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SUMMARY
Introduction

Gynaecologic immunologic research aims to answer an important question: How does the
immune system manage to protect both mother and unborn child while not harming the semi-
allogeneic and thus partially unaccustomed fetus? Several distinct adaptions in both the
innate and adaptive immune system take place during pregnancy. Alterations in these
processes can cause dramatic consequences like pregnancy loss. Here, molecules with
immunomodulatory functions can provide possible treatment options. One molecule with the
described features emerged as a candidate: The transmembrane molecule mCD83 as well as
its soluble form, sCD83. As mCD83 overexpressing cells and cells from pregnant mice showed
similar behaviour regarding interleukin-10 secretion and B-cell (BC) development, a
contribution of mCD83 in immunologic pregnancy adaptions is possible. Additionally, the
soluble form could be a future therapeutic agent in pregnancy disorders, regarding its already

shown benefits in therapy of various autoimmune diseases in animal models.

The aim of this work is to evaluate the expression, release and regulation of CD83 in its
membrane bound and soluble forms during normal and disturbed pregnancies in mouse

models.
Methods

The semi-allogeneic pairing of two inbred stems, C57BI6/JxBALB/c, results in healthy
pregnancy and was used to investigate the expression in different stages of pregnancy. Pairing
CBA/J females with DBA/2J males results in resorption of fetal units and represents a poor
pregnancy outcome mating (PPOM). This model in comparison with CBA/JxBALB/c pairings
(presenting a good pregnancy outcome mating (GPOM)) is a model for immunologic
pregnancy disturbance. It was used to detect alterations in mCD83 expression and sCD83

release during disturbed pregnancy.
Results

During normal murine pregnancy, mCD83 expression increased with a peak on day 14 of
pregnancy on B- and T-cells, while the amount of mCD83 positive cells was elevated at the
end of pregnancy. PPOM mice showed higher mCD83 expression and mCD83 positive cell

count on various lymphocyte subtypes in comparison to GPOM, while sCD83 levels were lower



in PPOM pregnancies. Splenocytes released sCD83 in cell culture, whereby the main part
under unstimulated conditions was produced by BC. Progesterone treatment of splenocytes
led to a dose dependent mCD83 upregulation on T-cells and reduced mCD83 expression as
well as sCD83 release from BC. Culture of splenocytes with tissue inhibitor of
metalloproteinases 1 (TIMP1) resulted in elevated sCD83 release and mCD83 expression on

BC. Progesterone reduced TIMP1 expression on BC in vitro.
Conclusions

mCD83 expression and sCD83 release showed various alterations during normal murine
pregnancy as well as when comparing PPOM with GPOM. Noticeable are in particular a higher
mCD83 expression on splenic BC on day 14 of pregnancy. In BC from PPOM, mCD83 expression
is higher than on BC from GPOM, while PPOM mice show a lower sCD83 serum level, hinting

a problem in the shedding mechanism during PPOM.

Progesterone regulates mCD83 expression on BC via TIMP1 and a yet unknown proteinase,
resulting in degradation of mCD83 with lower mCD83 expression and sCD83 release. Here, the
resulting expression level may vary depending on the BC surroundings and cell

compartmentation.

The results thereby suggest a CD83 involvement in pregnancy and encourage further research
on mCD83 expression at the feto-maternal interface as well as sCD83 in human blood and
tissue. Especially the sCD83 alterations are of clinical interest, indicating the molecule as

potential therapeutical option for pregnancy disturbances.
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1 Introduction

1.1 Immunology and pregnancy
Every pregnancy demands multiple adaptions including hormones, circulatory system,

metabolism and the immune system. The latter is a crucial point, as it is now responsible for
the health of two individuals and must accept the semi-allogeneic fetus without impairing the

protection against pathogens.

Known adaptions occur both in the innate and the adaptive immune system and include, for
example, alterations in the antibody profiles and cytokine milieu. The first stage of pregnancy
is predominantly pro-inflammatory. The following and largest period is characterized by
higher secretions of anti-inflammatory interleukins as well as a preference for fast-acting type-
2 helper T-cell (TH2)-reactions. Finally, pro-inflammatory reactions characterize the initiation

of labor [1-5].

The causes of several pregnancy disturbances, like preeclampsia, preterm birth or recurrent
pregnancy loss are still not fully identified. In recurrent pregnancy loss for example,
established causes like uterine or genetic defects or chronic endometriosis can only be found

in less than a half of the cases [6].

In this context, there is a link between pregnancy disorders and a misregulation in the complex
immunological adaptions during pregnancy [2,7]. Infections, for example, are a trigger leading
to disturbed immunoreactions and high cytokine releases. But even without bacterial

infection, sterile inflammation can cause severe complications like preterm labor [2,8—-10].

Here, the investigation of the mechanisms behind the establishment of the described
“immunological balance” in healthy pregnancy as well as possible disturbances paves the way
for possible therapeutic tools. Thus, the examination of molecules with immunomodulatory
functions is a major interest in gynaecologic immunologic research. One molecule, which
shows a variety of functions in different immune cells as well as therapeutic potential in

autoimmune diseases, is the transmembrane molecule CD83 (mCD83).

1.2 CD83
mCD83 was first described in 1992 as HB-15 on human dendritic cell (DC) subsets as well as

on activated lymphocytes [11], and soon obtained a significant role as DC maturation marker
[12,13]. It is a transmembrane glycoprotein of the immunoglobulin (Ig) superfamily with a

single extracellular Ig-like domain and a cytoplasmatic domain [11]. mCD83 has been found in
7



various species [14,15], including mice, where the murine form shares 63 % amino acid

identity with the human variant of the protein [15].

In addition to its use as an activation marker on DC, mCD83 was discovered to have a crucial
role in human DC dependent T-cell (TC) activation [16—18]. In different studies on the other
hand, CD83 expression levels on antigen presenting cells had no influence on their ability in
activating CD8* TC and just a slight positive correlation with the activation of CD4*TC [19]. As
CD83 deficient DC show no problems in TC stimulation, this contribution might not be crucial
[19]. However, some viruses impact CD83 function on DC, thereby profiting from reduced TC

reaction [20-22].

Studies revealed that the lack of mCD83 on murine DC represents higher inflammatory
potential, resulting for example in increased autoimmune inflammation but also in better
protection against bacteria [23—25]. Knockout of CD83 on DCin mice led to reduced peripheral
Treg numbers and impaired Treg function [25]. The role of mCD83 on DC is described as
important in immune regulation as well as in the prevention of overshooting immune

reactions [24,25].

mCD83 can also be detected on TC, B-cells (BC) as well as on murine thymic epithelial cells
[11,26-28]. The latter is crucial for murine TC development, as CD83 knockout mice showed a

severely reduced amount of peripheral CD4* TC [28].

TC display different properties, depending on their CD83 expression. While overexpression
leads to forkhead-box-protein 3 (FOXP3) upregulation, which is characteristic for regulatory
TC (Treg) [29], silencing of the molecule impairs TC functions like proliferation or cytokine
release [30]. Transgenic induced mCD83 expression on murine TC on the other hand enhances

their interferon and interleukin production [31].

Regarding splenic BC, two major subtypes differ in their strategies to react against pathogenic
threats: Follicular zone B-cells (FO) produce high-affinity antibodies, while marginal zone B-
cells (M2Z) are considered pre-activated and show a rapid response with low-affinity antibodies
[32—-36]. mCD83 overexpression on BC results in reduced maturation of FO but higher
numbers of MZ. The absence of mCD83 on BC on the other hand decreases the MZ maturation

significantly [37]. On BC, mCD83 co-localizes with the B-cell receptor (BCR) and reduces its



sensitivity [38]. Reduced BCR sensitivity may be linked to a preference of BC for developing
into MZ [34].

mCD83 expressing DC as well as lymphocytes release a soluble form of the protein (sCD83)
[39]. The amount of sCD83 depends on the mCD83 level of the cell, suggesting that sCD83 is
released from mCD83 by shedding [39]. A different explanation and pathway for sCD83
production is alternative splicing [40]. The soluble form shows anti-inflammatory properties
in in vitro studies: High sCD83 doses resulted in cytoskeletal disturbances in DC, impairing their
ability to cluster with TC, which is essential for TC activation [41]. Furthermore, sCD83 has a
confirmed anti-inflammatory therapeutic effect in various mouse models of autoimmune

diseases and allograft transplantation [42—-44].

1.3 CD83 and pregnancy
One example for adaptions in normal murine pregnancies is a preference for MZ over FO

maturation [33,45]. The link to the molecule mCD83 arose when studies revealed its capability
in influencing the BC maturation in the spleen as described above. In short, mCD83 expression

on BC leads to a BC distribution similar to the one observed in pregnancies.

Another connection between pregnancy and mCD83 concerns the production of the anti-
inflammatory interleukin-10 (IL-10): mCD83 overexpressing BC show high IL-10 production
after lipopolysaccharide (LPS) stimulation; and IL-10 is elevated and crucial in murine

pregnancy [46,47].

Considering the influence of mCD83 expression on lymphocyte function and the
immunomodulatory capacity of sCD83, a contribution to tolerance during pregnancy can be

postulated.

1.4 Mouse models in gynaecologic research
To investigate the causes, processes and consequences of disturbed pregnancies, various

mouse models are used. One is the pairing of CBA/J females with males of the oldest inbreed
strain, the DBA/2J; in comparison to BALB/c males. Pairing CBA/J with DBA/2J mice results in

resorption of 10-80% of the formed feto-placental units [48,49].

In the 1980s, this model was extensively used to study the theory of acquired
immunosuppression during pregnancy: It was believed that healthy pregnancy required

immunosuppression, and that CBA/JxDBA/2J paired mothers lack it [48]. In any case, the exact



cause of the higher resorption rate is still unidentified, although various immunological

alterations have been described.

These include infiltration of natural killer cells as well as other leukocytes, including TC and BC
[48,50]. Especially TC got into focus as studies showed altered TC function in CBA/JxDBA/2)
pairings [48,51].

However, recent data show effects far beyond a plain lack of immunosuppression. Higher
oxidative stress as well as disturbed DNA-methylation are discussed [52,53]. Additionally,
changes in the vascularisation are described, resulting in a disturbed blood supply for the
trophoblast. Vascularisation deficits are not limited to the placenta, there is evidence for a
generalised vascular problem in the mother, resulting for example in kidney diseases. Those
findings indicate that thrombosis and ischaemia, resulting in inflammation, are part of the
process leading to the resorptions [54,55]. Thus, the mechanisms are not simply explainable

with primary immune system dysregulation [48].

Despite this, the model is still frequently used for immune-mediated, pro-inflammatory
disturbances during pregnancy, especially recurrent pregnancy loss and preeclampsia [54].
Another model in gynaecologic research is for example the intravenous or intrauterine

application of LPS in pregnant mice resulting in preterm birth or abortion [56,57].

Of course, research is not limited to pregnancy disturbances but covers adaptions during
healthy pregnancy as well. Here, the most widely used inbred strain in research [58], the
C57Bl6/J, is frequently used. The C57BI6 strain was created in 1921 and brought to the Jackson
Laboratory in 1948, thereby creating the C57BI6/J substrain [59]. Because syngeneic pairings
of inbred strains do not mimic the semi-allogeneic challenge that occurs in human
pregnancies, experiments are frequently conducted using a pairing of a female and a male

from different inbred strains, like C57Bl6/JxBALB/c [45,60,61].

2 Objectives
For the last few years, the immunologic research has placed a strong focus on molecules with

immunomodulatory characteristics. In contrast to the classical immunosuppressives, they
convey, as the name says, modulatory effects, without the disadvantage of a generalized

immunosuppression.
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The transmembrane molecule mCD83 as well as its soluble form emerged as promising

therapeutic tools to treat inflammatory disorders.

To investigate the possible use of the molecule in immunological mediated pregnancy
disturbances, an understanding of the functional properties of the molecule during normal as

well as disturbed pregnancy is crucial.

Thus, the analysis of the expression of mCD83 on Lymphocytes as well as the release of sCD83

and its regulation during pregnancy was the object of the underlying publications.

3 Materials and methods
The experiments were conducted according to the methods described in the published

manuscripts [62,63]. In brief, mCD83 expression on immune cells from lymphoid organs of

pregnant or non-pregnant mice was evaluated.

3.1 Animals and cell preparation
Two mouse models were used: First, the expression of mCD83 was examined in different

states of normal murine pregnancy in a C57BI6/JxBALB/c pairing [45,61]. Then, a model for
pregnancy disturbance was used to determine possible CD83 influences on pregnancy
outcome. This model compares the pairing of CBA/J females with either BALB/c males,
representing a good pregnancy outcome mating (GPOM) or DBA/2J males for poor pregnancy

outcome mating (PPOM) [48,55].

After pairing, female mice were checked for vaginal plug regularly. Plug observation was
declared as day 0 of pregnancy. Mice were sacrificed on either day 7, 14 or 18 of pregnancy.
Non pregnant mice were sacrificed as controls. Blood as well as spleen, thymus and the uterus
draining paraaortal and inguinal lymph nodes were collected. Single-cell suspensions were
obtained from the taken organs. Additionally, single-cell suspensions were further used for
isolation and depletion of specific lymphocyte subtypes.

3.2 Cell stimulation

Single cell suspensions, isolated BC and BC or TC depleted lymphocytes were cultured and
stimulated in various settings as described in the publications. Stimulation was performed
with LPS, Phorbol-12-myristat-13-acetat (PMA), ionomycin, pregnancy hormones and
recombinant Tissue inhibitor of metalloproteinases 1 (TIMP1) or anti-TIMP1. After

stimulation, the cells were separated from the supernatants via centrifugation.
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3.3 Evaluation of mCD83 expression and sCD83 release
Fresh single-cell suspensions as well as stimulated cells were examined using flow cytometry.

After gating for BC, TC and DC as well as subtypes, the mCD83 expression and portion of

mCD83* cells of each group were investigated.

Enzyme-linked immunosorbent assays (ELIZA) were used to determine sCD83 levels in murine

serum and cell supernatants after stimulation.

Experiments with C57BI6/JxBALB/c pairing were conducted and analysed by me, while GPOM
versus PPOM experiments were conducted by Jens Ehrhardt, Anne Tiingler and myself and

analysed by Damian Muzzio, Rebekka Einenkel and myself.

4 Results

4.1 mCD83 on splenocytes during normal and disturbed murine pregnancy
First, the expression of mCD83 was evaluated during murine pregnancy. The analysis of

splenocytes from C57BI6/JxBALB/c paired mice showed an upregulation of mCD83 on TC, BC
as well as on BC subtypes (Transitional-Zone B-Cells (TN), MZ, FO) on day 14 of pregnancy
compared to non-pregnant (np) C57BI6/J mice (Figure 1B-C, [63]). Polymerase-chain-reaction
(PCR) analysis of freshly isolated BC further confirmed an elevation of CD83 messenger

ribonucleic acid (mRNA) on day 14 of pregnancy compared to np mice (Figure 1E, [63]).

To evaluate a possible role of CD83 in pregnancy outcome, a new experiment was performed
using the mouse model of systemic inflammation-induced pregnancy disturbance as described
above. Since the expression of mCD83 peaked at day 14 during normal murine pregnancy in
C57BI6/JxBALB/c pairings, CBA/J mice were also sacrificed at this state of pregnancy. Results
showed a higher mCD83 expression on BC as well as their subtypes MZ and FO in PPOM mice
at day 14 of pregnancy compared to GPOM (Figure 1B, [62]).

In addition to the analysis of the mCD83 expression, the percentages of mCD83 expressing
cells among BC, TC and DC where investigated. During normal murine pregnancy, these
percentages increase in BC, TC and regulatory CD4*CD25* TC from day 7 to day 18. In DC on

the other hand, a decrease was shown especially in the middle of pregnancy (Figure 1F, [63]).

