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IL-10 producing B cells rescue
mouse fetuses from inflammation-
~driven fetal death and are able to
e modulate T cell immune responses
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Understanding the mechanisms leading to fetal death following maternal subclinical infections is
crucial to develop new therapeutic strategies. Here we addressed the relevance of IL-10 secreting B cells
(B10) in the maintenance of the immune balance during gestation. pMT females lacking mature B cells
presented normal pregnancies, although their fetuses were smaller and their Treg pool did not expand
as in B cell sufficient controls. Pregnant puMT females were more susceptible to LPS despite having
less Treg; their fetuses died at doses compatible with pregnancy in WT animals. Adoptive transfer of

. IL-10 negative B effector cells or B cells from IL-10 deficient mice did not modify this outcome. The

© transfer of B10 cells or application of recombinant murine IL-10 reduced the fetal loss, associated with

. anormalization of Treg numbers and cytokine modulation at the feto-maternal interface. B cell-derived
IL-10 suppressed the production of IL-17A and IL-6 by T cells and promoted the conversion of naive cells
into Treg. B10 cells are required to restore the immune balance at the feto-maternal interface when
perturbed by inflammatory signals. Our data position B cells in a central role in the maintenance of the
balance between immunity and tolerance during pregnancy.

. Pregnancy success depends upon complex multicellular interactions that enable the establishment of immunological
: tolerance towards the fetus while maintaining immunity against pathogens. Subclinical infections that jeopardize the
© so important immune equilibrium by inclining the balance to the inflammatory side are a major problem faced daily
: by gynecologists. In particular intrauterine infections are associated with fetal morbidity and mortality'. As a general
. mechanism against infections, maternal immune cells secrete inflammatory cytokines**, among which TNF-c and
. IFN-~ are relevant*°. An exaggerated influx of Th1 cytokines to combat infections can, however, kill the progeny”.
IL-10 is the most potent anti-inflammatory cytokine able to counteract the negative effects of pro-inflammatory
cytokines, in particular TNF-c. IL-10 is not required for pregnancy under normal conditions as revealed by the use
of IL-10 knockout mice® but it turns out to be indispensable under infection conditions as elegantly shown in LPS
. models>'°. Moreover, the application of exogenous IL-10 can rescue from LPS-induced fetal loss>!° and from spon-
. taneous fetal loss'!!. It was long assumed that the main source of IL-10 was the placenta itself'?. However, innate
and adaptive immune cells are able to secrete IL-10 as well, albeit in lower concentrations. We have recently shown
. thatIL-10 producing CD19*CD24MCD27+ regulatory B cells'? are increased in number during human pregnancy'.
: Moreover, IL-10 producing B cells (B10 cells) from healthy pregnant women could suppress TNF-« production by
o T cells'. In mice, B10 cells expand during pregnancy as well as we recently reported"®. Interestingly; it seems that the
. placenta itself and in particular its product human chorionic gonadotropin (hCG) can induce IL-10 production by
. B cells'®. The absence, diminution or dysregulation of regulatory B cells or B10 cells'”~' have recently shown to be
relevant for a variety of pathologies, including systemic lupus erythematosus, multiple sclerosis, rheumatoid arthritis
and chronic lymphocytic leukemia®-?2. The possible participation of IL-10 producing B cells in the prevention of
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Figure 1. Implantation sizes of uMT mice were smaller than those of wild type (WT) controls at days 5, 7
and 9 of pregnancy. Implantation sizes (a), artery pulsatility index (UA PI) (b) and the uterine artery resistive
index (UA RI, (c) were measured by high frequency ultrasound (VEVO 2100) at gestation day (gd) 5, gd7 and
gd9. (d) Shows how the 3D measurement is performed. (d) (i) depicts three single, slidable image slice views
presented on the x, y and z planes. Each plane presents its color outline, with blue showing the x-y plane on
the z axis, green the y-z plane on the x axis and red the x-z plane on the y axis. In (d) (ii) a three dimensional
view of the acquired data can be observed. (e) depicts representative pictures from W'T controls (i, iii, v)

and uMT implantations (ii, iv and vi) at gd 5 (i, ii), 7 (iii, iv) and 9 (v and vi) respectively. The data obtained
after imagining was analyzed using the Kruskal-Wallis test and Mann-Whitney-U test; data are shown as
mean £+ SEM; n =4-6 dams/group; n=1-3 fetuses/dam; **p < 0.01; ****p < 0.0001.

fetal damage or death after infections has not been explored in deep. Here, we characterized pregnancy outcome in
mice devoid of mature B cells, namely uMT mice, that carry a disruption of the membrane exon of the immunoglob-
ulin p-chain gene?. We also studied the effect of LPS, that mimics a gram-negative infection®, on the pregnancy out-
come of these mice. For this, we first titrated LPS in gd10 puMT and wild type mice and then chose a concentration
that causes no harm in wild type animals but provokes fetal death in uMT mice.

Our study shows that B cell-secreted IL-10 is required if pregnancy is jeopardized by the presence of LPS. B
cell contribution can obviously not be compensated by expansion or activation of another cell population. Thus,
these cells emerge as essential to keep the cell and cytokine balance needed at the feto-maternal interface. Hence,
we propose IL-10 secreting B cells as important regulators of immune balance during pregnancy.

Results

Pregnancy in B cell deficient uMT mice resulted in smaller embryo sizes. BALB/c-mated uMT
females had decreased implantation numbers (mean 7.4) compared to WT mice (mean 8.4; p=0.0195). Embryo
size, as measured by high frequency ultrasound at gd5, gd7 and gd9 was significantly reduced compared to WT
embryos (Fig. 1a; 3D analysis shown in Fig. 1d; exemplary pictures of fetuses at gd 5, 7 and 9 are shown in Fig. 1e).
There were no alterations in the velocity of the uterine artery as shown by the resistive index (RI) and the pulsatil-
ity index (PI) values at gd5, gd7 and gd9 (Fig. 1b,c). Other than being smaller, the histology of uMT implantations
was comparable to the controls (Supplementary Fig. 1) and the physiologically relevant allogeneic mating did not
show intrauterine fetal death.

