expression is usually caused by epigenetic silencing
of the genes coding for MHC-I heavy chams or APM compo-
nents (3) and may be restored by cytokines [e.g., interferon
(IFN)-y or tumor-necrosis factor (TNF)-a]. Mutations or
chromosomal aberrations that affect genes encoding MHC-I
heavy chains, -2 microglobulin, proteins regulating MHC-I
expression, of APM components, are responsible for the
wrreversible changes in surface MHC-I expression detected in
approximately one-third of human tumors (4). An analysis of
genomic datasets generated from thousands of solid tumeors
including samples of 18 tumer types revealed an association of
immune cytolytic activity based on granzyme A and perforin
expression with mutations in the invariant MHC-I chain (-2
microglobulin) and MHC-T (HLA) loci (5), further confirming
that reduced production of MHC-T molecules is an important
mechanism of tumor imnmune evasion. However, despite the
frequency and clinical importance of MHC-I downregulation,
overcoming this escape mechanism by cancer immunotherapy
has not been sufficiently investigated.

The efficacy of cancer immunotherapy may be enhanced
by a combination of different immunotherapeutic approaches
that include activation of both adaptive and innate immunity
and inhibition of immunosuppressive mechanisms (6,7). Such
combinations have achieved a notable antitumor effect in
preclinical models (8 9). However, although some mechanisms
contributing to the antitumor effect are MHC-I-independent,
the association of MHC-I expression en tumer cells with treat-
ment efficacy has net been investipated. In our previcus study,
we examined combined immunotherapy of tumors induced in
mice by the TC-1/AD cells characterized by reversible MHC-I
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downregulation (10), and found that the combination of DNA
immunization with exther a-galactosylceramide (GalCer) or the
synthetic olizodeoxynucleotide ODN1826, carrying immung-
stimulatory CpG motifs, induced temporary tumer regression.
CD8* T cells, IFN-vy, and NEK1.1* cells were involved in this
response. For ODN1826, antitumeor activity of Ml-polarized
macrophages was also suggested.

In the present study, TC-1/dB2m cells with a deactivated
fi-2 microglobulin gene (B2m) were developed as a model of
tumor cells with irreversible MHC-I downregunlation in order
to examine tumeor growth, immune cell infiliration and sensi-
tivity to immunotherapy by DNA vaccination combined with
ODN1826 injection.

Materials and methods

Animals. A total of 250 female C57BL/6NCrl mice
(7-8-weeks-old and weighing 17-22 g) were obtained from
Charles River Laboratories to be used in animal experiments
after at least 2 weeks of acclimatization. The mice were housed
(n=5 per cage) and maintained under specific pathogen-free
conditions and a 12/12-h light/dark cycle in a tempera-
ture-controlled room (20-24°C) with a relative humidity of
50-60%. The animals had access to food and water ad libitum.
Al animal handling procedures complied to the guidelines for
the proper treatment of laboratory animals at the Czech Center
for Phenogenomics (BIOCEV).

Cell lines. TC-1 tumor cells (Cellosaurus ID: CVCL_4699;
kindly provided by T-C. Wu, Johns Hopkins University)
were prepared by transformation of C57BL/6 mouse primary
hing cells with buman papillomavirus (HPV) 16 E&/E7 anco-
genes and activated H-ras (11). TC-1/AD cells with reversibly
downregulated MHC-I expression were derived from TC-1
cells as described previously (12). The cells were grown in
high-glicose Dulbecco's modified Eagle's medmm (DMEM;
Sigma-Aldrich; Merck KGaA) supplemented with 10% fetal
bovine serum (Biosera), 2 mM L-glutamine, 100 Ufml pen-
cillin and 100 pg/ml streptonmycin.

Plasmids. The pBSC (13) and pBSC/PADRE ETGGG (14)
plasmids were used in immunization experiments. The
pBSC/PADRE E7GGG plasmid contains the HPV16 E7
oncogene with three point mutations in the pRb-binding site
(ETGGG) (13) and the helper Pan HLA-DR reactive epitope
(PADRE) designed in silico (15).

