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Abstract

Background/Aim. Immune checkpoint therapy is a well-
established therapeutic approach in the treatment of malig-
nant diseases and is thought to be mostly based on facilitat-
ing the adaptive immune response. However, the cells of
the innate immune response, such as natural killer T (NKT)
cells, might also be important for a successful anti-
programmed cell death protein-1 (anti-PD-1) therapy, as
they initiate the antitumor immune response. The aim of
this study was to investigate the influence of anti-PD-1
therapy on the immune response against tumors. Methods.
For tumor induction, 4T1 cells synergic to BALB/c back-
ground were used, after which mice underwent anti-PD-1
treatment. After the mice were sacrificed, NKT cells, den-
dritic cells (DCs), and macrophages derived from spleen
and primary tumor tissue were analyzed using flow cytome-

Apstrakt

Uvod/Cilj. Imunoterapija je danas dobro poznat
terapijski pristup u le¢enju malignih bolesti koji se temelji
na stimulisanju stecenog imunskog odgovora. Medutim,
¢elije urodenog imuskog odgovora, kao $to su prirodne T
¢elije ubice — naturall killer T cells NKT), takode mogu biti
bitne za uspesnu terapiju i zapocinjanje antitumorskog
imunskog odgovora delovanjem na protein 1 programirane
¢elijske smrti (PD-1). Cilj rada bio je da se ispita uticaj
anti-PD-1 terapije na antitumorski imunski odgovor.
Metode. Za indukciju tumora koriséene su 4T1 Celije,
singene za BALB/c miSeve, nakon ¢ega su misevi tretirani

try. Results. Anti-PD-1 therapy enhanced the expression of
activating molecules CD69, NKp46, and NKG2D in NKT
cells of the tumor and spleen. This therapy activated NKT
cells directly and indirectly via DCs. Activated NKT cells
acquired tumoricidic properties directly, by secreting perfor-
in, and indirectly by stimulating M1 macrophages polariza-
tion. Conclusion. Anti-PD-1 therapy activates changes in
DCs and macrophages of primary tumor tissue towards
protumoricidic activity. Since anti-PD-1 therapy induces
significant changes in NKT cells, DCs, and macrophages,
the efficacy of the overall antitumor response is increased
and has significantly decelerated tumor growth.

Key words:

antineoplastic agents; breast neoplasms;
immunomodulation; killer cell, natural; macrophages;
mice.

anti-PD-1 antitelom. Nakon Zrtvovanja miseva, NKT
¢elije, dendritske celije (DC) i makrofagi iz slezine i
primarnog tumora analizirani su uz pomoé protocne
citometrije. Rezultati. Anti-PD-1 terapija je povecala
ekspresiju  aktiviraju¢ih molekula CDG69, NKp46, 1
NKG2D u NKT ¢elijama slezine i tumora. Ova terapija
aktivira NKT ¢elije direktno i indirektno, preko DC.
Aktivirane NKT (Celije nakon anti-PD-1 terapije sticu
tumoricidna svojstva direktno, preko povecanog stvaranja
perforina, i indirektno, putem polarizacije makrofaga u
praveu M1 fenotipa. Zaklju¢ak. Anti-PD-1 terapija je
podstakla promene fenotipa DC i makrofaga u primarnom
tumorskom tkivu u pravcu antitumorske aktivnosti. Kako
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anti-PD-1 terapija indukuje znacajne promene u NKT
¢elijama, DC i makrofagima, efikasnost sveukupnog
antitumorskog odgovora je veca i znacajno je usporila rast
tumora.

Kljucne reci:

antineoplastici; dojka, neoplazme;
imunomodulacija; Celije ubice, prirodne; makrofagi;
misevi.

Introduction

Immunotherapy is an emerging approach to the treat-
ment of many cancers nowadays ®. Since their discovery,
immune checkpoint inhibitors (anti-programmed cell death
protein 1 (anti-PD-1), cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) antibodies have been utilized in vari-
ous diseases, such as autoimmune or even infectious dis-
eases. However, they are predominantly used in malignant
diseases, with evolving strategies in the management of the
diseases 2.

The underlying mechanism of anti-PD-1 therapy is
blockage of the programmed death ligand (PDL)/PD-1 axis.
Under physiological circumstances, PDL is found on many
epithelial, endothelial, and immune cells, such as dendritic
cells (DCs) and macrophages 3. The main role of this ligand
is to limit over-reactive immune response, therefore restrict-
ing tissue damage due to unrestrained immune response,
since the activation of the PDL/PD-1 axis potently hinders T-
cell receptor activation 5. However, during a malignant dis-
ease, PDL is often found on cancer cells. PD-1 molecule is
mainly expressed on effector immune cells, such as T lym-
phocytes, natural killer (NK) cells, and natural killer T
(NKT) cells ®. Given its expression on cancer cells and effec-
tor cells of the immune response, the activation of the
PDL/PD-1 axis in these terms subsequently leads to a deteri-
orating immune response to malignant diseases 7. Bearing in
mind these assets of a PDL/PD-1 axis, it is clear that its inhi-
bition is important for treating many diseases, especially
cancers. Until now, anti-PD-1 therapy has been approved for
many types of solid cancers, such as metastatic melanoma,
non-small cell lung cancer, renal cell carcinoma, bladder
cancer, and triple-negative breast cancer with high PDL ex-
pression &0,