Naive uMT mice presented a normal Treg pool; however the lack of mature B cells in these
mice correlated with their inability to expand the Treg pool upon pregnancy as WT mice nor-
mally do. Flow cytometry analysis of B220, CD19, IgM and IgD confirmed that pMT mice lack mature
B cells in spleen (Fig. 2a, dot plots in Supplementary Fig. 1a). The same was true for blood, peritoneal lavage
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Figure 2. B cell deficient uMT mice failed to expand the pool of splenic and uterine Treg cells as wild type
(WT) controls did. (a) The number of B220+ splenic B cells remained stable in WT mice at midgestation
compared to naive mice. (b) In uterine tissue, the number of B cells increased in WT mice that were pregnant
at gd10 when compared to naive WT animals. In uMT mice, the frequency of B cells was, as expected, almost
undetectable and this did not change upon pregnancy neither in spleen nor in uterus. Representative plots
are shown in (c¢). (d,e) The number of regulatory T cells (Treg) was increased in pregnant WT mice at gd10

in spleen (c) and uterus (d) when compared to non-pregnant control females, while the Treg levels remained
unaltered in pregnant uMT mice when compared to non-pregnant uMT mice (d,e). (f) Shows representative
plots. (g) The number of splenic Treg cells correlated with the number of B220+ B cells in both WT and pMT
mice. Data are analyzed using Kruskal-Wallis test and Mann-Whitney test and shown as median. n =4-6 mice/
group; *p < 0.05; **p < 0.01.

and lymph nodes (data not shown). In uterus, a small proportion of B220 positive cells could be detected in
MMT mice (Fig. 2b, Supplementary Fig. 2b). In WT mice, pregnancy did not change the total B cell pool in
the periphery (Fig. 2a) but provoked an increase in the number of total B cells (B220+ cells) in uterus at gd10
compared to non-pregnant females (p =0.0317, Fig. 2b, Supplementary Fig. 2b) that was not registered in uMT
mice (Fig. 2b,c). As expected®, pregnancy (gd10) expanded the pool of Foxp3+ Treg cells of WT mice in spleen
(p=0.0159, Fig. 2d) and uterus (p =0.0317, Fig. 2e,f and Supplementary Fig. 2c,d). This pregnancy-induced Treg
expansion was not observed in uMT mice that had significantly decreased Treg numbers at gd10 in both spleen
(Fig. 2d, p=10.0043) and uterus (p = 0.0173; Fig. 2e; representative plots Fig. 2f) when compared to the pregnant
controls. This further correlated with the numbers of B cells (Fig. 2g).

Despite non-expanded Treg levels, pregnant uMT mice exhibited an increased susceptibility to
LPS that provoked intrauterine fetal death. To investigate whether the lack of mature B cells affects the
susceptibility to LPS-induced intrauterine fetal death (IUFD), we injected 0.5, 2, 3 or 4 ug/ml LPS i.p. to WT and
UMT mice at gd10 (midpregnancy) and determined the rate of fetal death 24 h later (Fig. 3a). Similar outcomes
were observed in all groups when employing 0.5 or 2 ug/ml LPS. At 3 ug/ml LPS, all fetuses died in the in uMT
group, while only one third did in the WT group (p =0.0265). 4ug/ml LPS increased the IUFD rate in WT mice
to 76%, compared to 100% fetal death in pMT mice (p =0.0436). At 10 pg/ml both groups presented 100% IUFD
(data not showed). 3 ug/ml LPS was the chosen concentration for the forthcoming experiments since it was the
lowest concentration inducing significant differences between WT and pMT mice. Representative pictures of
uteri obtained from LPS-treated uMT and WT mice and PBS-injected control uMT mice are shown in Fig. 3b.
H&E staining of whole implantation sites (WIS) 24 h after LPS illustrated that fetuses in pMT mice were already
degraded compared to intact fetuses in WT.

Administration of IL-10-producing B cells or recombinant murine IL-10 rescued from
LPS-induced intrauterine fetal death, while the transfer of IL-10 negative B effector cells or total
B cells from IL-10 deficient mice did not. To understand whether LPS-driven fetal death in uMT mice
owed to the lack of B cells, we next administered different B cell populations prior to the 3 ug/ml LPS challenge. 2d
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Figure 3. Pregnant uMT mice had increased susceptibility to LPS and present intrauterine fetal death (ITUFD)
at doses that caused no harm in control wild type (WT) mice. (a) Intraperitoneal (i.p.) injection of 0.5 and 2 ug/
ml LPS had similar effects on WT and uMT pregnant mice. 3 ug/ml and 4 pg/ml LPS induced 100% IUFD in
MUMT mice that were pregnant at gd10, while WT mice had significantly less dead fetuses after LPS treatment.
(b) Shows representative pictures of H&E stained whole implantation sites (WIS; upper part); arrows indicate
AC =amniotic cavity containing the fetus; P = placenta; DB = decidua basalis; MLAp = mesometrial lymphoid
aggregate of pregnancy). H&E staining of WIS performed 24 h after LPS application illustrated that fetuses in
MMT mice were already degraded compared to intact fetuses in WT females. In the lower part, pictures of uteri
of WT and uMT mice 24 h after LPS or PBS treatment indicate that even at the naked eye the dead fetuses can be
observed in the uMT group. Data were analyzed by Kruskal-Wallis test and Mann-Whitney test; n = 3-8 mice/
group for the titration; *p < 0.05.

prior to LPS challenge at gd10 uMT, females were reconstituted i.v. with either IL-10-negative B effector cells (Beff)
or IL-10-producing B10 cells (Fig. 4a, Supplementary Fig. 3). The adoptive transfer of Beff cells did not significantly
reduce the IUFD rate (p=0.0606; Fig. 4b), but the transfer of B10 cells into uMT mice effectively reduced IUFD
(p=10.0064; Fig. 4b), suggesting that B cell-secreted IL-10 is the decisive factor in preventing fetal death after LPS
challenge. To confirm this, two different sets of experiments were performed. Firstly, B cells from IL-10-deficient
(IL-10~'~) mice were adoptively transferred into gd8 pregnant uMT mice. Fetal death following LPS was compara-
ble to LPS challenge alone, thus significantly enhanced compared to the reconstitution with B10 cells (p = 0.0064),
confirming IL-10 secretion as the factor conferring protective abilities to B10 cells. Secondly, uMT mice were
injected with 2.5 ug rmIL-10 at gd8, followed by LPS challenge at gd10. rmIL-10 significantly reduced IUFD
(p=0.0281), underlining the relevance of this cytokine in our animal model (Fig. 4b). Representative pictures of
WIS and uteri of treated mice are shown in Fig. 4c. We next concentrated on the cytokine levels of cell-transferred
LPS-treated animals. Interestingly, pregnant females transferred with B10 cells or treated with rmIL-10 had
decreased levels of TNF-o (Fig. 4d), IL-6 (Fig. 4e) and IL-17 (Fig. 4f) in serum compared to animals that received
Beff or IL-10~/~ B cells. IL-4 levels were not affected in serum (data not shown). However, when determining the
cytokine milieu at the feto-maternal interface, we observed that placenta explants from animals treated with B10 or
rmlIL-10 secreted elevated levels of IL-4 compared to animals treated with Beff cells or IL-10~/~ B cells (Fig. 4g). No
differences were observed in supernatants of placenta explants regarding inflammatory cytokines (data not shown).

