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MicroRNA miR-155 1s required for expansion of regulatory
T cells to mediate robust pregnancy tolerance in mice

John E. Schjenken’, Lachlan M. Moldenhauer’, Bihong Zhang', Alison S. Care', Holly M. Groome', Hon-Yeung Chan’,

Christopher M. Hope', Simon C. Barry' and Sarah A. Robertson

1

The immune-regulatory microRNA miR-155 is reduced in recurrent miscarriage, suggesting that miR-155 contributes to immune
tolerance in pregnancy. Here we show miR-155 is induced in the uterine mucosa and draining lymph nodes (dLN) during the
female immune response to male seminal fluid alloantigens. Mice with null mutation in miR-155 (miR-155~"") exhibited a reduced
CD4" T cell response after mating, with a disproportionate loss of CD25+FOXP3+ Treg cells. miR-155 deficiency impaired
expansion of both peripheral and thymic Treg cells, distinguished by neuropilin-1 (NRP1), and fewer Treg cells expressed Ki67
proliferation marker and suppressive function marker CTLA4. Altered Treg phenotype distribution in miR-155~'~ mice was
confirmed by t-distributed neighbor embedding (tSNE) analysis. Fewer dendritic cells (DCs) and macrophages trafficked to the dLN
of miR-155""" mice, associated with lower CCR7 on DCs, and reduced uterine Ccl19 expression, implicating compromised antigen
presentation in the stunted Treg cell response. miR-155~'~ mice exhibited elevated susceptibility to inflammation-induced fetal loss
and fetal growth restriction compared with miR-155""" controls, but outcomes were restored by transfer of wild-type Tregs. Thus
miR-155 is a key regulator of immune adaptation to pregnancy and is necessary for sufficient Tregs to achieve robust pregnancy

tolerance and protect against fetal loss.
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INTRODUCTION

An adaptive immune response to conceptus alloantigens occurs
during early pregnancy in the uterine mucosa to establish and
sustain immune tolerance for embryo implantation and preg-
nancy progression."? Disruption of this immune response
can alter the trajectory of placental and fetal development and
reduce fertility and fecundity.”? In women, a dysregulated uterine
immune response is implicated in common reproductive condi-
tions, including recurrent implantation failure, recurrent miscar-
riage, and preeclampsia.>* In order to develop interventions to
tackle these conditions, it is necessary to define the mechanisms
underpinning adaptive immune tolerance in the uterus and the
molecular regulators controlling quality and strength of the
response.’

In particular, CD4™" regulatory T cells (Tregs) are essential for
uterine tolerance of pregnancy.'” Tregs are defined by the
expression of CD25 and transcription factor forkhead box P3
(FOXP3) and exhibit potent anti-inflammatory and immune-
suppressive activity. They originate in the thymus (thymic Treg
(tTreg)) or are converted from conventional T cells in the
periphery (peripheral Treg (pTreg)). In mice, the two lineages
can be distinguished by the expression of neuropilin-1 (NRP1).
tTregs express high NRP1°7® and emerge from the thymus after
TCR-driven selection, with stable suppressive function® that is
retained after antigen-driven activation and proliferation in
certain peripheral tissues.'®”'? pTregs are generated extrathy-
mically from naive CD4 T cells responding to antigen stimulation

in the presence of transforming growth factor beta (TGFf) and
interleukin (IL)-2"> and are NRP1 negative or low (NRP~""° is
hereafter referred to as NRP17).578

The uterine Treg cell population supports embryo implantation
and pregnancy progression through suppressing adverse immune
effector responses to fetal antigens, controlling local inflammatory
activation, and promoting vascular adaptations required for robust
placental development.*'® Pregnancy tolerance involves both
tTregs and pTregs, both of which undergo antigen-driven
expansion in the uterus-draining para-aortic lymph nodes (dLN)
during the days after conception,'”'® to generate an expanded
Treg pool available for recruitment from peripheral blood into the
decidua before embryo implantation.'*'> While tTreg make up
the majority of the dLN and the uterine Treg population,’
extrathymically induced pTreg cells with reactivity to paternal
alloantigens are also essential for optimal pregnancy success.?*?'
Similarly in women, the pool of Treg cells expands during early
pregnancy, with peripheral blood and uterine Tregs increasing
over the course of the first trimester.*>?* Insufficient Tregs or
impaired Treg function, with a counteractive increase in effector
T cells (Teff cells), is a common feature in reproductive disorders
and complications of human pregnancy,®* with unexplained
infertility, recurrent miscarriage, preeclampsia, and preterm birth
all associated with disrupted Treg cells.**%’

