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l. Introduction

Reproductive immunology refers to a field of medicine that studies interactions (or
the absence of them) between the immune system and components related to the
reproductive system, such as maternal immune tolerance towards the fetus.

The pregnancy is actually an ,,immunological paradox”, because in a very complex
way the mother’s immune system helps to maintain the tolerance toward the semi-
allogenic fetal antigens. If the immunological tolerance does not work properly, it could
lead to severe complications, or even miscarriage.!

Understanding the immunological background of pregnancy is very important for
clinical medicine and scientific perspectives?, because the dysregulation of the immune
system can even cause recurrent miscarriages.® Different immunological failures could be
the cause of reduced fertility in women, such as autoimmune diseases, immunodeficiency
diseases and asthma.* Furthermore, the interaction between the pregnant mother's immune
system and infectious agents can also affect fertility.

Immune checkpoint molecules are regulators of our immune system. They regulate
the immunological defense against infections, tumors, and autoimmune processes.
Therefore, their role in the development and maintenance of the maternal immune
tolerance is essential.>® Antigen-presenting cells and dendritic cells express different
immune checkpoint ligands. These ligands bind to the receptors on lymphocytes to induce
a specific activating or inhibitory pathways. Main activating receptor-ligand pairs: ICOS/
ICOS-L, GITR/GITR-L, CD27/CD70, CD40/CD40-L and CD28/CD80-86. Main
inhibitory receptor-ligand pairs: PD-1/PD-L1, CTLA-4/CD80-86, TIM-3/Galectin-9,
MHC-II/LAG-3, and SIRPa/CDA47. In the doctoral dissertation, the TIM-3/Gal-9 and PD-

1/PD-L1 pathways were examined.



TIM-3 molecule

T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), was first
described as a cell surface molecule expressed on IFNy producing CD4+ Thl and CD8+
Tcl cells.® Later, the expression was detected in Th17 cells, regulatory T-cells and innate
immune cells (dendritic cells, NK cells, monocytes).'°

The interaction of TIM-3 and Gal-9 molecules inhibits the cytotoxic activity of
NK cells and the Thl and Th17 cells INF-y secretion. In addition, it regulates the
development of T cell tolerance and the activation of Thl immune cells in mice and
humans.tt 12 13 |t is responsible for the Thl / Th2 balance.!* It stimulates the
differentiation of naive T cells into Treg cells and promotes the production of Th17 cells
by inhibiting naive T cells. Apoptotic activity is prominent in CD4+ Th1l, Th17 and CD8+
cytotoxic T cells and CD4 / CD8 double negative or double positive thymocytes.*®

In the case of mouse pregnancy, the Gal-9 molecule can be detected in the
placental and decidual Treg and Th cells. Since the presence of TIM-3 molecule and Gal-
9 at the feto-maternal interface has been detected, we can assume that they are also
involved in the development of immune tolerance. This hypothesis is supported by the
observation that in vivo inhibition of the TIM-3 molecule reduces the number of live
offspring per pregnancy and increases the chance of the intrauterine absorption of the

fetuses. 1617

PD-1 molecule

PD-1 molecule (CD279) is an inhibitory immune checkpoint transmembrane
receptor, which is member of the B7 / CD28 family. It is expressed by several immune
cells such as T cells, B cells, NK cells, and antigen presenting cells.*® PD-1 has two
ligands, PD-L1 and PD-L2, which are members of the B7 family: PD-L1 (B7-H1) and
PD-L2 (B7-DC). PD-L1 can inhibit inflammatory T cell responses. It is expressed on T
cells, B cells, dendritic cells, and macrophages. PD-L1 mRNA can be detected in the heart,
lung, thymus, spleen, and kidney.**?° In contrast, PD-L2 expression is restricted only to
macrophages and dendritic cells.?! At the mRNA level it can be detected in the heart,

placenta, lung, and liver.?2



Both PD-1 ligands are expressed at the maternal-fetal interface.?® Expression of
PD-L2 can be observed in all layers of the mouse decidua, while expression of PD-L1 is
restricted to the basal layer of the decidua.?