To determine whether the time point of B cell transfer matters, we carried out experiments in which the
transfer of cells took place 2 h before LPS challenge at gd10 (see scheme Supplementary Fig. 4a). We observed the
same positive effect of B10 cells vs Beff cells in diminishing the IUFD rate (Supplementary Fig. 4b), macroscopic
appearance of WIS (Supplementary Fig. 4c), concentration of TNF-q, IL-6 and IL-17A in serum (Supplementary
Fig. 4d-f), or of IL-4 in placenta supernatants (Supplementary Fig. 4g) compared to the injection of B10 cells 2
days before LPS challenge.

Understanding the mechanisms underlying IL-10 protection: B10 cells from pregnant mice
were able to modulate T cell phenotype and their cytokine secretion ability. The application
of B10 cells or rmIL-10 at gd8, followed by LPS at gd10, significantly increased the number of uterine CD4+
Foxp3+ Treg cells (Fig. 5a) compared to animals only challenged with LPS. To mimic this situation, we per-
formed in vitro co-culture assays to understand the influence of B cell-derived IL-10 on T cells in pregnancy
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Figure 4. The transfer of IL-10-producing B cells or rmIL-10 treament protected against intrauterine fetal death
while the transfer of effector B cells or total B cells from IL-10~/~ mice did not. (a) Depicts the experimental
design of the adoptive cell transfer experiment. uMT mice were supplemented i.v. with Beff or B10 cells
obtained from WT mice or total B cells obtained from IL-10-deficient mice (IL-10~/~ Bc) at gd8, 2d before LPS
challenge at gd10. Another group received 2.5 ug rmIL-10 2d before LPS challenge. 24 h after LPS, the mice were
sacrificed. (b) Shows the IUFD for all groups. Administration of B10 cells or rmIL-10 reduced the IUFD rate,
the transfer of Beff or IL-10~/~ B cells had no significant effect on the IUFD compared to controls. (c) Shows
representative pictures of H/E stained implantations (upper part) and photos showing uteri of uMT mice (lower
part) supplemented with Beff, B10 cells or IL-10~/~ B cells or injected with rmIL-10 at gd8, followed by LPS at
gd10. Uteri of treated mice were obtained 24 h after LPS. Number of implantations was counted and the number
of living/dead implantations was calculated. The % of IUFD showed here corresponds to the examples depicted
in (d). Arrows indicate living fetuses. Injection of B10 cells or rmIL-10 reduced TNF-a (d), IL-6 (e) and IL-17
(f) concentrations (in pg/ml) and increased IL-4 in the placenta supernatant (g) compared to Beff— or IL-10~/~
B cell-treated groups. Kruskal-Wallis test and Mann-Whitney-U test were used to analyze the data. N=5-8
mice/group; *p < 0.05, ¥¥p < 0.01, ***p < 0.001.

(experimental set up in Fig. 5b). Beff cells or B10 cells were added to CD4+CD25— naive T cells obtained from
WT or uMT mice at gd10 that were cultured with anti-CD3/CD28 antibodies. Compared to T cells cultured alone
(p=0.0087) or with Beff cells (p=0.0015), the addition of B10 cells reduced the secretion of IL-17A by WT T
cells (Fig. 5¢). uMT T cells had a similar effect; however, the IL-17A levels were much lower. T cells from gd10
WT mice produced more IL-17A when co-cultured with Beff (p =0.0003) or B10 cells (p < 0.0001) than uMT
T cells did (Fig. 5¢). The secretion of IL-6 by T cells was diminished when B10 cells were added to WT T cells
(p=0.0063) or uMT T cells (p=0.0493) compared to co-cultures between T and Beff cells or T cells alone. The
same was true for uMT T cells cultured alone (p =0.0022; Fig. 5d). Secretion of IL-6 by T cells was increased after
the addition of Beff cells to WT T cells (p =0.0022) as compared to T cells cultured alone.

Culturing CD4+CD25— naive T cells from gd10 WT and uMT mice with Beff cells or alone did not affect
the frequency of converted Treg cells (Fig. 5e). However, the addition of B10 cells to naive CD4+CD25— T cells
significantly augmented the proportion of CD4+CD25+Foxp3+ Tregs in cells of WT (p = 0.0069), but also of
UMT mice (p = 0.0348; Fig. 5e).

Discussion

Subclinical infections during pregnancy can have fatal consequences likewise pre-term birth or even intrauterine
fetal death. Knowing that IL-10 is able to prevent LPS-induced fetal death in mice'® and taking into account that
in several models, B cell-derived IL-10 can counteract inflammatory responses'*?*, we explored whether IL-10
produced by B cells may have a beneficial effect in pregnancy by combating undesired inflammatory responses.
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Figure 5. B10 cells influence T cell functionality. (a) Shows the frequency of CD4+Foxp3+ Treg cells in the
uterus of uMT mice injected with Beff or B10 cells or treated with rmIL-10 at gd8, followed by LPS at gd10 or
LPS alone and analyzed 24 h later. (b) Shows a scheme of the in vitro co-culture setting. Beff or B10 cells isolated
from WT mice were co-cultured with naive CD4+CD25— T cells, obtained from WT or uMT mice that were
pregnant at gd10. After 72h stimulation with anti-CD3/28, the secretion of IL-17A (c) and IL-6 (d) as well as
their conversion into CD4+CD25+Foxp3+ Treg cells (e) were determined either by bead array cytometry
(c,d) or flow cytometry (e) and further compared to the data obtained following the culture of T cells alone
(Tc). Data was analyzed by repeated measures two-way ANOVA followed by Bonferroni correction for multiple
analysis and the data are shown as mean &= SEM. N = 4-6 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001,
skp < 0,0001.