Experiments in mice show that antigen priming and expansion
of the dLN Treg pool is initiated in the uterine mucosa and
requires ovarian hormones,*® as well as paternal alloantigens and
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immune-regulatory signals TGF3?° and ligands of Toll-like receptor
4,° delivered in seminal fluid at coitus.'”'®*" These factors elicit a
transient inflammation-like response in the endometrial lining of
the uterus®® characterized by extensive induction of pro-
inflammatory cytokines and chemokines in the uterine endome-
trium.3° Elevated cytokines cause dendritic cells (DCs) and
macrophages to be recruited into the endometrial stroma
subjacent to the luminal epithelium,*® where they take up seminal
fluid antigens, then emigrate to dLN, and induce alloantigen-
reactive Treg cell populations to expand.>* Seminal fluid induces a
similar immune response in women,**® and Treg cells located in
the decidualized endometrium of early pregnancy exhibit fetal
antigen specificity,”>** implying a similar sequence of steps for
Treg cell generation and recruitment in humans.

MicroRNA-155 (miR-155) is potently upregulated in T and B
lymphocytes after antigen stimulation,***” as well as DCs and
macrophages after Toll-like receptor ligation,*®3? with distinct
lineage-specific effects on gene transcription and cell
function.***° miR-155 influences phenotype commitment in
CD4" T cells, to play a pivotal role in shaping the balance
between tolerance and immunity.3*4'*? Notably miR-155 is
induced by FOXP3 transactivation to be expressed highly in
Treg cells, and is required for normal thymic Treg cell
generation.”*** miR-155 maintains competitive fitness of Treg
cells by targeting SOCS1 to allow IL-2-mediated induction of
signal transducer and activator of transcription 5 (STAT5)
transcription factor,*** but is not required for normal suppres-
sive function.”***> Conventional CD4" T cells also express miR-
155, with miR-155 expression levels influencing sensitivity to
tTreg-mediated suppression.*” In innate immune cells, miR-155
facilitates acquisition of a pro-inflammatory phenotype in
macrophages*®*” and influences DC trafficking, phenotype and
function to regulate antigen presenting activity. 3849

miR-155 has comparable functions in mouse and human Treg
cells®® and macrophages,”' and miR-155 is dysregulated in several
inflammatory and autoimmune diseases.>*™* Altered miR-155 is
reported in infertility associated with recurrent implantation
failure,> recurrent miscarriage,®® and preeclampsia,®’ suggesting
that miR-155 may modulate immune adaptation for pregnancy in
women. Thus we hypothesized that miR-155 contributes to
competent pregnancy tolerance through an impact on shaping
the Treg response at conception. Utilizing mice with genetic miR-
155 deficiency, we demonstrate that miR-155 is required for early
expansion of the Treg cell pool, with consequences for Treg
dynamics in later pregnancy. Impaired Tregs lead to increased
susceptibility to inflammation-induced fetal loss in late gestation
that is rescued by administration of Treg cells from wild-type miR-
155-sufficient donors. Together, these data demonstrate a key role
for miR-155 in maternal Treg generation at conception and setting
the course of pregnancy tolerance.

