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Pregnancy is associated with adaptations of the immune response and with changes

in the gutmicrobiota. We hypothesized the gut microbiota are involved in inducing

(part of) the immunological adaptations during pregnancy. To test this hypothesis, we

collected feces from pregnant conventional mice before and during pregnancy (days

7, 14, and 18) and microbiota were measured using 16S RNA sequencing. At day

18, mice were sacrificed and splenic (various Th cell populations) and blood immune

cells (monocyte subsets) were measured by flow cytometry. The data were compared

with splenic and blood immune cell populations from pregnant (day 18) germfree

mice and non-pregnant conventional and germfree mice. Finally, the abundances of

the individual gut bacteria in the microbiota of each conventional pregnant mouse

were correlated to the parameters of the immune response of the same mouse. The

microbiota of conventional mice were significantly different at the end of pregnancy (day

18) as compared with pre-pregnancy (Permanova, p < 0.05). The Shannon index was

decreased and the Firmicutes/Bacteroidetes ratio was increased (Friedman followed

by Dunn’s test, p < 0.05), while abundances of various species (such as Allobaculum

stercoricanis, Barnesiella intestihominis, and Roseburia faecis) were significantly different

at day 18 compared with pre-pregnancy. In pregnant conventional mice, the percentage

of Th1 cells was decreased, while the percentages of Treg cells and Th2 cells were or

tended to be increased vs. non-pregnant mice. In germfree mice, only the percentage of

Th1 cells was decreased in pregnant vs. non-pregnant mice, with no effect of pregnancy

on Treg and Th2 cells. The percentages of monocyte subsets were affected by pregnancy

similarly in conventional and germfree mice. However, the activation status of monocytes

(expression of CD80 and MHCII) was affected by pregnancy mainly in conventional mice,

and not in germfree mice. Correlation (Spearman’s coefficient) of pregnancy affected

microbiota with pregnancy affected immune cells, i.e., immune cells that were only

affected differently in conventional mice and germfreemice, showed 4 clusters of bacteria

and 4 clusters of immune cells, some of these clusters were correlated with each other.

For instance, the microbiota in cluster 1 and 2 (in which there were various short chain

fatty acid producing microbiota) are positively correlated with immune cells in cluster

B, containing Treg cells and Th2 cells. Microbiota and immune cells are affected by
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FIGURE 6 | (A) Gating strategy for lymphocyte subsets. First singlets and live cells were selected and copied to the FSC-SSC plot. In this plot, leukocytes were

selected and copied to an SSC-BV605 plot, in which the CD3+ cells were selected. The CD3+ cells were copied to a BV605-PerCP-Cy5.5 plot to selected the CD4+

cells. CD4 positive cells were copied to a BV421-Alexa647 plot (to select Tbet+ cells and Gata3+ cells) and to a FITC-PE plot (to select FoxP3+ cells and RoRgT+

cells). For gate setting of the latter two plots we used FMOs. (B) Percentage of splenic Th cells, Th1 cells, Th2 cells, Treg cells, Th17 cells, and FOXP3/RORgT double

positive cells (within the T cell population) of pregnant and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from

non-pregnant mice (TWA followed by Fisher’s LSD post-test, p < 0.05). t: significant trend from non-pregnant mice (TWA followed by Fisher’s LSD post-test, p < 0.1).
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FIGURE 7 | (A) Gating strategy for leukocyte populations and monocytes. In the FSC-SSC plot, we selected the leukocytes, which were copied to the FSC-PE plot to

select CD11b++ cells (myeloid cells). These myeloid cells were copied to an SSC-BV605 plot to discriminate monocytes from granulocytes. Percentages of

monocytes and granulocytes were derived from this plot. Percentage lymphocytes was 100% of myeloid cells. The monocytes were then copied to an Alexa488-APC

plot to discriminate classical, intermediate and non-classical monocytes. Each of these three subsets were then copied to an SSC-PerCPCy5.5, to select MHCII+

cells (example is shown for classical monocytes), using the FMO to set the gates. Each of these monocytes’ subsets were also copied to an SSC-Pacific Blue plot to

select the CD80+ cells, using FMO to set the gates, similar to MHCII (not shown in the figure). (B) Percentage of lymphocytes, monocytes, and granulocytes in whole

blood of pregnant (day 18) and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed

by Fisher’s LSD post-test, p < 0.05).

that were differently regulated by pregnancy in conventional vs.
germfree mice. For microbiota data we used bacterial species
from conventional mice of which the abundance was different
at day 18 of pregnancy as compared with pre-pregnancy.
Pearson’s correlation coefficients are shown in a heatmap
(Figure 9). Bacteria in cluster 1, of which most bacteria were
upregulated during pregnancy, seem to be positively correlated
with immune cell cluster A and B, which contains percentages
blood granulocytes and percentages intermediate monocytes
expressingMHCII (cluster A) and percentages of splenic FoxP3+