Although therapeutic PDL/PD-1 blockage is thought to
be mainly carried through blockage on T lymphocytes, there
is emerging evidence that other effector cells, such as NK
and NKT cells, take part in the beneficial effects of PDL/PD-
1 axis blockage *. Until now, it has been well known that in
some malignant diseases, the PD-1 molecule is more ex-
pressed in NK cells, which suggests damaged NK cell func-
tion 2. Since it is well known that anti-PD-1 therapy increas-
es cytokine production, especially in T lymphocytes, it re-
mains unclear whether anti-PD-1 therapy acts directly on NK
cells or indirectly via secretion of activating molecules, such
as interferon (IFN) -y 3. Data are very modest when it comes
to NKT cells and anti-PD-1 therapy. These cells play an im-
portant role in the interplay between innate and acquired
immune responses 4. Moreover, it is known that NKT cells
produce cytokines that can activate macrophages and DCs
and, therefore, coordinate immune response °. However, the
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effect of anti-PD-1 therapy on NKT cells is yet to be eluci-
dated. Our data imply that NKT cells might also be im-
portant for more effective anti-PD-1 therapy in malignancies
and might contribute to the overall effective immune re-
sponse to mammary carcinoma, as anti-PD-1 therapy induces
phenotype changes in NKT cells.

Methods
Mice

Female, six to eight weeks old, BALB/C wild type
(WT) mice were used in all experiments. Experiments were
conducted at the Center for Molecular Medicine and Stem
Cell Research of the Faculty of Medical Sciences, University
of Kragujevac, Serbia. The mice were housed under standard
laboratory conditions (22 + 2 °C, relative humidity 51 + 5%,
and a 12-hour light-dark cycle) throughout the whole exper-
iment. All experiments were approved by the Animal Ethics
Board of the Faculty of Medical Sciences, University of
Kragujevac, Serbia (01-12188). Mice were divided into two
experimental groups, each group consisting of six mice per
group: 1) wild type (WT) BALB/C untreated mice and 2)
WT anti-PD-1 treated mice — treated with the anti-PD-1 anti-
body on the third, sixth, ninth, and eleventh day after tumor
induction.

Induction of tumor

Murine mammary carcinoma-4T1, syngenic to the
BALB/c background, was purchased from the American
Type Culture Collection (ATCC, USA). 4T1 cells were
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bo-
vine serum (FBS), 2 mmol/L L-glutamine, 1 mmol/L penicil-
lin-streptomycin, and 1 mmol/L mixed nonessential amino
acids (Sigma-Aldrich). Cultured 4T1 cells were harvested by
brief treatment with 0.25% trypsin and 0.02% EDTA in
phosphate-buffered saline (PBS, PAA Laboratories GmbH,
Etobicoke, Canada) and washed three times in serum-free
PBS before use in all in vivo and in vitro experiments. The
viable cell number was determined by trypan blue exclusion.
Suspensions only with > 95% viable cells were used in ex-
periments. Each mouse was inoculated with 5 x 10® 4T1
cells into the 4th mammary fat pad. The dosage of 5 x 10°
4T1 cells per mouse was determined based on our preceding
experiments.

Administration of anti-PD-1 antibody

Murine anti-PD-1 antibody was purchased from BioX-
cell. Antibody was administered intraperitoneally to mice on
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the third, sixth, ninth, and eleventh day, beginning from the
day of tumor induction, at 150 pg per mouse of anti-PD-1
antibody dissolved in 150 pL of PBS, as previously de-
scribed by Qin et al. *® and Shimizu et al. Y. WT mice that
did not receive anti-PD-1 therapy were injected with 150 pL
of PBS only, on the same days, according to the model from
the study by Vo et al. 18,

Evaluation of tumor growth

The appearance of the primary tumor was monitored
daily after the induction by palpation. After tumor appear-
ance, the diameter of the primary tumor was measured three
times per week using a caliper. On the 40th day after tumor
induction, mice were sacrificed; the primary tumor and
spleen were surgically removed.

Flow cytometric analysis of splenocytes and tumor-
infiltrating leukocytes

We analyzed the spleen for the assessment of systemic
antitumor immune response as our previous results illustrat-
ed that phenotype changes in splenocytes are more likely to
resemble phenotype changes occurring in tumor-infiltrating
leukocytes *°. Single-cell suspensions of the spleen were ob-
tained by mechanical dispersion, while single-cell suspen-
sions of primary tumors were obtained by enzymatic diges-
tion. Primary 4T1 tumors were minced and placed in 5 mL of
DMEM containing 1 mg/mL collagenase I, 1 mM EDTA,
and 2% FBS (all from Sigma-Aldrich) for enzymatic diges-
tion. After incubation for 2 hrs at 37 °C, 10 mL of 0.25%
trypsin was added and incubated for 3 min, followed by
DNase | (Sigma-Aldrich) solution for 1 min, and the digests
were filtered through a 40 mm nylon cell strainer (BD Bio-
sciences).