The in vivo inhibition of anti-PD-L1 can cause increased fetal resorption rates,

whereas PD-L2 inhibition had no effect on fetal viability.1%?

PACAP molecule

Pituitary adenylate cyclase-activating polypeptide is named for its effect on the

pituitary gland. It can increase CAMP levels in pituitary cells by stimulating adenylate
cyclase. PACAP is a multifunctional neuropeptide, it is the member of the glucagon-
secretin vasoactive intestinal polypeptide (VIP) family, with 68% homology to VIP. It can
affect fertility, implantation, reproductive behavior, spermatogenesis, and placental
functions.?*% PACAP molecule can delay puberty and affect follicular maturation in the
ovary.?’ It can direct ovarian hormone production,?® can affects meiotic division and it is

important local regulator of the follicular development.?®



Il. Aims

In our experiments, we aimed to investigate the development of feto-maternal
immune tolerance, we wanted to study the role and function of TIM-3 and PD-1 immune
checkpoint molecules during pregnancy by using different animal models.

We divided our research into three topics:
1. Investigating healthy pregnancy: The role of TIM-3 and PD-1 immune
checkpoint molecules

In our experiments, we aimed to analyze phenotypic features and the cytotoxic
activity of the immune cells isolated at the peripheral and feto-maternal interfaces.
Furthermore, we wanted to investigate the TIM-3/Gal-9 and PD-1 pathways at 14.5 day
of mouse pregnancy. We also aimed to determine the expression site of the Gal-9 molecule
in the mouse placenta.
2. Investigating the effect of abortion-induced drug treatment: Study the impact
of Mifepristone on the TIM-3/Gal-9 pathway

We aimed to investigate the TIM-3/Gal-9 pathway after low dose of Mifepristone
treatment. Our test samples were mononuclear cells from the feto-maternal interface of a
14.5 day pregnant mice. We planned to examine by flow cytometer the phenotypic
characterization, TIM-3 and Gal-9 expression and the cytotoxic activity of the immune
cells. We also aimed to investigate the Gal-9 expression after Mifepristone treatment by
immunohistochemistry.
3. Investigating the effect of PACAP molecule on mouse pregnancy: The role of
TIM-3 and PD-1 immune checkpoint molecules in PACAP- deficient mice

In the third part of our experiments, we planned to repeat the previously described
healthy pregnancy tests with PACAP-deficient mice. Our aims were to analyze phenotypic
features of the peripheral and decidual immune cells, as well as to investigate the
expression of Gal-9, TIM-3, PD-1 in the mononuclear immune cells and to measure their
cytotoxic activities. In addition, we planned to explore the Gal-9 expression of wild-type
and PACAP-deficient mice placental samples by immunohistochemistry.



1. Methods

In our experiments the following techniques were used:

- Pairing of BALB-c, CD1 and PACAP- deficient mice

- 24 hours Mifepristone (RU-486) treatment of pregnant BALB-c mice

- Isolation of the decidua and spleen from pregnant BALB-c, CD1 and PACAP-
deficient mice

- Isolation of mononuclear cells from decidua and spleen

- Labeling lymphocytes for flow cytometric analyses

- FoxP3 intracellular staining

- CD107a cytotoxicity assay

- Flow cytometry

- Immunohistochemical detection of Gal-9 molecule in mice placenta

- Statistical analyses with SPSS V.20.

IV. Results

Investigation of TIM-3/Gal-9 and PD-1/PD-L1 pathways in healthy pregnant BALB-c

mice

Gal-9 was found to be present in the spongiotrophoblast layer of the hemochorial
placenta, which separates the labyrinth layer from the decidua.