PPOM pairing led to significantly higher mCD83 percentages among BC, MZ, DC and TC when
compared to GPOM on day 14 (Figure 1C, [62]).
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To sum up, during normal murine pregnancy the mCD83 expression peaks on day 14 of
pregnancy on BC and TC, while the amount of mCD83 positive cells is elevated at the end of
pregnancy. PPOM mice show higher mCD83 expression and mCD83 positive cell count on

various lymphocyte subtypes in comparison to GPOM pairings.

4.2 mCD83 on lymphocytes from thymus and lymph nodes during normal and disturbed murine
pregnancy
The investigation of mCD83 expression in lymphatic tissues revealed an upregulation of

mCD83 on BC from paraaortic lymph nodes on day 7 of normal pregnancy. Inguinal lymph
nodes showed a significant decrease of mCD83 positive DC in all stages of pregnancy

compared to np mice. No differences were detectable in thymic tissue (Figure 2A-D, [63]).

PPOM mice had higher mCD83 expression on DC from inguinal and paraaortal lymph nodes
and thymus. Thymic TC showed higher mCD83 expression but a significantly lower rate of

mCD83 positive cells in PPOM mice (Figure 1B-C, [62]).

4.3 sCD83 levels in sera during normal and disturbed murine pregnancy
The soluble form of CD83, sCD83, is measurable in the blood serum. During normal murine

pregnancy, no significant changes in sCD83 serum levels were detectable. However, data
showed a trend towards higher sCD83 levels in pregnancy: 57.7% of mice at day 18 had serum
levels over 1,1 pg/mL while only 16,7% of np mice exceeded that level (Figure 2E, [63]). Mice
with PPOM showed lower sCD83 concentrations on day 14 of pregnancy compared to mice
with GPOM (Figure 3A, [62]).

4.4 mCD83 and sCD83 upon ex vivo stimulation

mCD83 levels were additionally evaluated after a 48-hour stimulation of cultured splenic
lymphocytes with LPS, PMA and ionomycin. The experiment showed a higher upregulation of
mCD83 as well as higher mCD83 mRNA concentrations in BC derived from mice at the end of
pregnancy compared to BC from np mice. Analyses of sCD83 in the supernatants revealed

higher concentrations at the end of pregnancy in vitro (Figure 3C-E, [63]).

When lymphocytes derived from PPOM vs GPOM pairings on day 14 were stimulated in vitro,
no significant alteration of mCD83 expression between both groups of mice could be
observed. The investigation of sCD83 levels in supernatants from PPOM pairings showed no

significant changes in comparison to GPOM pairings (Figure 2A-B, [62]).
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To sum up, at the end of pregnancy BC react with higher mCD83 expression to

proinflammatory stimulation and splenocytes release higher amounts of sCD83.

4.5 Source of sCD83 /jn vitro
Taking into account that sCD83 was measurable in the supernatants of stimulated and non-

stimulated cell cultures, the aim was to investigate its sources. Therefore, splenic lymphocytes
were depleted from either BC or TC before in vitro stimulation. In non-stimulated cell-cultures
results showed a significantly decreased sCD83 concentration after BC depletion, while TC
depletion had no effects on sCD83 release. Upon cell stimulation with LPS, PMA and
ionomycin, TC as well as BC depletion resulted in a significantly reduced sCD83 concentration
(Figure 3F-G, [63]).

4.6 Influence of pregnancy related hormones on CD83 /n vitro

Hormones are crucial regulators in pregnancy maintenance, especially estradiol and
progesterone. Estradiol stimulation did not influence lymphocytic mCD83 expression in vitro.
(Figure 3B, [63]). Progesterone on the other hand showed a dose-dependent effect on mCD83
expression on TC derived from C57BI6/) mice. An upregulation of mCD83 expression on DC
and BC was only achievable using supraphysiologically high concentrations of progesterone

(Figure 2A, [63]).

The experiment was later repeated with lymphocytes derived from np CBA/J mice, using lower
progesterone concentrations physiologically found in mice [64]. This setting led to a dose-
dependent decrease in mCD83 expression on BC (Figure 3D, [62]). Additionally, the sCD83
levels in supernatants from both splenocytes and isolated BC was determined after
progesterone treatment. Here, progesterone significantly reduced the sCD83 release from
splenocytes as well as BC (Figure 3B, [62]).

4.7 New model of mCD83 membrane degradation

Progesterone treatment reduced both mCD83 on the cell surface and sCD83 release. sCD83 is
most likely produced by mCD83 shedding [39]. Therefore, a plausible mechanism leading to
reduced availability of both forms is the degradation of mCD83. Here progesterone may serve

as a regulator.

A specific proteinase for the degradation of mCD83 is not known yet, but tissue inhibitor of
metalloproteinases 1 (TIMP1) is a known inhibitor of various proteinases and can be regulated

by progesterone [65,66].
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In order to investigate a possible role of TIMP1, lymphocytes were cultured with LPS, PMA and
ionomycin plus either recombinant TIMP1 or a blocking-antibody against TIMP1. Treatment
with TIMP1 resulted in higher sCD83 concentration in splenocyte supernatants and higher
mCD83 expression on BC, while anti-TIMP1 induced a significant decrease in mCD83

expression (Figure 4B-C, [62]).

Finally, splenic lymphocytes were stimulated with Progesterone and TIMP1 expression was
measured. Progesterone stimulation resulted in decreased TIMP-1 expression on BC (Figure

4A, [62]).

5 Discussion
Pregnancy requires various adaptions from the mother’s body. In addition to alterations of

the metabolism and the cardiovascular system, especially the immune system is required to
fulfil an important task: it must undergo complex adaptions for the maintenance of the semi-
allogeneic fetus as well as the mother’s and unborn child’s well-being. The mechanisms behind
these adaptions are one of the major interests in gynaecological immunologic research. They
provide a basis for therapeutical options in immunological problems during pregnancy as, for

example, recurrent pregnancy loss.

BC undergo vast adaptions during pregnancy [33,45,67]. The starting point for the work
objective of CD83 involvement in pregnancy originated from the observation that mCD83
overexpressing BC show properties similar to those of BC in murine pregnancy: Both show a
MZ over FO maturation preference and release elevated amounts of IL-10 [37,45—-47]. This led
to the question whether BC or other immune cells upregulate mCD83 during pregnancy, and

whether they serve as a source of the anti-inflammatory sCD83.

5.1 mCD83 and BC in pregnancy
Indeed, splenic BC as well as their subtypes (MZ, FO and TN) showed an mCD83 upregulation

during normal murine pregnancy. Considering previous findings concerning mCD83
expression on BC, this upregulation suggests an immunosuppressive role of the molecule in
pregnancy. However, most experiments concerning mCD83 expression on BC, like the
aforementioned enhanced IL-10 secretion upon stimulation, were conducted using mice or
cells that artificially overexpress CD83 [46]. As this may not mimic a physiologic situation, the
results from these experiments might not fully translate into normal BC function.
Nevertheless, there is evidence for a regulative role of mCD83 on BC, in which the molecule

15



supports the cell receiving inhibitory signals precluding a BC population over-stimulation

[68,69].

Thus, the increase of mCD83 expression and mCD83 expressing cells during pregnancy
indicate a possible role of the protein in the complicated maintenance of an immunological
balance in pregnancy. Considering these modulations and their possible role in pregnancy
maintenance, the mCD83 expression was measured in the aforementioned model for murine

pregnancy disturbance.

As an increment of mCD83 was observed during the course of normal pregnancies, the
opposite scenario was expected in PPOM mice. However, PPOM mice showed an even higher
mCD83 expression on splenic BC than GPOM mice. At first glance this negates the theory of
mCD83 serving as an important immunosuppressive molecule for good pregnancy outcome in
this model. However, it has to be taken into account that several cell stimuli can lead to an
mCD83 upregulation on cells, including cytokines [70]. The mCD83 upregulation in PPOM mice
might be explained through the proinflammatory setting with elevated cytokine levels [55].
Additionally, the upregulation might as well be an auto-regulatory attempt of the mice’s
immune system in saving the pregnancy. Finally, a reduced cleavage of sCD83 from the
membrane-bound form could result in mCD83 accumulation. An indication for this theory is
the significantly reduced sCD83 level detectable in the sera of PPOM mice. This suggests a

defective sCD83 shedding during PPOM and is further discussed under section 5.4.

As already mentioned, BC from pregnant mice show an MZ over FO preference [45]. The exact
cause of how this adaption is generated is not uncovered yet [33]. As mCD83 overexpressing
BC show a similar behaviour [37], an involvement of the molecule seemed possible and
supported the interest in researching CD83 in the context of pregnancy. The highest
expression of mCD83 was measurable on day 14 of pregnancy, while the peak in MZ/FO ratio
as well as in total MZ is at the end of pregnancy [45]. While PPOM pregnancies fail this
adaption and show significantly reduced MZ numbers [33], they express more mCD83 in
comparison to GPOM. Thus, no positive correlation between mCD83 expression and MZ
preference during pregnancy was found, making an involvement of mCD83 in this adaption

unlikely.
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5.2 mCD83 and TC in pregnancy
mCD83 is expressed on TC. Studies linked it with enhanced TC activation as well as interleukin

production [31]. Later studies associated mCD83* TC with a Treg-like phenotype [26,29],
respectively showed a correlation with mCD83 expression on TC and their differentiation into
Treg [71]. Those TC have the ability to supress proliferation and cytokine release of activated
mCD83 TC [26]. Experiments with knockout of mCD83 on Treg resulted in reduced immune
tolerance and reduced cell stability, underlining the importance of the molecule for Treg

regulation [24,72].

During normal murine pregnancy, splenic CD4* TC showed a significant increase in mCD83
expression in the middle of pregnancy. This could be an indication for higher Treg
differentiation. The data fits with findings showing an increase of splenic Treg likewise on day

14 of pregnancy [73].

Though mCD83 expression was increased at day 14 of pregnancy, the percentage of mCD83*
cells among CD4* TC and CD4*CD25* Treg showed a significant increase only at day 18 of
pregnancy compared to day 7. It has to be taken into account, that surface expression of
mCD83 on unstimulated TC is rather rare, occurring in just 1-2% of unstimulated CD25 or
CD25* TC [29]. Here, additional investigations regarding mCD83 function on TC as well as
mCD83 expression on TC or Treg subtypes during pregnancy are needed. As Treg
differentiation is an important feature during pregnancy adaptions and malfunctions are
linked with pregnancy disturbances [74,75], mCD83 expression especially on Treg should

further be investigated in PPOM mice.

5.3 mCD83 and DC in pregnancy
During normal murine pregnancy no significant alterations were measurable in mCD83

expression on 33D1*/DCIR2* DC?, but the overall percentage of mCD83 expressing cells in the
33D1*/DCIR* cell population dropped in pregnant mice in spleen and inguinal lymph nodes. In
PPOM pregnancy, higher mCD83 expression was detected in DC from thymus and lymph

nodes. With mCD83 being a maturation marker on DC, this portrays a higher DC maturation

133D1 is a monoclonal antibody reacting with DCIR2, a surface marker on murine dendritic
cell subpopulations in tissues from spleen, lymph nodes and thymus. If DCIR2 owns further

biological activity is not known yet [93].
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in PPOM mice. These findings are in concordance with other studies revealing a more mature

DC phenotype in the PPOM model [76,77].

During pregnancy, various adaptions in the DC populations occur. Those affect the peripheral
lymphatic system, but above all the fetomaternal interface being the direct contact point
between mother and fetus [78]. CD83* DC are detectable in human decidual tissue and show
a higher quantity in woman with recurrent miscarriage [79]. There is a correlation between
higher abortion rates and more mature DC [76]. To further elucidate the role of mCD83 on DC
in pregnancy a deeper analysis of DC subtypes as well as of decidual or placental DC is
necessary. Additionally, these results encourage further studies concerning mCD83 functions

to disclose the role of mCD83* DC in pregnancy.

5.4 sCD83
sCD83 has become a major research topic for its immunosuppressive functions and potential

therapeutical options [80]. During pregnancy, PPOM mice revealed significantly lower sCD83
serum levels in comparison to GPOM. During normal murine pregnancy, no significant changes
in the serum levels were detectable, but the results revealed a slight tendency towards higher
sCD83 levels in pregnant mice. In 2020, Huo et al. performed a similar experiment using
BALB/c mice proving a significant increase of sCD83 in the sera of pregnant mice. They
furthermore confirmed an association of bad pregnancy outcome and lower sCD83 serum

levels in an additional mouse model, using LPS-induced stress and abortion [56].

The soluble molecule is most likely produced by shedding of the membrane-bound protein
[39]. Since mCD83 expression on splenic BC increased in PPOM pregnancy while sCD83 sera

levels decreased, the pathogenic mechanism concerns the shedding.

In cell culture, splenocytes from late pregnant mice revealed to release higher amounts sCD83
in normal murine pregnancy. No differences were shown in the PPOM model, but a
comparison is difficult as PPOM mice were sacrificed in the middle of pregnancy, so later

changes are possible and need further investigation.

Various cell types have the ability to release sCD83 [39]. An in-depth investigation of cultured
splenocytes showed drastically reduced sCD83 levels after BC depletion, suggesting BC to be
the major source of sCD83 in an unstimulated state. Isolated BC released about the same
amount of sCD83 as cultured splenocytes did. Nevertheless, upon stimulation, isolated BC

showed significantly lower sCD83 release in comparison to all splenocytes. That emphasizes
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BC being not the only source for sCD83 upon cell stimulation. As depletion of BC in this setting
still led to a highly significant sCD83 reduction, BC pose as a major source of sCD83 upon

stimulation.

Missing cell-cell-interactions could also account for the reduced sCD83 release of BC in
comparison to all splenocytes after stimulation. The fact that TC depletion led to a significant
reduction of sCD83 release marks TC as possible interaction partners for sCD83 release in BC
upon stimulation, though a sCD83 release by the TC itself is not impossible. Purified TC showed
no sCD83 release in culture in previous studies [39]. Other studies described a small release
of sCD83 from sorted CD4*CD83*TC only upon stimulation [26], which is in line with the

findings of the underlying publication.

Taking this and the previous findings on splenic BC into account, the high mCD83 expression
on splenic BC during PPOM pregnancy could be a consequence of disturbed sCD83 release,
leading to lower sCD83 serum levels. This theory is supported by the findings of BC being a

main source of sCD83 production.

Considering the decreased sCD83 serum concentration in PPOM pregnancy and the anti-
inflammatory properties of the molecule, a test of possible beneficial consequences of sCD83
administration during pregnancy is conceivable. sCD83 showed already therapeutical benefits
in animal models for various autoimmune diseases like autoimmune encephalomyelitis or
arthritis [43,81]. Promising results were gained in transplantation therapy as well. The survival
of corneal grafts, for example, enhances with sCD83 pre-incubation of the graft [82]. And
indeed, Huo et al. treated pregnant mice with recombinant, porcine sCD83. The group was
able to show significantly lower abortions and embryo resorption rates in the LPS-induced
abortion model. This treatment led to various immunologic alterations, which are considered
significant for healthy pregnancy like enhanced IL-10 levels and increase of Treg numbers [56].
5.5 The role of pregnancy related hormones in the regulation of CD83

A detailed understanding of immune mediators as well as their functions and regulations helps
not only to understand the mechanics behind the changes occurring during immunological
processes like pregnancy, but also helps in the development of potential medical treatments.
In case of CD83, numerous regulations are yet to be unveiled, so more in-depth studies are

essential.