Deactivation of B2m with the CRISPR/Cas9 system. The
deactivation of the B2m gene was performed with the GeneArt
CRISPE. Muclease Vector Kit (Thermo Fisher Scientific,
Inc). The target site 53'-CCGAGCCCAAGACCGTCTAC-Y
located in exon 2 was designed using an online software
(http:ferispr.mit edu/) and cloned into the CRISPR. nuclease
vector as the corresponding annealed oligonucleotides
synthetized by Integrated DINA Technologies. The resultant
plasmid was mmltiplied in Escherichia coli XL-1 Blue cells,
isplated by the NucleoSpin Plasmid Eit (Macherey-Nagel),
and verified by sequencing with the BigDye Terminator
v3.l Cycle Sequencing Kit (Applied Biosystems, Thermo
Fisher Scientific, Inc). This plasmid was transfected into
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TC-1 cells by Lipofectamine 2000 (Invitrogen; Therme Fisher
Scientific, Inc ). The cells carrying the transfected vector were
selected by magnetic beads (Dynabeads FlowComp Human
CD4; Thermo Fisher Scientific, Inc ) based on the human CD4
reporter gene encoded by the vector. Clones were prepared
from isolated cells and analyzed by flow cytometry for MHC-T
and fi-2 microglobulin surface expression. The resultant clone
with the deactivated B2m gene was designated as TC-1/dB2m.

Treatment with IFN-y. Cells were stimulated with 200 Uiml
mouse recombinant IFN-y (Peprolech, Inc) for 48 h.

Flow cytometry. Cells grown in tissue culture were harvested
with trypsin, washed with PBS, and stained with the
following menoclonal antibodies diluted in FACS buffer
(2% fetal bovine serum and 0.03% sodium azide in PBS)
at 4°C for 30 min: FITC-labeled mouse anti-B2m (clone
519.8; 1:100 dilution; Santa Cruz Biotechnology, Inc),
FITC-labeled mouse anti-mouse H-2K" (clone CTEb; 1:200
dilution; BD Pharmingen; BD Biocsciences), FITC-labeled
mouse anti-mousze H-2D* (clone 28-14-8; 1:400 dilution; BD
Pharmingen; BD Biosciences), or PE-labeled rat anti-mouse
CDIld (clone 1BI1; 1:100 dilution; BD Pharmingen; BD
Biosciences). Subsequently, the cells were washed twice and
measured on an LSR Fortessa flow cytometer (BD Biosciences).
The results were analyzed using Flow]Jo software v10.5.3 (BD
Biosciences).

For analysis of tumor-infiltrating cells, single-cell suspen-
sions were prepared from tumers with a longest diameter of
5-10 mm by using the gentleMACS Octo Dissociator (Milteny1
Biotec, GmbH), as described previcusly (16). The obtained
cells were stained with two panels of fincrescence-labeled
antibedies (Table I) to 1dentify several subpopulations of
lymphoid and myeloid cells (gating strategy in Figs. 51
and 52, respectively). Viability staining was performed with
Fizable Viabihity Dye eFluer 455UV (eBioscience; Thermo
Fisher Scientific, Inc) in PBS, prior to surface staining.
To detect the nuclear Foxp3 transcniphon factor, the cells
were treated with Fixation/Permeabilization Concentrate
(eBioscience; Thermo Fisher Scientific, Inc) diluted 1:3 with
Fixation/Permeabilization Diluent {(eBioscience; Thermo
Fisher Scientific, Inc). Fixation and permeabilization were
followed by a washing step with permeabilization buffer (eBio-
science; Thermo Fisher Scientific, Inc) and Foxp3 staining.

In vitro cell proliferation assay. Approximately half a million
live cells were seeded into three 10-cm dishes. The cells were
counted after 24, 48 or 72 h (one dish at each interval) using
a hemocytometer. Proliferation was evaluated by non-linear
regression for exponential growth. Calculations were

performed using Pnism 8 software (GraphPad Software, Inc ).

Preparation of gene gun cartridges. Plasmid DNA was coated
onto 1-pm gold particles (Bio-Rad Laboratories. Inc) according
to the manufacturer's recommendations. Each cartridge
contained 1 pg DNA coated onto 0.5 mg of zold particles (13).

