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Maternal B cell signaling orchestrates fetal development in mice
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ABSTRACT

B cell participation in early embryoffetal development and the
underlying molecular pathways have not been explored. To
understand whether maternal B cell absence or impaired signaling
interferes with placental and fetal growth, we paired CD19-deficient
(CD19—/-) mice, females with B cell-specific MyD88 (BMyD88—/-) or
IL10 (BIL10—/-) deficiency as well as wild-type and MyD88—/—
controls on C57BI/6 background with BALB/c males. Pregnancies
were followed by ultrasound and Doppler measurements. Implantation
number was reduced in BMyD88—/— and MyD88—/— mice. Loss of
MyD88 or B cell-specific deletion of MyD88 or IL10 resulted in
decreased implantation areas at gestational day (gd) 5, gd8 and gd10,
accompanied by reduced placental thickness, diameter and areas
at gd10. Uterine artery resistance was enhanced in BIL10—/— dams at
gd10. Challenge with 0.4 mg lipopolysaccharide/kg bodyweight
at gd16 revealed that BMyD88—/—, BIL10—/— and CD19—/— mothers
delivered preterm, whereas controls maintained their pregnancy. B
cell-specific MyD88 and IL10 expression is essential for appropriate
in utero development. IL10+B cells are involved in uterine blood flow
regulation during pregnancy. Finally, B cell-specific CD19, MyD88 and
IL10 expression influences susceptibility towards preterm birth.

KEY WORDS: B cells, MyD88, B10 cells, High frequency ultrasound
imaging, Intrauterine development, Preterm birth, Mouse

INTRODUCTION
The modulation of the maternal immune system enables the
establishment and maintenance of a pregnancy. A healthy
pregnancy could be divided into three different immunologic
phases: during embryo implantation, placentation and early stage of
pregnancy, a pro-inflammatory milieu is present, followed by a phase
of anti-inflammation during mid-pregnancy, which is replaced again
by inflammation during the last trimester and end of pregnancy (Mor
et al,, 2017). Thus, a delicate balance between inflammatory
responses and immune tolerance is essential for coordinating
implantation, immune protection of semi-allogeneic fetal antigens
and, at the end, parturition.

B cells contribute to fetal immune protection via different
mechanisms: the most prominent ones being the production of
asymmetric antibodies (AAbs) and the secretion of IL10 by so-
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called regulatory B cells (Breg). AAbs are antigen-specific IgGs
with a mannose-rich oligosaccharide residue bound to one of the
antigen-binding fragment [F(ab)] regions, which are incapable of
forming antigen—antibody complexes and activate immune effector
functions. Although the percentage of AAbs increases during
normal pregnancy, women with recurrent pregnancy loss had
significantly lower levels of AAbs (Eblen et al., 2000; Zenclussen
et al., 2001). As for Breg, they have several important functions:
they suppress pro-inflammatory responses by Th1l and Th17 cells,
but also monocytes and dendritic cells (Rosser and Mauri, 2015),
and they are also important for the maintenance of the regulatory T
(Treg) cell compartment (Busse et al., 2019; Rosser and Mauri,
2015). The frequency of Breg increases in maternal peripheral blood
during the first trimester of healthy pregnancies, but not in women
suffering from spontaneous abortions (Rolle et al., 2013). The
induction of IL10-secreting Breg is promoted by the pregnancy
hormone human chorionic gonadotropin (hCG) (Fettke et al., 2016).

Another important regulatory role of B cells during pregnancy is
associated with their function as professional antigen-presenting
cells (APCs) (Rodriguez-Pinto, 2005). B cells express Toll-like
receptors (TLR) such as TLR4 and TLR9 as well as MHC class II
molecules and the costimulatory proteins CD80, CD86 and CD40.
The importance of these molecules was shown by alterations in their
expression in abortion-prone CBA/JXDBA/2J murine pregnancy
(Lorek et al., 2019). Most TLRs require the key signaling adaptor
myeloid differentiation factor 88 (MyD88) to mediate activation
signals to B cells, to induce their differentiation into Breg cells and
to boost antibody responses (Rawlings et al., 2012; Hou et al., 2011;
Yanaba et al., 2009). MyD88-deficient mice are highly susceptible
towards a broad range of bacterial and viral infections and suffer
from several reproductive problems including poor reproductive
performance, placentitis, metritis and peritonitis (von Bernuth et al.,
2012; Villano et al., 2014). The TLR RP105 (also known as
CD180) interacts with CD19 (Yazawa et al., 2003), another
important B cell molecule that is required for IL10 production as
it is responsible for B1 cell development; B1 cells are a main source
of IL10 production (Popi et al., 2004; Sindhava et al., 2010).