RESULTS

miR-155 is induced in the uterus and dLN in early pregnancy

To investigate the contribution of miR-155 to pregnancy tolerance,
we first quantified miR-155 expression in the reproductive tract
during the conception and embryo implantation phase, when the
T cell response to paternal alloantigens is initiated. In the
endometrial tissue lining the uterine mucosa, miR-155 was
increased 6.2-fold at 36 h after mating with allogeneic males
and remained elevated for at least 48 h (Fig. 1a), consistent with
induction during the immune response to seminal fluid.?
Fluctuations in ovarian hormones over the 4-day mouse estrus
cycle partially explain the elevated uterine miR-155, with a 1.7-fold
increase over the pro-estrus to met-estrus transition in unmated
cycling mice (Fig. 1b). Maximum miR-155 induction required
contact with seminal fluid, and both the sperm and seminal
plasma fractions contributed, since vasectomized males or seminal
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vesicle gland-excised males elicited a smaller increase (Fig. 1c).
Male alloantigens were also required, since seminal fluid of
allogeneic males elicited a stronger miR-155 response than that of
seminal fluid of syngeneic males (Fig. 1d).

Increased miR-155 expression in the uterus after mating was
accompanied by similar changes in the dLN, the predominant site
of T cell activation and proliferation after mating,>**® where miR-
155 expression was increased by 3.3-fold over estrus levels at 36 h
after mating with allogeneic males and remained elevated for at
least 48 h (Fig. 1e).

miR-155 deficiency reduces the dLN CD4" Treg cell pool in early
pregnancy

The role of miR-155 in the adaptive immune response to
conception and pregnancy was investigated using mice with
miR-155 null mutation3® miR-155 was undetectable in the
endometrium of unmated or mated miR-155~'~ mice (Supplemen-
tary Fig. S1). Total CD4" T cells and CD4"CD25"FOXP3™" Treg cells
were assessed in dLN of pregnant miR-155"'~ and miR-155""*
mice at early, mid-, and late gestation on day (d) 3.5, d9.5 and
d15.5 post-coitum (pc) and in unmated estrous mice (Fig. 2a).
CD4" T cell numbers were comparable in unmated miR-155""" and
miR-155*"* mice, but the substantial rise in CD4" T cells seen in
miR-155"" mice on d3.5 pc (3.8-fold, consistent with previous
studies'®*®) failed to occur in miR-155"'~ mice (Fig. 2b). Treg cells
were particularly impacted, with a ~50% reduction in the
proportion of Tregs among CD4™ T cells in miR-155"'~ compared
with miR-155"" mice before mating and over the course of
gestation. While Tregs progressively increased as a proportion of
CD4™ T cells after mating in miR-155""" mice, there was a smaller
expansion in miR-155"'" mice (Fig. 2c). The increase in Treg cells
was sustained into mid-gestation in miR-155""" mice, but no
comparable expansion occurred in miR-155"" mice, and their
absolute numbers were reduced by 75%, 68%, and 77% at d3.5,
d9.5 pc, and d15.5 pc, respectively (Fig. 2d).

Conversely, the proportion of CD4*Foxp3~ Tconv cells among
dLN CD4" T cells was elevated, resulting in a 40-50% reduced
Treg:Tconv ratio in miR-155"'" mice compared to miR-155"""
mice over the course of pregnancy (Supplementary Fig. S2a-c).
Unlike Tregs, the proportion of CD4"CD25"Foxp3~ Teff cells
among dLN CD4" T cells was unchanged by miR-155 deficiency,
resulting in a 30-50% reduced Treg:Teff ratio in miR-155"'~ mice
(Supplementary Fig. S2d-f).

In the spleens and mesenteric lymph nodes (MLNs), mating did
not elicit changes in CD4" T cells or Treg cells in either genotype.
As in dLNs, the proportion of Tregs among CD4" T cells was
reduced at estrus and d3.5 pc in miR-155""" mice compared with
miR-155""" mice in these tissues (Supplementary Fig. S3).

Both thymic and peripheral Tregs are impacted by miR-155
deficiency

Additional markers were included to evaluate the effects of miR-
155 deficiency on dLN Treg cell phenotype, including NRP1 to
distinguish tTreg and pTreg cells,"® CTLA4, a marker of Treg-
suppressive competence,”’®®® and Ki67 to detect proliferating
T cells. Both NRP1~ pTreg and NRP1™" tTreg were reduced in miR-
155~ mice (Fig. 3a-d). In miR-155""" mice, both tTregs and
pTregs contributed to expanded Treg cell number after mating, by
increasing 4.5-fold and 7.4-fold, respectively. In miR-155~'" mice,
there was no change in tTreg, and pTreg increased only 2.7-fold
(Fig. 3e-q).