Oncogenicity of TC-1/dB2m cells. Counts of 3x10%, 1x10°
or 3x10° TC-1/dB2m cells suspended in 0.15 ml PBS were
subcutaneously (s.c.) inoculated into the backs of mice =5 per
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Table I. Antibodies used for flow cytometry.
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Antigen Conjugate Clone Source Staining Panels
CD11b BV421 ML70 BioLegend Surface .
CDlle APC-Cy7 N418 BicLegend Surface .
CD25 APC PC615 eBiosciences Surface :

CD3 APC-Cy7 145-2C11 BicLegend Surface .

CD317 APC 927 BicLegend Surface a
CD4 BVs10 EM4-5 BicLegend Surface :

CD45 Alexa Fluor 700 30-F11 BicLegend Surface : s
CD3 FITC 5367 BD Pharmmingen Surface *

F4/80 BV510 BM32 BicLegend Surface :
Foxp3 PE FIK-16s eBiosciences Nuclear b

Ly&C BVT86 HEl4 BicLegend Surface 4
Ly6G FITC 1A8 BiocLegend Surface A
MHC-II PE-Cy7 114152 BicLegend Surface A
NE1.1 BV650 PE136 BicLegend Surface k]

PD-1 PE-Cy7/PE" 29F1A12 BicLegend Surface ) hd
PD-L1 BV650 10E9G2 BicLegend Surface :
TCR /b BV605 GL3 BicLegend Surface »

“ Antibody present in a panel.

group) under anesthesia with ketamine (100 mg/kg) and xyla-
zine (16 mg/ke). Tumor growth was measured three times per
week, and tumor size was calculated using the formula (height x
length x width) n/6. To determine the effect of B2m deactivation
on the metastatic capacity of the T'C-1-derived cells, the mice
were 5.c. iInjected with 3x10° TC-1/dB2m cells. When the size of
the tumors reached 2 cm in any of the measured dimensions, the
mice were sacrificed by cervical dislocation and dissected. The
hmgs were inspected for macrometastases, stained with hema-
texylin and eosin, and examined under a light microscope in
the Czech Center for Phenogencmics to detect micrometastases.

Immunization experiments. The mice were iImmunized using
a gene pun (Bio-Rad Laboratories, Inc.) three imes with two
shots each delivering 1 pg of plasmid DNA. The DNA was
applied into the shaven skin of the abdomen at a discharge
pressure of 400 psi. In preventive immunization experi-
ments, mice (n=5 per group) were first immmnized with the
pBSC/PADRE ETGGG plasmid at 1-week interval. The pBSC
plasmid was used as a negative control. One week after the
last immumnization, 3x10° TC-1 or TC-1/dB?m cells or 3x10*
TC-1/A9 cells were s.c. inoculated into the backs of the mice. In
the combined immunotherapy experiments, 3x10* TC-1/dB2m
cells were s.c. injected and DNA immumization was performed
after 3, 6 and 10 days. DNA vaccination was combined with
an intraperitoneal (i.p.) injection of 50 pg ODN1826 (Generi
Biotech) or 2 pg GalCer (Abcam) diluted in 200 1 PBS. These
immunostimulants were injected in three or five doses, as
indicated in Fig. 3. Control mice received PBS.

In vive depletion experiments. Different subpopulations of

immmne cells were depleted with the following antibodies
(Bio X Cell) injected 1p. in a volume of 200 pl of PBS: 100 ug
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anti-CD4 (clone GK1.5), 100 ppg anti-CD8 (clone 2.43), or
100 pg anti-NEK1.1 (clone PK136). These antibodies were
apphied 2 days before and after inoculation of tumer cells
(3x10* TC-1 cells or 3x10° TC-1/dB2m cells), and then at
3-4-day intervals for 5 weeks. Moreover, 1 mp carrageenan
IV (Sigma-Aldrich; Merck KGaA) dissolved in 200 ul PBS
was inoculated on the same days to deplete macrophages. For
neutralization of IFN-y, 300 pg anti-IFN-v (clone P4-6A2; Bio
X Cell) was injected 2 days prior and 5, 12, 19 and 26 days

In immmunotherapeutic experiments, antibodies and carra-
geenan were administered from the 7th day onwards after
ineculation of tumor cells.

Stafistical analysis. Cell proliferation and tumor growth were
evaluated by two-way analysis of vaniance (ANOWVA) and the
Sidak nmitiple comparisons test. Intergroup comparisons of flow
cytometry data were made by one-way ANOVA and Dunnett's
multiple comparisons test. Calculations were performed using
GraphPad Prism & (GraphPad Software, Inc ), and the results
were considered statistically significant at P<0.05.