(Treg) and GATA3+ (Th2) cells (cluster B). Bacterial cluster
1 is negatively correlated with immune cell cluster D, which
contains splenic percentages of Th cells and percentages of
blood monocytes and lymphocytes. Bacterial cluster 2, which
contains bacteria that are either upregulated or downregulated
during pregnancy, was also negatively correlated to immune
cells in cluster D and positively correlated to immune cells
in cluster B. Bacteria in cluster 4 are negatively correlated
with immune cells in cluster C, most strongly with percentage
of CD80 expressing intermediate monocytes. Abundances of
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FIGURE 8 | (A) Percentages of monocyte subsets (within the monocyte population) in blood of conventional and germfree pregnant and non-pregnant mice. TWA,

Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed by Fisher’s LSD post-test, p < 0.05). (B) Percentage CD80 positive classical,

intermediate and non-classical monocytes in pregnant and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from

non-pregnant mice (TWA followed by Fisher’s LSD post-test, p < 0.05). (C) Percentage MHCII positive classical, intermediate and non-classical monocytes in

pregnant and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed by Fisher’s LSD

post-test, p < 0.05).

all of the bacteria in cluster 4 are significantly decreased
during pregnancy.

DISCUSSION

In the present study we showed that during syngeneic pregnancy
in mice, the composition of the gut microbiota changes.
This composition has significantly changed at day 18 of

pregnancy as compared with pre-pregnancy, with for instance
an increased Firmicutes/Bacteroidetes ratio and a decreased
Shannon index. Some bacterial changes can already be observed
at day 14, for instance a significantly decreased abundance
of B. intestinihominis. We also showed that in syngeneic
conventional pregnant mice, immune responses change during
pregnancy. We observed a decreased percentage of Th1 cells
in pregnant conventional mice, as well as a trend toward an
increased percentage of Th2 cells and an increased percentage
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FIGURE 9 | Correlation between microbiota species and immune cell populations in conventional pregnant mice. The figure shows a heatmap of Spearman’s

correlations coefficients after individual correlation of significantly different microbiota species between day 18 of pregnancy and pre-pregnancy (clusters 1–4) and

immune cell populations with different adaptations in conventional vs. germfree mice (clusters A–D).

of Treg cells. Monocyte subsets also changed in conventional
syngeneic pregnant mice, with an increased percentage of
classical monocytes and a decreased percentage of non-classical
monocytes. Moreover, classical and intermediate monocytes
showed increased expression of CD80 and decreased expression
of MHCII during pregnancy in these mice. Next, we showed that
the presence of microbiota may be important in some of these
adaptations of the maternal immune response to pregnancy,
since we found different adaptations in immune cell numbers of
pregnant germfree mice compared with pregnant conventional
mice, i.e., the increase in the splenic percentage of FoxP3+
lymphocytes and the trend toward an increased Th2 percentage
was only observed in pregnant conventional mice, not in
pregnant germfree mice. Moreover, increased CD80 expression
on monocytes was only observed in conventional pregnant mice
and not in germfree pregnant mice, while decreased MHCII
expression was also only observed in conventional pregnant mice

and not in germfree pregnant mice. Finally, we correlated the gut
bacteria of conventional mice that were significantly changed at
day 18 of pregnancy with the immune cells that were significantly
changed in pregnant compared with non-pregnant mice in
conventional pregnant mice only and showed that clusters of
bacteria correlated with clusters of immune cells. Together these
data indicate that the maternal gut microbiota may be involved in
inducing some of the immunological adaptations to pregnancy.

We found various significant differences in phyla and species
abundance at day 18 of pregnancy, with an increased abundance
of Firmicutes and a decreased abundance of Bacteriodetes,
Actinobacteria, Cyanobacteria, and Proteobacteria as compared
with pre-pregnancy. At the species level, we found an increased
abundance of for instance A. stercoricanis, F. cylindroides, R.
faecis and E. plexicaudatum, Holdemanella biformis. These are all
butyrate producing Firmicutes (32). Butyrate is an short chain
fatty acid, which has immunomodulatory and anti-inflammatory
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effects (33). Butyrate can for instance promote differentiation
and proliferation of Treg (34). We found decreased abundance
of species like B. Intestinihominis and B viscericola, P. pogonae,
A. rava, O. splanchnicus as well as 2 Alistipes species. Most of
these bacteria are propionate producers (32). Propionate has
been shown to have similar effects as butyrate on the immune
response, f.i. in increasing Tregs, however, propionate has been
shown to be less effective than butyrate (35). During syngeneic
pregnancy in the mouse, there may be an increase in butyrate and
a decrease in propionate production by the gut microbiota, which
may result in increased plasma butyrate and decrease plasma
propionate and this may affect the maternal immune response.
This hypothesis needs to be tested in future studies.