In addition, miR-155""" mice had fewer CTLA4™" Tregs under-
going proliferation (Fig. 4a), due to the smaller Treg pool as
opposed to any consistent change in the proportion expressing
Ki67 or CTLA4 (Supplementary Fig. S4) or both markers
(Fig. 4b-d). Double positive CTLA4'Ki67" Tregs comprised
~20% of dLN Tregs in miR-155"" mice on d3.5 pc (Fig. 4b),
reflecting a 12.2-fold increase in total CTLA47Ki67" Tregs
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Fig. 1 Expression of miR-155 in the uterus and dLN in early pregnancy. miR-155 expression was quantified by qPCR in uterus and dLN
recovered from B6 mice at specific stages of the estrous cycle or after mating (8, 16, 36, 60, and 84 h pc). Data are miR-155 expression relative
to U6snRNA reference in the uterine endometrium at estrus (est) and at 8-84 h following mating with intact BALB/c males (a); endometrium at
pro-estrus (pro), estrus (est), met-estrus (met), and di-estrus (di) (b); endometrium at estrus (est) and on d3.5 pc following mating with BALB/c
males surgically rendered seminal vesicle deficient and vasectomized (svx/vas), seminal vesicle deficient (svx), vasectomized (vas), or intact
males (int) (c), and endometrium at estrus (est) and on d3.5 pc following mating with intact syngeneic (syn, B6) or allogeneic (allo, BALB/c)
males (d), and dLN at estrus or 8-84 h following mating with intact BALB/c males (e). Symbols depict values from individual mice (n = 3-15/
group) and mean + SEM values are shown. Effects of mating and cycle stage were assessed by non-parametric Kruskal-Wallis test with post
hoc Dunn’s multiple comparison test (a, b) or one-way ANOVA with Sidak t test (c-e) (*p < 0.05 compared to estrus; *p < 0.05 compared to the
svx/vas, svx, and vas groups; "p < 0.05 compared to pro-estrus; #p < 0.05 compared to syngeneic).

compared to estrous (Fig. 4e). In contrast, total CTLA47Ki67"
Tregs were reduced by 84% in miR-155~'" mice, after increasing
only 3.9-fold after mating (Fig. 4b, e). CTLA4'Ki67t cells
increased similarly in tTreg (Fig. 4c, f) and pTreg cells (Fig. 4d,
g) after mating in miR-155""" mice, but were fewer amongst
both Treg subsets in miR-155"'" mice. Among CTLA4™ Tregs,
CTLA4 mean fluorescent intensity (MFI) was slightly reduced in
miR-155""" mice, but FOXP3 MFI in Tregs was not substantially
affected by genotype or mating (Supplementary Fig. S4).

Mucosal Immunology (2020) 13:609 - 625

t-distributed stochastic neighbor embedding (tSNE) analysis
confirms differential effects of miR-155 on distinct dLN tTreg
subsets

tSNE was utilized as a complementary approach to investigate the
impact of miR-155 deficiency on the dLN Treg cell response. tSNE
utilizes an unsupervised algorithm to combine and integrate flow
cytometric data, using all marker information to identify cell
subpopulations in an unbiased way. Flow cytometric data on dLN
CD4™" T cells from estrous and mated miR-155""" and miR-155~/~
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Fig.2 Effect of miR-155 deficiency on dLN CD4" Treg cells across gestation. CD4" Treg cells in dLN recovered from miR-155""* (+/+) and
miR-155""~ (—/—) female mice at estrus (est) or after mating (d3.5, 9.5, or 15.5 pc) were analyzed by flow cytometry for CD4, CD25, and FOXP3
expression. Representative flow cytometric plots show the relevant populations and proportion of cells (%) (a). Data are the number of CD4 "
T cells (b), the percentage of CD4"CD25 FOXP3™ Treg cells within CD4* T cells (c), and the number of CD4"CD25*FOXP3* Treg cells (d), with
symbols depicting values from individual mice (n =7-15/group) and mean £ SEM shown. The effect of genotype at each time point and
differences within genotype across the time course was assessed by a mixed-effects model with the Geisser-Greenhouse correction followed

by Sidak multiple comparisons test (*p < 0.05 vs. same time point in miR-155"", °p < 0.05 difference attributable to mating, *p < 0.05 vs. estrus

within genotype, Ap < 0.05 difference attributable to genotype).