Results

In vitro characterization of the TC-1 clone with B2m gene
deactivation. To abrogate MHC-I expression on TC-1 tumor
cells, the B2m gene was deactivated by the CRISPR/Cas9
system and the TC-1/dB2m cell line was derived. These cells
did not express [i-2 microglebulin or MHC-I heavy chains
on their surface (Fig. 1A). Following stimulation with IFN-y,
-2 microglobulin was still absent on TC-1/dB2m cells, but
weak MHC-I expression was induced, particularly for H-2D*
molecules.
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Figure 1. In vitre characterization of TC-1/dB2m cells. (A) Surface expression of H-2E¥, H-2D*, -2 microglobulin (B2m) and CD1d melecules on TC-1,
TC-LAS and TC-1/dB2m cells was analyzed by flow cytometry. Cells unireated (black histograms) or treated {grev histograms) with 200 Utml of interferon
{IFN}~y for 48 h were stained with specific monoclonal antibodies or isotype conirol antibodies (open histoprams). (B) In wisro proliferation of TC-1, TC-1/A9
and TC-1'dB2m cells was determined at 24, 48 and 72 h after seeding on dishes with or without IFN-y. The resnlts represent the mean values of three indepen-

demt experiments. Bars, = standard error of the mean; *P<0.03, “P<0.01.

As -2 microglobulin also forms a complex with the CD1d
molecules expressed on the cell surface and CD1d expression has
been demonstrated on TC-1 and TC-1/A9 cells (17), CD1d expres-
aon was detected on TC-1'dB2m cells. B2 deactivation did not
prevent surface expression of the CD1d molecules (Fig. LA).

Next, the proliferation rates of TC-1/dB2m, TC-1
and TC-1/A9 cells were compared. The doubling time of
TC-1/dB2m cells was significantly increased by ~9 and 11 h
in comparison with TC-1 and TC-1/A9 cells, respectively
(Fig. 1B). Incubation with IFN-y slightly reduced TC-1 cell
proliferation, but did not affect TC-1/A9 and TC-1/dB2m cells.

Insummary, deactivation of the B2m genein the TC-1/dB2m
cell line resulted in abrogation of fi-2 microglobulin produc-
tion and downregulation of surface MHC-I expression, which
was associated with reduced proliferation rate.

Deactivation of the B2m gene alters oncogenicity/immunoge-
micity of tumeor cells. To induce tumor formation, mice were
incculated s.c. with 3x10¢ TC-1 or TC-1/A9 cells. As a pilot
experiment demonstrated delayed growth of tumors induced
by this number of TC-1/dB2m cells, we also tested inocula-
tion using higher numbers: 1x10% and 3x10° TC-L/dB2m cells
(Fig. 2A). However, even for the highest TC-1/dB2m cell
number (3x10°), tumor growth was delayed by ~20 days
compared with tumors induced by 3x10* TC-1 cells. Moreover,
tnmors developing from TC-1/dB2m cells were more elongated
in comparison with TC-1-induced tumers, particularly at the
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early growth phase. Spontansous lung metastasis formation
was not observed after s.c. induced tumeors.

To identify the immune cells that could inhibat the growth
of TC-1/dB2m-induced tumeors, some subpopulations were
depleted in vive by monoclonal antibodies (Fig. 2B). For
TC-l-induced tumors, CD8* and NE1.1* cells were found to
contribute to the reduction of tumor growth, and macrophages
supported this growth. NE1.1* cells also inhibited TC-1/A9
and TC-1/dB2m tnmors, but there was no involvement of CDE*
cells or macrophages. In all types of tumeors, the depletion of
CD4* cells or neutralization of IFN-y did not significantly
affect tumor growth (the antitumeor effect of IFN-y was only
apparent during the initial phase of the growth of TC-1 tumors).