The group of Koren et al. (27) was the first to show changes in
the gut microbiota during pregnancy in humans. They, however,
found an increase in Proteobacteria and Actinobacteria. Since
our study have been done in syngeneic pregnancy, differences
between our mouse study and the human study may be explained
by the presence of the semiallogeneic fetus in the human study,
as compared to syngeneic fetuses in our mouse study. Future
studies are needed to confirm this hypothesis. We only studied
one mouse strain, with one diet and at one location. However, we
are not the only group who found differences in gut microbiota
during pregnancy. Also previous studies in mice have shown
an effect of pregnancy on the abundance of gut microbiota
species (14, 36, 37). However, each of these mouse studies found
their own specific adaptations of the microbiota to pregnancy.
All of these studies have been done in syngeneic pregnancies.
Differences between the studies may be due to differences in diet
or technical differences in 16S rRNA sequencing (38). Another
factor may be genetic differences between the mouse strains,
since Elderman et al. has previously shown that changes in
the microbiota at day 18 were strain dependent (14). Although
in this study various differences in microbiota species were
found between pregnant and non-pregnant mice in the from
the BALB/c strain, no significant differences in microbiota were
found between pregnant and non-pregnant C57BL/6 mice. In
the present study, we also used C57BL/6 mice, but a different
sub strain (C57BL/6JOlaHsd), and we did find differences in
gut microbiota at day 18 of pregnancy. The difference with our
previous study may thus be the sub strain used, but also the
use of a different diet and the fact that we did a longitudinal
study, which may more easily pick up differences in microbiota.
The mechanism changing the microbiota during pregnancy
are unclear at this time. However, it has been suggested that
pregnancy hormones, like progesterone, may affect the gut
microbiota (36). Also, diet has been shown to affect the gut
microbiota (37).

In view of the known effects of the microbiota on the
immune system, we hypothesized that the microbiota during
mouse pregnancy may be involved in inducing adaptations of
the immune response to pregnancy. Therefore, we sacrificed
conventional and germfree syngeneic pregnant (at the end of
pregnancy) and non-pregnant conventional and germfree mice
and studied their immune response. In line with our previous
results and results from others, we found various adaptations in
the adaptive immune cells in syngeneic pregnant conventional

mice. We showed an increased percentage of FoxP3+ cells
and a trend toward an increase in GATA3+ cells, as well as
a decrease in the percentage of Tbet+ cells in the spleens of
conventional pregnant mice as compared to non-pregnant mice.
This is in line with various data showing that the Th1/Th2
balance is decreased in pregnancy (4, 39, 40). Also, the increase
in FoxP3+ (Treg cells) is in line with previous data (14). We,
for the first time show that also syngeneic germfree mice do
adapt their immune response to pregnancy. We found, similar
to conventional pregnant mice, a decreased percentage of Tbet+
(Th1 cells) cells in the spleens of pregnant germfree mice
as compared with non-pregnant germfree mice. However, in
contrast to conventional pregnancy mice, in germfree pregnant
mice the splenic percentage of FoxP3+ cells and GATA3+ cells
were not different compared with germfree non-pregnant mice.
This suggests that the increased splenic percentages of FoxP3+
and (trend to) increased GATA3+ cells in conventional mice at
the end of pregnancy may be induced by the gut microbiota.
This suggestion is in line with various papers indicating an
effect of several bacterial species on Treg cells and Th2 cells
(24, 25). Further studies are needed to evaluate whether the
microbiota may affect the immune response in semiallogeneic
pregnant mice.

In germfree pregnant mice, we found a slightly, but
significantly increased number of fetal resorptions and a slightly
decreased fetal weight. The mechanism of this increased number
of fetal resorptions remains unknown from the present study.
Various studies in the 1980s have shown that the housing
environment of mice is associated with different numbers
of fetal resorptions. Hamilton et al. showed that a cleaner
environment (i.e., a specific pathogen free environment vs. a
conventional environment) is associated with decreased numbers
of resorptions in allogeneic pregnancies (CBA × DBA/2) (41),
although other studies found the opposite effect (42) or no
effect of these different environments (43). In all these studies,
differences were only observed in semiallogeneic pregnancies and
not in syngeneic pregnancies, suggesting that themechanisms are
related to rejection of the semiallogeneic fetus. The mechanism
of increased fetal resorptions in germfree vs. conventional mice
in our study must therefore be different, since we used syngeneic
pregnancies. Further studies are therefore necessary to evaluate
mechanisms of the increased fetal resorption in germfree mice.
We do expect a role of the immune response, especially the
immune response in the placenta and mesometrial triangle.
Immune cells in the mesometrial triangle are very important
for normal placentation. Differences in immune cells in the
mesometrial triangle, such as decreased numbers of natural killer
cells, may result in defective placentation, and therefore in fetal
growth restriction or resorptions (44). We are evaluating the
immune cells in the mesometrial triangle in conventional vs.
germfree pregnant mice.