Fluorochrome-labeled anti-mouse mAbs specific for
CD3 (145-2C11), CD49b (HMa2), NKp46 (29A1.4), CD69
(H1.2F3), CD11c (N418), F4/80 (T45-2342), NKG2D
(CX5), KLRG-1 (2F1), or isotype-matched controls (BD
Pharmingen, New Jersey (NJ)/Invitrogen, Carlshad, Califor-
nia (CA)) were used. For intracellular staining, cells were
stimulated with phorbol 12-myristate 13-acetate (50 ng/mL,
Sigma-Aldrich), ionomycin (500 ng/mL, Sigma-Aldrich),
and GolgyStop (BD Pharmingen, NJ) for 4 hrs and stained
with fluorochrome-labeled anti-mouse mAbs specific for
perforin (eBioOMAK-D), granzyme (16g6; NGZB), Foxp3
(MF23), IFN-y (XMG1.2), interleukin (IL)-10 (JES5-16E3),
tumor necrosis factor (TNF)-o (MP6-XT22), (Pharmingen/
BioLegend/eBiosciences). For the purpose of flow cytometry
(FACS) analysis, 20,000 to 50,000 cells were acquired. Flow
cytometry was conducted on FACSCalibur Flow Cytometer
(BD Biosciences, San Jose, CA), and the data were analyzed
using FlowJo (Tree Star).

Statistical analysis

The data were analyzed using commercially available
software (SPSS version 23.0). All results were analyzed

using the Student’s t-test, Mann-Whitney U test, ANOVA,
or Kruskal-Wallis test where appropriate. Data are pre-
sented as mean + SEM. Statistical significance was set
atp <0.05.

Results

Anti-PD-1 therapy activates splenic NKT cells and
skews its phenotype towards a more tumoricidic one

Administration of anti-PD-1 therapy significantly
decelerated tumor growth compared to untreated WT
mice. The significant difference between tumor diameters
was detected on the 14th day after tumor induction (WT
vs. WT + anti-PD-1: 1.57 mm vs. 0.50 mm; p < 0.05) and
remained until the 40th day when mice were sacrificed
(WT vs. WT + anti-PD-1: 11.93 mm vs. 9.37 mm; p <
0.05). Further, we analyzed NKT cells in the spleen of
tumor-bearing WT mice and WT mice treated with anti-
PD-1 antibodies. There was no difference in the percent-
age of CD3*CD49b* NKT cells between the experimental
and control groups (Figure 1A). Expression of the activa-
tion marker CD69 was significantly elevated in WT anti-
PD-1 treated mice compared to WT untreated mice (p <
0.05; Figure 1B). The percentage of IFN-y* and perforin®
CD3*CD49b" NKT cells was significantly higher, while
percentage of FoxP3* CD3*CD49b* NKT cells was signif-
icantly lower in WT anti-PD-1 treated mice in comparison
to WT untreated mice (p < 0.05; Figures 1C-E). There
were no significant changes in percentage and phenotype
changes in macrophages and DC in the spleen (data not
shown).

Enhanced accumulation and alteration toward
tumoricidal phenotype of NKT cells in the tumor
microenvironment

Within primary tumor tissue, the percentage of
CD3*CD49b" NKT cells was significantly higher in anti-PD-1
treated mice compared to the untreated group (p < 0.05; Figure
2A). Percentage of NKp46® (p < 0.05; Figure 2B) and
NKG2D* (p < 0.05; Figure 2C), as well as IFN-y*
CD3*CD49b" NKT cells (p < 0.01; Figure 2D) was significant-
ly higher in WT anti-PD-1 treated mice. Percentage of FoxP3*
(p < 0.05; Figure 2E) and KLRG1* CD3*CD49b* NKT cells
(p < 0.05; Figure 2F) was significantly lower in WT anti-PD-1
treated mice in comparison to WT untreated mice.

Anti-PD-1 therapy facilitates the accumulation and
polarization of macrophages in the tumor
microenvironment

Anti-PD-1 treatment significantly increased the per-
centage of F4/80* cells within primary tumor tissue com-
pared to WT untreated mice (p < 0.05; Figure 3A). In addi-
tion, the expression of TNF-a in F4/80" cells was significant-
ly higher in anti-PD-1 treated mice compared to untreated
mice (p < 0.05; Figure 3B).
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Fig. 1 — Altered phenotype of splenic natural killer T (NKT) cells in anti-programmed cell
death protein-1 (anti-PD-1) treated mice. The graphs and representative flow cytometry
(FACS) plots display the percentage of CD3*CD49b* cells (A), CD69* (B), interferon (IFN) y* (C),
perforin* (D), and FoxP3* (E) CD3*CD49b* NKT in spleens of wild type (WT) and WT anti-PD-1
treated mice, acquired by FACS. Data are shown as mean + SEM of six mice per group and are
representative of three separate experiments. Statistical significance was tested by the Mann-