Within the scope of our research, we discovered significantly enhanced Gal-9
expression by decidual regulatory T cells compared to the periphery. Although there is a
decrease in the ratio of CD4 helper T cells in the decidua, the Gal-9 secreting
subpopulation is still represented locally without any changes. According to our
hypothesis, these dominant presence of the ligands PD-L1, PD-L2 and Gal-9 at the feto-
maternal interface suggest subsequent local immunomodulatory potential following

maternal immunoactivation.



Among the lymphocyte subpopulations recruited in the mouse decidua we found
predominantly innate immune cells (NK cells, y/5 T cells and NKT cells) and a reduced
number of CD4+ and CD8+ T lymphocytes compared to the periphery.

During the analysis of the PD-1 expression by lymphocytes in the periphery and
in the decidua, decidual lymphocytes show a notable increased PD-1 expression in all
investigated subpopulations. Lytic activity of PD-1 positive NK, NKT and y/6 T cells was
decreased in the decidua, suggesting the involvement of these lymphocytes in feto-
maternal tolerance as a potential result of the PD-1 receptor mediated pathway.

While TIM-3 expression of NK cells and y/6 T cells is similar both in the periphery
and in the decidua, the relative TIM-3 expression is increased locally (higher receptor
density on single cell level) indicating decidual TIM-3 expressing cells are more mature
and fully functional. However, cytotoxic capacity of decidual TIM-3 expressing NK cells
and y/8 T cells is reduced when compared to the periphery which might be due to their
upregulated relative TIM-3 expression on one hand and a much stronger local presence of
its ligand Gal-9 on the other hand. Their binding could lead to the subsequent inhibition
of effector functions observed here as a reduced cytotoxicity.

Investigating decidual NKT cells, this subpopulation showed a reduced TIM-3
expression with increased relative receptor expression when compared to the periphery.

Comprehensively speaking, our data indicates a very complex, tissue and cell type
specific immunoregulatory mechanism by the investigated co-inhibitory receptors at the
feto-maternal interface proposing further investigations of their exact role in maternal

immune responses.

Investigation of the effect of Mifepristone on the TIM-3/Gal-9 pathway in pregnant
BALB-c mice

Here we demonstrated that a relatively high proportion of peripheral NK, NKT
and y/3 T cells also showed Gal-9 positivity. Although Gal-9 expression by peripheral
Treg cells was almost negligible, significantly higher percentage of Gal-9 positivity by
decidual Treg cells was found in the decidua. Furthermore, we found that the expression
of Gal-9 by NK cells was significantly decreased in the normal pregnant decidua
compared to the periphery. 0.8mg/kg RU486-treatment resulted in a nearly complete



disappearance of Gal-9 from the junctional zone of the placenta. Furthermore, the
treatment significantly decreased the Gal-9 positivity of peripheral NK cells but
significantly increased its expression by decidual Treg and CD4+T cells. In addition, the
proportion of decidual Gal-9+Th cells with known suppressive capacity was significantly
increased after Mifepristone administration.

Our data indicate that even a low dose Mifepristone treatment was effective
enough to abrogate Gal-9 production of the placenta. The observed, increased Gal-9
expression by decidual Treg and CD4+Th cells suggest that local immunosuppressive
mechanisms are also triggered 24 hours after the treatment, possibly to sustain impaired
placental function. These mechanisms might inhibit the pro-inflammatory cytokine
production of Thl and Th17 cell by a Gal-9/TIM-3 dependent fashion®® and aid the
maintenance of the whole embryo placenta unit.

We found that both in control and RU486 treated mice group TIM-3 expression
by CD4+T cells was significantly increased in the decidua compared to the periphery. In
RUA486 treated mice TIM-3 expression by NK cells was significantly increased in the
decidua compared to the periphery

In addition, we analyzed the CD107a expression within the TIM-3+ lymphocyte
subsets. In untreated pregnant mice our results demonstrated a significantly decreased
CD107a expression by decidual TIM-3+v/3 T cells together with a significant increase in
CD107a expression by NKT cells compared to the periphery. Furthermore, in RU486
treated mice TIM-3+ decidual NKT cells showed significantly higher while NK cells
showed significantly lower cytotoxic potential than their peripheral counterparts.