19



In pregnancy, especially hormones contribute to various changes of the mother’s immune
system, making them candidate regulators of CD83 during pregnancy. Excepting the analysis
of mCD83 as DC maturation marker after DC stimulation with pregnancy hormones [83], the
influence of pregnancy related hormones on mCD83 expression has not been studied up till

the underlying publications.

In in vitro stimulation, unphysiologically high progesterone doses led to an upregulation of
mCD83 on BC and DC. It is worth mentioning, that higher progesterone concentrations can be
reached in different compartments of the body. In murine ovarian venous plasma,
progesterone levels up to 3096 ng/mL are described during pregnancy [84], whereas the
concentration in peripheral plasma reached 112,7 ng/mL [85]. Nevertheless, in the
accomplished in vitro experiments, progesterone had to be increased to 50.000 ng/mL to

show the aforementioned upregulation of mCD83 on BC.

Lower, physiological doses [64] decreased mCD83 expression on BC and lowered the amount
of sCD83 in the cell cultures supernatants. Thus, progesterone limits mCD83 availability on BC.
On TC, progesterone induced a dose-dependent increase of mCD83 expression. Here is a
correlation between the highest progesterone levels and mCD83 expression on splenic TC

being both around day 14 of pregnancy.

Progesterone develops its effects mainly via the intracellular progesterone receptor, which is
existent in lymphocytes. Lymphocytes show a higher sensitivity to progesterone during
pregnancy [86]. Those lymphocytes produce the so called progesterone-induced-blocking
factor 1 (PIBF), a protein mediating various effects in pregnancy like the establishment of a

TH2-dominant cytokine pattern [87].

In the course of normal murine pregnancy, the progesterone concentration in the blood
increases (with a significant drop on day 10), reaching its peak at day 15, followed by a decline

[85]. Low progesterone levels are associated with miscarriage in humans and rodents [87-89].

Those findings led to various trials and studies of therapeutic progesterone administration in
pregnancy disturbances like recurrent pregnancy loss or threatened miscarriage. Results vary

between no significant benefit and improved pregnancy outcome [90-92].

Although CD83 can be regulated by progesterone, the hormonal influence cannot explain, at
least on BC, the alterations in mCD83 occurring during pregnancy. In TC on the other hand,
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there is a correlation and thereby possible link between the dose-dependent effect on TC, as
maximum mCD83 expression as well as progesterone concentration occur approximately at

the same time.

In a next step it would be important to investigate the findings of this research in vivo. Here,
many factors including cell-cell contacts and cell compartmentation are likely to modify the
effects of progesterone on mCD83.

5.6 New pathways in CD83 regulation

Progesterone treatment reduced mCD83 expression as well as sCD83 release in vitro. A
possible explanation for these findings is the degradation of mCD83 by a proteinase. TIMP1 is

an inhibitor of many proteinases, expressed on BC and regulated by Progesterone [65,66].

In vitro experiments were performed to test a link between CD83 and TIMP1: TIMP1 treatment
led to higher sCD83 release from splenocytes and mCD83 expression on BC, while inhibition
of TIMP1 reduced mCD83 expression. These findings indicate TIMP1 being able to impede a
not yet unveiled proteinase from mCD83 degradation of the cell surface. It is the first time a
CD83 regulation through TIMP1 is described, opening the way to further experiments with

TIMP1 controlled proteinases.

To further link progesterone in the chain, the influence of progesterone on TIMP1 expression
on BC was tested. Progesterone downregulates TIMP1 on BC, which, in concordance with the

findings above, should led to lower mCD83 expression:
Progesterone > TIMP1J, > Proteinase > mCD83,

To sum up, progesterone reduces mCD83 availability on BC and sCD83 release from

splenocytes via a downregulation of TIMP1 in vitro.

In vivo, on the other hand, those cells find themselves in complex and changing
compartmentations. Progesterone does not solely affect the BC but also its environment.
Here, studies showed an induction of TIMP1 by progesterone, for example on uterine
fibroblasts and human endometrial stromal cells [65,66]. Progesterone induced TIMP1
produced by those cells may lead to higher TIMP1 concentrations, and thus higher mCD83

expression on BC in vivo depending on the cell surroundings (Figure 1).

21



mCD83

0
\ sCD83

Progesterone 1

N
TIMP1

N2 -

N2
TimP1 4

O

Stromal cells

@ Proteinase {,

Progesterone 1

Proteinase P > ‘
N

‘,

Figure 1 Schematic depiction of mCD83 expression and sCD83 release on BC depending on BC

surroundings. (A) BC expressing mCD83 and releasing sCD83. (B) Isolated BC under the

influence of progesterone. Progesterone down-regulates TIMP1 on BC,

resulting in

degradation of mCD83 by lacking proteinase inhibition and thereby lower sCD83 release. This

scenario might occur in peripheral BC contributing to local inflammation. (C) BC surrounded

by stromal cells (for example splenic or uterine stroma). Progesterone induced TIMP1-

production from the stroma cells compensates the TIMP1-reduction on the BC, resulting in

inhibition of proteinases and prevention of mCD83 degradation.
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6 Limitations and conclusions
The underlying publications provided the first insight in CD83 and pregnancy. Thus, they

delivered valuable information especially regarding the protein’s expression in normal and

disturbed murine pregnancy.

A direct comparison between the data of the two publications is difficult, since they were
acquired in two different mouse models. As described in the introduction, the PPOM mouse
model is not fully understood yet, making it challenging to interpret the data and to transfer
them into human pregnancies. However, the main focus of the studies was to evaluate
whether mCD83 expression changes during murine pregnancy and in an exemplary mouse
model for pregnancy disturbance. And indeed, the molecule is expressed differentially during

the stages of pregnancy on different lymphocytic cell types.

Noticeable is above all the higher mCD83 expression in the middle of normal pregnancy on
splenic BC subtypes and TC. PPOM pregnancies revealed to express more mCD83 on splenic

BC in comparison to GPOM while displaying lower sCD83 sera levels.

On top of that, new insights into the protein itself were shown, which led to new theories in

pregnancy regulations with CD83 participation:

Firstly, sCD83 is released from lymphocytes, especially BC, and detectable in the serum. In

PPOM pregnancy significantly reduced sCD83 sera levels hint a problem in sCD83 release.

Secondly, mCD83 expression and sCD83 release from BC is regulated by progesterone via
TIMP1. Here, the compartmentation of the BC may eventually contribute to the mCD83

expression and sCD83 release by TIMP1 expression on surrounding cells.

Altogether, the collected data in connection with the immunoregulative functions of sCD83
points to a potential therapeutical use of sSCD83 in pregnancy disturbances. Indeed, in a later
work published in 2020, porcine recombinant sCD83 was used as treatment in an LPS-induced

abortion model in mice, revealing a significantly reduced abortion rate [56].

Although a good set of methods was used to assess CD83 expression and release (flow
cytometry, quantitative PCR, ELISA), future studies could profit from high-throughput
ribonucleic acid (RNA)-sequencing to gain information about a wider spectrum of relevant
cells. Also, in further research projects, the analysis of mCD83 expression on uterine cells and

the feto-maternal interface will provide valuable insights into the local involvement of this
23



molecule in pregnancy wellbeing. Furthermore, information is needed concerning sCD83
dynamics and function in human pregnancy. Here, as PPOM mice showed lower sCD83 sera
levels, the analysis of for example sCD83 in sera of woman with healthy pregnancies and
pregnancy disturbances like recurrent pregnancy loss, premature birth or preeclampsia is a

useful and achievable beginning.
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A Kinetic Study of CD83 Reveals
an Upregulation and Higher
Production of sCD83 in
Lymphocytes from Pregnant Mice

Katrin Regina Helene Packhauser’, Gleyder Roman-Sosa?, Jens Ehrhardt!, Diana Kriger',
Marek Zygmunt' and Damian Oscar Muzzio '*

"Research Laboratory, Department of Obstelrics and Gynecology, University of Greifswald, Greifswald, Germany,
2Dépaitement de Virologis, Unité de Virologie Structurale, Institut Pasteur, Paris, France

For the normal development of pregnancy, a balance between immune tolerance and
defense is crucial. However, the mechanisms mediating such a balance are not fully
understood. CDE3 is a transmembrane protein whose expression has been linked to
anti-inflammatory functions of T and B cells. The soluble form of CD83, released by
cleavage of the membrane-bound protein, has strong anti-inflarmmatory properties and
was successfully tested in different mouse models. It is assumed that this molecule
contributes to the establishment of immune tolerance. Therefore, we postulated that
the expression of CD83 is crucial for immune tolerance during pregnancy in mice. Here,
we demonstrated thal the membrane-bound form of CD83 was upregulated in T and
B cells during allogeneic murine pregnancies. An upregulation was also evident in the
main splenic B cell subtypes: marginal zone, follicular zong, and transitional B cells. We
also showed that there was an augmentation in the number of CD83* cells toward the
end of pregnancy within splenic B and CD4+ T cells, while CD83* dendritic cells were
reduced in spleen and inguinal lymph nodes of pregnant mice. Additionally, B lympho-
cytes in late-pregnancy presented a markedly higher sensitivity to LPS in terms of CD83
exprassion and sCD83 release. Progesterone induced a dosis-dependent upregulation
of GD83 on T cells. Our data suggest that the regulation of CD83 expression represents
a novel pathway of fetal tolerance and protection against inflammatory threats during
pregnancy.

Keywords: CD83, pregnancy, tolerance, B cells, T cells

INTRODUCTION

Pregnancy is associated with several immune adaptations that allow the growth of a healthy semi-
allogeneic fetus. These include a finely regulated shift from a Th1 and Th17 toward a Th2 tolerogenic
response driven by anti-inflammatory molecules secreted by, among others, the “so-called” regula-
tory cells (1). Several cell types have been described with regulatory functions during pregnancy,
including T (2) and B lymphocytes (3). Lymphocytes with regulatory properties allow the eradication
of external threats and limit proinflammatory responses. In particular, the presence of regulatory
cells at the maternal -fetal interface is crucial in mammals with invasive placentation (4). A potential
dysregulation of regulatory cells may have several consequences on the human health and has been
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associated with autoimmune diseases, cancer, chronic infections
(5, 6), and pregnancy-related disorders, including preterm birth,
preeclampsia, and recurrent pregnancy loss (7-10). CD4+*CD25+
regulatory T cells and CD19*CD24MCD27* regulatory B cells
are increased during normal pregnancies, while some cases of
pregnancy loss associate with a lack of this increment (8, 11).
In mouse models for pregnancy disturbances, the transfer of
regulatory lymphocytes rescues mice from normally occurring
pregnancy loss (12, 13).

An increasing body of evidence links inflammation in the
absence of infection to the onset of preterm labor (14-16). For
this reason, inflammatory pathways emerged as therapeutic
targets to handle certain cases of preterm labor (17-19). Immune
cells apply several strategies to exert their immunomodulatory
functions. These include the release of factors, such as cytokines
and chemokines, and expression of membrane ligands, includ-
ing suppressive ligands (LFA-1, CTLA-4) and apoptosis-related
ligands (PD-L1, TRAIL) (20-23). Tothis group belongs the CD83,
which is a transmembrane molecule of the immunoglobulin
family, first described as an activation marker for dendritic cells
(DCs) (24, 25).

In DCs, CD83 is mostly associated to the maturation state
and functions as a costimulatory molecule for T cell activation,
independently of the level of expression (26-29). By targeting
activated DCs, anti-CD83 depleting antibodies can prevent
human peripheral blood mononuclear cell-induced acute graft
vs. host disease in SCID mouse recipients (30, 31). Although the
mechanisms through which membrane-bound CD83 regulates
immune responses are still to be elucidated, one of the proposed
pathways is though negative regulation of MARCHI] and
MARCHS. These E3 ubiquitin-protein ligases control the ubig-
uitination of MHCII molecules, impacting on their turnover on
DCs and B cells (32, 33). On the other hand, mice with CD83~~
DCs develop exacerbated dextran sodium sulfate induced colitis
(34). CD83 on DCs can also regulate cytokine production of
immature DCs through cell-cell contact, resulting in reduced
secretion of MCP-1 and IL-12p40 (34).

CD83 expression can be easily detected on activated T cells
(35-37). While reports implicating silencing of CD83 expression
on antigen-specific CD4* T cells showed an impaired prolifera-
tive capacity and reduced cytokine secretion, this may not apply
to all CD4* T cell populations or it may represent a mechanism
to avoid over-reactive CD4* T cells (38-40). Indeed, CD8&3
overexpression in murine naive CD4* T cells induces regulatory
T cell-specific FOXP3 expression and confers in vive tolerogenic
properties (39).

Studies focused on B cells also show a correlation of CD83 and
B cell activation (41). CD83 co-localizes with the BCR as well as
with the LPS receptor and regulates signal transduction pathways
downstream both receptors (42). On BCR, CD83 acts reducing
its sensitivity, for which it may prevent over-reaction of activated
B cells. BCR sensitivity is also thought to be a determinant for the
MZ vs. FO B cell developmental decision (43). This may explain
the MZ over FO B cell preference in the maturation of CD83 over-
expressing B cells mice (44). When B cells are transferred with
CD83, LPS stimulation leads to high IL-10 production derived
from MZ B cells. CD83 expression on B cells also predisposes

FO B cells to cell death. CD83-expressing B cells also respond
with reduced IgG production. Taken together, CD83 expression
on B cells is associated to a MZ over a FO B cell preference and
anti-inflammatory B cell responses. As well as in mice with CD83
over-expressing B cells, normal pregnancies display several B cell
adaptations that include a preference for MZ over FO maturation
and a higher B cell-derived TL-10 production (12, 45, 45). This
phenomenon seems to be reflected in the antibody profile of
pregnant mice by elevated MZ B cell-derived Ig types IgM, IgA,
and [gG3 (43).

Beyond the influence of membrane CD83 on lymphocyte
function, an anti-inflammatory role of soluble CD83 was depicted
in different models of autoimmune diseases as well as allograft
transplantation (47-53). Soluble CD83 is very likely generated
either by shedding of the membrane-bound protein (54-56) or
by alternative splicing of the transcript (57). Due to the growing
line of evidence of the therapeutic potential of exogenous sCD83
in inflammatory and autoimmune diseases, we hypothesize that
it can be a tolerogenic molecule that might support pregnancy
as well.

In this work, we show that the expression of the membrane
molecule CD83 as well as its soluble form, sCD83, is increased in
the course of normal murine pregnancies. These results suggest
that sCD83 may play a role in the maintenance of pregnancy.

MATERIALS AND METHODS

PBS, FBS, PenStrep, PMA, and RPMI1640 were purchased from
Merck Millipore (Billerica, MA, USA) and estrogen, progester-
one, and LPS from Sigma-Aldrich Chemie GmbH (Munich,
Germany). Following antibodies were purchased from BD
Bioscience (Heidelberg, Germany): CD83 (Michel-19); B220
(RA3-6B2); CD4 (RM4-4 and RM4-5); CD23 (B3B4); CD21
(7Ge); CD19 (1D3); CD11c (HC3); CD25 (PCo1); CD69 (H1.2F3);
TNF (MPs-XT22); IFN (XMG1.2); 11-17 (TC11-18H10); FoxP3
(R16-715); IL-10 (JES5-16E3); and Ki-67 (B56), as well as Purified
NA/LE CD3e (145-2C11). DC Marker DCIR2 (33D1), Brefeldin
A, and anti-mouse CD83 purified antibody were purchased from
eBioscience (San Diego, CA, USA) and isotype-control (Purified
Rat IgG1k isotype) from BioLegend (San Diego, CA, USA).