In humans, the importance of B cells for pregnancy success is
depicted by the observations from women whose multiple sclerosis
or neuromyelitis optica spectrum disorders was treated off-level
with the B cell-depleting drug Rituximab. Treatment before or
during pregnancy resulted in higher rates of pregnancy
complications such as spontaneous abortions and preterm births
(Das et al., 2018). This reinforces the need of a clear picture as to
how B cells influence pregnancy. In this regard, we have recently
shown that B cell-deficient uMT mice show apparently normal
pregnancies, but had smaller fetuses than wild-type (WT) controls
(Busse et al., 2019). In addition, we showed that treatment of these
animals with lipopolysaccharide (LPS) at doses that were harmless
for controls provoked fetal loss in uMT mice, highlighting the need
of fully functioning B cells for successful pregnancy (Busse et al.,
2019).
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During recent decades, ultrasound techniques have become
integral to the practice of obstetrics. Adverse pregnancy outcomes
might occur without the presence of obvious risk factors and might
not have been detected by other diagnostics such as the clinical
examination (Moore and Promes, 2004). Therefore, the rationale for
screening all pregnancies by routine ultrasound is an early detection
of the fetuses or mothers at high risk and consequently an improved
management of pregnancy complications. Examples are placental
pathologies, ultrasound of the cervix length to identify patients who
are at risk of preterm delivery or Doppler ultrasound of umbilical
artery waveforms to identify a ‘compromised’ fetus (Audette and
Kingdom, 2018). Intrauterine growth restriction (IUGR) is still a
leading cause of preventable stillbirth and is strongly associated
with the obstetrical complications of iatrogenic preterm birth and
preeclampsia (PE) (Nardozza et al., 2017). As rodent models are
often used to mimic human pregnancy complications, such as LPS-
induced preterm delivery, and to investigate potential interventions,
it is important to improve the knowledge of ultrasound imaging in
rodent pregnancies and the effect induced by alterations in their
immune system. We have previously reported the importance of
high frequency ultrasound to follow up pregnancy and understand
the time points at which first deviations of normal growth are
present (Meyer et al., 2017a, 2018, 2020).

The aim of the present study was to understand the impact of
CD19 absence as well as B cell-specific deletion of MyD88 and
IL10 on embryo and fetal growth and development in utero. For
this, we generated B cell-specific knockout mice and followed up
their pregnancy compared with the respective controls. Further, and
in order to understand whether the observed changes rendered
females and their fetuses more susceptible to inflammatory stress,
we also analyzed the impact of LPS challenge in pregnant females
whose B cells were either absent or lacking MyD88 or IL10. For
this, we studied early pregnancy parameters in B cell-deficient
female mice as well as in mice with B cell-specific deletion of
important molecules compared with controls.

RESULTS

Abnormalities in breeding

Breeding of WT, CD19~/~, BMyD88~'~, MyD88~/~ and BIL10~/~
females with BALB/c males resulted in offspring in all
combinations, only few paired dams had no detectable plug
throughout the experiments (Table 1A). However, MyD88~/~
needed much longer to show a vaginal plug compared with all
other groups (P=0.0478; Table 1A). Following successful pairing
of MyD88~/~ females and BALB/c males, a significant higher
rate of moribund dams due to infections/abscesses as observed
at the naked eye were documented compared with WT females,
where no moribund animals were observed (P=0.0087; Table 1A).
In addition, non-pregnant MyD88~~ sentinels did not present
infections or abscesses during the same period of time.