mice stained for CD4, FOXP3, CD25, NRP1, CTLA4, and Ki67 were
concatenated and transformed into two-dimensional projections
using the tSNE algorithm. Inspection of density and contour plots
revealed distinct clusters, among which populations of FOXP3*
cells with the characteristics of tTreg and pTregs could be located
(Fig. 5a-c). Cluster 1 corresponded to FOXP3"NRP1*" tTregs
and cluster 2, an assembly of 4 smaller clusters, corresponded
to FOXP3*NRP1~ pTregs. The proportions of CD4" T cells
comprised by Tregs (cluster1+-cluster 2) and specifically cluster 1
were fewer in miR-155"'" mice (Fig. 5d—f). In addition, a lower
proportion of cluster 1 but not cluster 2 Treg cells expressed
CTLA4 after mating (Fig. 5g, h). Z-score analysis of cluster 1 Treg
phenotypes after mating in miR-155"'~ mice suggested lower
CTLA4, Ki67, FOXP3, and NRP1 than in miR-155"" mice (Fig. 5i),
while CTLA4 and Ki67 were not obviously impacted in cluster 2
Treg cells (Fig. 5j).

miR-155 deficiency alters DC populations in the uterus and dLN
DCs drive expansion of dLN Treg cell populations in early
pregnancy after they infiltrate from peripheral blood after mating,

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

then take up seminal fluid antigens and traffic from the uterus to
the dLN.3* To investigate whether altered DC dynamics or
phenotype might contribute to the altered T cell response,
CD11c* DCs were quantified by immunohistochemistry (IHC) in
the uterine endometrium at estrus and on d0.5 pc (Fig. 6a). There
were more DCs in the endometrium of miR-155~'~ mice than in
miR-155""" mice at estrus, but unlike miR-155"" mice where
CD11ct DCs infiltrated the stroma subjacent to the luminal
epithelium on d0.5 pc, there was no mating-associated DC
increase in miR-155"~ mice (Fig. 6b).

Flow cytometry revealed additional changes in uterine DCs
on d0.5 pc. Notably a smaller proportion of uterine
CD11c*F4/80~ DCs expressed the chemokine receptor CCR7 in
estrus mice (Fig. 6¢c-e), but major histocompatibility complex Il
(MHCII), CD80, or CD86 expression were not consistently
different (Supplementary Fig. S5). The change in CCR7 was
mirrored in the spleen DCs of miR-155""" mice (Supplementary
Fig. S6).

To investigate whether changes in uterine DCs were sustained to
implantation and reflected in the dLN, CD11c*F4/80~ DCs in the

Mucosal Immunology (2020) 13:609 - 625
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Fig. 3 Effect of miR-155 deficiency on dLN total Treg, tTreg, and pTreg cell numbers after mating. Total Treg cells, NRP1" tTreg, and NRP1~
pTreg cells in the dLN recovered from miR-155""" (+/4) and miR-155"'~ (—/—) female mice at estrus (est) or after mating (d3.5 pc) were
analyzed by flow cytometry for CD4, CD25, FOXP3, NRP1, CTLA4, and Ki67 expression. Representative flow cytometric plots show the relevant
populations and proportion of cells (%) (a). Data are the percentage of CD4"CD25"FOXP3™ Treg cells within CD4" T cells (b), the percentage
of CD4TCD25"FOXP3"NRP 1" tTreg cells within CD4™ T cells (c), the percentage of CD4*CD25"FOXP3"NRP1~ pTreg cells within CD4" T cells
(d), the number of CD47CD25YFOXP3* Treg cells (e), the number of CD47CD25"FOXP3*NRP1" tTreg cells (f), and the number of
CD4"CD25TFOXP3"NRP1~ pTreg cells (f), with symbols depicting values from individual mice (n =8-12/group) and mean + SEM shown.
Differences between groups were assessed by one-way ANOVA with Sidak t test (*p < 0.05 vs. same time point in miR-155""", #p < 0.05 vs.
estrus within genotype). The overall effect of genotype and mating was assessed by two-way ANOVA (“p < 0.05 difference attributable to

genotype; "p < 0.05 difference attributable to mating).