Animals

(C57Ble/] female mice and BALB/c male mice were purchased
from Charles River (Sulzfeld, Babavia, Germany) or Janvier Labs
(Saint-Berthevin Cedex, France). BALB/c males were bred in our
Central Service and Research Facility for Animals (ZSFV). The
animals were kept co-housed in a 12L:12D cycle with food and
water ad libifum. Eight- to twelve-week-old C57Bl6/] female mice
were paired with BALB/c males and checked for vaginal plug every
morning. Observation of plug was declared day 0 of pregnancy,
and the female was separated from the male. Mice were sacrificed
at day 7, 14, or 18 post plug (7, 14, and 18 dpp); spleen, paraaortic
lymph nodes (PLN), inguinal lymph nodes (ILN), and thymus as
well as serum were collected. We performed permanent matings
and mice representative of all stages of pregnancy were available
weekly. Non-pregnant C57Bl6/] female mice were randomly
sacrificed used as control.
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Cell Preparation

Single cell suspensions from paraaortic lymph nodes, inguinal
Iymph nodes, and thymus were obtained. The tissue was carefully
squeezed through a 40-um nylon cell strainer and washed with
PBS. In case of spleen tissue, an erythrocyte lysis with 10 mL Lysis
Buffer (0.89% NH4Cl, 0.1% KHCQ3, 0.003% 0.5 M EDTA) was
performed and stopped after 5 min with 3 mL FBS. After wash-
ing, the cell suspension was filtered a second time with a 40-pm
cell strainer. The cell counts of the suspensions were determined
using a Neubauer chamber.

Flow Cytometry

Flow cytometry was applied to evaluate the expression of CD83
on B, T, or DCs from spleen, thymus, and lymph nodes. Cell
suspensions were first incubated with CD16/32 mAb Fe block
(BD Pharmingen, Heidelberg, Germany) for 5 min. Staining
with fluorochrome-labeled specific antibodies was performed for
30 min at4°C in the dark. Samples from spleen were additionally
stained with Fixable Viability Dye eFluor 780 (eBioscience, San
Diego, CA, USA) for 30 min and later washed with FACS buffer
(1% BSA, 0.1% NaN3, 0.955% PBS) before Fcblocking. Data were
acquired on FACSCanto (BD Bioscience) and analyzed by using
FlowJo software (FlowJo, LLC, Ashland, TN, USA). Information
about gating strategies can be provided upon request.

Cell Stimulation

The 1 x 10¢ splenic lymphocytes were cultured 48 h in a total
volume of 500 uL RPMI 1,640 culture medium supplemented
with 10% FBS and antibiotics on 48-well flat-bottom suspension
plates. The stimulation was performed with either 10 pg/mL LPS
for 48 h and 50 ng/mL PMA as well as 500 ng/mL ionomycin for
the last 5 h. In order to examine the influence of pregnancy related
hormones on CD83 expression, the cells were stimulated with
different concentrations of estrogen (5 pg/mL, 100 pg/mL, and
100 ng/mL) or progesterone (50 ng/mL; 500 ng/m1L; 5,000 ng/m1;
50,000 ng/mL). After stimulation cells and supernatants were
separated by 5 min centrifugation at 1,300 X g. The supernatants
were stored at —80°C, and the cells were directly used for Flow
Cytometry.

Cell Depletion

To determine which cells produce soluble CD83, splenic lympho-
cytes were depleted from CD4* or CD19+ cells. CD19 depletion
was performed using CD19 MicroBeads mouse (Miltenyi Biotec
GmbH, Teterow, Germany). For CD4 depletion, a negative
selection Mouse CD4* T-Cell Isolation kit was purchased from
EasySep (STEMCELL Technologies, Vancouver, BC, Canada). In
both cases, the supplier’s instructions were followed; 500,000 cells
were cultured with 250 uL culture medium and stimulated with
LPS as described before.

ELISA

The levels of sCD83 in sera and supernatants were measured
using an ELISA kit for CD83 (Cloud-Clone Corp., Houston,
TX, USA). The serum samples were diluted 1:2 in PBS, while
the supernatants were examined without dilution. The test was
performed following the instruction manual.

Real-time PCR

Magnetic isolated splenic CD19+ B cells were treated with TriFast
peqGOLD (VWR, Radnor, PA, USA). RNA isolation, cDNA
synthesis, and real-time PCR were performed as previously
described (58). RNA concentration was evaluated spectropho-
tometrically using the NanoPhotometer PEARL (IMPLEN,
Munich, Germany). Samples were amplified in duplicate and
nontemplate samples were used as controls. Primer pairs were
chosen to span an exon-exon junction and so avoid unwanted
genomic DNA amplification. Real-time PCR was performed
using SYBR Green (AB/Life Technologies, Darmstadt, Germany)
ina 7300 Real-time PCR System (Applied Biosystems, Darmstadt,
Germany) with p-actin as housekeeping gene. Primer sequences
were the following: CD83 Fw: TGAAGGTGACAGGATGCCG;
CD83 Bw: CTITGGGGAGGTGACTGGAAG; p-actin Fw:
TGGAATCCTGTGGCATCCATGAAAC; Rw: TAAAACGCA
GCTCAGTAACAGTCC. All primers were purchased from
Invitrogen (Carlsbad, CA, USA).

Recombinant sCD&3 Production

Cloning of the DNA Encoding for the Murine

CD8&3 Ectodomain

pGRS-88: The gene fragment was amplified by PCR with the
primers O-GRS-112  (aattatt TCTAGAGCCACCATGTCGCA
AGGCCTCCAGCTCCTGTTTC) and O-GRS-113 (GCTCCT
GTACTTCCTGAAAGTTGACTCTGTAG) with the Phusion
polymerase (NEB, Ipswich, MA, USA) from RNA isolated
from stimulated lymphocytes. The PCR product was digested
with Xbal and phosphorylated with T4 polynucleotide kinase
3’ phosphatase minus (NEB, Ipswich, MA, USA) and ligated to
the vector pGRS-12 (59) digested with Xbal (NEB, Ipswich, MA,
USA) and Afel (NEB, Ipswich, MA, USA).

Expression and Purification of the Murine

CD&3 Ectodomain

The CD83 ectodomain waspurified from supernatantof transiently
transfected eukaryotic cells essentially a previously described
(59). In brief, HEK-293T cells transfected with the DNA mixed
with branched polyethylenimine (PEI) (Sigma-Aldrich Chemie
GmbH, Munich, Germany). Three days after transfection, the
supernatant was collected and concentrated (Vivaflow system,
cassette with membrane of MW CO 5,000 Da; Sartorius Stedim,
Géttingen, Germany). The expression of sCD83 on transfected
cells was controlled by immune fluorescence using anti-CD83
antibody. sCD83 functionality was checked by its ability to reduce
the generation of CD80* bone marrow-derived DCs (60). We
obtained a reduction of almost 50% of CD80* cells. Then the pro-
tein was purified using streptactin superflow high capacity slurry
(IBA Biotech, Géttingen, Germany) according to the instructions
of the manufacturer. The presence of the protein in each collected
fraction was checked by SDS-PAGE (61) and staining with Instant
Blue (Expedeon, San Diego, CA, USA). For all our experiments,
we used sCD83 purified from the same supernatant.

sCD83 Effect on T Cells
The 96-Well plates were coated with CD3e (1 pg/mL) and incu-
bated overnight at 4°C. T cells from murine lymph nodes were
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isolated using a negative selection Mouse CD4* T Cell Isolation
kit (STEMCELL Technologies, Vancouver, BC, Canada). A total
of 100,000 cells were incubated overnight in 100 pL supernatants
(see Cell Stimulation) with 10% FBS. To evaluate an effect of
sCD83, either an Anti-Mouse CD83 Purified Antibody or an
Isotype-Control were added.

Additionally, T Cells were incubated overnight in 100 uL cul-
ture medium and stimulated with a recombinant sCD83 protein
(2 and 200 ng/mL, “CD83-low™ and “CD83-high,” respectively).
As control, the amino terminal domain of the Schmallenberg
glycoprotein Ge, which was produced and isolated in the same
manner (59), was used in equivalent concentrations. LPS, PMA,
and ionomycin were added as described before.

Forintracellular staining, Brefeldin A wasadded for thelast 5h.
Cells were collected and stained with fixable viability dye eFluor
660 and later with specific membrane antibodies. After extracel-
lular staining, cells were fixated with fixation/permeabilization kit
(eBioscience, San Diego, CA, USA), for 20 min, permeabilized
using permeabilization buffer (eBioscience, San Diego, CA, USA),
and intracellular stained with specific antibodies for 30 min.

Statistical Analysis

Normality was assessed by D’Agostino and Pearson omnibus
normality test. MFI-data, serum sCD83 ELISA, and PCR of
stimulated lymphocytes were analyzed using Kruskal - Wallis test
with Dunn’s posttest. Hormones stimulations experiments as
well as lymphocyte depletion test was analyzed by ANOVA and
Dunnetts test. In vitro secretion of sCD83 by ELISA in stimulated
and nonstimulated np and 18 dpp isolated splenocytes was ana-
lyzed using two-way-ANOVA with Bonferroni posttests. Further
data were analyzed by ANOVA with Tuckey’s posttest. Significant
differences between groups were indicated with asterisks as fol-
lows: *p < 0.05; **p < 0.01; and ***p < 0.001.

RESULTS

CD83 Expression Is Upregulated in
B and T Lymphocytes but Not in DCs

during Pregnancy
In order to characterize the dynamics of CD83 during the course
of normal murine pregnancy, we analyzed CD83 expression at
different time points of normal murine pregnancies. We evalu-
ated the presence of CD83 on CD1lct and DCIR2* dendritic
cells, CD4+ T cells, and different B-cell populations (Figure 1A).

In spleen, we found an upregulation of CD83 not only on
B cells but also on CD4* T cells at day 14 of pregnancy (1.76- and
3.18-fold increase, respectively, Figures 1B,C). A deeper analysis
within the major splenic B cell populations—transitional (TN},
marginal zone (MZ), and follicular zone (FO) B cells—showed
that the CD83 upregulation at day 14 also occurs in all subsets
(1.47-,2.76-, and 1.80-fold increase, respectively, Figures 1 C,[)).
This increase was also confirmed by analyzing mRNA levels of
CD83 on fresh-isolated B cells (Figure 1E).

The analysis of the percentages of CD83* cells depicted a
significant increase of positive B and T cells (1.36- and 2.65-fold
increase in B and CD4+ T cells, respectively, Figure 1F) from

early (7 dpp) to the end of pregnancy (18 dpp). DCs, however,
showed a reduction of the percentage of CD83* cells during
pregnancy, being statistically significant at day 14 of pregnancy
(3.08 £ 0.40 in np vs. 1.08 & 0.17 in 14 dpp, Figure 2A). After an
in-depth analysis of T cell subsets, an increase in the percentage
of CD83* cells among regulatory CD4+*CD25* cells was observed
(from 1.39 + 0.21 at early pregnancy to 6.54 + 1.52 at advanced
pregnancy, Figure 1F).

An upregulation of CD83 was also found in B cells from the
uterus-draining paraaortic lymph nodes (MFIL: 33.10 + 2.68 in
7 dppvs. 20.54 + 2.98 in np, Figure 2A). In ILN, though a similar
tendency was observed, no significant differences were found
among the groups (Figure 2B). Neither B- nor CD4* T cells
showed differences in the percentages of CD83% cells in PLN or
ILN (Figures 2C,D). Significantly lower percentages of CD83+in
DCs were also observed on ILN of all groups of pregnant mice
(55.23 £ 5.58,41.86 £ 4.40, 48.7 £ 5.58,44.28 £ 5.72 in np, 7, 14,
and 18 dpp respectively, Figure 2B). No significant differences
were found on either the CD83 expression or the percentage of
CD83* cells in any cell type in thymus (data not shown).

Inn vivo levels of sCD83 were determined from serum samples
(Figure 2E). No statistically significant changes in the mean
levels of sCD83 were seen. Nevertheless, only 16.7% of the non-
pregnant mice had sCD83 serum levels over 1,100 pg/mL (the
mean value for all groups of mice), while this percentage was
higher in pregnant mice (50.0% in mice at 7 dpp, 25.0%at 14 dpp,
and 57.7% at 18 dpp).

Progesterone Induces Higher CD83

Expression

Sexual hormones estradiol and progesterone influence a number
of immune and non-immune adaptations to pregnancy (62-64).
We observed that CD83 expression during pregnancy had a
similar pattern to progesterone levels, with a maximum at day 14
of pregnancy (65). To test if progesterone or estradiol influences
CD83 expression, we isolated splenocytes and stimulated them
with increasing concentrations of estradiol and progesterone.
Progesterone but not estradiol upregulated CD83 expression on
B cells and DCs (Figure 3A). T cells, on the other hand, reacted to
progesterone stimulation more sensitively and upregulated CD83
expression in a dose-dependent manner (Figure 3A). Estrogen
stimulation failed to induce changes in CD83 expression also on
T cells (Figure 3B).

Lymphocytes from Advanced Pregnant

Mice Release More sCD83

The upregulation of CD83 both in B and T cells (Figure 1B)
and in response to progesterone (Figure 3A) prompted us to
assess the expression pattern of cell surface and soluble CD83 in
lymphocytes of pregnant mice upon stimulatory challenge. We
found that B cells from advanced pregnancy express much higher
levels of CD83 when stimulated with LPS, PMA, and ionomycin
(a combination we shortened as LPT) (3.82 + 0.85-fold increase
in 18 dpp vs. 1.91 + 0.21-fold increase in np, Figure 3C). We
did not observe any significant effect on the T cells population
we analyzed (Figure 3C). CD83 mRNA levels were also analyzed
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in LPI-stimulated B cells. The B cells from mice with advanced
pregnancies displayed an almost fourfold increase in the levels
of CD83 mRNA when compared with the cells from np mice

D83 and sCD&3 Upregulated in Murine Pregnancies

Taking into account the in vivo levels of sCD83 observed in sera
of pregnant vs. non-pregnant mice, we sought to better character-
ize sCI83 production. We used the supernatant of the cultured
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FIGURE 1 | Continued

B cells (B220), T cells (CD47}, and dendritic cells {33D1-) from fresh spleen tissue were examined in the course of normal murine pregnancies.

{A)} Representative plots showing gating strategies to CD88 expression iright). (B} Scatter dot plots show the median flucrescence intensity of CD83 within the
respective cell types in live lymphocytes. {C) B220~ B cells were further subdivided in CD21/35CD23" marginal zone B cells (MZ), CD21/35™CD23" follicular zone
B calls (FC), and C021/35 CD23 transitional B cells (TN). Scatter dot plots show the mean fluorescence intensity of CD&3. (D) Representative histogram
overlapping CD83 expression on B cells of a non-pregnant mice (black line) or pregnant mice at day 14 (gray line). (E) Magnetic isolated splenic CD12* B cells were
analyzed for mRNA expression levels of CD83 by quantitative real-time PCR. FACS data were analyzed by Kruskal-Wallis test with Dunn's posttest. PCR was
analyzed by Student’s t-test. Significant differences are indicated (*p < 0.05, *p £ 0.01). {F} Data show the percentage of CD83+ cells within the respective cell
types in spleen. T cells were further characterized within the CD25" population. Data show the percentage of CC83- cells within CD25* T cells. Data were analyzed
by ANOVA with Tuckey’s posttest. Significant differences are indicated ("p < 0.05, ™ p < 0.001).
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FIGURE 2 | B cells {B220°), T cells (CD4"), and dendritic cells (33D1-) from uterine-draining lymph nodes were examined in the course of pregnancy.
(A) Scatter dot plots show the mean fluorescence intensity of CD83 within the respective cell types in paragortic lymph nodes. (B) Scatter dot plots show the mean
fluorescence intensity of CO83 within the respective cell types in inguinal lymph nodes. Data wers analyzed by Kruskal-Wallis test with Dunn's posttest. Significant

differences are indicated {*p < 0.05). {€) Percentage of CD83 cells within the respective cell types in paraaortic lymph nodes {C) and inguinal lymph nodes (D).
Data were analyzed by ANOVA with Tuckey's posttest. Significant differences are indicated {"p < 0.05, ™o < 0.01). {E) Sera of pregnant and non-pregnant mice
were analyzed by ELISA to determine sCD83 levels during pregnancy. Data were analyzed by Kruskal-Wallis test with Dunn's posttest.