The number of implantations were determined at the end of the
experiment after sacrificing the mice. The mean number of
implantations in WT dams was 8.7. No significant alterations in
number of implantations were found in CD19~'~ and BIL10~/~
dams (Table 1A). The number of implantations in BMyD88~/~
(mean: 7.4; P=0.0055) and MyD88~'~ (mean: 5.7; P<0.0001)
was significantly decreased compared with WT mice (Table 1A),
whereas the number of implantations in BIL10~'~ was diminished
but this did not reach statistical significance.

During pregnancy, by using ultrasound, we recorded the
development of implantations from gestational day (gd) 5 to
gd10. An implantation of a homogeneous mass without the
separation between fetus and placenta and with a significantly
lower volume than the other implantations within the dam was
considered as a dead implantation, a fact that was also confirmed
by the lack of heart beat (an exemplary picture is shown in
Fig. S1A). In BIL10™/~ females, 50% of dams carried at least one
dead implantation in uteri compared with WT dams (P=0.0241;
Table 1B), resulting in a significant higher number of dead
implantations among all measured implantations (P=0.0451;
Table 1B).

Table 1. Pregnancy parameters in WT, CD19~/-, BMyD88~/—, MyD88~/~ and BIL10~/"~ mice

(A)
Number of Time for P-value Number of P-value Number of
Number of dams with vaginal (time until moribund (moribund implantations P-value
paired dams  plug plug plug) dams dams) (mean) (implantations)
WT 34 34 1.9+0.8 >0.9999 0 - 8.7+1.6 -
CD19~/~ 32 31 2.0£1.0 >0.9999 0 n.s. 7.7£2.7 0.1522
BMyD88~'~ 35 33 2.0+0.8 >0.9999 0 n.s. 7.4+2.0 0.0055
MyD88~/~ 36 30 2.4+0.8 0.0478 8 0.0087 5.7+2.2 <0.0001
BIL10~~ 9 9 1.9+0.6 >0.9999 0 n.s. 71127 0.1487
(B)
Ultrasound measurements
Number of measured Number of pregnancies Number of measured Number of dead
pregnancies with dead implantations P-value implantations implantations P-value
WT 8 0 - 26 0 -
CD19~/~ 3 0 - 18 0 -
BMyD88~"~ 4 0 - 22 0 -
MyD88~"~ 3 0 - 11 0 -
BIL10~~ 6 3 0.0241 24 4 0.0451

(A) The number of total paired dams, the number of dams with a detectable plug and the time until the plug was detectable (in days; d) with the corresponding P-
value. It also shows the number of moribund dams within the first 10 days of gestation and the number of implantations in WT, CD19~/~, BMyD88~'~, MyD88~/~
and BIL10~/~ dams, which was determined at the end of the experiment, with the corresponding P-values. (B) Using ultrasound, we identified the number of
pregnancies having at least one dead implantation and the number of dead implantations among all measured implantations. Data are meants.d. The data were
analyzed using the chi-square test or by Kruskal-Wallis test and Dunn’s multiple comparisons test. n.s., not significant.
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Female mice with modified B cell signaling had a decreased
implantation area compared with WT dams

Ultrasound measurements were performed on gdS, gd8 and gd10. No
differences in implantation areas were detected between WT and
CD19~/~ females at gd5 (Fig. 1A), gd8 (Fig. 1B) or gd10 (Fig. 1C).
The implantations in BMyD88~~, MyD88~'~ and BIL10~'~ females
were significantly smaller than in WT mice at gd5 (Fig. 1A), gd8
(Fig. 1B) and gd10 (Fig. 1C), with only few fetuses even measurable
in BMyD88~~ and MyD88~'~ mice at gdS. On gd10 we measured
the implantation sizes as well as the sizes of the amniotic cavity which
contains the fetus and grows as the fetal size increases (Fig. S1B). We
found that the amniotic cavities from BMyD88~'~, MyD88~'~ and
BIL10~/~ dams were significantly smaller than those from WT dams
(Fig. 1D). Representative pictures from implantations obtained from
WT and BMyD88~'~ mice at gd5 (I and IT), gd8 (IIl and IV) and gd10
(V and VI) are shown in Fig. 1E.