Individual mouse data from pregnant conventional mice
from blood immune cells and splenic immune cells that were
differently affected by pregnancy in germfree vs. conventional
mice and individual microbiota species that were different
between pregnant and non-pregnant conventional mice were
correlated and clustered. The microbiota clustered in 4 clusters.
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Cluster 1 containedmainly bacteria that were upregulated during
pregnancy, such as R. faecis, 2 Ruminococcus species and 3
Clostridium species. These bacteria positively correlated with
percentage of Treg and Th2 cells (cluster B), suggesting that
the species in this cluster may upregulate these immune cells.
Roseburia, Rumminococcus and various commensal Clostridium
species are known to produce short chain fatty acids (32, 45, 46),
which in their turn are known to induce Tregs (47). Various
bacterial species of clusters 1, 2, and 3 also correlated positively
or negatively with immune cluster D, mainly with monocytes
and lymphocytes. This suggests that the microbiota may be
involved in hematopoiesis in pregnancy. Indeed, percentages of
lymphocytes, monocytes and granulocytes are differently affected
by pregnancy in conventional and germfree mice. The effect of
the microbiota on hematopoiesis outside pregnancy has been
shown before by Josefsdottir et al. (48). Percentages of blood
monocyte subsets are affected by pregnancy, with an increase
in the percentage of classical monocytes and a decrease in
the percentage of non-classical monocytes during pregnancy in
both conventional and germfree mice. Since classical monocytes
mature in the circulation to non-classical monocytes (49), these
data may suggest a decreased maturation of monocytes during
pregnancy in these syngeneic mice. Since changes in monocyte
subsets are similar in conventional and germfree mice, the
microbiota is probably not involved and other pregnancy factors,
such as cytokines or exosomes, may be involved in inducing these
changes in monocyte subsets.

Bacterial cluster 4 contains only bacteria that were decreased
during pregnancy. They were strongly negatively correlated with
the expression of CD80 on intermediate monocytes and with
the expression of CD80 on classical monocytes. Expression of
CD80, which is an activation marker, on these monocyte subsets
increased during conventional mouse pregnancy, suggesting
that the bacteria in this cluster may normally be involved in
downregulating CD80 expression, but due to their decrease in
pregnancy, intermediate, and classical monocytesmay upregulate
CD80 expression. This cluster contains 2 Barnesiella species,
which have been shown to be anti-inflammatory in mice
(50). This suggestion of downregulation of CD80 expression
on monocytes by certain bacterial species is in line with the
fact that in non-pregnant germfree mice, CD80 expression
on intermediate monocytes is increased vs. non-pregnant
conventional mice (Figure 8B). A similar reasoning would apply
toMHC II expression on intermediate monocytes, which is down
regulated during pregnancy in conventional mice and positively
correlated with the decreased bacteria in cluster 4 suggesting
that normally these bacteria upregulate MHC II, but when these
bacteria are decreased during pregnancy, MHC II expression
is decreased.

In conclusion, our data, together with previous data in
mice and humans, indicate that the gut microbiota change
during pregnancy. The changes, however, may be species and
strain dependent, but may also depend on the diet as well
as on the method of 16S RNA sequencing. In the present
study, we found an increase in Firmicutes species (such as A.

stercoricanis) and a decrease in Bacteroidetes species (such as
B. intestihominis, B. viscericola). The gut microbiota in pregnant
mice may be involved in some of the adaptations of the maternal
immune response to pregnancy, especially in the increase in
Treg and the increased activation of monocytes at the end of
pregnancy. Although these data show that the microbiota may
be involved in inducing adaptations of the immune response to
pregnancy, these data do not show whether the change observed
in the microbiota during pregnancy are responsible for these
immunological adaptations. However, the fact that we found
various correlations between the pregnancy-induced adaptations
in immune cells and the pregnancy-induced changes in bacterial
species in conventional mice, may suggest a role for the changes
in the microbiota at day 18 of pregnancy in the adaptations of the
immune response. Further studies, such as studying the immune
response after transplantations of fecal material from pregnant
and non-pregnant conventional mice into pregnant and non-
pregnant germfree mice, are needed to confirm this hypothesis.
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