Whitney Rank Sum test or Student’s unpaired t-test, where appropriate.
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Fig. 2 — Enhanced tumoricidic phenotype of natural killer T (NKT) cells in the tumor microenvironment.
The graphs and representative flow cytometry (FACS) plots display the percentage of CD3*CD49b* cells (A),
NKp46* (B), NKG2D*(C), interferon (IFN) y* (D), FoxP3* (E) and KLRG1* (F) CD3*CD49b* NKT in primary
tumor of wild type (WT) and WT anti-PD-1 treated mice, acquired by FACS. Data are shown as mean = SEM
of six mice per group and are representative of three separate experiments. Statistical significance was tested
by the Mann-Whitney Rank Sum test or Student’s unpaired t-test, where appropriate.
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Fig. 3 — Macrophage activation in primary tumor tissue of anti-programmed cell death protein-1
(anti-PD-1) treated mice. The graphs and representative flow cytometry (FACS) plots display the
percentage of F4/80* cells (A) as well as the percentage of tumor necrosis factor (TNF) a* F4/80* cells
(B) in primary tumor tissue. Data are shown as mean + SEM of six mice per group and are
representative of three separate experiments. Statistical significance was tested by the Mann-Whitney
Rank Sum test or Student’s unpaired t-test, where appropriate.
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Fig. 4 — Altered phenotype of dendritic cells in the tumor microenvironment of anti-programmed
cell death protein-1 (anti-PD-1) treated mice. The graphs and representative flow cytometry (FACS)
plots display the percentage of CD11c* cells (A) as well as the percentage of interleukin (IL) -10*
CD11c* cells (B) in primary tumor tissue. Data are shown as mean + SEM of six mice per group and
are representative of three separate experiments. Statistical significance was tested by the Mann-
Whitney Rank Sum test or Student’s unpaired t-test, where appropriate.
Anti-PD-1 therapy diminishes the expression of groups (Figure 4A). However, the percentage of IL-10 pro-
immunosuppressive molecules in dendritic cells ducing CD11c* cells was significantly lower in the tumor
within the primary tumor microenvironment of anti-PD-1 treated mice (p < 0.05;
Figure 4B).
There was no statistical difference in the percentage of Presumed mechanism of action of anti-PD-1 therapy on
CD11c* cells in the tumor microenvironment between  NKT, dendritic cells, and macrophages is given in Figure 5.
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Fig. 5 — Effects of anti-programmed cell death protein-1 (anti-PD-1) therapy on natural
killer T (NKT), dendritic cells (DC), and macrophages (Mf). Anti-PD-1 therapy acts
directly on NKT cells by facilitating their pro-tumoricidic phenotype, which further

polarizes Mf towards the M1 phenotype via augmented interferon (IFN) y secretion. In

addition, anti-PD-1 therapy lowers interleukin (IL)-10 production in DC, making them
less tolerogenic and more efficient in activating NKT cells.
PDL - programmed death ligand.

Discussion

As it is well known, checkpoint inhibitors are currently
taking an important role in the management of malignant
diseases 2 21, More specifically, anti-PD-1 antibody has been
and is yet to be investigated in numerous oncological diseas-
es, such as melanoma, lung, head and neck, and genitouri-
nary cancers ' 22, As it prolongs the half-life of effector im-
mune cells, anti-PD-1 therapy efficiently modulates and
stimulates a more efficient immune response . Many stud-
ies have shown beneficial effects on T lymphocytes. It has
been shown that anti-PD-1 therapy efficiently increases the
percentage of cytotoxic T lymphocytes (CTL) within tumor
tissue. Moreover, there is some evidence that anti-PD-1 ther-
apy elevates the percentage of CD4" cells in the peripheral
blood of patients undergoing anti-PD-1 therapy 2+, Even
though T lymphocytes are rather important for compliant an-
ti-PD-1 therapy, other cells, such as NK and NKT cells
might contribute to more potent effects of anti-PD-1 therapy.
Until now, the anti-PD-1 therapy has been thoroughly stud-
ied in terms of adaptive immune response 2> 27, but is yet to
be studied in innate immunity during an antitumor immune
response, especially regarding NKT cells. It is of great sig-
nificance to elucidate the effects of immune checkpoint ther-
apy on NK and NKT cells, as these cells might be the key to
initiating successful anti-PD-1 therapy when the function of
T lymphocytes is impaired & 2. NKT cells have an important
role in antitumor immunity. As these cells possess the tre-

mendous capacity to rapidly secrete IFN-y, IL-2, TNF-q, and
IL-4 after antigen stimulation on the one hand and the possi-
bility of specific recognition of antigens on the other, NKT
cells might be one of the first cells to instigate antitumor
immune response *. Additionally, malignancies have the po-
tential to disrupt the metabolism of fatty acids and use them
as a source for tumor expansion, while NKT cells that are
mostly targeted to lipid antigens might suppress tumor pro-
gression by being aimed at altered lipid antigens 3. In addi-
tion, the interaction of NKT cells with other innate immunity
cells, such as antigen-presenting cells, stimulates antitumor
immune response altogether 234,