An even more detailed classification of the implantation size is
based on percentiles (Meyer et al., 2017b; Dilworth et al., 2011).
Offspring smaller than the 10th percentile is defined as growth
restricted, offspring smaller than the Sth percentile indicates severe
growth retardation. At gd10, implantations from CD19~/~ females
were 20% growth restricted and 13.3% severely growth restricted
(Fig. 1F). Of the implantations from BMyD88~/~ females, 76.9%
were severely impaired in growth, 3.8% were below the 10th

percentile. Pups from MyD88~/~ were even more affected. In this
strain, all implantations were smaller than the 5th percentile at gd10.
Similarly, from BIL10~/~ females, 89.3% of the pups were severely
growth retarded, the remaining 10.7% were below the 10th
percentile (dead pups excluded; Fig. 1F).

Placenta parameters were abnormal in mice with B
cell-specific modifications and MyD88~'~ mice

Next, we measured the thickness, diameter and area of placentas on
gd10. Fig. 2A shows a representative picture of an implantation,
divided into fetus, placenta and decidua basalis, Fig. 2B shows the
measurement of the parameters thickness, diameter and area.

The placental thickness was decreased in BMyD88~/~, MyD88 '~
and BIL10~/~ dams (P<0.0001 each; Fig. 2C). The diameter of the
placenta was diminished in BMyD88~'~ (P<0.0001) and BIL10~~
mice (P=0.0013; Fig. 2D), and the placental area was reduced in
BMyD88~~ and BIL10~~ mice (P<0.0001 each; Fig. 2E) compared
with the respective parameters in WT.

MyD88~'~ and BIL10~'~ females displayed an altered uterine
artery resistance

Uteroplacental blood flow was evaluated by Doppler ultrasound at
gd5, gd8 and gd10. Fig. 3A shows a representative color Doppler
image of the uterine artery (UA) and Fig. 3B shows pulse-wave
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group; **P<0.01, ***P<0.001, ****<0.0001 (one-way ANOVA and Dunnett’s multiple comparisons test or Kruskal-Wallis test and Dunn’s multiple comparisons

test).

Doppler images from the UA peak systolic velocity (PS Vel) and
UA end diastolic velocity (ED Vel). The Pulsatility Index (PI) and
Resistance Index (RI) were calculated as described in Materials and
Methods.

Although no alterations in UA PI were detected between WT,
CD197/~, BMyD88~~, MyD88~~ and BIL10~~ dams (Fig. 3C),
we observed augmented UA RI in MyD88 ™/~ mice at gd8 compared
with WT females (P=0.0444) and at gdl0 in BIL10™~ dams
compared with WT (P=0.0026), CD19~/~ (P=0.0022), BMyD88~/~
(P=0.0387) and MyD88~'~ (P=0.0122; Fig. 3D) mice.

Deficiency in B cell-specific MyD88 or CD19 renders

females more susceptible to preterm delivery

following LPS challenge

Finally, we addressed the issue of whether the differences in fetal
development due to defective maternal B cell signaling also influence
the susceptibility towards LPS, a treatment that we employed here to
induce preterm birth. LPS was injected intraperitoneally (i.p.)
at different concentrations in gdl6 pregnant WT, CDI19~~,
BMyD88~~, MyD88~~ and BIL10™~ mice. Delivery was
monitored by a baby phone camera within the following 24 h and
started between 16 and 19 h after LPS application. At a concentration
of 1 mg LPS/kg bodyweight (BW), WT, CD19~~ and BMyD88 ™~
mice delivered within the observation time (Fig. 4A). WT mice did
not deliver at LPS concentrations of 0.4 and 0.2 mgkg BW
(Fig. 4B,C); CD19~~ dams gave birth at 0.4 but not 0.2 mg LPS/
kg BW, whereas BMyD88~'~ mice delivered following i.p. injection
of LPS at both 0.4 and 0.2 mg/kg BW (Fig. 4B-D). MyD88~~ mice
did not deliver at any tested LPS concentration (Fig. 4A-C). No
mouse strain gave birth within 24 h after PBS injection. These dams
were sacrificed on gd17 and the pups were weighed so as to have
time-mated controls. The weight of pups from BMyD88~/~,
MyD88~~ and BIL10™~ dams was significantly decreased
(P<0.0001) compared with pups from WT dams (Fig. S2).
BIL10~~ mice delivered at a concentration of 0.4 mg/ml BW

(Fig. 4B). As we had previously described that B cell-deficient uMT
mice were also growth restricted during fetal development (Busse
et al., 2019), we now address the question of whether these mice are
also affected by LPS-induced preterm birth. We determined that uMT
mice delivered at LPS concentrations of 0.4 and 0.2 mg/kg BW
(Fig. 4B-D).