B cells are present at low numbers at the feto-maternal interface and they were long believed to have no rele-
vance in pregnancy; however, recent data uncover that B10 cells may be important players in early pregnancy'*-¢.
Thereby the question arises whether B cell depletion might cause complications for mother and unborn. For
treating autoimmune disorders such as Rheumatoid Arthritis or Multiple Sclerosis, depletion of B cells was shown
to have a good response rate. Rituximab is a human/murine chimeric IgG mAb targeting CD20 which can cross
the placenta from gestational week 16 onwards®. Even though the majority of pregnancy reports state that the
treatment is compatible with term live births, spontaneous abortions, preterm deliveries, low-for-gestational-age,
intrauterine growth restriction and preeclamsia were associated with Rituximab use before or during preg-
nancy”-°. Moreover, this medication might increase the risk of immunosuppression and subsequent infection
for the neonate, strongly indicating the need for further research on the consequences of B cell depletion in
pregnancy.

Our data show that B cell numbers in pregnancy correlate with Treg cells and this is of particular relevance as
maternal Treg cells are not only important for the establishment and maintenance of pregnancy®*? but have been
also suggested to dictate the susceptibility to prenatal and pregnancy complications (reviewed in*). Specifically,
it is believed that the pregnancy-specific Treg expansion makes females more susceptible to infections. In naive
MUMT mice, no changes in T cell or Treg cells were found compared to the controls. However, they fail to expand
the existing Treg population upon pregnancy as wild type females do. A defect in the upregulation of the immu-
noregulatory cytokines IL-10 and TGF-3** and in the induction of Treg cells* was described upon oral immune
tolerance induction in these mice. Here, a follow-up of gestational parameters by serial high frequency ultrasound
measurements revealed a reduced litter size as well as a decreased size of the embryos in uMT mice compared to
WT females reinforcing the meaning of B cells for a healthy pregnancy.

Natural tolerance to fetal antigens is a complex process involving finely regulated mechanisms. By using ele-
gant models, Rowe and colleagues introduced the idea that one relevant mechanism for tolerance, namely mater-
nal Treg expansion, creates holes in the host defense that confer increased susceptibility to infections during
pregnancy’. However, we think that not only one cell type but rather a network of cells defines the balance
between tolerance and immunity in pregnancy. Our assumption is supported by the data presented in this paper;
UMT mice failed to expand their Treg population upon pregnancy but this did not confer them any protec-
tion against inflammation as it would be expected following Rowe’s theory. On the contrary, fetuses from mice
devoid of mature B cells were more susceptible to LPS and they died intrauterine. These observations were done
on gd10-gd11, namely at the end of the midpregnancy period, a time point we chose because of its transla-
tional value. Inflammation as for example following (subclinical) infections can lead to intrauterine fetal death in
humans and this usually occurs at midpregnancy.

SCIENTIFICREPORTS| (2019) 9:9335 | https://doi.org/10.1038/s41598-019-45860-2 6


https://doi.org/10.1038/s41598-019-45860-2

www.nature.com/scientificreports/

Normally, B cells are involved in the defense of pathogens by several mechanisms. They enhance innate
immune responses®” which are required for the regulation of the local T cell activation as showed in a model of
genital tract infection by Chlamydia muridarum?®. Besides, TLR agonists like LPS are known to induce IL-10
competent “regulatory” B cells* that limit the severity and damage caused by an inflammatory response among
other mechanisms by affecting Treg number*.

To prove the hypothesis that B10 cells might improve fetal survival by restoring the balance that inflam-
matory signals may cause, LPS-treated B cells were separated according to their IL-10 secretion capacity into
IL-10 negative B effector cells (Beff) and IL-10-producing (B10) cells and injected 2d before LPS challenge. We
observed diminished levels of TNF-o and IL-6 in serum in B10-treated mice; both cytokines being induced in
the Beff-treated mice. We performed experiments seeking to see whether B10 cells applied at 2h vs 2d before LPS
challenge had different outcomes, but this was not the case. Systemically, B10 cells limit the pro-inflammatory
immune response, at least partially by favouring the differentiation of naive T cells into Treg cells. Treg cells are
effective inhibitors of Th1 and Th2 cell activation*"*? and obviously not always enablers of infection as proposed
previously®®. These data highlight the importance of a fine-tuned cell and cytokine balance that might be partly
influenced by B cells.

Beff cells that do not secrete IL-10 or B cells isolated from IL-10~/~ animals could not revert the LPS-driven
inflammation while B10 cells could. Thus, it is clear that uMT animals are not prone to LPS-induced fetal death
because they lack mature B cells but because they lack B cells that can produce IL-10. As other cells are able to
produce IL-10 systemically and at the feto-maternal interface, the second conclusion of our data is that B cell
derived IL-10 is of crucial relevance and its contribution cannot longer be compensated if the immune balance is
in danger because of inflammatory signals. IL-10~/~ mice present apparently normal pregnancies and the appli-
cation of low doses of LPS provoked IUFD that can be reverted by the addition of rmIL-10*'. To confirm that
IL-10 is the major mechanism as to why B10 cells can attenuate LPS-induced IUFD, we treated uMT animals with
rmIL-10 before LPS challenge. This resulted in a comparable outcome as the B10 cell transfer: reduced IUFD rate,
decreased TNF-q, IL-6 and IL-17 and increased IL-4 level, indicating that IL-10 is the relevant factor responsible
for the observed protective effects of B10 cells. Moreover, IL-10 production by other cells types, most likely T cells
and trophoblasts is not sufficient and cannot compensate the B cell contribution that is missing in uMT mice, at
least after LPS challenge.