Next, the sensitivity of TC-1/dB2m-induced tumors
to adaptive immmnity activated against the HPV16 E7
oncoprotein was evaluated. While TC-1 tumers are highly
sensitive to therapeutic DNA immunization by the PADRE.
ETGGG vaccine (14), the sensitivity of TC-1/A9 tumers to
DNA vaccination 1s low (10). After more efficient preventive
immunization with the PADRE ETGGG gene, the growth
of TC-1/A9-induced tumors was significantly reduced, but
the TC-1/dB2m tumors were resistant to DNA vaccination
(Fig. 2C). The development of control TC-1 tumors was inhib-
ited in all mice.

Collectively, these findings indicate that deactivation of the
B2m gene resulted in delayed tumor growth and resistance to
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Figure 2. In vivo characterization of TC-L'dB2m cells. (A) Tumor growth in mice (n=35) was evaluated after s.c. inoculation. (B) Imomume cells involved in
inhibition of tnmor growth were analyzed by in vive depletion with anti-CD4, anti-CDE and anti-NE1.1 antibodies and carrageeman IV, The effect of interferon
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per week Bars, + standard error of the mean; "P<0.03, “P<0.01.

TC-11dB2m cells are slightly sensitive fo combined immu-
notherapy. As combinations of DNA vaccination with 1p.
injection of ODN1826 or GalCer reduced tumor growth of
TC-1/A9 cells (10), these immmnotherapies were also examined
against TC-1/dB2m cells. However, only a weak antitumor
effect was observed (Fig. 3A). Due to the delayed growth of
TC-1/dB2m tumeor, and in an attempt to enhance antitumeor
immunity, the interval between the injections of Immunos-
timmlatory drugs was prolonged and the number of ODINIE26
doses was increased from three to five. Although these modi-
fications only exerted a weak effect, a smienificant reduction of
tumeor growth was achieved by ODN1826 combined with DNA
immunization (Fig. 3B). This experiment also demonstrated
that a combination of DNA vaccination with ODN1826 or
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GalCer was necessary for the antitimor response, as either
therapy alone did not result in tumer reduction. Thus, repeated
experiments suggested a weak inhibition of tumer develop-
ment following combined imnmnotherapy, and this effect was
more obvious for ODN1826.

NEI1.I+ cells mainly contribute to the antitumor effect of
combined immunotherapy. In order to identify the immune
cells involved in the antitnmor response to combined therapy
against TC-1/dB?m tumors, tumor-infilirating cells were first
analyzed by flow eytometry using two panels of monoclonal
antibedies. In this experiment, tumor-infiltrating cells in
TC-1- and TC-1/A%-induced tumors were alse compared. The
numbers of CD45* cells in the tumors were comparable for
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all three cell lines examined, and did not change after therapy
of TC-1/dB2m-induced tumors. In tumors that developed
from TC-1/dB2m cells, CD3* cells comprised a significantly
higher propertion of CD45* cells (~11%) that was not altered
following immunotherapy (Fig. 4A).

Ameong lympheid cells (Fig. 4B), NK cells (CD3"NK1.1%)
were predominant in all types of tumeors, but their proportion
was significantly lower in TC-1/dB2m compared with that in
TC-1/A9 tumors (accounting for 13 and 30% of CD45" cells,
respectively). On the contrary, the proportion of CD4* T
cells and & T cells was sigmificantly higher in TC-1/dB2m
tumers compared with those in TC-1/A9 and T'C-1 tumors.
Regulatory T cells (Treg; CD4*CD25*Foxp3*) were partially
responsible for the increase in CD4* T cells. The numbers
of NKT cells (CD3*TCRy/&NK1.1*) were also higher i
TC-1/dB2m tumors, but this difference was not significant.
After imnmunotherapy of TC-1/dB2m tumers, the proportion
of any lympheid subpopulation was not significantly altered.
Significantly enhanced PD-1 expression was only observed on
NE and NET cells.