These results indicate that, except for a high LPS concentration,
WT mice are protected against LPS-induced preterm birth, whereas
CD19 deficiency and loss of B cell-specific MyD88 and IL10 or
mature B cells enhance their susceptibility towards endotoxin-
mediated preterm birth.

DISCUSSION

B cells comprise a very heterogeneous and plastic, pleiotropic
population that, depending on the milieu and the situation, can
undertake different functions. In order to delineate the importance
of B cell function, we must generate experimental tools to study
different populations separately. Besides, the importance of B cell
signaling for pregnancy is not well understood. Here, we generated
mice with different B cell-specific deficiencies and mated them
allogeneically to mimic physiologically and immunologically
relevant conditions of normal pregnancy. We analyzed
intrauterine fetal growth and placenta parameters to understand
the impact of B cell subpopulations under normal conditions. Our
study shows that B cell-specific loss of MyD88 or IL10 influenced
several aspects of the embryo and fetal development in utero,
including diminished number of implantations, death, inappropriate
fetal and placental growth and functionality of the UAs.

Several factors were identified as responsible for a lowered
implantation number, among them environmental pollutants but also
alterations in the immune system such as CD28 levels (Liu et al.,
2014; Zhao et al., 2014). As CD28 is the essential co-stimulatory
molecule for T cells, we thought about a similar function for CD19,
the co-stimulator for B cells. However, as we show here, deficiency in
CD19 did not influence the number of implanted embryos, and the
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Fig. 3. Analysis of uterine artery velocities. (A) Representative color Doppler image of a uterine artery (UA). All measurements were performed at 70°.
(B) Representative pulse-wave Doppler image showing UA peak systolic velocity (PS Vel) and UA end diastolic velocity (ED Vel). (C,D) The UA Pulsatility Index
(PI) (C) and UA Resistance Index (RI) (D) from gd5, gd8 and gd10 are shown. Data are meants.d., n=3-5 dams/group; *P<0.05, **P<0.01 [two-way ANOVA

(mixed effect analysis) and Tukey’s multiple comparisons test].

lack of B cell-specific IL10 did not either. Loss of MyD88 in B cells,
as well as the complete deficiency of MyDS8S8, significantly decreased
the implantation number. This strongly suggests that MyD88-specific
signaling pathways are of utmost importance for optimal reproductive
capacity in mice, and B cells contribute substantially to this process.
MyD88 is used by most TLRs, which are important for host defense
against infections and induction of inflammatory immune responses.
The initial steps in pregnancy such as implantation are rather pro-
inflammatory; deficiency of MyD88 may, however, exacerbate
inflammation to a point that it hinders implantation. Inadequate TLR
signaling due to MyD88 deficiency might also be responsible for the
enhanced number of moribund dams seen in pregnant MyD88~/~
females that had to be sacrificed. BIL10™~ dams had enhanced
frequency of dead implantations. Previously, we showed the
importance of IL10, produced by Treg cells, for the prevention of
spontaneous abortions (Zenclussen et al., 2005), by a Bla
subpopulation (Schumacher et al., 2018) and in a model of LPS-
induced intrauterine fetal death in B cell-deficient mice (Busse et al.,
2019). The importance of Breg for the pathology of abortion in mice
has been similarly shown by others: on gd5.5, IL10-producing B cells
expanded in the uterine B cell population with regulatory capacity
which was shown by the suppression of proliferation and activation of
syngeneic CD4+ T cells (Guzman-Genuino et al.,, 2019) and a
decreased number of IL10 producing Breg cells were observed in
abortion-prone murine breeding (Slawek et al., 2020). A diminished
frequency of IL10+CD19+ B cells was also detected in peripheral
blood of women with spontaneous abortions (Rolle et al., 2013). The

findings in the present paper underline the importance of IL10 during
pregnancy and, in particular, of IL10-producing B cells, most
probably Breg.