CDA&3 MIT and mRNA levels on B cells, we found that sCD83 was
present in significantly higher concentrations in the supernatant
of stimulated lymphocytes of advanced pregnant mice compared
with the supernatant of lymphocytes of non-pregnant mice
(1,793 £ 226.1 pg/mL in 18 dpp vs. 868.4 + 124.9 pg/mL in np,
Figure 3E). In summary, lymphocytes of late-pregnancy mice
upregulate the expression of membrane CD83 and release more
sCD83 upon stimulation than lymphocytes of non-pregnant
mice do.

Frontiers in Immunology | www. frontiersin.org 6

B Cells Are the Main Source of sCD83

Several lymphocyte populations present in the spleen express
CD83 and have the potential to release sCD83. To identify the
main source of splenic sCD83, we isolated splenocytes and fur-
ther depleted CD19* B and CD4* T cells. Depleted splenocytes
were stimulated to produce sCD83 as in Figure 3C, and levels
of sCD83 in the supernatant of the cell culture were assessed by
ELISA. Remarkably, CD19* B cell depletion had the strongest
negative effect on the basal release of sC1D83 (220.4 + 28.29 pg/ml.
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FIGURE 3| Splenic lymphocytes from different stages of murine pregnancy were treated with key pregnancy hormones, progesterone and estrogen
inir ing co ions for 48 h. Cells cultured in medium alone served as control. Scatter dot plots show the CD83 expression on CD19* B cells, CD4-

T cells. and CD11c' dendritic cells after progesterone (A) or estrogen (B) stimulation. Data were analyzed by Kruskal-Wallis test with Dunn’s posttest. Significant
differences are indicated ("p < 0.01, **p < 0.001). (C) Splenic lymphocytes from different stages of murine pregnancy were stimulated with LPS for 48 h plus PMA
and jonomycin for the last 5 h. The histogram shows a representative stimulation from a non-pregnant mouse B cells (lefty and a pregnant mouse at day 18 {right).
Gray curves show basal CD83 expression, the black line represents CD33 expression after stimulation. Scatter dot plots show the quotient between CD83 MFI of
LPS-stimulated and nonstimulated CD19" B cells (left) and CD4' T cells {right). (D) mRNA expression levels of CD83 by quantitative real-time PCR of stimulated
lymphocytes relative to nonstimulated controls. (E} Bars compare the amount of sCD83 in the supernatant from LPS-stimulated lymphocytes from non-pregnant
and pregnant mice from late-pregnancy stage and nonstimulated controls. Data were analyzed by two-way-ANCGVA with Bonferroni posttests (C). Significant
differences are indicated ("o < 0.05, “p < 0.01, **p < 0.001). (F) CD19- or CD4-depleted splenic lymphocytes and magnetic isolated splenic CD19* B cells from
mice at advanced pregnancies were cultured for 48 h. Data show the basal production of sSCD&3 in the supernatants in nonstimulated lymphocytes (F) or after
stimulation with LPS. PMA, and ionomycin (G). {(H) Overlapping histogram display differences between nonstimulated (left) and stimulated (right) B cells {top) and
CD4' T cells (bottom). Filled curved represents the FMO for CD83, while filled and dashed lines show extracellular and intracellular CD83 staining, respectively. Data
were analyzed with ANOVA and Dunnett's test o compare treatments against non-depleted controls. Significant differences are indicated "o < 0.05, *p < 0.01,
o < 0.001).

in total splenocytes vs. 2848 + 14.3 in CD19 depleted of sCD83 and total splenocytes (220.4 + 28.29 pg/ml. in total
splenocytes, Figure 3F) as well as in the LPI induced release  splenocytesvs. 279.4 + 68.29 pg/mL in CD19* B cells). However,
(1,793 +226.1 pg/mLin total splenocytes vs. 527.0 £ 75.52pg/mL  upon stimulation, depletion of CD4* T cells had as well a slightly
in CD19 depleted splenocyles, Figure 3G). Remarkably, thereis  detrimental effect (1,793 + 226.1 pg/mL in total splenocytes vs.
no significant difference between purified CD19* B cells release 1,077 + 169.3 pg/mL in CD4 depleted splenocytes, Figure 3G);
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PMA. ionomycin, and either recombinant sCD83 or a control protein in similar concentrations. The cells were later analyzed for expression of activation markers and
associated intracellular and surface markers. Student's t-test was used to compare differences between the groups.

purified CD19* B cells release of sCD83 is lower than that in
total splenocytes (1,793 + 452.2 pg/ml. in total lymphocytes vs.
864.34 + 176.8 pg/mL in CD19* B cells), indicating that T cells
might participate on the B cell activation for the release of sCD83.
We also observed that under LPI stimulation, B cells produced
display higher intracellular CD83 staining than do T cells under
same conditions (Figure 3H). 'l'o sum up, B cells represent the
main source of splenic sCD83 release upon LPI stimulation.

sCD83 Influence on T Cell Activity In Vitro

The soluble form of CD83 has been shown to possess i vivo
as well as in vitro anti-inflammatory properties (47-53, 57).
‘laking into account the presence of sCD83 in the supernatants

of stimulated splenocytes, we used the supernatant to stimulated
naive T Cells. In some experiments, we attempted to block sCD83
with a specific antibody against CD8&3. The presence of a block-
ing antibody in the cell culture failed to significantly reduce the
cytokine expression of CD4*'T cells (Figure 4A).

sCD83 was previously shown to affect 'I-cell function via
DCs, leading to higher percentages of CD4*CD25*Foxp3* Tregs,
lower production of proinflammatory cytokines, and increasing
the release of immunosuppressive cytokines (47), all features
that promote pregnancy wellbeing (2). To test the direct role of
$CD83 on naive CD4* T cells, we generated recombinant sCD83
using methods already described (59). The recombinant protein
was used to treat isolated CDA* 'I' cells. After 48 h of direct
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stimulation, we were not able to show a direct effect of sCD83 on
T cells (Figure 4B).

DISCUSSION

The fact that the immune system can mount a response to patho-
gen threats without compromising the health of a semi-allogeneic
fetus has been a matter of major interest among reproductive
biologists. We wondered if CDD83 expression was one of the regu-
lators of immune responses that accompany normal pregnancy.

In the case of B lymphocytes, CD83 overexpression induces an
anti-inflammatory phenotype, by reduction of Ig secretion and
induction of IL-10 secretion (66). Our data show an upregula-
tion of membrane-bound CD83 on splenic and paraaortic lymph
nodes B cells, which correlates with the increase of IL-10 pro-
ducing B cells observed during healthy murine (12) and human
pregnancies (8). We also found that B cells are especially sensitive
at the end of pregnancy to inflammation triggers (PMA, LPS) in
terms of CD83 upregulation and sCD83 secretion. Our data sug-
gest that CD83 expression may be a key regulator which shapes
B-cell function into a beneficial phenotype for late-pregnancy
events, such as inflammation-triggered preterm birth (10).

We also found that B cells were the main source of the basal
sCD83release inthesupernatant of culturedsplenocytes. However,
after stimulation, CD4+ T cell depletion has a detrimental effect as
well, indicating that T cells may cooperate in B-cell activation for
subsequent sCI)83 release. Kretschmer et al. previously showed
that activated T cells support the CD83 upregulation on B cells via
CD40-CD40L interactions (67).

Studies addressing CD83 expression on T cells have led to
controversial results, which vary from effects on the stimulation of
naive and memory T cells (68), on the production of proinflamma-
tory cytokines (38), or even correlating with immunosuppressive
functions (39, 69). In our experiment, we showed that CD83 is
upregulated on CD4* T cells during pregnancy and the propor-
tion of CD4*CD25* T cells that are positive for CD83 increases
throughout the stages of pregnancy. CD83 expression particularly
on CD4+CD25* T cellsis linked to immunosuppressive phenotype
(39, 10). Additionally, our results are in agreement with the well-
studied pregnancy-supporting role of regulatory T cells (70, 71).

Many of the changes we observed concerning CD83 expres-
sion on lymphocytes were significant from mid-pregnancy, when
estradiol and progesterone are increasing in mice as well as in
human pregnancies (65, 72). B as well as T lymphocytes express
estrogen and progesterone receptors (73-76). Regulatory T cells,
as well as other immune cells, are regulated by sex hormones
during pregnancy (77, 78). In our experiments, we showed that
progesterone had a dose-dependent effect on CD83 expres-
sion on CD4* T cells. We also observed progesterone-specific
effects on CD83 expression on B Cells, but only by reaching
high concentrations of the hormone in cell culture. When we
used similar concentrations to serum levels observed in murine
pregnancies, we were not able to show any significant differences
in the CD83 expression on lymphocytes. We cannot exclude that
progesterone may be involved in the changes observed on B cell
CD83 expression during the course of pregnancy, since a relatively
short stimulation was performed. On the other hand, our results

support anti-inflammatory therapeutic use of progesterone that is
based onhigh doses of the hormone to prevent preterm labor (79).

Having demonstrated the higher capacity of B lymphocytes
from pregnant mice to release sCD83, we decided to test a direct
effect of sSCD83 on CD4* T cells i vitro. The mechanism of action
of sCD83 has not been unveiled yet, but it has been proposed that
may act through blocking of the natural ligand of CD83 (48). In
our experiment involving the supernatant of stimulated lympho-
cytes, the blocking antibody that remained in the culture media
may be altering the CD83/CD83-ligand interaction, leading to
an apparent less T cell activation. In our attempt to block sCD83
to evidence more CD4* activation, we blocked membrane CD83
on effector CD4+* T cells instead, leading to the opposite results.

Subsequently, we tested the direct effect of recombinant sCD83
ona CD4* T cell culture. We failed to show any significant change
inCD4*T cell function. Previousreports showedthat sCD83 influ-
ences T cell activity via induction of tolerogenic DCs (47, 60, 80).
The higher expression of sCD83 we observed in lymphocytes
from pregnant mice may have a favorable effect on tolerogenic
DCsto coordinate innate as well as adaptive mechanisms to sup-
port implantation and progression of pregnancy (81).

A deeper understanding of the physiological functions of
sCD83 during pregnancy might support the development of
therapeutic tools for the treatment of pregnancy- and inflamma-
tion-related disorders.
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Abstract

Alterations in the immunologic balance during pregnancy have been associated with poor pregnancy outcomes. The underlying
mechanisms are complex and mouse models delivered valuable information on inflammatory imbalance in disturbed pregnancies and
served as model to test potential anti-inflammatory therapies. CD83 is a transmembrane protein (mCD83) with a soluble form
(sCD83) which possesses strong anti-inflammatory properties. During murine pregnancy, upregulated mCD83 expression induces
sCD83 release after in vitro stimulation with LPS, phorbol myristate acetate (PMA) and ionomycin. The release mechanism of sCD83
and its control are yet to be elucidated. In this study, the expression of mCD83 and sCD83 has been extensively studied in the
CBA/] x DBA/2] mouse model of pro-inflammatory-mediated pregnancy disturbances. mCD83 was higher expressed on splenic B
cells, uterus-draining lymph nodes T cells and dendritic cells from mice with poor pregnancy outcome (PPOM) compared to mice
with good pregnancy outcome (GPOM). PPOM, however, was accompanied by lower sCD83 serum levels. In vitre treatment of
splenic B cells with progesterone led to a reduction of TIMP1 expression, mCD83 expression and sCD83 release, while TIMP1
treatment had a positive effect on sCD83 availability. These results suggest that tissue and matrix components are involved in the

regulation of CD83 in murine pro-inflammatory pregnancies.
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Introduction

During pregnancy, the maternal immune system
is confronted by the presence of paternal antigens
expressed by the semi-allogeneic fetus. In order to avoid
fetal rejection, the maternal immune system undergoes
several adaptations. Maternal tolerance is orchestrated by
anumberofdifferentmechanismsregulated by pregnancy
hormones and trophoblast to shift decidual immune
cells to their regulatory pendants, affecting systemic
immune responses as well. Conseguently, pregnant
women, although not considered immunosuppressed,
respond differently for example to viral infections like
influenza or auto-antigens compared to non-pregnant
women (Piccinni et al. 2016, Racicot & Mor 2017).
One majar challenge of the immune system during
pregnancy is to provide protection against infections
despite the tolerogenic shift that immune cells undergo
at the fetomaternal interface. This phenomenon is
achieved by the interplay of both leukocytes and soluble
factors that contribute to finely balance of both immune
aspects. An imbalance of pro- and anti-inflammatory
components represents a risk that threatens different
aspects of pregnancy health. As a result, pregnancy
complications, like preterm birth, preeclampsia,
intrauterine growth restriction (IUGR) and recurrent
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pregnancy loss arise (Raghupathy et a/. 2012, Kuon et al.
2015, Harmon et al. 2016).

Mouse models contributed to an improved
understanding of the ongoing processes during
pregnancy. Thereby, it was shown that a general pro-
inflammatory immune reaction, but not necessarily
against paternal antigens, contributes to fetal resorption
(Robertson et al 2007). Moreover, new therapy
approaches were first tested in mouse maodels, for
example the adoptive transfer of leukocytes (DCs, B10
cells, Tregs) and soluble factors (IH-lg, IL10, TGFB)
which contribute to the essential immune balance and
decreased fetal resorption (Clark 2016).

Recently, we suggested that the soluble form of
the transmembrane molecule CD83 (sCD8&3) could
represent an important factor contributing to pregnancy
maintenance (Packhduseretal. 2017). Anti-inflammatory
propetties of sCD33 have been extensively examined in
mouse models of autoimmunity, allograft transplantation
and inflammatory disease (Lan et al. 2010, Bock et al.
2013, Starke et al. 2013, Eckhardt et al. 2014, Lin
et al. 2018). However, it remains unclear if sCD83 is
generated by alternative splicing or from shedding of
the transmembrane form (mCD83) by proteases, as in
the case of other immune-related factors (TGFA, TNFA,
TACI, etc.) (Murphy 2008, Hoffmann et al. 2015).
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Although the function of mCD83 still remains
under elucidation, different roles have been proposed
depending on the cell type expressing it. On dendritic
cells (DCs), mCD83 marks mature cells and is necessary
for a proper T cell activation and co-stimulation
(Zhou & Tedder 1995, 1996, Prechtel & Steinkasserer
2007). mCDA&3 is also expressed by activated T cells.
CD83 silencing in CD4* T cells in mice results in
defective functions like antigen presentation, cytokine
secretion and proliferation (Su et al. 2009). However,
the overexpression of mCD83 in naive murine CD4*
T cells results in FOXP3 upregulation characteristic for
regulatory T cells (Reinwald et al. 2008).

mCD83 expression on B cells influences their
maturation in the spleen, impacting on the marginal
zane (MZ)/follicular zone (FO) B cell relative numbers
(Luthje et al. 2008, Krzyzak et al. 2016). Furthermore,
m{CD83 expression on B cells is associated to B cell
anti-inflammatory responses, including higher IL10
production (Kretschmer et al. 2007). Both, MZ/FO
ratio and B cell-derived IL10 are increased in murine
pregnancies and altered in pathological mouse
models of pregnancy (Jensen et al. 2013, Muzzio et al.
2014a, 2016).