Tumor-associated macrophages (TAMs; CD11b*Ly6G~
Ly6C F4/80*) comprised a major subpopulation of mryeloid
cells in all types of tumors (Fig. 4C). In TC-1/dB2m tumors,
their rumbers were significantly lower compared with those
in TC-1 and TC-1/A9 tumors, but they expressed a higher
level of MHC-II molecules that are considered a marker of
MI-polanzed macrophages (18,19). Fellowing immmnotherapy
of TC-1/dB2m tumors, the numbers of macrophages and their
PD-1 expression were slightly enhanced_In TC-1/dB2m tumors
generated in non-treated mice, the populations of dendritic cells,
both conventional (cDC; CD11e*Ly6G-Ly6C-F4/80-MHC-ITY)
and plasmacytoid (pDC; CD11e*CD1Ib-Ly6G-LySCF4/80-
MHC-II*CD317%), were significantly higher compared with
those in TC-1 and TC-1/A9 tomors and were not altered after
immunotherapy. The numbers of myeloid-derived suppressor
cells (CD11c*CD1Ib Ly6G Ly6C" ™) and tumor-associated
neutrophils (CD11b'LySG***Ly6C"™*) were comparable in all
types of tumeors.
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Next, we examined cells involved in antitumor mmnmmity
by in vive depletion. In mice treated with immunotherapy
(DNA vaccination plus injection of ODIN1E26), tumor growth
was significantly enhanced only after elimination of NKI1.1*
cells (Fig. 4D). Neutralization of IFN-y suggested that this
cytokine played a crucial role in the antitumer effect. After
depletion of CD8" cells, tumor growth was comparable to that
in mice treated with anti-NK1.1"* until day 27 after inocula-
tion of tumer cells. Subsequently, the growth of tumors was
similarly reduced in animals with depleted CDE8" cells and

In summary, combined immunotherapy of
TC-1/dB2m-induced tumors did not result in significantly
mereased immune cell mfiltration. NK1.1* cells and IFN-y
contnibuted to the weak antitumeor effect. Enhanced expression
of the PD-1 receptor on NK and NKT cells suggests that both
types of cells may be involved in this effect.

Discussion

The production of -2 microglobulin is often abrogated by
genetic alterations in buman tumors (20). As these modifica-
tions lead to irreversible downregulation of surface MHC-I
expression that is associated with resistance to CD8* cyto-
toxic T lymphocytes (CTLs), they enable evasion of adaptive
immune responses generated during tumer development or
induced by immmunotherapy. Such resistance has also been
demonstrated for a blockade of the PD-1 immune checkpoint
by a monoclonal antibody (21). Therefore, the development of
relevant tumor models is necessary for studies of experimental
cancer immunotherapy that may result in enhancement of

The CRISPR/Cas® system has been recently used for
the deactivation of the B2m gene in two mouse tumer cell
lines, namely melanoma B16F10 and breast cancer EQ-771
cells (22). In the present study, the B2m gene was deactivated
in the mouse TC-1 cell line, which is often used to examine
varigus cancer therapies. B2m deactivation in TC-1/dB2m
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Figure 4. Immune cells contributing to the antimmor effect. (A-C) The cells infiltrating tumors induweed by TC-1, TC-LIAS, or TC-LidB2m cells were analyzed
by flow cytometry. For TC-1/dB2m cells, tumors after immumotherapy with ODMN1826 and DMNA vaccmation with PADRE ETGGG were also examined.

Using two panels of momockonal antibodies, (B) Ivmphoid and (C)

loid subpopulations were identified. (D) Infiltrating immune cells contribating to the

reduction of tumor growth after combined immunetherapy with ODN1E26 and PADRE ETGGE were identified by in vive depletion. Imterferon (IFM)- was
also neutralized. Bars, + standard error of the mean; "P<0.05, "P<0.01, ™" P<0.001.

cells was associated with Joss of surface MHC-I expression,
but when inducibility by IFN-y was tested, a slight restora-
tion of MHC-I expression on the cell surface, particularly of
molecules from the D locus, was cbserved. As fi-2 microglob-
ulin expression remained negative, it was hypothesized that
f-2 microglobulin-free MHC-T heavy chains were displayed
on the cells. Such molecules, particularly H-2D*, have been
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reported for both f-2 microglobulin-negative and -positive
mouse cells (23-25); however, the role of IFN-y stimmlation
was not described in these studies. In a human neuroblastoma
cell line producing fi-2 microglobulin, the expression of f-2
microglobulin-free MHC-I molecules was enhanced upon
differentiation with either retinoic acid or serum starvation.
Incubation with IFN-y increased the surface expression of



LHOTAKOVA ef al: DEACTIVATION OF THE Blm GENE IN TUMOR. CELL LINES

MHC-Theterodimers, but not of [i-2 microglobulin-free MHC-I
molecules (26). In concordance with the published results (27),
the present study demonstrated that B2m deactivation did not
prevent CD1d surface expression.