As we have previously observed that the implantations of B cell-
deficient mice are smaller than those of WT dams (Busse et al.,
2019), we now aimed to understand which molecular signaling
pathways are relevant herein. We determined that the implantation
areas in BIL10~~, BMyD88~'~ and MyD88~'~ animals were
smaller compared with WT mice, which might be seen as [UGR.

IL10 is an important cytokine in pregnancy that influences the
quality of the maternal immune response. It is expressed in the
decidua and placenta, but also produced by several immune cell
populations during pregnancy, among them Breg. An important
process that takes place during pregnancy is the remodeling of
the uterine vasculature (Osol et al., 2019; Albrecht and Pepe,
2020), located at the maternal decidua basalis, which is disturbed
in maternal disorders such as IUGR and PE. Deficits in placental
function or spiral artery remodeling impair fetal development
(Turowski et al., 2018). We measured the RI and the PI of the
UA and found an enhanced RI in BIL10~~ dams at gdl0.
Physiologically, the flow resistance in the UA strongly decreases
during the first and second trimester in normal pregnancies.
However, pregnancies complicated by PE or IUGR fail to
decrease the flow resistance even before clinical signs of the
disorders become apparent (Papageorghiou et al., 2004; Campbell
et al., 1983; Garcia et al., 2016). It was also described that in an
experimental model with PE resemblance, IL10 was dysregulated
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line indicates the median, minimum to maximum values, with each individual value as point in the graph. Preterm birth was monitored within the following 24 h.
Shown is the time (h) of the delivery of the first pup. (D) Summary of delivery time (meanzs.d.; h) and the P-values compared with the WT group. n=3-5 dams/
group; ***P<0.001, ****P<0.0001 (one-way ANOVA and Dunnett’s multiple comparisons test). n.d., not done; n.s., not significant.

and the application of IL10 attenuated characteristics of the disorder
such as high blood pressure and endothelial dysfunction (Chatterjee
et al., 2015). Moreover, it was shown that IL10-null mutant mice
have a pathologic architecture of the maternal blood sinuses and
that IL10 is involved in the regulation of extravillous
cytotrophoblast invasion by the inhibition of the expression of
matrix metalloproteinase (Roberts et al., 2003). During pregnancy,
there is an increase of proangiogenic IL10-producing T cells
(Nadkarni et al., 2016). Whether B cells also exhibit proangiogenic
characteristics remains to be elucidated. In a previous study, we
found that IL10-expressing PC1"e" Bla B cells rescued fetuses
from rejection and decreased the frequency of IL17+ CD4+ T cells,
whereas the PC1'°" Bla population expressed significantly less
IL10 and provoked fetal rejection (Schumacher et al., 2018). The
present data add new knowledge, as we show that IL10-producing B
cells are needed for pregnancy-compatible resistance of UAs.
Placental morphogenesis and nutrient transfer function are
regulated by growth factors at the fetal-maternal interface and
interferences might limit the growth of placenta and fetus (Gill et al.,
2014). Therefore, we aimed to investigate the influence of B cells in
placental growth and function to identify mechanisms which might
affect the developing fetus. We determined that the thickness,
diameter and area of the placentas in BMyD88~'~ and BIL10~'~ are
diminished compared with WT mice. It is known that placental
weight is connected to the risk of stillbirth, Apgar score and
ventilation after birth (Hutcheon et al., 2012), and also with birth
weight (Haeussner et al., 2013). Also, a strong correlation between
placental thickness and fetal parameters such as bi-parietal
diameter, femur length, abdominal circumference and thereby the
estimated fetal weight, have been described (Hamdy and Ali, 2020).
In addition, we found that on gd10, both placental thickness and
fetal size in BMyD88~'~, BIL10~'~ and MyD88~/~ mothers were
decreased. A small placenta with reduced transport surface area

limits the availability of nutrients for the fetal circulation and
thereby restricts the extent of fetal growth. Placental growth is
regulated by genes encoding key growth factor pathway molecules
(El-Hashash et al., 2010; Constancia et al., 2002), which activate
signaling pathways converging on the MAPK signaling pathway.
Therefore, mutations in MAPK signaling pathway proteins limit the
placental growth (Hemberger and Cross, 2001; Watson and Cross,
2005). As MyD88 is an upstream regulator for the MAPK pathway
(Brown et al., 2011) it is straightforward to relate that mice with a
deletion in MyD88 will display the same phenotype — nevertheless
this has not been previously reported.