Investigation of TIM-3/Gal-9 and PD-1/PD-L1 pathways in wild-type (CD1) and
PACAP-deficient pregnant mice

Both in PACAP KO and wild type mice, a significant increase could be observed
in decidual y/6 T, NK and NKT cell frequency at the feto-maternal interface, while the
frequency of decidual CD4+ and CD8+T cells was significantly decreased when
compared to the periphery. PACAP KO mice had a significantly elevated Treg frequency
in the periphery compared to the decidua. PACAP KO mice had a significantly increased



CD4+ T frequency in the periphery together with a higher number of y/3 T cells in the
decidua compared to the wild type mice.

In our experiments, both PACAP KO and wild type mice on CD-1 background
showed the same Gal-9 positivity by the spongiotrophoblast layer of the hemochorial
placenta.

Although there is a decrease in the ratio of CD4+ T cells in the decidua both in
PACAP KO and in wild type mice, the percentage of the Gal-9 secreting subpopulation
(Gal-9+ Th cells) significantly increased locally at the feto-maternal interface compared
to the periphery.

The only notable PACAP-specific alteration was related to CD4+ T cells
expressing cell surface Galectin-9 (Gal-9+ Th cell). There is a significantly elevated Gal-
9+ Th cell frequency at the feto-maternal interface in pregnant PACAP KO mice
compared to wild type control mice.

During the analysis of TIM-3 expression by immune cells in the decidua and in
the periphery, decidual CD4+ T and Treg cells showed a significantly increased TIM-3
expression in both animal groups, while TIM-3 expression by y/d T cells was significantly
decreased in the decidua of PACAP KO mice compared to the periphery. Interestingly,
TIM-3 expression by y/6 T cells was significantly increased in the periphery of PACAP
KO mice compared to the wild type mice. These results suggest that CD4+ T and Treg
cells are presumably under immune-checkpoint control by TIM-3 molecule. Analyzing
another immune-checkpoint molecule revealed that PD-1 expression by NK cells is
significantly increased in the decidua compared to the periphery in PACAP KO mice.

Analyzing data, the only PACAP specific change is the significantly increased
cytotoxicity by y/d T cells in the periphery of PACAP KO mice compared to wild type
mice. We could not detect any changes in the cytotoxic potential of the investigated cells
at the feto-maternal interface between the two groups, suggesting no functional
impairment or disturbance locally mediated by either TIM-3/Gal-9 or PD-1/PD-L1
pathways. Furthermore, there is a significantly elevated Gal-9+ Th cell frequency in the
decidua at the feto-maternal interface in PACAP KO mice compared to wild type controls,

suggesting a possible control of the cytotoxicity of TIM-3 positive cells.



In conclusion, despite the found alterations in the peripheral number and function
of immune cells, we could not find any remarkable alteration either in the distribution or
in the cytotoxicity of the investigated decidual immune cells which could elucidate any

reproductive alterations in pregnant PACAP-deficient mice.



V. Summary

Investigation of TIM-3/Gal-9 and PD-1/PD-L1 pathways in healthy pregnant BALB-c

mice

1. Gal-9 is expressed in the spongiotrophoblast layer of the healthy mice’s placenta.

2. Decidual Treg cells show higher Gal-9 expression compared to the periphery.

3. Although the proportion of CD4 + Th cells in the decidua is reduced, the Gal-9-
producing subpopulation (Gal-9+ Th cells) is present at the same level as the
periphery.

4. The decidual PD-1 expression in the NK, NKT, and y/6 T cells was increased
compared to the periphery. The PD-1 positive NK and NKT cells cytotoxic activity
was reduced compared to the periphery.