Deactivation of the B2m gene significantly reduced
the proliferation of TC-1/dB2m cells and the growth of
TC-1/dB2m-induced tumors. These results correspond to the
findings that fi-2 microglobulin promotes cell proliferation,
migration, and invasion in different tumeor types (28,29).
A key role in this ;-2 microglobulin-mediated signaling
was attributed to its binding with hemochromatosis (HFE)
protein, a non-classical MHC-I molecule that regulates iron
concentration in cells. Following formation of the -2 micro-
globulin/HFE complex, iron influx is inhibited and numerouns
intracellular pathways are affected (30).

A reduced proliferation rate may contribute to the delay
in tumeor growth, but does not appear to be a crucial factor
responsible for the substantially decreased oncogenicity
of TC-1/dB2m cells. As in vivo depletion was associated
with partial restoration of tumer growth after application of
NEK]1.1-specific antibody, enhanced sensitivity to elimination
by WK cells may be more important. Das ef af (22) observed a
similar reduction of encogenicity following B2m deactivation
in two mouse tumer cell lines and also suggested a role of NE
cells in this phenomenon.

The effect of MHC-I downregulation after B2m deac-
tivation was alsc manifested by the loss of sensitivity to
depletion of CDE* cells and to adaptive immunity induced
by DNA immunization and mediated by CTLs. As similar
effects were observed for TC-1/A9 cells, where a combina-
tion of DNA immunization and an adjuvant (ODN1326 or
GalCer) significantly reduced tumor growth (10), the efficacy
of this combined immunctherapy was also examined against
TC-1/dB2m tumeors. However, only the combination of DNA
vaccination and ODN1826 injection significantly inhibited
tnmor growth, and this effect was less notable compared with
that against TC-1/AD-1nduced tumors.

Flow cytometric analysis of tumer-infiltrating immune
cells and in vive depletion after immumotherapy revealed
several marked differences between TC-1/dB2m and TC-L/A9
tumeors: 1) TC-1/dB2m tumors contained more pDCs, CD4* T,
Trez, and v& T cells, but fewer TAMs and NK cells. However,
this observation should be interpreted with caution, as infil-
tration of tumors with immune cells is a dynamic process
with specific kinetics of individual subpopulations (8,31-33),
which hampers a direct comparison ameng tumors induced by
different cells. Although we strived to analyze tumors of similar
size, the composition of the cell infiltrate may be affected
by the markedly different growth of TC-1-, TC-1/A9- and
TC-1/dB2m-induced tumeors. 1i) Following combined immu-
notherapy, none of the examined subpopulations of infiltrating
immume cells was increased in the TC-1/dB?m tumeors, while
in the TC-1/A9 tumors, most subpopulations were increased,
particularly CD8* T cells (10). 1ii) MHC-II"#* TAMs were
predominant in TC-1/dB2m tumers, even without imnmne-
therapy (while in the TC-1/A9 tumors, they were predominant
only after immunotherapy). Reduced numbers of M2 TAMs
were mainly responsible for this effect. Movahedi ef al
reported similar results for the 4T1 cell line (18). Progressing
tumors induced by these cells acoummulated MHC-TT"#* TAMs,
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in contrast to tumers induced by 3LL or TS/A cells, and these
TAMs remained M1 polarized. Therefore, it was concluded
that the propertions of TAM subsets were tumor-dependent.
1) For TC-I/A9 tumors, NE1.1* cells, CD8* cells and TAMs
cooperated in the antitumor response, but only NK1.1* cells
were significantly implicated in the delay of TC-1/dB?m tumor
growth. Enhanced PD-1 expression on both NK and NKT cells
after immunotherapy suggested activation of both cell types
by treatment and their possible involvement in antitumor