B cells upregulate mCD83 expression after stimulation
with stimulatory agents such as lipopolysaccharide (LPS)
and PMA. Additionally, direct cell contact plays an
important role in the induction of mCD83 expression,
as in the case of CD40/CD40L interactions between
B cells and CD4+ T cells (Kretschmer et al. 2011). In
our previous work, we showed that splenic B cells
from advanced pregnancies were the most reactive to
LPS stimulation in vitro. In vivo, however, the highest
m{CD83 expression on splenic B cells during gestation
was observed at mid-pregnancy. We postulate that the
compartmentation of the B cells plays an important role
regulating CD83 availability during pregnancy. To test
our hypothesis, we used a mouse model of systemic
inflammation-induced pregnancy disturbance.

On the one hand, we show that the pregnancy-related
hormone progesterone controls matrix companents that
influence CD83 availability during pregnancy. On the
other hand, during inflammatory pregnancies, splenic
but not peripheral B cells upregulate CD83 expression.
Moreover, despite the higher mCD83 on splenic B
cells, lower sCD83 is detected in the sera of affected
mice. Our data suggest that tissue-specific components
influence sCD83 availability during normal and
impaired pregnancy.

Material and methods
Animals

CBA/J (H2") female and DBA/) (H29) male mice were purchased
from Charles River or Janvier Labs (Saint-Berthevin Cedex,
France). BALB/c (H29) males were bred in our Central Service
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and Research Facility for Animals (ZSFV). The animals were
kept co-housed in a 12-h light/dark cycle with free access to
food and water. Eight- to twelve-week-old CBA/) female mice
were either paired with BALB/c males, generating normal
pregnancies (‘good pregnancy outcome mice’ (GPOM)) or
with DBA/2) males to obtain immune-induced pathological
pregnancies (‘poor pregnancy outcome mice’ (PPOM)) (Clark
ef al. 1986, Muzzio ef al. 2014b, 2016). In this mouse model,
fetal resorptions are consequence of an immune rejection
against paternal antigens (Clark et al. 1986), associated to a
failure in regulatory T cell (Treg) generation to compensate
the pro-inflammatory cytokine boost driven by activated
leukocytes (Clark et al. 2004). Mice were checked for vaginal
plug every morning. Observation of a plug was declared as
day O of pregnancy, and the female was separated from the
male. Mice were killed at day 14 post plug (14 dpp); spleen,
thymus, paraaortic and inguinal lymph nodes and blood were
collected. Non-pregnant CBA/| female mice were randomly
killed and used for in vitro experiments. Animal experiments
were carried out according to institutional guidelines approved
by the Landesamt fiir Landwirtschaft, Lebensmittelsicherheit
und  Fischerei  Mecklenburg-Vorpommern  (LALLF-MV;
7221.3-1-068/13 to DM). The experiments were conducted
in conformity with the European Communities Council
Directive 86/609/EEC.

Cell preparation

Single-cell suspensions from para-aortic lymph nodes, inguinal
lymph nodes, and thymus were obtained as previously
described (Packhiuser et al. 2017). The tissue was carefully
pressed through a 40-pm nylon cell strainer and washed with
PBS. In case of spleen tissue, an erythrocyte lysis with 10mL
Lysis Buffer (0.89% NH,CI, 0.1% KHCO,, 0.003% EDTA)
was performed and stopped after 5min with 3 mL FBS. After
washing, the cell suspension was filtered a second time with
a 40-pm cell strainer. The cell counts of the suspensions were
determined using a Neubauer chamber.

How cytometry

Flow cytometry was applied to evaluate the expression of
CD83 on B, T, or DCs from spleen, thymus, and lymph nodes
as described before (Packhduser ef al. 2017). Cell suspensions
were first incubated with CD16/32 mAb Fc block (BD
Pharmingen, Heidelberg, Germany) for 5min. Staining with
fluorochrome-labeled specific antibodies was performed for
30min at4°C inthe dark. Samples fromspleen were additionally
stained with Fixable Viability Dye eFluor 780 (eBioscience) for
30min and later washed with FACS buffer (1% BSA (Sigma-
Aldrich), 0.1% NaN, (Carl Roth, Karlsruhe, Germany) in
DPBS) before Fc blocking. For intracellular staining, fixation
and permeabilization of the cells were accomplished with
BD Perm/Wash and BD Cytofix’Cytoperm (BD Biosciences)
according to manufacturer’s instructions. Subsequently, cells
were incubated with fluorochrome-labeled antibodies for
30min at 4°C for intracellular staining. Following antibodies
were purchased from BD Bioscience CD83 (Michel-19);
B220 (RA3-6B2); CD4 (RM4-4 and RMA4-5); CD23 (B3B4)
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CD21 (7G6) and CD19 (1D3). Polyclonal goat IgG biotinylated
anti-TIMP was purchased from R&D. DC Marker DCIR2 (33D1)
and Streptavidin were purchased from eBioscience. Data were
acquired on FACSCanto (BD Bioscience) and analyzed by
using Flow]o software (Flow]o, LLC).

Cell stimulation

1x10°% splenic lymphocytes or magnetic isolated splenic
CD19* B cells (CD19 MicroBeads mouse; Miltenyi Biotec
GmbH) were cultured 48h in a total volume of 500pL
RPMI 1640 culture medium supplemented with 10% FBS
and antibiotics on 48-well flat-bottom suspension plates.
The stimulation was performed with either 10pg/mL LPS
O111:B4 for 48h and 50ng/mL PMA as well as 500ng/mL
ionomycin (all from Sigma-Aldrich Chemie GmbH) for the last
5h. In order to examine the influence of metalloproteinases
on CD83 expression, cells were additionally stimulated
with recombinant Mouse TIMP1 (100ng/mL; Biolegend,
San Diego, USA) or anti-TIMP1 (1pg/mL; R&D Systems)
from the beginning of the experiment for a total of 48h. In
order to examine the influence of progesterone on CD83
expression, the cells were stimulated 50ng/mL or 500ng/
ml this pregnancy-related hormone (Sigma-Aldrich). After
stimulation, cells and supernatants were separated by 5min
centrifugation at 300 g and the cells were directly used for flow
cytometry or by 10 min at 8000 g to store the supernatants at
—80°C and lyse cells with peqGOLD TriFast™ (VWR, Radnor
PA, USA) for RNA extraction.

ELISA

The levels of sCD83 in sera and supernatants were measured
using an ELISA kit for CD83 (Cloud-Clone Corp., Houston, TX,
USA). The serum samples were diluted 1:2 in PBS, while the
supernatants were examined without dilution. The test was
performed following the instruction manual.

Real-time PCR

Magnetic isolated splenic CD19% B cells were treated with
TriFast peqCOLD (VWR, Radnor PA, USA). RNA concentration
was spectrophotometrically assessed in a the NanoPhotometer
PEARL (IMPLEN, Munich, Germany). RNA was reverse-
transcribed applying High-Capacity cDNA Archive Kit (Applied
Biosystems). For the gPCR, the samples were amplified
in duplicate and non-template controls were included.
Primer pairs were chosen to span an exon—exon junction to
avoiding genomic DNA amplification. Real-time PCR was
performed using Power SYBR® Green (AB/Life Technologies)
in a 7300 Real-time PCR System (Applied Biosystems) with
Acth as housekeeping gene. Primer sequences were the
following: Cd83 forward: TGAAGGTGACAGGATGCCC
Cd83  reverse:  CTTGGGGAGGTCACTGGAAG;  Actb
forward: TGGAATCCTGTGGCATCCATGAAAL; Acth reverse:
TAAAACCCACCTCAGTAACACTCC.  All primers  were
purchased from Invitrogen.
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Statistical analysis

in vivo and ex wvivo data comparing GPOM vs PPOM
pregnancies were analyzed by unpaired Student's t-test. [n
vitro data comparing treatments and control were analyzed
by paired Student’s t-test or repeated-measures ANOVA with
Dunnett's posttest where applicable.

Results

mCD&83 is upregulated in PPOM in a cell- and
compartment-dependent manner

We observed higher mCD83 expression on splenic B
cells in PPOM as compared to GPOM (2.26+0.27-fold
increase; P<0.001; Fig. 1B). This was accompanied
by higher percentages of mCD83* B cells (1.74 £0.19
in GPOM vs 2.54+0.22 in PPOM; P<0.05; Fig,
1C). Although an increment in the percentage of
CD83+ cells could be observed within splenic DCs
(8.31£1.06 in GPOM vs 20.7+2.62% in PPOM;
P<0.001; Fig. 1C) and T cells (0.11£0.01 in GPOM
vs (.19+£0.03% in PPOM; P<0.05 Fig. 1C), the
overall mCD83 expression level was not significantly
different. We also analyzed the expression of the main
mature splenic B cell subsets, CD21/35MCD23/o
marginal zone (MZ) and CD21/35"CD23" follicular
zone (FO) B cells. Both, FO and MZ B cells expressed
significantly higher levels of mCD83 in PPOM than
in GPOM mice (2.05+0.24-fold increase in FO and
3.52 £0.75-fold increase in MZ B cells respectively;
P<0.001; Fig. 1B). Within B cell subpopulations,
mCD83* percentages were significantly increased only
in MZ B cells (1.60£0.15 in GPOM vs 2.57 +0.21%
in PPOM; P<0.01).

In contrast, no significant differences were found
in the mCD83 expression on peripheral B cells of
thymus and uterus-draining lymph nodes (Fig. 1B).
In thymus, however, we observed that mCD83 was
elevated in DCs as well in CD4* T cells of PPOM mice
as compared to GPOM (2.32+0.18-fold increase in
DC and 1.18+0.02-fold increase in T cells; P<0.001
and P<0.01 respectively; Fig. 1B). The percentage of
mCD83* cells was, however, reduced in thymic CD4* T
cells (0.66+0.08 in GPOM vs 0.44 +0.04% in PPOM;
P<0.05; Fig. 1C). Both uterine-draining lymph nodes
(inguinal (ILN) and paraaortic (PLN)) showed higher
mCD83 expression on DCs in PPOM as compared
to GPOM (2.07+0.17 and 2.29+0.23-fold increase
respectively; P<0.001; Fig. 1B).

In summary, mCD83 was upregulated on different
lymphocyte subpopulations of PPOM. There was a
significant difference in the expression of mCD83
molecule in splenic B cells and dendritic cells from
thymus and uterus-draining lymph nodes.
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Figure 1 PPOM express higher mCD83 than GPOM in splenic but not in peripheral B cells in vivo. B cells (B220%), T cells (CD4*) and dendritic
cells (DCIR2*} from GPOM {(n=16) were compared to cells from PPOM (n=22). (A} Representative plots show gating strategies for
determination of mCD83 expression. In overlapping histograms {right), the gray area represents the unstained control and the black line the
positive staining. Bars show the relative median fluorescence intensity (MFI) of mCD83 (B) or the percentage of mCD83* cells (C) in live B cells
(B220%), T cells (CD4*) and dendritic cells (DCIR2*) from spleen (SPL), thymus (THY), paraacrtic (PLN) and inguinal {ILN} lymph nodes. In
spleen, B220* B cells were further subdivided in CD21/35"CD23' marginal zone B cells (MZ) and CD21/35™CD23" follicular zone B cells
(FO). All data were analyzed using Student’s t-test (n > 16). Significant differences are indicated (*£<0.05, **P<0.01, **P=<0.001).
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Ex vivo stimufation reveals no difference between
PPOM and GPOM expression of mCD83 and sCD83

Taking into account the discrepancy in terms of mCD83
expression between splenic and peripheral B cells, we
moved forward to compare splenic B cell expression
of mCD8&3 after ex vivo stimulation with inflammatory
signals. Here, neither differences in the mCD83
expression nar in the sCD83 release could be depicted
between the two groups of mice after 48-h stimulation
(Fig. 2A and B).

A pregnancy-specific hormone influences
sCD83 expression

In our previous work, we found splenic B cells to be
a major source of sCD83 during pregnancy and we
suggested that it may contribute to anti-inflammatory
responses that support pregnancy —maintenance
{Packhduser et a/. 2017). In this experiment, we found
that GPOM had higher serum levels of sCD83 than
pro-inflammatory  PPOM at day 14 of pregnancy
(2308.65+176.92 Vs 1638.89+76.3048 pg/mL
respectively, Fig. 3A).

During pregnancy a variety of immune and non-
immune adaptations take place regulated that is by the
sexual hormones estradiol and progesterone. In our
previous work, we found progesterone but not estradiol
regulating mCD83 on splenic B cells, T cells and DCs.

Here, splenic lymphocytes or magnetically isolated
CD19* splenic B cells from non-pregnant CBA/) female
mice were stimulated with 500ng/mL progesterone (the
same order of magnitude as during murine pregnancies;
Hashimoto et a/. 2010). The treatment led to a significant
reduction of sCD83 in the supernatants of the cell culture
of splenocytes (374.40 £20.60 vs 303.69 + 16.07 pg/mL)
and B cells (580.63 +26.55 vs 508.95+10.16pg/mL)
compared to the respective controls; £<0.05; Fig. 3B.
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To determine if the effect of progesterone was linked
to a reduced production of CD83, we stimulated
splenic lymphocytes with progesterone and/or LPS. We
did not observe any significant changes in the levels
of intracellular staining for CD83 (iCD83), although a
significant reduction at the mRNA levels could be seen
{from 1.472+0.59 to 1.303 +0.52 after progesterone
treatment; Fig. 3C).

The effect of progesterone on CD83 expression on
resting lymphocytes was also assessed performing
intra and extracellular staining of CD83. Progesterone
treatment led to a reduction on both, mCD8&83
(216.75 +6.09 MF| for untreated controls, 199.67 +4.20
for 50 ng/mL progesterone and 183.84 +5.00 with
500 ng/ml, Fig. 3D) and ICD83 (241.8+£32.86 MFI
for untreated controls, 229.6+34.94 with 500 ng/mL
progesterone, P< 0.05, n=7, data not shown). The effect
of progesterone on mCD83 was stronger than on iCD83
(0.849+0.016 vs 0.937 +0.025). At the mRNA levels,
progesterone did not have any significant effect on Cd83
expression (Fig. 3D).

TIMP1 increases sCD83 availability ex vivo

Since the reduction of sCD83 in the supernatants of
progesterone-treated B lymphaocytes correlated with a
reduction of mCD8&3 levels, we looked for mechanisms
that would affect CD83 membrane turnover, decreasing
mCD83 and sCD83 availability. Many membrane
proteinsaretargetofdegradation by proteinaseswhich are
regulated by proteases inhibitors. The metallopeptidase
inhibitor 1 (TIMP1) is expressed on B cells (Alter et al.
2003) and a known target of progesterone as well
(Imada et al. 1994, Hampton et al. 1999). Using isclated
lymphocytes, we were able to show that progesterone led
to significantly decreased TIMP1 expression on splenic
B cells (378.17 £12.97 after progesterone treatment vs

Splenocyte supernatant

Figure 2 Ex vivo stimulation of splenic B cells
reveals no difference in mCD83 expression
between GPOM and PPOM. (A} Splenic
lymphocytes were stimulated with LPS for 48h
with PMA and ionomycin for the last 5 h (LPI).
Plots show a representative gating strategy for
determination of mCD83 expression on
CD19* B cells {left). The overlapping
histograms display mCD83 expression of
untreated (filled line} and LPl-stimulated B
cells (dashed line). Cray area represents the
FMO for CD83. Bars show the corresponding
median fluorescence intensities (MFI) of
mCD83 (bottom-right) on LPl-stimulated B
cells. (B) Supernatants of the LPI-stimulated
lymphocytes were analyzed by ELISA to
determine sCD83 levels. All data were
analyzed using Student’s t-test (A: n=10,
B:n=9).