In the future, the research focus should not only be to target cytokines* but also the cells that are of poten-
tial therapeutic interest. It is important not only to study the frequency of the cells but their functionality in big
cohorts of patients. It would be very useful to understand whether patients that suffered from infection-associated
IUFD, in particular induced by gram-negative infections, had abnormalities in their IL-10 profile or whether B
cells from these patients were unable to produce IL-10. In mouse models, we know that it is possible to prevent
pre-term birth by applying IL-10'°. Similarly, rrIL-10 applied exogenously could diminish LPS-induced fetal loss
and attenuate growth restriction in rats*. Same effects were observed in models of endotoxin-induced fetal loss*.
Therefore, combined early detection of B cell function and exogenous IL-10 therapy emerge as a promising tool
for detecting patients at risk. In the light of our experimental mouse data, we speculate that in the presence of
inflammatory signals, a low number of or functionally impaired B10 cells can fracture fetal tolerance and end in
fetal loss even in the absence of clinical signs of infection.

Knowing that IL-10 is the main mechanism used by B cells to protect pregnancies from LPS injury in our
model, we next aimed to identify some of the pathways activated by B10 cells. It was shown that B10 cells play an
important role in the induction and homeostasis of Treg cells*® and Treg cells might be crucial in the prevention of
LPS-induced pre-term delivery”’. Bizargity et al. have also shown that mice lacking all T and B cells (Ragl ~/~) are
more susceptible to LPS-induced preterm delivery?, suggesting a potential importance of B cells to contribute to
inflammation-induced pregnancy complications, especially in the absence of Tregs. Co-culturing B10 cells with
naive T cells from gd10 WT and uMT mice induced Treg cells. This was not true for the co-culture of Beff cells
with T cells of either mouse group. Thus, it is obvious that the intrinsic absence of B10 cells in uMT mice directly
affects Treg cell frequencies in vivo and finally impacts on pregnancy outcome. The hypothesis that pregnant
mothers are prone to infections because of their expanded Treg population appears as one plausible mechanism
but it does obviously not account for the susceptibility of pMT mice as they did not have expanded Treg popula-
tions and their fetuses succumbed to LPS dose that are harmless to WT mice. The fact that the transfer with B10
cells or treatment with IL-10 restored the Treg pool and prevented IUFD rather suggests that it is the disturbance
of the finely tuned immune balance what interferes with the normal development of pregnancy.

Co-culturing Beff cells with naive T cells from WT and uMT mice induced IL-6 production. It was shown that
upon infection, placentas react with an increased secretion of inflammatory molecules such as IL-6 for pathogen
clearance®. IL-6 can induce IL-17 producing Th17 cells that can in turn exacerbate the inflammatory response
that leads to pregnancy failure*® or low birth weight™, but also supports the anti-microbial defense. In a model of
collagen-induced arthritis it was described that WT CD4+ T cells secrete more IL-17A when cultured with IL-10
deficient B cells*. This goes in line with our observation of increased IL-17A production by gd10 WT naive T cells
upon co-culturing with Beff cells, but not in uMT T cells even though IL-6 was not affected. Moreover, naive T cells
differentiated into Th17 cells upon co-culturing with Treg cells in the presence of LPS*'. Th17 cells were shown to
execute effective B cell helping functions including proliferation, differentiation and antibody production®. This
interaction might also contribute to the poor outcome of uMT mice after LPS-induced intrauterine infection.

Depending on the intensity of the infection and how the pregnant mother reacts to it, the disrupted fetal tol-
erance can either cause fetal death by allowing fetal invasion by the pathogen or tolerance can be quickly restored
by eradicating the pathogen. In our model, it is clear that in the absence of B cells, low dose LPS leads to the break
of tolerance and death of the fetus. As the dose chosen for this work was compatible with pregnancy in B cell
competent mice, the negative pregnancy outcome depends on the missing B cells. If IL-10 producing B cells were
given to the pregnant female before LPS challenge, tolerance could be restored and most of the fetuses survived.
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When Beff cells that do not secrete IL-10 were delivered instead, the protective effect was minimal and maybe
due to some residual cells that could still produce IL-10. No protective effect at all could be observed at all when
transferring B cells from IL-10 deficient animals. It is tempting to speculate that, in vivo, B sufficient, normal preg-
nant mice are able to react against a pathogen by boosting the inflammatory cells that kill the pathogens while at
the same time stimulating the expansion of B10 cells and/or fostering their suppressive capacity to both limit the
infection and protect the fetuses.

We conclude that IL-10 secreting B cells are important for a normal healthy pregnancy in particular for the
protection of fetuses from the products of gram- negative bacteria. The involved mechanisms include the modu-
lation of cytokines and upregulation of Treg cells to counteract inflammation.

Methods

Animals and mouse model. 8-12 weeks old C57BL/6 and BALB/c micr were purchased from Janvier (Le
Genest-Saint-Isle, France). B6.129S2-Ighm'™!%"/] B cell deficient uMT mice and B6.129P2-1110""%"/] IL-10-
deficient mice were purchased from Jackson laboratories (Bar Harbor, Maine, USA) and bred at our facilities.
Animal experiments comply with the ARRIVE guidelines and were carried out according to institutional guide-
lines 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).

Virgin uMT or WT females were mated with BALB/c males. The presence of a vaginal plug marked gd0. For
titration of LPS concentration needed to induce IUFD in WT or uMT mice, females were challenged with 0.5 pg/
ml LPS, 2 ug/ml LPS, 3 ug/ml LPS or 4 ug/ml LPS at gd10. For all following experiments, 200 ul LPS (3 pg/ml) were
i.p. injected on gd10. Control mice received 200 pl PBS. Females were sacrificed at gd11 and the abortion rate was
determined.

High frequency ultrasound. Pregnancy was followed up using non-invasive high-resolution imaging
(Vevo® 2100, VisualSonics, Amsterdam, Netherlands) as previously described®.

Isolation of B cells; generation and transfer of B10 cells; IL-10 administration. The Regulatory
B cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) was used to recover non-IL-10 secreting B
effector cells (Beff) and IL-10 secreting regulatory B cells (Breg) from spleens of non-pregnant C57BL/6 female
mice according to the manufacturer’s protocol. Briefly, B cells were pre-enriched by depletion of non-B cells and
stimulated with LPS E. coli serotype 0111 (10 ug/ml) for 20h at 37°C and 5% CO, with the addition of PMA
(50 ng/ml) and ionomycin (500 ng/ml) for the last 5h. Cells were harvested and incubated with the Regulatory B
cell Catch Reagent at 37 °C for 45 min. Afterwards, Breg and Beff cells were enriched. B cells from IL-10~/~ mice
were isolated using the B cell isolation kit (Miltenyi Biotec). 5 x 10° Beff or Breg cells were diluted in 2001l PBS
and injected i.v. into pMT females at gd8 or gd10 (—2d or —2h). B cells from IL-10~/~ mice were applied i.v. at
gd8 (—2d). 2.5 ug rmIL-10 (R&D System, Germany) was injected i.p. in uMT mice at gd8. 2d or 2 h later, LPS was
applied (Fig. 4a; Suppl. Fig. 3a).