As NKT cells present an important player in antitumor
immunity, we focused our research on the effects of anti-PD-1
therapy on NKT cells, DCs, and macrophages in a model of
murine mammary carcinoma. Initially, prior to analysis of
immune cells phenotype, tumor growth and progression were
significantly slower in anti-PD-1 treated mice when compared
to untreated mice. This finding is in line with many previous
clinical trials revealing the beneficial effect of anti-PD-1 ther-
apy on decelerating tumor growth and progression, including
lung cancer, renal cancer, and especially melanoma %%, Fur-
ther on, we analyzed the phenotype of NKT cells in the spleen
and tumor microenvironment. Although the percentage of
CD3*CD49" NKT cells in spleens of anti-PD-1 treated mice
remains unchanged (Figure 1A), the phenotype of CD3"CD49*
NKT cells is remolded towards a more active one. There was a
significantly higher percentage of CD69*CD3*CD49* cells in
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anti-PD-1 treated mice, which implies that therapy might en-
force activation of CD3*CD49" cells in the spleen (Figure 1B).
In line with this finding, it has been shown that in highly im-
munosuppressive tumors, such as head and neck carcinomas,
ligands for PD-1 in tumor tissue potentially inhibit expression
of CD69 and consequently dampen down activation of im-
mune cells *. Anti-PD-1 therapy also significantly raised the
percentage of IFN-y* CD3"CD49* cells in the spleen (Figure
2C). Available data suggest that anti-PD-1 therapy increases
the expression of IFN-y and inhibits the progression of aggres-
sive tumors such as NK/T lymphomas *. Furthermore, it has
been shown that augmented IFN-y production in NKT cells
stimulates CTL- mediated antitumor immunity in a model of
highly immunogenic T cell lymphoma *. On the other hand,
anti-PD-1 therapy also enhanced the production of perforin in
CD3*CD49" cells, suggesting that anti-PD-1 therapy can di-
rectly enhance the cytotoxic potential of NKT cells (Figure
2D). In addition, the expression of immunosuppressive marker
FoxP3 was significantly lower in CD3*CD49" cells of anti-PD-
1 treated mice (Figure 2E). This indicates that anti-PD-1 ther-
apy, besides directly enhancing IFN-y production, simultane-
ously weakens immunosuppressive assets of NKT cells, there-
fore contributing to the more tumoricidic phenotype of NKT
cells altogether.

When it comes to the tumor microenvironment, the per-
centage of CD3"CD49* cells was significantly higher in anti-
PD-1 treated mice (Figure 2A), implicating intensive accumu-
lation of NKT cells in primary tumor tissue due to anti-PD-1
therapy. As it is already known, the presence of NKT cells
within primary tumor tissue modifies the tumor microenvi-
ronment by secreting IFN-y that activates effector cells and
suppresses immunosuppressive populations, therefore enabling
a more fluent antitumor immune response *¥-°. Our results
imply that anti-PD-1 therapy might stimulate these beneficial
properties of NKT cells. Moreover, the percentage of NKp46*
and NKG2D" cells was also significantly increased in anti-PD-
1 treated mice (Figures 2B and 2C), which reflects a more dex-
terous phenotype of NKT cells in the tumor microenviron-
ment. Similarly, as in the spleen, anti-PD-1 therapy also raised
the percentage of IFN-y-producing CD3"CD49* cells within
primary tumor tissue (Figure 2D). Furthermore, the expression
of FoxP3 and KLRG-1 markers in CD3*CD49" NKT cells was
significantly diminished in the tumor microenvironment,
which is indicative of the NKT cell phenotype that is less
prone to anergy 3.

As NKT cells are known to interact with many immune
cells, such as T cells, DCs, and macrophages “*#?, and the fact
that 4T1 mammary carcinoma presents a low immunogenic
tumor, we further analyzed DCs and macrophages within the
primary tumor. Tumor-associated macrophages (TAMs) are
one of the most abundant cells within the primary tissue of the
tumor *%. Unfortunately, TAMSs that reside in the tumor micro-
environment are mostly those of an immunosuppressive M2
phenotype, thus allowing the immune escape of the tumor *,
Given the vast range of macrophage immunomodulatory prop-
erties, facilitating these cells might be of great significance
when it comes to revealing more potent therapeutic strategies
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in malignancy. As it is known, TAMs might stimulate an anti-
tumor immune response by secreting TNF-a and also suppress
the antitumor immune response by secreting I1L-10 inducing
overall immunosuppression %, Our results showed that anti-
PD-1 therapy significantly enhanced the percentage of F4/80*
macrophages within the tumor microenvironment (Figure 3A)
and, in addition, significantly increased the production of
TNF-a in F4/80" macrophages (Figure 3B), which is a hall-
mark of the M1 phenotype *. When it comes to DCs, anti-PD-
1 therapy did not alter the percentage of resident CD11c* DCs
within the tumor microenvironment (Figure 4A). Yet, the per-
centage of IL-10 producing CD11c* DCs was significantly
decreased in anti-PD-1 treated group (Figure 4B). As profes-
sional antigen-presenting cells, DCs are constantly circulat-
ing throughout the tumor microenvironment, where they are
continuously exposed to immunosuppressive molecules pro-
duced by cancer cells “®. As such, DCs might become tolero-
genic and stimulate further immunosuppression by secreting
molecules such as I1L-10 “. According to their role in im-
mune responses, DCs are traditionally divided into two
groups: conventional or classical DCs and plasmacytoid
DCs %°. Conventional DCs express high levels of major his-
tocompatibility complex (MHC) molecules, thus stimulating
antitumor immunity, while plasmacytoid DCs are mainly in-
volved in interferon secretion. Apart from classification, dur-
ing an antitumor immune response, DCs can switch between
tolerogenic and effector phenotypes “* 5. As our results
showed markedly lowered expression of IL-10 in DCs, we
believe that anti-PD-1 therapy, at least in part, might abro-
gate polarization of DCs towards tolerogenic phenotype.
DCs, as it is known, interact with NKT cells via direct con-
tact or indirectly by expressing and secreting modulating
molecules, such as CD40, type | and Il interferons, IL-10,
and TNF-a %2, Given our result, that DCs of anti-PD-1 treated
mice have a more immunogenic phenotype than those in un-
treated mice, DCs of anti-PD-1 treated mice might be even
more potent in triggering NKT cell activation besides the al-
ready shown direct activation of NKT cells by anti-PD-1
therapy. As mentioned before, upon activation, NKT cells
rapidly secrete activating molecules that stimulate other im-
mune cells, such as macrophages. Since our results imply
enhanced secretion of IFN-y in NKT cells upon anti-PD-1
therapy, and, on the other hand, IFN-y strongly facilitates
macrophages towards the M1 phenotype 5, we speculate that
anti-PD-1 driven NKT cells polarize macrophages towards
the antitumorigenic, M1 phenotype (Figure 5).