uterus and dLN were analyzed on d3.5 pc. Uterine DCs remained
higher than at estrus in miR-155""" but not in miR-155~"" mice
(Fig. 6f). By this time, dLN DCs were increased 2.2-fold in miR-155""+
mice, presumably due to immigration of uterine DCs, but this did
not occur in miR-155"'" mice, where there were 76% fewer DCs on
d3.5 pc than in wild-type controls (Fig. 6g). The phenotype of
uterine DCs and dLN DCs on d3.5 pc, as measured by MHCII, CD80,
and CD86 expression, was comparable in miR-155""* and miR-
155~/ mice (Supplementary Fig. S7).

miR-155 deficiency alters macrophages in the uterus and dLN
Macrophages can also modulate the adaptive immune response
of early pregnancy.>*®' IHC of F4/80" macrophages on d0.5 pc
showed comparable numbers in the uterine endometrial stroma
at estrus and an increase after mating in both miR-155""" and
miR-155~'~ mice (Fig. 7a, b).

Mucosal Immunology (2020) 13:609 - 625

Flow cytometry showed no change in the proportion of CD86™
macrophages among CD11b"F4/80" uterine macrophages in miR-
1557~ mice, but CD86 expression measured as MFI was
substantially reduced, particularly after mating on d0.5 pc
(Fig. 7c—e). Uterine macrophages also exhibited a small increase
in CD80, but MHCIl and CCR7 were unchanged (Supplementary
Fig S8). Spleen macrophages showed a similar reduction in CD86
(Supplementary Fig S9).

By d3.5 pc, uterine macrophages had returned to estrus
numbers regardless of miR-155 status (Fig. 7f). In contrast, the
number of macrophages in dLN of miR-155""" mice was increased
by 63%, but no increase was evident in miR-155"'" mice where
macrophage numbers were 39% fewer than in miR-155"""
females (Fig. 7g). There was no difference in uterine or dLN
macrophage CD80, CD86, and MHCII expression on d3.5 pc due to
miR-155 deficiency (Fig. S10).
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Fig. 4 Effect of miR-155 deficiency on dLN total Treg, tTreg, and pTreg cell CTLA4 and Ki67 expression after mating. CD4™" T cell CTLA4
and Ki67 expression in uterus-draining dLN recovered from miR-155""" (+/+) and miR-155~"~ (—/—) female mice at estrus (est) or after mating
(d3.5 pc) were analyzed by flow cytometry for CD4, CD25, FOXP3, NRP1, CTLA4, and Ki67 expression. Representative flow cytometric plots
show the relevant populations and proportion of cells (%) (a). Data are the percentage of CD4"CD25 FOXP3"CTLA4"Ki67" Treg cells within
CD41CD257FOXP3™ Treg cells (b), the percentage of CD47CD25"FOXP3"NRP1 CTLA41Ki67" tTreg cells within CD4"CD25"FOXP3"NRP1™
tTreg cells (c), the percentage of CD4"CD25"FOXP3"NRP1° CTLA4"Ki67" pTreg cells within CD4"CD25"FOXP3"NRP1~ pTreg cells (d), the
number of CD4"CD25"FOXP3"CTLA4"Ki67" Treg cells (e), the number of CD4"CD25"FOXP3"NRP1"CTLA4"Ki67" tTreg cells (f), and
the number of CD4*CD25"FOXP3"NRP1'CTLA4 Ki67" pTreg cells (g), with symbols depicting values from individual mice (n = 9-12/group)
and mean + SEM shown. Differences between groups were assessed by non-parametric Kruskal-Wallis test with fost hoc Dunn’s multiple
comparison test (b, ) or one-way ANOVA with Sidak t test (d-g) (*p <0.05 vs. same time point in miR-155"'", *p <0.05 vs. estrus within
genotype). The overall effect of genotype and mating was assessed by two-way ANOVA (Ap < 0.05 difference attributable to genotype; *p <
0.05 difference attributable to mating).
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miR-155 deficiency elicits reduced Csf2 and expression in the
uterine immune response to seminal fluid
The recruitment of macrophages and DCs into the uterus, and
their exodus to the dLN is regulated by chemokines induced in the
endometrium during the inflammatory response to seminal fluid.
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Quantitative polymerase chain reaction (qPCR) analysis showed
strong induction of Cxc/10 and CCR7 ligand Ccl19 after mating in
miR-155"" mice but not in miR-155~'~ mice (Fig. 8a, b). A second
CCRY7 ligand Ccl21 was also reduced in the endometrium of miR-
155~/ mice after mating (Fig. 8c). Other DC-regulating cytokines