We observed that CD19~/~ mice had no altered embryo sizes, UA
flow parameters or placental size. This indicates that despite its
important function for B cell development, differentiation and
maturation, loss of this protein does not influence fetal development
in utero. Thus, we conclude that signaling pathways that are also
used by other cells are relevant for B cell contribution to pregnancy
establishment and fetal development.

To understand whether the negative impact of disturbed B cell
signaling on fetal size and development also implied an insufficient
response to inflammation, we challenged the mice with LPS. Our
results demonstrate the importance of complete B cell signaling for
protection against LPS-induced preterm delivery. It has been
previously shown that mice with a complete MyD88 deficiency are
protected against LPS-induced shock, associated with a lack of the
release of pro-inflammatory mediators and of B cell activation and
proliferation (Kawai et al., 1999). Here, we have shown that gd16
pregnant MyDS88-deficient mice do not respond to high LPS
concentrations (1 mg LPS/kg BW) that induced delivery even in
WT mice. However, as MyD88 is used not only by B cells but by
several immune cells for LPS signaling (Ciesielska et al., 2021), we
generated B cell-specific MyD88-deficient mice to understand this
particular contribution in LPS-induced preterm delivery. The effect

6

DEVELOPMENT



RESEARCH ARTICLE

Development (2022) 149, dev199783. doi:10.1242/dev.199783

was the opposite, these dams were not protected but instead delivered
at 0.4 mg LPS/kg BW and 0.2 mg LPS/kg BW. We observed the
same susceptibility towards LPS challenge in B cell-deficient mice
and mice lacking mature B cells. We have previously shown that
IL10-producing Breg cells are relevant for pregnancy success in a
model of LPS-induced intrauterine fetal death (Busse etal., 2019). As
MyD88 is an important molecule for the generation of Breg cells
following LPS stimulation (Yanaba et al., 2009), the loss of MyD88
in B cells might reduce the number of Breg cells. This might severely
interfere with the proper generation of the balance between immunity
and tolerance that is necessary for pregnancy success and thereby
result in preterm delivery. Another possibility is that loss of B cell-
specific MyD88 might result in a stronger pro-inflammatory immune
response, either because other cells compensate the B cell-specific
MyDS88 deficiency or due to the reduction in Breg cells.

CD19-deficient dams delivered following challenge with 0.4 mg
LPS/kg BW, but not after 0.2 mg LPS/kg BW treatment. Despite the
fact it was shown that these mice have a profound deficiency in Bla
cells (Rickert et al., 1995), and these cells exhibit regulatory function,
e.g. by the production of natural IgM antibodies (Ray et al., 2015),
their impact on LPS-induced preterm birth was unknown. Moreover,
studies showing the influence of CD19 deficiency on LPS challenge
in vivo are lacking. However, as CD19-deficient mice have a fully
competent MyD88-signaling pathway, it further remains to be
investigated whether their capacity to induce IL10-secreting Breg
cells following LPS challenge is altered and whether they are able to
develop an adequate pro-inflammatory response.

Taken together, our study significantly contributes to the
knowledge about the role of B cells in pregnancy by showing that
B cell-specific MyD88 and IL10 signaling is necessary for
appropriate development in utero. Further, IL10 production by B
cells is needed for uterine blood flow regulation during gestation.
Finally, alterations in B cell-specific expression of CD19, MyD88
and IL10 enhanced susceptibility towards LPS-induced preterm
delivery. Our results are important not only for understanding basic
mechanisms of fetal growth, well-being and development but they
are to be taken into account when designing therapeutic protocols
for pregnant women.