22 GPOM
E PPOM
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Figure 3 Progesterone reduces mCD83 and sCD83 availability in vitro. (A) Sera of pregnant mice were analyzed by ELISA to determine sCD83
levels. Data were analyzed using Student’s ¢-test (GPOM n=19, PPOM n=8). Significant differences are indicated (*P<0.05). (B) Splenic
lymphocytes or magnetically isolated CD19* B cells from the spleen of noen-pregnant CBA/ mice were cultured for 48 h with progesterone or
with medium alone as control. Graph shows levels of sCD83 of supernatants determined by ELISA. Data were analyzed using paired t-test
(n=5). Significant differences are indicated (*£<0.05). (C) Splenic lymphocytes from non-pregnant CBA/| mice were cultured for 48 h with LPS
alone or with LPS and 500 ng/mlL progestercne. PMA and ionomycin were added for the last 5 h. The plots show a representative gating strategy
(left). Overlapping histograms (right} display differences in iCD83 between LPS {filled line) and LPS with progesterone (dashed line) stimulated
CD19* B cells. Gray area represents the FMO for CD83. Data represent the fold increase of iCD83 MFI (middle) or Cd83 mRNA (right) in
splenic CD19* B cells over the corresponding untreated controls. Data were analyzed using paired t-test {flow cytometry: n=7; qPCR: n=6). (D}
Splenic lymphocytes from non-pregnant CBA/ mice were cultured for 48 h with or without the presence of 50 or 500 ng/ml progesterone. The
plots show a representative gating strategy (left). Overlapping histogram displays differences between with progesterone-stimulated B cells
(dashed line) and untreated control {filled line). Gray area represents the FMO for CD83. Bars (top-middle) show the corresponding median
fluorescence intensity (MFI) of mCD83 within CD19* B cells {right-bottom). Bars {right} display the fold change of either mCD83 (n=4) or
iCD83 (n=7) MFI after progesterone treatment. Graph (bottom) shows Cd63 mRNA levels of control vs progesterone-treated B cells (n=6). Data
from flow cytometry were analyzed by ANOVA and Dunnett’s Multiple Comparison test to compare treatments against control (top-middle) or
unparited t-test {right). Data from qPCR were analyzed by paired t-test (n =6). Significant differences are indicated (**P<0.01, ***P<0.001).
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Figure 4 The metallopeptidase inhibitor TIMP1 increases mCD83 and sCD83 availability in vitro. (A} Splenic lymphocytes from non-pregnant
CBA/] mice were cultured for 48h with 50 or 500 ng/ml progesterone. Cells cultured in medium alone served as control. Overlapping
histograms (top) display differences between progesterone-stimulated B cells (dashed ling} and untreated control (filled line). Gray area
represents the FMO for TIMP1. Bars show the median fluorescence intensity (MFI) of TIMPT within CD19* B cells (bottom). Data were analyzed
by ANOVA and Dunnett’s multiple comparison test to compare treatments with controls (m=4). Significant differences are indicated (**£<0.01).
(B) Splenic lymphocytes were cultured for 48 h with LPS and for the last 5 h with PMA and ionomycin (LPI). Recombinant TIMPT or anti-TIMP1
blocking antibody were added from the beginning of the experiment. Scatter dot plots show a representative gating strategy to CD19* B cells
and CD4* T cells {top). Overlapping histograms display differences between TIMP1 {middle-left) or anti-TIMP1 (middle-right) expression on
CD19+ B cells (dashed lines) and the respective controls (filled line). Gray curve represents the FMO for mCD83. The bottom-left graph shows
the fold increase of the corresponding MFI of mCD83 on CD19* B cells after stimulation with LPI and TIMP1 {n=4). The bottom-right graph
represents the normalized MFI of mCD83 on CD19* B cells after stimulation with LPl and anti-TIMP1 {n=>5). Data were analyzed using paired
t-test. Significant differences are indicated (*P<0.05). (C) Graph shows the amount of sCD83 in supernatants of LPI or LPI and TIMP1-treated
splenocytes determined by ELISA. Data were analyzed using paired ttest (7= 5). Significant differences are indicated (*P<0.05).

465.92+26.59 MFI in controls, respectively; P<0.01;  lymphocytes with LFS and either recombinant TIMP1
Fig. 4A), suppotting the idea of a protease involvement  or a blocking antibody against TIMP1. TIMP1 treatment
regulating CD83 availability. was able to elevate mCD83 expression (2.02 £0.08 in

To confirm that TIMP1 was involved in the changes  LPI vs 2.22 £0.08-fold increase with LPI and TIMPT,
of m- and sCD83 expression, we cultured splenic  respectively; P<0.05, Fig. 4B), whileanti-TIMP1 reduced
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it (2.197 +0.07 in LPIvs 1.926 +0.09-fold increase with
LPI and Anti-TIMP1, respectively; P<0.05; Fig. 4B).
Furthermore, TIMP1 treatment of splenocytes led to
significantly increased sCD83 release (1917.66 +78.81
with LPS and TIMPT vs 1758.61+7540pg/mL for
LPS-treated controls; P<0.05; Fig. 4C).

In summary, TIMP1 effects on mCD83 inversely
correlate with those observed with progesterone,
favoring sCD83 availability.

Discussion

CBA/ x DBA/2] pregnancies (here referred as PPOM]) are
characterized by a failed maternal tolerance (Clark et al.
1980). The pro-inflammatory manifestations can be
observed systemically in the mother and locally at the
resorptive fetoplacental unit (Ahmed et al. 2010). Innate
cells, including neutrophils, NK cells, macrophages and
DCs have been found to be the main effectors of the
resorptive phenotype (Bonney & Brown 2014).

mCD83 was first described as a maturation marker
for DCs and its expression on DCs is linked to a higher
pro-inflammatory potential (Aerts-Toegaert et al. 2007,
Wilson efal. 2008, Pinho et al. 2014, Seldon efal. 2016).
mCD83* DCs are present in human decidua and in high
numbers associated with miscarriage (Askelund et al.
2004, Qian et al. 2015). Our data show that DCs from
the uterus-draining lymph nodes in PPOM expressed
higher levels of mCD83 than in GPOM, which supports
the observations in human studies.

CD4* T cells can as well express mCD83, for which
both anti- and pro-inflammatory roles were suggested,
depending on the subpopulation of T cell that was
studied (Wolenski et al. 2003, Reinwald et al. 2008).
Although we did not analyze different CD4+ T cell
subsets in detail, we observed the significant differences
between both groups of mating only in thymicT cells. As
PPOM expressed higher levels of mCD83 than GPOM,
we assume that mCD83 expression on thymic CD4*
T cells is accompanying the pro-inflammatory T cell
repertoire that was already described in those mice.

Similarly, B cells in spleen depicted significant
differences in mCD83 expression. In our previous
work, we showed that healthy murine pregnancy is
accompanied by an upregulation of mCD83 expression
on splenic B cells in vivo. Moreover, splenic B cells from
pregnant mice acquire a higher capacity to upregulate
mCD83  expression after stimulation with pro-
inflammatory signals as LPS (Packhduser et al. 2017).
PPOM pregnancies are characterized by higher levels of
pro-inflammatory cytokines, including TNFA and IFNG,
which contribute to the disturbed pregnancy phenotype
(Clark et a/. 1998). These cytokines are as well inducers
of mCD83 expression (Li et al. 2012, Lin et al. 2018).
As expected for pro-inflammatory pregnancies, splenic
B cells from PPOM displayed higher levels of mCD83
than in GPOM.

Reproduction (2019) 158 323-333

The fact that differences in mCD83 expression on B
cells are absent in uterus-draining lymph nodes suggests
that there may be mechanisms to limit CD&3 expression
in the periphery even during pro-inflammatory
pregnancies. Our results suggest that compartmentation
and matrix components seem to play a role regulating
the CD83 biclogy. In fact, B cells in spleen are
compartmentalized and they migrate upon activation
(Pereira et al. 2010). In the splenic stroma, B cells
interact with several cell types that exert a considerable
influence on the B cell fate (Mueller & Germain 2009).
We observed that PPOM, despite their higher mCD83
expression on different lymphocyte population,
displayed lower serum levels of sCD83. It has been
suggested that proteolytic shedding may lead to the
release of sCD83 from its membrane-bound form (Hock
et al. 2001). Then, a higher splenic mCD83 expression
accompanied with lower sCD83 release suggests that
if a protease is involved, its function diminished in
PPOM (Fig. 5).

Consistent with this, we ohserved that in ex vivo
stimulated splenic B cells, progesterone limits CD83
availability in a process which seems to be mediated by
TIMPT. TIMP1 influenced CD83 availability, increasing
mCD83 expression and sCD83 release after ex vivo
stimulation of splenic B cells. Progesterone treatment,
on the other hand, induced TIMP1 downregulation,
reducing CD83 availability (Fig. 6).

A Good pregnancy outcome mice (GPOM)

s
-~

Shedding
—
A

Splenic B cell 74

B Poor pregnancy cutcome mice (PPOM)

e
-~

Shedding |

MCD83 | >

///T//

Splenic B cell /

Figure 5 Schematic summary of CD83 shedding in GPOM and
PPOM on splenic B cells. In GPOM (A}, a balanced shedding of
mCD83 provides the source of sCD83 in healthy pregnancies. In
contrast, an imbalanced shedding of mCD83 in PPOM (B) results in
reduced sCD83 release.
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Figure 6 Schematic summary of the proposed progesterone-
dependent regulation of CD83 availability by TIMP1. (A} TIMP1
inhibition of a proteinase that degrades mCD83 results in a higher
mCD83 expression and therefore improved availability for sCD83
release. (B) Progesterone, acting through inhibition of B cell TIMP1
expression, facilitates the degradation of mCD83, reducing mCD83
expression and sCD83 release.

Progesterone may display contradictory roles
depending on the target cell. In the case of TIMP1
production, for example, progesterone showed a
negative effect on B lymphocytes but induces TIMP1
expression in uterine fibroblasts (Imada et al. 1994)
and human endometrial stromal cells (Hampton et al.
1999). Then, if the influence of stromal-derived TIMP1
or metalloproteinases prevails over the local effect on
B cell expressed TIMP1, we may abserve the contrary
phenatype in splenic B cells in vive than in ex vivo-
treated cells. So the effect that we observed on isolated
lymphocytes may correspond to a peripheral/activated
phenotype, asinthe caseofa local inflammatory process.
In this case, activated B cells could leave their niches
and act to contribute to a pro-inflammatory response
during pregnancy minimizing the anti-inflammatory
effect of sCD83 release.

In this scenario, progesterone would exert a regulatory
role on sCD83 availability in B cells that had left the
splenic compartment, which find no impediment in
acting in a pro-inflammatory manner. Splenic B cell
residents, on the other hand, remain as source of systemic
sCD83 that may contribute to pregnancy maintenance.
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As proposed for sCD83, certain soluble factors as
TNFA, TGFA and TACI are derived by cleavage from their
latent or the extracellular domains of their respective
membrane proteins in a process that is mediated by
metalloproteinases from the ADAM family (Murphy
2008, Hoffmann et al. 2015). These metalloproteinases
can be produced by the same lymphocytes that express
such factors or they can be released by cells of the stromal
cells into the extracellular matrix. Metalloproteinases
and their inhibitory molecules have critical roles during
pregnancy, and their synthesis and release are under
hormonal control. We found that while progesterone
treatment reduces sCD83 release, ADAM10 expression
is reduced and ADAM17 is unchanged in B cells (data
not shown). Because this is associated to a reduced
mCD83 expression and TIMP1 expression, it seems
unlikely that these ADAM proteases are involved in the
sCD83 release. The mechanisms of sCD83 release need
further evaluation.

Overall, our data indicate that matrix components
regulate mCD&3 expression during pregnancy impacting
on sCD83 availability. These components may be
compromised in pro-inflammatory pregnancies, leading
to altered sCD83 release.

Declaration of interest

The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the
research reported.

Funding

This study was supported by a grant from GANI_MED
(FOMM-2015-10) to D M and intramural funding from
Greifswald University.

Author contribution statement

R E and K P performed experiments, analyzed data and
contributed to the elaboration of the manuscript. ] E and AT
performed experiments and analyzed data. M Z contributed
with reagents, the design of experiments and the writing of
the manuscript. D M conceived and designed the experiments,
analyzed data, contributed with reagents, wrote the paper and
supervised the work.

Acknowledgements

The authors thank the Gerhard Domagk Young Professional
Development Program for their support to K P and the
Landesgraduiertenforderung Mecklenburg-Vorpommern
{State Graduate Funding MV) of the University of Greifswald
supporting R E.

Reproduction {(2019) 158 323-333

Downloaded from Bioscientifica.com at 10/25/2021 07:18:04PM
via free access

58



332 R Einenkel and others

References

Aerts-Toegaert C, Heirman C, Tuyaerts S, Corthals J, Aerts JL, Bonehill A,
Thielemans K & Breckpot K2007 CD83 expression on dendritic cells and
T cells: correlation with effective immune responses. Furopean journal
of Immunology 37 686-695. (https://doi.org/10.1002/eji.20063653 5)

Ahmed A, Singh ], Khan Y, Seshan $V & Girardi G 2010 A new mouse
model to explore therapies for preeclampsia. PloS ONE 5 e13663.
(https://doi.org/10.1371/journal pone.0013663)

Alter A, Duddy M, Hebert S, Biernacki K, Prat A, Antel JP, Yong VW,
Nuttall RK, Pennington CJ, Edwards DR ef af. 2003 Determinantsofhuman
B cell migration across brain endothelial cells. journal of immunology
170 4497-4505. (https://doi.org/10.4049/jimmunal.170.9.4497)

Askelund K, Liddell HS, Zanderigo AM, Fernando NS, Khong TY, Stone PR
& Chamley LW 2004 CD83(+)dendritic cells in the decidua of women
with recurrent miscarriage and normal pregnancy. Placenta 25 140-145.
(https://doi.org/10.1016/50143-4004(03)00182-6)

Bock F, Rossner 8, Onderka ], Lechmann M, Pallotta MT, Fallarino F,
Baon L, Nicolette C, DeBenedette MA, Tcherepanova 1Y ef af. 2013
Topical application of soluble CD83 induces IDO-mediated immune
modulation, increases Foxp3+ T cells, and prolongs allogeneic corneal
graft survival. fournal of immunology 191 1965-1975. (https#/doi.
org/10.4049/jimmunol.1201531)

Bonney EA & Brown SA 2014 To drive or be driven: the path of a mouse
model of recurrent pregnancy loss. Reproduction 147 R153-R167.
(https:#doi.org’10.1530/REP-13-0583)

Clark DA 2016 Mouse is the new woman? Translational research in
reproductive immunology. Seminars in Immunapathology 38 651-668.
(https://doi.org/10.1007/500281-015-0553-x}

Clark DA, McDermott MR & Szewczuk MR 1980 Impairment of host-
versus-graft reaction in pregnant mice. Il Selective suppression of
cytotoxic T-cell generation correlates with soluble suppressor activity
and with successful allogeneic pregnancy. Ceflular immunology 52 106
118. (https:/doi.org/10.1016/0008-8749(80}90404-9)

Clark DA, Chaput A & Tutton D 1986 Active suppression of host-vs-graft
reaction in pregnant mice. VIl Spontaneous abortion of allogeneic CBA/)
x DBA/Z fetuses in the uterus of CBA/) mice correlates with deficient
non-T suppressar cell activity. journal of immunology 136 1668-1675.

Clark DA, Chaouat G, Arck PC, Mittruecker HW & Llevy GA 1998
Cytokine-dependent abortion in CBA x DBA/2 mice is mediated by
the procoagulant fgl2 prothrombinase [correction of prothombinase].
journal of Immunology 160 545-549.