Conclusion

Anti-PD-1 therapy activates NKT cells directly and in-
directly via DCs. Activated NKT cells provide tumoricidic
properties directly by secreting perforin and indirectly by po-
larizing macrophages towards the M1 phenotype. Further
studies are needed to clarify the interplay between NKT cells
and other immune cells in the context of anti-PD-1 therapy,
shedding new light on various beneficial aspects of immune
checkpoint therapy.



Page 772 VOJNOSANITETSKI PREGLED Vol. 79, No. 8
REFERENCES
1. Farkona S, Diamandis EP, Blasutig IM. Cancer immunotherapy: immunotherapy. Proc Jpn Acad Ser B Phys Biol Sci 2015;

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

the beginning of the end of cancer? BMC Med 2016; 14: 73.

Li B, Chan HI_, Chen P. Immune Checkpoint Inhibitors: Basics
and Challenges. Curr Med Chem 2019; 26(17): 3009-25.
Alsaab HO, San S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, et
al. PD-1 and PD-L1 Checkpoint Signaling Inhibition for Can-
cer Immunotherapy: Mechanism, Combinations, and Clinical
Outcome. Front Pharmacol 2017; 8: 561.

Zamani MR, Aslani 8, Salmaninegjad A, Javan MR, Rezaei N. PD-
1/PD-L and autoimmunity: A growing relationship. Cell Im-
munol 2016; 310: 27—41.

Habib S, El Andalonssi A, Elmasry K, Handoussa A, Azab M,
Elsawey A, et al. PDL-1 Blockade Prevents T Cell Exhaustion,
Inhibits Autophagy, and Promotes Clearance of Leishmani-
adonovani. Infect Immun 2018; 86(6): ¢00019-18.

Mazzaschi G, Facchinetti F, Missale G, Canetti D, Madeddn D, Zecca
A, et al. The circulating pool of functionally competent NK
and CD8+ cells predicts the outcome of anti-PD1 treatment in
advanced NSCLC. Lung Cancer 2019; 127: 153—63.

Oyer JL, Gitto SB, Altomare DA, Copik AJ. PD-L1 blockade en-
hances anti-tumor efficacy of NK cells. Oncoimmunology
2018; 7(11): €1509819.

Patel SP, Kurzrock R. PD-L1 Expression as a Predictive Bi-
omarker in Cancer Immunotherapy. Mol Cancer Ther 2015;
14(4): 847-56.

Ronanne M, Roumignié M, Houédé N, Masson-Lecomte A, Colin P,
Pignot G, et al. Development of immunotherapy in bladder
cancer: present and future on targeting PD(I)1 and CTLA-4
pathways. World J Urol 2018; 36(11): 1727—40.

Kwok G, Yan TC, Chin JW, Tse E, Kwong YL. Pembrolizamab
(Keytruda). Hum Vaccin Immunother 2016; 12(11): 2777-89.
Vaddepally RK, Kharel P, Pandey R, Garje R, Chandra AB. Review
of Indications of FDA-Approved Immune Checkpoint Inhibi-
tors per NCCN Guidelines with the Level of Evidence. Can-
cers (Basel) 2020; 12(3): 738.

Dong W, Wu X, Ma S, Wang Y, Nalin AP, Zhu Z, et al. The
Mechanism of Anti-PD-L1 Antibody Efficacy against PD-L1-
Negative Tumors Identifies NK Cells Expressing PD-L1 as a
Cytolytic Effector. Cancer Discov 2019; 9(10): 1422-37.

Zhang C, Lin Y. Targeting NK Cell Checkpoint Receptors or
Molecules for Cancer Immunotherapy. Front Immunol 2020;
11: 1295.