Sample collection and histology. 24h after LPS administration, blood was obtained and centrifuged
at 7000 rpm for 10 min at RT. Serum was stored at —80 °C. One placenta per mouse was cultured in 500 pl
RPMI1640 4 10%FCS 4+ 1%penicillin/streptomycin. After 24 h, supernatants were collected and stored at —80°C.
One implantation site and one placenta per female were collected 24 h after LPS challenge on gd11 for paraffin
embedding. Implantation sites were previously fixed in 4% (w/v) PFA with 0.1 M sucrose (pH 7.4) for 6 h; placen-
tas were fixed in 96% ethanol. Samples were cut longitudinally into 5um sections and stained with H&E.

Cell staining and flow cytometry.  Single-cell suspensions from spleen, peritoneal lavage, uterus, blood,
inguinal (ILN) and para-aortic lymph nodes (PLN) were obtained and stained for cell surface markers for
30 min at 4 °C. The following anti-mouse fluorescently labeled antibodies were used: CD19 (clone 1D3) and
CD4 (clone RM4-4; both from BD Biosciences, Germany), CD25 (clone 3C7), IgM (clone RMM-1), IgD (clone
11-26 c.2a) and B220 (clone RA3-6B2; all from Biolegend, San Diego, CA, USA). For detection of the intracellular
expression of Foxp3, cell suspensions were fixed ON using Fix and Perm (ebioscience, Germany) and stained
with anti-mouse Foxp3 (clone FJK-16s; ebioscience) for 30 min at 4 °C. Measurements were performed with a
FACSCalibur and analyzed with CellQuestPro software (BD Biosciences).

Cytokine detection in sera and supernatants. Cytokines were quantified by the cytometric bead array
(CBA) mouse Th1/Th2/Th17 Cytokine Kit from BD Biosciences, following supplier’s recommendation.

B cell:T cell co-culture. Beff and B10 cells were obtained as mentioned above. CD44-CD25— naive T cells
from gd10 WT and uMT mice were isolated using a Treg isolation kit (Miltenyi Biotec,). 1 x 10° T cells were cul-
tured with 1 x 10° Beff or B10 cells in anti-CD3 (10 ug/ml; clone 145-2C11) coated plates with soluble anti-CD28
(1 ug/ml; clone 37,51; both BD Biosciences) for 72h at 37 °C and 5% CO, Supernatants were harvested and cells
were stained as described above.

Data analysis and statistics. Statistical analysis was performed using GraphPad Prism 5.0 software.
Normality of distribution was determined by Shapiro-Wilk test. Data were analyzed by Kruskal-Wallis test and
Mann-Whitney-U test, for the co-culture repeated measures two-way ANOVA followed by Bonferroni correction
was used. Number of animals or samples as well as the statistical test employed for each particular experiment is
indicated in the Figure Legend.

SCIENTIFICREPORTS| (2019) 9:9335 | https://doi.org/10.1038/s41598-019-45860-2 8


https://doi.org/10.1038/s41598-019-45860-2

www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Romero, R., Espinoza, J., Chaiworapongsa, T. & Kalache, K. Infection and prematurity and the role of preventive strategies. Semin
Neonatol 7, 259-274 (2002).

Pejcic-Karapetrovic, B. et al. Pregnancy impairs the innate immune resistance to Salmonella typhimurium leading to rapid fatal
infection. ] Immunol 179, 6088-6096 (2007).

Raghupathy, R, Al Mutawa, E., Makhseed, M., Al-Azemi, M. & Azizieh, F. Redirection of cytokine production by lymphocytes from
women with pre-term delivery by dydrogesterone. Am ] Reprod Immunol 58, 31-38 (2007).

. Goldenberg, R. L., Hauth, J. C. & Andrews, W. W. Intrauterine infection and preterm delivery. The New England journal of medicine

342, 1500-1507 (2000).

. Krishnan, L. et al. Pregnancy impairs resistance of C57BL/6 mice to Leishmania major infection and causes decreased antigen-

specific IFN-gamma response and increased production of T helper 2 cytokines. J Immunol 156, 644-652 (1996).

. Chattopadhyay, A. et al. Salmonella enterica serovar Typhimurium-induced placental inflammation and not bacterial burden

correlates with pathology and fatal maternal disease. Infection and immunity 78, 2292-2301 (2010).

. Krishnan, L., Guilbert, L. J., Wegmann, T. G., Belosevic, M. & Mosmann, T. R. T helper 1 response against Leishmania major in

pregnant C57BL/6 mice increases implantation failure and fetal resorptions. Correlation with increased IFN-gamma and TNF and
reduced IL-10 production by placental cells. J Immunol 156, 653-662 (1996).

. Svensson, L., Arvola, M., Sallstrom, M. A., Holmdahl, R. & Mattsson, R. The Th2 cytokines IL-4 and IL-10 are not crucial for the

completion of allogeneic pregnancy in mice. Journal of reproductive immunology 51, 3-7 (2001).

. Murphy, S. P, Fast, L. D., Hanna, N. N. & Sharma, S. Uterine NK cells mediate inflammation-induced fetal demise in IL-10-null

mice. ] Immunol 175, 4084-4090 (2005).

Robertson, S. A., Skinner, R. J. & Care, A. S. Essential role for IL-10 in resistance to lipopolysaccharide-induced preterm labor in
mice. ] Immunol 177, 4888-4896 (2006).

Chaouat, G. et al. IL-10 prevents naturally occurring fetal loss in the CBA x DBA/2 mating combination, and local defect in IL-10
production in this abortion-prone combination is corrected by in vivo injection of IFN-tau. ] Immunol 154, 4261-4268 (1995).
Hanna, N. et al. Gestational age-dependent expression of IL-10 and its receptor in human placental tissues and isolated
cytotrophoblasts. ] Immunol 164, 5721-5728 (2000).