5. While the TIM-3 expression of the NK and /3 T cells in the decidua and in the
periphery showed similar values, the relative TIM-3 expression was increased in the
decidua compared to the periphery. Furthermore, the cytotoxic activity of TIM-3
positive NK and /8 T cells in the decidua is lower in contrast the periphery. The NKT
cells of the decidua have lower TIM-3 expression than the periphery, but they have
higher relative TIM-3 receptor expression. Locally, although their cytotoxicity
increased in the decidua, but it was not significant compared to the periphery.

6. The number of PD-1 and TIM-3 double-positive NKT and y/8 T cells decreased in
the decidua compared to the periphery.

7. The PD-1and TIM-3 positive cells in the decidua are more dominant compared to the
periphery. While PD-1+ lymphocytes have decreased cytotoxic activity, the lytic
activity of TIM-3 + cells varies depending on the cell type, suggesting that the role of

TIM-3 may be various in different lymphocyte subpopulations.



Investigation of the effect of Mifepristone on the TIM-3/Gal-9 pathway in pregnant

BALB-c mice

1. After a low-dose (0.8 mg/kg) Mifepristone treatment the Gal-9 expression is almost
completely disappeared in the treated mice placenta compared to the control group.

2. After Mifepristone treatment the NK cells Gal-9 expression significantly decreased
in the periphery, but the Treg and CD4 + T cells Gal-9 expression significantly
increased in the decidua compared to the untreated group.

3. The suppressive Gal-9+ Th cells proportion was significantly increased in the
Mifepristone treated mice decidua compared to their periphery and compared to the
untreated group’s decidua.

4. After Mifepristone treatment the NK and CD4 + T cells in the decidua express
significantly more TIM-3 molecules on their surface than the periphery.

5. TIM-3 positive NK cells in the decidua have decreased cytotoxic activity, while the
NKT cells in the decidua showed an elevated CD107a expression compared to the
periphery.

6. Mifepristone treatment increased the TIM-3 expression in all tested immune cells of

the decidua compared to the untreated mice decidua, however, the differences were
only significant in the case of CD4 + T cells.

Investigation of TIM-3/Gal-9 and PD-1/PD-L1 pathways in wild-type (CD1) and

PACAP-deficient mice

1.

In the case of PACAP-deficient and wild-type mice significantly increased the y/6 T,
NK, NKT cell proportion and significantly decreased the CD4+ T and CD8+ T cell
proportion in the decidua compared to the periphery.

The CD4+ T cells in the periphery were significantly increased in PACAP-deficient
mice and the frequency of the y/3 T cells in the decidua was also increased compared
to the control group.

There was no significant difference between the PACAP-deficient and wild-type mice
Gal-9 expression. In both cases the spongiotrophoblast layers showed the same Gal-

9 positivity.



10.

The CD4+ T cells decreased in the decidua in both mouse group and significantly
increased the proportion of the Gal-9 producing subpopulation (Gal-9 + Th cells) at
the feto-maternal interface compared to the periphery.

The Gal-9+ Th cells significantly increased in the decidua of the PACAP-deficient
mice compared to the wild type’s decidua.

The CD4+ T and Treg cells TIM-3 expression showed a significant increase in both
mouse group compared to the periphery. In contrast, the y/6 T cells TIM-3 expression
was significantly decreased in the PACAP-deficient mice decidua compared to the
periphery.

The v/6 T cells TIM-3 expression in periphery was significantly increased in the
PACAP-deficient mice compared to wild type periphery.

The NK cells PD-1 expression in the decidua was significantly increased in the
PACAP-deficient mice compared to their periphery.

The y/6 T cells CD107a expression in the periphery significantly increased in the
PACAP-deficient mice compared to the control group.

We could not detect any significant differences in cell phenotype and cytotoxic
activity in the feto-maternal interface that would clearly explain the low reproductive
capacity of the PACAP-deficient mice.
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