MATERIALS AND METHODS

Animals and mouse model

CS57BL/6J (H2°) WT littermates, CD19<7“"* (referred to here as CD197/~;
Rickert et al., 1995), MyD88f1°flox and MyD88~/~ were all obtained from
Jackson Laboratories. IL1071°¥°% mice (IL10™) were provided by Axel Roers
(TU Dresden, Germany; Roers et al., 2004). CD19“"**" mice were crossed
with MyD881o¥/ox or with 11,1 0" mice to generate B cell-specific CD19<7¢*
MyD8gfloxflox and  CD19 TL10o¥ox mice (referred to here as
BMyD88~~ and BIL10~/~, respectively) in our animal facility at the
Medical University of Magdeburg. BALB/c (H2%) males were purchased
from Janvier. Animals were kept in our animal facility under optimal
conditions in a 12 h light cycle. Chow and water were available ad libitum.
Animal experiments comply with the ARRIVE guidelines and were performed
according to institutional guidelines after Ministerial approval and in
conformity with the European Communities Council Directive (EU
Directive 2010/63/EU for animal experiments; approval number: 42502-2-
1332 Uni MD and 42502-2-1327 Uni MD). Then 8-12 week old WT,
BMyD88~~, CD19~~, MyD88~'~ and BIL10~~ virgin female mice were
allogeneically mated with BALB/c males to produce physiologically relevant
pregnancies comparable with those of humans. Females were checked twice a
day for the presence of vaginal plug, which indicated day 0 of pregnancy (gd0).

High frequency ultrasound imaging
Ultrasound measurements at gd5, 8 and 10 were performed using the Vevo®
2100 device (VisualSonics) in our own animal facility at the Department of

Experimental Obstetrics and Gynecology (Medical Faculty, Otto-von-
Guericke University, Magdeburg). Mice were anesthetized with isoflurane
(Baxter) and their paws were taped with surgical tape (3M) on the measuring
electrodes of a heating platform, which was covered with electrode gel
(Parker Laboratories). Electrocardiogram, body temperature and respiratory
parameters were constantly monitored. The abdominal fur was removed
with depilatory cream (Reckitt Benckiser), pre-warmed ultrasound gel
(Gello Geltechnik) was applied on the depilated skin. The bladder was used
as reference organ; the transducer (MS550D-0421, Visual Sonics) was
moved starting from the bladder to the left and the right side of the
abdominal cavity to identify the implantations that were present.

3D images from each implantation were recorded and 3D volume
measurements were performed using VisualSonics software. The length and
width from the amniotic cavity at gd10 were measured and multiplied to obtain
the area (mm?). The blood flow of the UA was visualized with Color Doppler
Mode, the quantification of the blood flows through the vessels was performed
with the Pulse-wave (PW) Doppler Mode. To obtain comparable results, the
angle between the blood flow direction and transducer was set at 70° for the
UAs. The PS Vel and ED Vel of the UAs were taken. Analysis was performed
using the VisualSonics software, which calculated the RI [RI=(PS Vel — ED
Vel)/PS Vel] and the PI [PI=(PS Vel — ED Vel)/velocity time integral]. After
measurement the mice were placed in their cages again and after observing
normal behavior post-anesthesia, they were placed back in the rack.

To identify the LPS concentration needed to induce preterm birth, dams
were weighed at gd16 and subsequently injected i.p. with 1 mg LPS/kg BW,
0.2 mg LPS/kg BW or 0.4 mg LPS/kg BW in 200 ul PBS. Control dams
received 200 pl PBS. Mice were monitored with a baby phone camera (BM
300, NUK) for the following 24 h. Delivery was defined as the delivery of at
least one pup. At the end of the experiment (gd17) mice were sacrificed, the
number of implantations determined and the fetal weight from PBS controls
were measured with a micro scale (Kern & Sohn).

Data analysis and statistics

Statistical analysis was performed using GraphPad Prism 8.0 software.
Normality of distribution was determined by Shapiro-Wilk test. Differences
between groups were analyzed by one-way ANOVA or Kruskal-Wallis test,
followed by Dunnett’s, Holm-Sidak’s or Dunn’s multiple comparisons test.
Data obtained from UA PI and UA RI measurements were analyzed by mixed-
effects analysis, followed by Tukey’s multiple comparisons test. Differences in
pregnancy parameters were analyzed by chi-square test. Significance was
defined as follows: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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