Banko, Z. et al. Induction and Differentiation of IL-10-Producing Regulatory B Cells from Healthy Blood Donors and Rheumatoid
Arthritis Patients. ] Immunol 198, 1512-1520, https://doi.org/10.4049/jimmunol.1600218 (2017).

Rolle, L. et al. Cutting edge: IL-10-producing regulatory B cells in early human pregnancy. Am ] Reprod Immunol 70, 448-453
(2013).

Jensen, E, Muzzio, D., Soldati, R., Fest, S. & Zenclussen, A. C. Regulatory B10 cells restore pregnancy tolerance in a mouse model.
Biology of reproduction 89, 90 (2013).

Fettke, E. et al. Maternal and Fetal Mechanisms of B Cell Regulation during Pregnancy: Human Chorionic Gonadotropin Stimulates
B Cells to Produce IL-10 While Alpha-Fetoprotein Drives Them into Apoptosis. Frontiers in immunology 7, 495 (2016).

Yanaba, K. et al. A regulatory B cell subset with a unique CD1dhiCD5+ phenotype controls T cell-dependent inflammatory
responses. Immunity 28, 639-650 (2008).

Mauri, C. & Bosma, A. Immune regulatory function of B cells. Annual review of immunology 30, 221-241 (2012).

Fillatreau, S. Cytokine-producing B cells as regulators of pathogenic and protective immune responses. Annals of the rheumatic
diseases 72(Suppl 2), 1i80-84 (2013).

Maseda, D. et al. Peritoneal cavity regulatory B cells (B10 cells) modulate IFN-gamma+CD4+ T cell numbers during colitis
development in mice. ] Immunol 191, 2780-2795 (2013).

Mizoguchi, A., Mizoguchi, E., Smith, R. N., Preffer, F. I. & Bhan, A. K. Suppressive role of B cells in chronic colitis of T cell receptor
alpha mutant mice. The Journal of experimental medicine 186, 1749-1756 (1997).

Yanaba, K. et al. B cell depletion delays collagen-induced arthritis in mice: arthritis induction requires synergy between humoral and
cell-mediated immunity. ] Immunol 179, 1369-1380 (2007).

. Kitamura, D., Roes, J., Kuhn, R. & Rajewsky, K. A. B cell-deficient mouse by targeted disruption of the membrane exon of the

immunoglobulin mu chain gene. Nature 350, 423-426 (1991).

. Thuere, C. et al. Kinetics of regulatory T cells during murine pregnancy. Am J Reprod Immunol 58, 514-523 (2007).
. Mauri, C. & Ehrenstein, M. R. Cells of the synovium in rheumatoid arthritis. B cells. Arthritis research & therapy 9, 205 (2007).
. Ostensen, M. et al. Update on safety during pregnancy of biological agents and some immunosuppressive anti-rheumatic drugs.

Rheumatology (Oxford) 47(Suppl 3), iii28-31, https://doi.org/10.1093/rheumatology/ken168 (2008).

Harris, C., Marin, J. & Beaulieu, M. C. Rituximab induction therapy for de novo ANCA associated vasculitis in pregnancy: a case
report. BMC Nephrol 19, 152, https://doi.org/10.1186/s12882-018-0949-7 (2018).

Das, G. et al. Rituximab before and during pregnancy: A systematic review, and a case series in MS and NMOSD. Neurol
Neuroimmunol Neuroinflamm 5, e453, https://doi.org/10.1212/NXI.0000000000000453 (2018).

Gall, B. et al. Rituximab for management of refractory pregnancy-associated immune thrombocytopenic purpura. ] Obstet Gynaecol
Can 32, 1167-1171, https://doi.org/10.1016/S1701-2163(16)34741-7 (2010).

Chakravarty, E. F, Murray, E. R., Kelman, A. & Farmer, P. Pregnancy outcomes after maternal exposure to rituximab. Blood 117,
1499-1506 (2011).

Teles, A. et al. Origin of Foxp3(+-) cells during pregnancy. American journal of clinical and experimental immunology 2, 222-233
(2013).

Zenclussen, A. C. et al. Abnormal T-cell reactivity against paternal antigens in spontaneous abortion: adoptive transfer of pregnancy-
induced CD4+CD25+ T regulatory cells prevents fetal rejection in a murine abortion model. The American journal of pathology
166, 811-822 (2005).

Rowe, J. H., Ertelt, J. M, Xin, L. & Way, S. S. Regulatory T cells and the immune pathogenesis of prenatal infection. Reproduction
(Cambridge, England) 146, R191-203 (2013).

Gonnella, P. A, Waldner, H. P. & Weiner, H. L. B cell-deficient (mu MT) mice have alterations in the cytokine microenvironment of
the gut-associated lymphoid tissue (GALT) and a defect in the low dose mechanism of oral tolerance. J Immunol 166, 4456-4464
(2001).

Sun, J. B., Flach, C. E, Czerkinsky, C. & Holmgren, J. B lymphocytes promote expansion of regulatory T cells in oral tolerance:
powerful induction by antigen coupled to cholera toxin B subunit. ] Immunol 181, 8278-8287 (2008).

Rowe, J. H., Ertelt, J. M., Aguilera, M. N., Farrar, M. A. & Way, S. S. Foxp3(+) regulatory T cell expansion required for sustaining
pregnancy compromises host defense against prenatal bacterial pathogens. Cell host & microbe 10, 54-64 (2011).

Kelly-Scumpia, K. M. et al. B cells enhance early innate immune responses during bacterial sepsis. The Journal of experimental
medicine 208, 1673-1682 (2010).

Li, L. X. & McSorley, S. J. B cells enhance antigen-specific CD4 T cell priming and prevent bacteria dissemination following
Chlamydia muridarum genital tract infection. PLoS pathogens 9, 1003707 (2013).

Wang, K. et al. TLR4 supports the expansion of FasL(+)CD5(+)CD1d(hi) regulatory B cells, which decreases in contact
hypersensitivity. Molecular immunology 87, 188-199 (2017).

Carter, N. A. et al. Mice lacking endogenous IL-10-producing regulatory B cells develop exacerbated disease and present with an
increased frequency of Th1/Th17 but a decrease in regulatory T cells. ] Immunol 186, 5569-5579 (2011).