Clark DA, Manuel J, Lee L, Chaouat G, Gorczynski RM & Levy GA 2004
Ecology of danger-dependent cytokine-boosted spontanecus abortion
in the CBA x DBA/2 mouse model. |. Synergistic effect of LPS and
(TNF-alpha+IFN-gamma) on pregnancy loss. American Journal of
Reproductive Immunelogy 52 370-378. (https:/doi.org/10.1111/j.1600-
0897.2004.00237 x}

Eckhardt ), Kreiser S, Dobbeler M, Nicolette C, DeBenedette MA,
Tcherepanova 1Y, Ostalecki C, Pommer A), Becker C, Gunther C ef al.
2014 Soluble CD83 ameliorates experimental colitis in mice. Mucosaf
immunology 7 1006-1018. (https:/doi.org/10.1038/mi.2013.119)

Hampton AL, Nie G & Salamonsen LA 1999 Progesterone analogues
similarly modulate endometrial matrix metalloproteinase-1 and matrix
metalloproteinase-3 and their inhibitor in a model for long-term
contraceptive effects. Molecular Human Reproduction 5 365-371.
(https:/fdoi.org’10.1093/molehr/5.4.365)

Harmon AC, Cornelius DC, Amaral LM, Faulkner JL, Cunningham Jr MW,
Wallace K & LaMarca B 2016 The role of inflammation in the pathology
of preeclampsia. Clinical Science 130 409-419. (htipsy/doi.org/10.1042/
C$20150702)

Hashimoto H, Eto T, Endo K, Itai G, Kamisako T, Suemizu H & lto M 2010
Comparative study of doses of exogenous progesterone administration
needed to delay parturition in Jcl:MCH(ICR} mice. Experimental Animals
59 521-524. (https+/doi.org/10.1538/expanim.59.521)

Hock BD, Kato M, McKenzie JL & Hart DN 2001 A soluble form of CD83
is released from activated dendritic cells and B lymphocytes, and is
detectable in normal human sera. /nternational Immunofogy 13 959
967. (https://doi.org/10.1093/intimm/13.7.959)

Hoffmann FS, Kuhn PH, Laurent SA, Hauck SM, Berer K, Wendlinger SA,
Krumbholz M, Khademi M, Olsson T, Dreyling M et al. 2015 The
immunaregulator soluble TACI is released by ADAMT0 and reflects B

Reproduction (2019) 158 323-333

cell activation in autoimmunity. fournal of Immunology 194 542-552.
(httpss7/doi.org/10.4049/immunol.1402070)

Imada K, lto A, Itoh Y, Nagase H & Mori Y 1994 Progesterone increases
the production of tissue inhibitor of metalloproteinases-2 in rabbit
uterine cervical fibroblasts. FEBS letters 341 109-112. (https:/doi.
org/10.1016/0014-5793(94)802 50-5)

Jensen F, Muzzio D, Soldati R, Fest § & Zenclussen AC 2013 Regulatory
B10 cells restore pregnancy tolerance in a mouse model. Biology of
Reproduction 89 90. (https:/doi.org/10.1095/biolreprod.113.110791)

Kretschmer B, Luthje K, Guse AH, Ehrlich 8, Koch-Nolte F, Haag F,
Heischer B & Breloer M 2007 CD83 modulates B cell function in vitro:
increased IL-10 and reduced Ig secretion by CD83Tg B cells. PloS ONE
2 e755. (https/doi.org/10.1371/journal pone. 00007 55)

Kretschmer B, Kuhl §, Fleischer B & Breloer M 2011 Activated T cells induce
rapid CD83 expression on B cells by engagement of CD40. immunology
Letters 136 221-227. (https;//doi.org/10.1016/.imlet.2011.01.013)

Krzyzak L, Seitz C, Urbat A, Hutzler S, Ostalecki C, Glasner ], Hiergeist A,
Gessner A, Winkler TH, Steinkasserer A ef al. 2016 CD83 modulates B
cell activation and germinal center responses. journal of immunology
196 3581-3594. (https:/doi.org/10.4049/jimmuncl . 1502163)

Kuon RJ, Strowitzki T, Sohn C, Daniel V &Toth B 2015 Immune profiling in
patients with recurrent miscarriage. fournal of Reproductive Immunology
108 136-141. (httpsi/doi.org/10.1016/).jri 2015.01.007)

Lan Z, Lian D, Liu W, Arp ], Charlton B, Ge W, Brand S, Healey D,
DeBenedette M, Nicolette C et al. 2010 Prevention of chronic renal
allograft rejection by soluble CD83. Transplantation 90 1278-1285.
(https/doi.org/10.1097/TP.0b013e318200005¢)

Li DY, Gu C, Min ], Chu 7H & Ou Q] 2012 Maturation induction of human
peripheral blood monenuclear cell-derived dendritic cells. Experimental
and Therapeutic Medicine 4 131-134. (https:/idoi.org/10.3892/
etm.2012.565)

Lin W, Buscher K, Wang B, Fan Z, Song N, Li P,Yue Y, Li B, Li C& Bi H 2018
Soluble CD83 alleviates experimental autoimmune uveitis by inhibiting
filamentous actin-dependent calcium release in dendritic cells. Frontiers
in immunology 9 1567. (httpsy/doi.org/10.3389/fimmu 2018.01567)

Luthje K, Kretschmer B, Fleischer B & Breloer M 2008 CD8&3 regulates
splenic B cell maturation and peripheral B cell homeostasis. international
immunology 20 949-960. (https:/doi.org/10.1093/intimm/dxn 054}

Mueller SN & Germain RN 2009 Stromal cell contributions to the
homeostasis and functionality of the immune system. Nature Reviews:
Immunology 9 618-629. (https:/doi.org/10.1038/nri2588)

Murphy G 2008 The ADAMs: signalling scissors in the tumour
microenvironment. Nature Reviews: Cancer 8 929-941. {https:/doi.
org/10.1038/nrc2459)

Muzzio DO, Soldati R, Ehrhardt ), Utpatel K, Evert M, Zenclussen AC,
Zygmunt M & Jensen F 2014a B cell development undergoes
profound modifications and adaptations during pregnancy in
mice. Biology of Reproduction 91 115. {https:/doi.org/10.1095/
biolreprod.114.122366)

Muzzio DO, Soldati R, Rolle L, Zygmunt M, Zenclussen AC & Jensen F
2074b B-la B cells regulate T cell differentiation associated with
pregnancy disturbances. Frontiers in immunology 5 6. (httpsi/doi.
org/10.3389/fimmu.2014.00006)

Muzzio DO, Ziegler KB, Ehrhardt ], Zygmunt M & Jensen F 2016 Marginal
zone B cells emerge as a critical component of pregnancy well-being.
Reproduction 151 29-37. (https://doi.org/10.1530/REP-15-0274)

Packhduser KRH, Roman-Sosa G, Ehrhardt J, Kruger D, Zygmunt M &
Muzzio DO 2017 A kinetic study of CD83 reveals an upregulation and
higher production of sCD83 in lymphaocytes from pregnant mice. Frontiers
in Immunology 8 486. (https//doi.org/10.3389/fimmu.2017.00486)

Pereira JP, Kelly LM & Cyster JG 2010 Finding the right niche: B-cell
migration in the early phases of T-dependent antibody responses.
International immunology 22 413-419. (https:/doi.org/10.1093/intimm/
dxq047)

Piccinni MP, Lombardelli L, Logiodice F, Kullolli O, Parronchi P &
Romagnani 8 2016 How pregnancy can affect autoimmune diseases
progression? Clinicaf and Molecular Alfergy 14 11, {https:/doi.
arg/10.1186/512948-016-0048-x)

Pinho MP, Migliori IK, Flatow EA & Barbuto JA 2014 Dendritic cell
membrane CD83 enhances immune responses by boosting intracellular
calcium release in T lymphocytes. Journaf of Leukocyte Biology 95 755
762. (https://doi.org/10.1189/j1b.0413239)

https:/rep bioscientifica.cam

59



Prechtel AT & Steinkasserer A 2007 CD83: an update on functions and
prospects of the maturation marker of dendritic cells. Archives of
Dermatological Research 299 59-69. (https://doi.org/10.1007/500403-
007-0743-z)

Qian ZD, Huang LL & Zhu XM 2015 An immunochistochemical study of
CD83- and CD1a-positive dendritic cells in the decidua of women with
recurrent spontaneous abortion. Furopean journal of Medical Research
20 2. (https://doi.org/10.1186/540001-014-0076-2)

Racicot K & Mor G 2017 Risks associated with viral infections during
pregnancy. Journal of Clinical Investigation 127 1591-1599. (https/doi.
org/10.1172/JCI87490)

Raghupathy R, Al-Azemi M & Azizieh F 2012 Intrauterine growth
restriction: cytokine profiles of trophoblast antigen-stimulated maternal
lymphocoytes. Clinical and Developmental immunology 2012 734865,
(https:/doi.org/10.1155/2012/734865)

Reinwald S, Wiethe C, Westendorf AM, Breloer M, Probst-Kepper M,
Fleischer B, Steinkasserer A, Buer ] & Hansen W 2008 CD&3
expression in CD4+ T cells modulates inflammation and autoimmunity.
journal of Immunology 180 5890-5897. (httpsy/doi.org/10.4049/
jimmunol.180.9.5890)

Robertson SA, Care AS & Skinner R] 2007 Interleukin 10
regulates inflammatory  cytokine synthesis to protect against
lipopolysaccharide-induced abortion and fetal growth restriction in
mice. Biology of Reproduction 76 738-748. (https://doi.org/10.1095/
biolreprod.106.056143)

Seldon TA, Pryor R, Palkova A, Jones ML, Verma ND, Findova M, Braet K,
Sheng Y, Fan Y, Zhou EY ef al. 2016 Immunosuppressive human anti-
CD83 monoclonal antibody depletion of activated dendritic cells
in transplantation. fetkemia 30 692-700. (https:/doi.org/10.1038/
leu.2015.231)

https:/frep. bioscientifica.cam

333

Compartmentation regulates CD83 in pregnancy

Starke C, Steinkasserer A, Voll RE & Zinser E 2013 Soluble human CD83
ameliorates lupus in NZB/W F1 mice. fmmunobiology 218 1411-1415.
{https://doi.org/10.1016/.imbio.2013.06.002)

Su LL, Iwai H, Lin JT & Fathman CG 2009 The transmembrane E3 ligase
GRAIL ubiquitinates and degrades CD83 on CD4 T cells. journal of
immunology 183 438-444. (https://doi.org/10.4049/jimmunol.0900204)

Wilson ], Cullup H, Lourie R, Sheng Y, Palkova A, Radford K],
Dickinson AM, Rice AM, Hart DN & Munster D) 2009 Antibody to
the dendritic cell surface activation antigen CD83 prevents acute graft-
versus-host disease. journal of Experimental Medicine 206 387-398.
(https://doi.org/10.1084/jem . 2007072 3}

Wolenski M, Cramer SO, Ehtlich S, Steeg C, Heischer B & von Bonin A
2003 Enhanced activation of CD83-positive T cells. Scandinavian
journal of fmmunology 58 306-311. (https:/doi.org/10.1046/.1365-
3083.2003.01303.x)

Zhou L) & Tedder TF 1995 Human blood dendritic cells selectively
express CD83, a member of the immunoglobulin superfamily. journal of
immunology 154 3821-3835.

Zhou L) & Tedder TF 1996 CD14+ blood monaocytes can differentiate
into functionally mature CD83+ dendritic cells. PNAS 93 2588-2592.
(https://doi.org/10.1073/pnas.93.6.2588)

Received 11 April 2019

First decision 13 May 2019

Revised manuscript received 29 July 2019
Accepted 19 August 2019

Reproduction {(2019) 158 323-333

Downloaded from Bioscientifica.com at 10/25/2021 07:18:04PM
via free access

60



EIDESSTATTLICHE ERKLARUNG

Hiermit erklare ich, dass ich die vorliegende Dissertation selbstandig verfasst und keine

anderen als die angegebenen Hilfsmittel benutzt habe.

Die Dissertation ist bisher keiner anderen Fakultdt, keiner anderen wissenschaftlichen

Einrichtung vorgelegt worden.

Ich erklare, dass ich bisher kein Promotionsverfahren erfolglos beendet habe und dass eine

Aberkennung eines bereits erworbenen Doktorgrades nicht vorliegt.

Greifswald, den 23.01.2022 K.Packhauser

61



ACKNOWLEDGEMENTS

This work would not have been possible without the help, contribution and dedication of

several wonderful people to whom | owe a dept of gratitude.

First of all, | want to thank Professor Dr. med. Marek Zygmunt and the University of Greifswald
for the opportunity to work on this project. | am grateful for your trust in taking me as a
candidate. Thanks to the GERHARD DOMAGK-Nachwuchsférderprogramm for the immense
support: Not only for being able to spend a year on research but also for the accompanying

curriculum. It definitely enriched this thesis and expanded my academic horizon.

The work - and the world - would not be the same without the incredible team of the
gynaecologic research laboratory. The whole idea of CD83 - or ‘CD Hans’, as we nicknamed it
to conquer the difficulty of German numbers - was developed by Damidan Muzzio. Thank you
for your continued support, supervision and mentoring. Without you, neither the papers nor
my thesis would exist. And neither would many fantastic pictures, for you are the best
photographer | know. For the guidance on practical lab skills, | have to thank Diana Kriiger and
especially Jens Ehrhardt. Thank you both for your patience and encouragement. Jens, | also
thank you for hours of video material of tractor-repairing granddads and countless pictures of
eight-legged individuals on my Facebook-Page. And | am still sorry for destroying the ‘Schlirpi’

(although I now know it is a disposable item).

| thank all the people who worked on the publications: Rebekka Einenkel, who is the first
author of one of them and also helped with the corrections of the thesis. Thank you for your
valuable comments and contribution to this project. Thanks to Gleyder Roman-Sosa and Anne

Tungler, who also worked on the publications.

If I have to name one person, who carried me through difficult times in life, studies, research
and work, it is my best friend, Claudia Lange. Thank you for cheering me up and of course, for

all the corrections of my thesis.

And finally, as the most important persons are always named last, | want to thank my parents

and my beautiful sister. | love you.

62



	SUMMARY
	ABBREVIATIONS
	1 Introduction
	1.1 Immunology and pregnancy
	1.2 CD83
	1.3 CD83 and pregnancy
	1.4 Mouse models in gynaecologic research

	2 Objectives
	3 Materials and methods
	3.1 Animals and cell preparation
	3.2 Cell stimulation
	3.3 Evaluation of mCD83 expression and sCD83 release

	4 Results
	4.1 mCD83 on splenocytes during normal and disturbed murine pregnancy
	4.2 mCD83 on lymphocytes from thymus and lymph nodes during normal and disturbed murine pregnancy
	4.3 sCD83 levels in sera during normal and disturbed murine pregnancy
	4.4 mCD83 and sCD83 upon ex vivo stimulation
	4.5 Source of sCD83 in vitro
	4.6 Influence of pregnancy related hormones on CD83 in vitro
	4.7 New model of mCD83 membrane degradation

	5 Discussion
	5.1 mCD83 and BC in pregnancy
	5.2 mCD83 and TC in pregnancy
	5.3 mCD83 and DC in pregnancy
	5.4 sCD83
	5.5 The role of pregnancy related hormones in the regulation of CD83
	5.6 New pathways in CD83 regulation

	6 Limitations and conclusions
	7 References
	8 Publications
	8.1 A kinetic Study of CD83 Reveals an Upregulation and Higher Production of sCD83 in Lymphocytes from Pregnant Mice.
	8.2 CD83 is locally regulated and differentially expressed in disturbed murine pregnancy.

	EIDESSTATTLICHE ERKLÄRUNG
	ACKNOWLEDGEMENTS