Das R, Verma R, Sznol M, Boddupalli CS, Gettinger SN, Kiuger H,
et al. Combination therapy with anti-CTLA-4 and anti-PD-1
leads to distinct immunologic changes in vivo. ] Immunol
2015; 194(3): 950-9.

Excley MA, Wilson SB, Balk SP. Isolation and Functional Use of
Human NKT Cells. Curr Protoc Immunol 2017; 119:
14.11.1-14.11.20.

Qin L, Domingnez D, Chen S, Fan ], Long A, Zhang M, et al. Ex-
ogenous 11.-33 overcomes T cell tolerance in murine acute
myeloid leukemia. Oncotarget 2016; 7(38): 61069-80.

Shimizn T, Fuchimoto Y, Fuknda K, Okita H, Kitagawa Y, Kuroda
T. The effect of immune checkpoint inhibitors on lung metas-
tases of osteosarcoma. J Pediatr Surg 2017; 52(12): 2047-50.
Vo MC, Jung SH, Chu TH, Lee HJ, Lakshmi T], Park HS, et al.
Lenalidomide and Programmed Death-1 Blockade Synergisti-
cally Enhances the Effects of Dendritic Cell Vaccination in a
Model of Murine Myeloma. Front Immunol 2018; 9: 1370.
Jovanovic 1, Radosavjevic G, Mitrovic M, Juranic V1., McKengie AN,
Arsenjjevic N, et al. ST2 deletion enhances innate and acquired
immunity to murine mammary carcinoma. Eur J Immunol
2011; 41(7): 1902-12.

Tanignehi M, Harada M, Dashtsoodol N, Kojo S. Discovery of
NKT cells and development of NKT cell-targeted anti-tumor

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

30.

37.

38.

91(7): 292-304.

Ribeiro Gomes |, Schmerling RA, Haddad CK, Racy D], Ferrigno R,
Gil E, et al. Analysis of the Abscopal Effect With Anti-PD1
Therapy in Patients With Metastatic Solid Tumors. ] Immu-
nother 2016; 39(9): 367-72.

Khan M, Lin ], Liao G, Tian Y, Liang Y, Li R, et al. Compara-
tive analysis of immune checkpoint inhibitors and chemother-
apy in the treatment of advanced non-small cell lung cancer: A
meta-analysis of randomized controlled trials. Medicine (Bal-
timore) 2018; 97(33): €11936.

Carbognin L, Pilotto S, Milella M, Vaccaro 1/, Brunelli M, Calio A,
et al. Differential Activity of Nivolumab, Pembrolizumab and
MPDL3280A according to the Tumor Expression of Pro-
grammed Death-Ligand-1 (PD-L1): Sensitivity Analysis of Tri-
als in Melanoma, Lung and Genitourinary Cancers. PLoS One
2015; 10(6): €0130142.

Iwai Y, Hamanishi ], Chamoto K, Honjo T. Cancer immunothera-
pies targeting the PD-1 signaling pathway. | Biomed Sci 2017;
24(1): 26.

Ngiow SF, Young A, Jacquelot N, Yamazaki T, Enot D, Zitvogel L,
et al. A Threshold Level of Intratumor CD8+ T-cell PD1 Ex-
pression Dictates Therapeutic Response to Anti-PD1. Cancer
Res 2015; 75(18): 3800—11.

Sun C, Mezzadra R, Schumacher TN. Regulation and Function of
the PD-L1 Checkpoint. Immunity 2018; 48(3): 434-52.
Abntonia S|, Vansteenkiste JI, Moon E. Immunotherapy: Beyond
Anti-PD-1 and Anti-PD-L1 Therapies. Am Soc Clin Oncol
Educ Book 2016; 35: e450-8.

Hui E, Chenng |, Zhu ], Su X, Taylor MJ, Wallweber HA, et al. T
cell costimulatory receptor CDD28 is a primary target for PD-1-
mediated inhibition. Science 2017; 355(6332): 1428-33.
Ragamn H, Kitano S, Yamagnchi O, Yoshimura K, Horimoto K,
Kitazawa M, et al. CD4+ T-cell Immunity in the Peripheral
Blood Correlates with Response to Anti-PD-1 Therapy. Can-
cer Immunol Res 2020; 8(3): 334—44.

Bae EA, Seo H, Kim BS, Choi ], Jeon 1, Shin KS, et al. Activation
of NKT Cells in an Anti-PD-1-Resistant Tumor Model En-
hances Antitumor Immunity by Reinvigorating Exhausted
CD8 T Cells. Cancer Res 2018; 78(18): 5315-26.

Terabe M, Berzofsky JA. Tissue-Specific Roles of NKT Cells in
Tumor Immunity. Front Immunol 2018; 9: 1838.

Tiwary S, Berzofsky JA, Terabe M. Altered Lipid Tumor Envi-
ronment and Its Potential Effects on NKT Cell Function in
Tumor Immunity. Front Immunol 2019; 10: 2187.

Kim N, Kim HS. Targeting Checkpoint Receptors and Mole-
cules for Therapeutic Modulation of Natural Killer Cells.
Front Immunol 2018; 9: 2041.