By using in vive depletion of CD8*, CD4* and NEK1.1* cells,
studies comparing immunotherapy against TC-1 cells and
TC-1 clones with reversible MHC-I downregulation demon-
strated that only CD8* T cells were necessary for the antitumor
effect against TC-1 cells, and that both CD8* and WE11* cells
may be involved in the inhibition of tumors induced by cells
with reversibly downregulated MHC-I expression (34,35},
which was confirmed in our previous study with TC-1/A9
cells (10). This study extended these observations for the TC-1
clone with irreversible MHC-T downregulation, demonstrating
that WK1.1* cells were the most important for the antitumor
effect stimulated by immunotherapy against TC-1/dB2m cells.
For TC-l-induced tumors, two other studies demonstrated the
cooperation of CD8* T cells with other immmune cells in the
antitumor respense after immunotherapy, but suggested that
CDE&* T cells were not the main cytotoxic cells eliminating
MHC-I-proficient TC-1 cells (8,36). Our study with TC-1/49
cells, which are deficient in MHC-I expression, also demon-
strated a role of CDE' T cells activated by DNA vaccination
m the antitumeor response (10). However, in the present study,
despite the fact that DNA vaccination was necessary for the
mduction of the antitumer effect by combined immunotherapy,
the level of CD8" T cells in the tumors was not increased by
treatment, and the function of CDE* T cells was not proven
by in vivo depletion. The only observation suggesting the
mvolvement of CD3* T cells was derived from the in vivo
depletion experiment, where augmented tumor growth was
recorded at the 1mtial phase of tumor development (up to day
27) following application of anti-CD8. As tumer infiltration
by immune cells 1s a dynamic process (8), this fact should be
confirmed by further studies investigating a more efficient
immunoctherapy against TC-1/dB2m cells, which may also
help elucidate the role of CD8* T cells and other immune cells
in this tumor model.

As combined immmmotherapy only weakly inhibited the
growth of TC-1/dB2m tumors and did not affect infiltration
of these tnmors by imnmune cells, immumosuppressive mecha-
nisms mostlikely prevail in the microenvironment of early-stage
tumors. This condition resembles human MHC-I-negative
tumors that are often devoid of immune cells in the tumor
parenchyma and contain unfunctional immune cells in the
tumor stroma (37,38). Therefore, for successful immunotherapy
of such tumors, activation of adaptive and innate immunity
should be accompanied by appropriate inhibition of Immuno-
suppression and recovery of MHC-I expressicn (4,39 40).

The mechanisms of immune reactions against
TC-1/dB2m-induced tumors were not completely eluei-
dated in the present study, and will be the subject of further
analyses. The present results suggest that, following immm-
notherapy, NK1.1* cells were the major cell type exhibiting
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antitumer activity against TC-1/dB2m tumors. The possible
involvement of both NK and NKT cells was indicated by
enhanced PD-1 expression, which suggested the activation
and subsequent inactivation of these cells. The antitumor
effect of NKT cells, which constitute a minor subpopulation
of NK1.1* cells, was also suggested by immunotherapy with
GalCer, as this adjuvant activates NKT cells. However, NK
cells are likely the main effector cells, as they can elimi-
nate tumeor cells with downregulated MHC-I expression.
Unfortunately, they can also contribute to tumer immune
evasion (41). The antitumor effect of ODN1826 may not
be dependent on adaptive immunity (42); however, DNA
immunization was necessary for the reduced growth of
TC-1/dB2m tumors. The role of CD8* T cells in antitumor
reactions was not clearly confirmed by in vivo depletion, but
this experiment indicated the effect of these cells during
early tumor growth. At a later stage of tumor development,
CD3" T cells are likely inactivated by the immunosuppres-
sive tumor microenvironment (43).

In conclusion, deactivation of the B2m gene led to the
creation of the TC-1/dB2m cell line, which iz character-
ized by irreversible MHC-I downregulation, and a reduced
proliferation rate and tomor growth. These cells displayed
loss of sensitivity to DNA immunization and, in comparison
to the TC-1/AQ cells with reversible MHC-I downregulation,
they responded more weakly to combined immunotherapy
consisting of DNA vaccination and either ODN1826 or GalCer
injection. Mereover, infiltration of TC-1/dB2m tumors with
immmune cells was not enhanced after immunotherapy, and
only NK1.1"cells were confirmed to contribute to the antitumor
effect. In a set with TC-1 and TC-1/A9 cells, the TC-1/dB2m
cell line may be utilized for enhancement of cancer 1mmu-
notherapy with a potentially lugh chimical benefit, as human
tumors are heterogeneous in terms of MHC-I expression,
which enables evasion of the immune response and confers
resistance to therapy.
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