SCIENTIFIC REPORTS |

(2019) 9:9335 | https://doi.org/10.1038/s41598-019-45860-2 9


https://doi.org/10.1038/s41598-019-45860-2
https://doi.org/10.4049/jimmunol.1600218
https://doi.org/10.1093/rheumatology/ken168
https://doi.org/10.1186/s12882-018-0949-7
https://doi.org/10.1212/NXI.0000000000000453
https://doi.org/10.1016/S1701-2163(16)34741-7

www.nature.com/scientificreports/

41. Koch, M. A. et al. T-bet(+) Treg cells undergo abortive Th1 cell differentiation due to impaired expression of IL-12 receptor beta2.
Immunity 37, 501-510 (2012).

42. Venuprasad, K., Kong, Y. C. & Farrar, M. A. Control of Th2-mediated inflammation by regulatory T cells. The American journal of
pathology 177, 525-531 (2010).

43. Chaemsaithong, P. et al. Comparison of rapid MMP-8 and interleukin-6 point-of-care tests to identify intra-amniotic inflammation/
infection and impending preterm delivery in patients with preterm labor and intact membranes(). ] Matern Fetal Neonatal Med 31,
228-244 (2018).

44. Rivera, D. L. et al. Interleukin-10 attenuates experimental fetal growth restriction and demise. Faseb J 12, 189-197 (1998).

45. Terrone, D. A. et al. Interleukin-10 administration and bacterial endotoxin-induced preterm birth in a rat model. Obstetrics and
gynecology 98, 476-480 (2001).

46. Xing, C. et al. Critical role for thymic CD19+CD5+CD1dhiIL-10+ regulatory B cells in immune homeostasis. Journal of leukocyte
biology 97, 547-556 (2015).

47. Bizargity, P., Del Rio, R., Phillippe, M., Teuscher, C. & Bonney, E. A. Resistance to lipopolysaccharide-induced preterm delivery
mediated by regulatory T cell function in mice. Biology of reproduction 80, 874-881 (2009).

48. Rogerson, S. J. et al. Placental monocyte infiltrates in response to Plasmodium falciparum malaria infection and their association
with adverse pregnancy outcomes. The American journal of tropical medicine and hygiene 68, 115-119 (2003).

49. Saito, S., Nakashima, A., Shima, T. & Ito, M. Th1/Th2/Th17 and regulatory T-cell paradigm in pregnancy. Am ] Reprod Immunol 63,
601-610 (2010).

50. Fitri, L. E. et al. Low Fetal Weight is Directly Caused by Sequestration of Parasites and Indirectly by IL-17 and IL-10 Imbalance in
the Placenta of Pregnant Mice with Malaria. The Korean journal of parasitology 53, 189-196 (2015).

51. Veldhoen, M., Hocking, R. J., Atkins, C. J., Locksley, R. M. & Stockinger, B. TGFbeta in the context of an inflammatory cytokine
milieu supports de novo differentiation of IL-17-producing T cells. Immunity 24, 179-189 (2006).

52. Mitsdoerffer, M. et al. Proinflammatory T helper type 17 cells are effective B-cell helpers. Proceedings of the National Academy of
Sciences of the United States of America 107, 14292-14297 (2010).

53. Meyer, N., Schuler, T. & Zenclussen, A. C. Simultaneous Ablation of Uterine Natural Killer Cells and Uterine Mast Cells in Mice
Leads to Poor Vascularization and Abnormal Doppler Measurements That Compromise Fetal Well-being. Frontiers in immunology
8, 1913, https://doi.org/10.3389/fimmu.2017.01913 (2017).

Acknowledgements

We are grateful to Prof. Thomas Schiiler for critically reading the manuscript and to Markus Scharm who was
in charge of the mouse colonies. This work was supported by a grant from the Else-Kroner-Fresenius Stiftung to
ACZ (AZ2014_A121). Norina Campe and Susanne Penagl received a fellowship from the Medical Faculty, Otto-
von-Guericke University.

Author Contributions

M.B. designed and carried out experiments; wrote the manuscript; K.M.J.C., D.N., S.P. and S.L. performed
experiments. A.S. designed experiments, G.T. and A.R. contributed with reagents. A.C.Z. developed the working
hypothesis, designed experiments; supervised the work; wrote the manuscript and provided the financial support.
All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45860-2.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:9335 | https://doi.org/10.1038/s41598-019-45860-2 10


https://doi.org/10.1038/s41598-019-45860-2
https://doi.org/10.3389/fimmu.2017.01913
https://doi.org/10.1038/s41598-019-45860-2
http://creativecommons.org/licenses/by/4.0/

	IL-10 producing B cells rescue mouse fetuses from inflammation-driven fetal death and are able to modulate T cell immune re ...
	Results

	Pregnancy in B cell deficient µMT mice resulted in smaller embryo sizes. 
	Naïve µMT mice presented a normal Treg pool however the lack of mature B cells in these mice correlated with their inabilit ...
	Despite non-expanded Treg levels, pregnant µMT mice exhibited an increased susceptibility to LPS that provoked intrauterine ...
	Administration of IL-10-producing B cells or recombinant murine IL-10 rescued from LPS-induced intrauterine fetal death, wh ...
	Understanding the mechanisms underlying IL-10 protection: B10 cells from pregnant mice were able to modulate T cell phenoty ...

	Discussion

	Methods

	Animals and mouse model. 
	High frequency ultrasound. 
	Isolation of B cells generation and transfer of B10 cells IL-10 administration. 
	Sample collection and histology. 
	Cell staining and flow cytometry. 
	Cytokine detection in sera and supernatants. 
	B cell:T cell co-culture. 
	Data analysis and statistics. 

	Acknowledgements

	Figure 1 Implantation sizes of µMT mice were smaller than those of wild type (WT) controls at days 5, 7 and 9 of pregnancy.
	Figure 2 B cell deficient µMT mice failed to expand the pool of splenic and uterine Treg cells as wild type (WT) controls did.
	﻿Figure 3 Pregnant µMT mice had increased susceptibility to LPS and present intrauterine fetal death (IUFD) at doses that caused no harm in control wild type (WT) mice.
	Figure 4 The transfer of IL-10-producing B cells or rmIL-10 treament protected against intrauterine fetal death while the transfer of effector B cells or total B cells from IL-10−/− mice did not.
	﻿Figure 5 B10 cells influence T cell functionality.