Teyton L. New Directions for Natural Killer T Cells in the Im-
munotherapy of Cancer. Front Immunol 2017; 8: 1480.

Sivori S, Pende D, Quatrini 1, Pietra G, Della Chiesa M, V' acca P, et
al. NK cells and ILCs in tumor immunotherapy. Mol Aspects
Med 2020; 100870.

Theodoraki MIN, Yerneni 88, Hoffmann TK, Gooding WE, W hiteside
TL. Clinical Significance of PD-L1+ Exosomes in Plasma of
Head and Neck Cancer Patients. Clin Cancer Res 2018; 24(4):
896-905.

Xue W, Li W, Zhang T, Li Z, Wang Y, Qin Y, et al. Anti-PD1
up-regulates PD-L1 expression and inhibits T-cell lymphoma
progression: possible involvement of an IFN-y-associated
JAK-STAT pathway. Onco Targets Ther 2019; 12: 2079-88.
Qin' Y, Ob S, Lim S, Shin JH, Yoon MS, Park SH. Invariant
NKT cells facilitate cytotoxic T-cell activation via direct
recognition of CD1d on T cells. Exp Mol Med 2019; 51(10):
1-9.

Jovanovi¢ M, et al. Vojnosanit Pregl 2022; 79(8): 764—773.



Vol. 79, No. 8

VOJNOSANITETSKI PREGLED

Page 773

39.

40.

41.

42.

43.

44,

45.

46.

47.

Krijgsman D, Hokland M, Kuppen PJK. The role of natural killer
T cells in cancer-A phenotypical and functional approach.
Front Immunol 2018; 9: 367.

Bedard M, Salio M, Cerundolo 1. Harnessing the power of invar-
iant natural killer T cells in cancer immunotherapy. Front Im-
munol 2017; 8: 1829.

Diaz-Basabe A, Strati F, Facciotti F. License to Kill: When iNKT
Cells Are Granted the Use of Lethal Cytotoxicity. Int ] Mol Sci
20205 21(11): 3909.

Fallarini S, Paoletti ‘I, Orsi Battaglini N, Lombardi G. Invariant
NKT cells increase drug-induced osteosarcoma cell death. Br |
Pharmacol 2012; 167(7): 1533—49.

His LM, Shi YH, Brutkiewicz RR, Stein PL, Wang CR, Zbang M.
CD1d-expressing breast cancer cells modulate NKT cell-
mediated antitumor immunity in a murine model of breast
cancer metastasis. PLoS One 2011; 6(6): €20702.

Tan B, Shi X, Zhang ], Qin ], Zhang N, Ren H, et al. Inhibition of
Rspo-Lgr4 Facilitates Checkpoint Blockade Therapy by Switch-
ing Macrophage Polarization. Cancer Res 2018; 78(17): 4929-42.
Xiang W, Shi R, Kang X, Zhang X, Chen P, Zhang L, et al. Mon-
oacylglycerol  lipase  regulates  cannabinoid  receptor
2-dependent macrophage activation and cancer progression.
Nat Commun 2018; 9(1): 2574.

Najafi M, Hashemi Goradel N, Farhood B, Salehi E, Nashtaei MS,
Khanlarkhani N, et al. Macrophage polarity in cancer: A review.
J Cell Biochem 2019; 120(3): 2756—65.

Li TF, Li K, Wang C, Lin X, Wen Y, Xu YH, et al. Harnessing
the cross-talk between tumor cells and tumot-associated mac-

Jovanovi¢ M, et al. Vojnosanit Pregl 2022; 79(8): 764—773.

48.

49.

50.

51.

52.

53.

rophages with a nano-drug for modulation of glioblastoma
immune microenvironment. | Control Release 2017; 268:
128—40.

Donzelli S, Milano E, Pruszko M, Sacconi A, Masciarelli S, Iosue 1,
et al. Expression of ID4 protein in breast cancer cells induces
reprogramming of tumour-associated macrophages. Breast
Cancer Res 2018; 20(1): 59.

Sumpter TL, Dangi A, Matta BM, Huang C, Stolz DB, 1 odovotz
Y, et al. Hepatic stellate cells undermine the allostimulatory
function of liver myeloid dendritic cells via STAT3-dependent
induction of IDO. J Immunol 2012; 189(8): 3848-58.

Motta JM, Rumjanek 1’M. Sensitivity of Dendritic Cells to Mi-
croenvironment Signals. ] Immunol Res 2016; 2016: 4753607.
Balan S, Saxena M, Bhardwaj N. Dendritic cell subsets and loca-
tions. Int Rev Cell Mol Biol 2019; 348: 1-68.

Fujii 81, Shimizu K. Exploiting Antitumor Immunotherapeutic
Novel Strategies by Deciphering the Cross Talk between In-
variant NKT Cells and Dendritic Cells. Front Immunol 2017,
8: 886.

Shaponri-Moghaddam A, Mobammadian S, VVazgini H, Taghadosi M,
Esmaeili SA, Mardani F, et al. Macrophage plasticity, polariza-
tion, and function in health and disease. J Cell Physiol 2018;
233(9): 6425—40.

Received on January 26, 2021
Revised on March 28, 2021
Accepted on March 30, 2021
Online First April 2021