N
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Fig. 5 Effect of miR-155 deficiency on NRP17" tTreg and NRP1~ pTreg cells assessed by t-distributed stochastic neighbor embedding
(tSNE) analysis. CD4" T cells from dLN of estrus and d3.5 pc mated mice were labeled to detect CD25, Ki67, NRP1, CTLA4, and FOXP3, and
compensated.fcs files were concatenated by treatment group and transformed by the tSNE algorithm for FOXP3 (@) and NRP1 (b).
FOXP3"NRP1™ (cluster 1) and FOXP3*NRP1~ (cluster 2) were manually defined with the aid of contour plots (a, b) to approximate tTreg and
pTregs, respectively (c). The percentage of FOXP3™ (cluster 1+2) within CD4" T cells (d), the percentage of FOXP3"NRP1™" (cluster 1) within
CD4™ T cells (e), and the percentage of FOXP3"NRP1~ (cluster 2) within CD4" T cells (f) are shown, with symbols depicting values from
individual mice (n = 6-10/group) and mean + SEM values. The proportions of FOXP3*NRP1* (cluster 1) (g) and FOXP3"NRP1~ (cluster 2) (h)
comprising CTLA47Ki67 ", CTLA41Ki67, CTLA4Ki67*, and CTLA4Ki67 subsets, are shown. Effects on proportions due to mating and
genotype were analyzed by Chi-square analysis. The average MFI expression of each phenotype marker in cluster 1 (i) and cluster 2 (j) at estrus
and on d3.5 pc in miR-155""* and miR-155""~ mice is shown on a heat map of Z-score, where the average MFI is color coded and ranges
from yellow (+1) to blue (—1) according to the color scale. Differences between groups were assessed by non-parametric Kruskal-Wallis test
with post hoc Dunn’s multiple comparison test (*p < 0.05 vs. same time point in miR-155""", ¥p < 0.05 vs. estrus within genotype). The overall
effect of genotype and mating was assessed by two-way ANOVA (Ap<0.05 difference attributable to genotype; “p < 0.05 difference

attributable to mating).

Csf2, Csf3, Tnf, ll6, Ccl2, Cxcl1, and Cxcl2 were robustly induced in
miR-155""" mice, but Tnf, Il6, Ccl2, Cxcl1, and Cxcl2 appeared
aberrantly regulated in a proportion of estrus miR-155-deficient
mice, such that significant induction after mating was not evident
(Supplementary Fig. S11).

Maternal miR-155 deficiency elevates lipopolysaccharide (LPS)-
induced fetal loss

Impaired Tregs can compromise capacity to withstand inflamma-
tory challenge in later gestation.’*®* To investigate the contribu-
tion of miR-155 to sustaining robust tolerance in pregnancy, miR-
155" and miR-155"'" mice were mated with BALB/c males and
administered LPS or phosphate-buffered saline (PBS) on d9.5 pc. A
low dose of LPS, just below the threshold dose required to induce
inflammation-mediated fetal loss in wild-type mice, was chosen
based on previous studies.®* At autopsy just prior to term on d17.5
pc, only 58% of LPS-treated miR-155""" mice remained pregnant
with at least one viable fetus, compared with 100% of miR-155""*+
mice (Fig. 9a). Fetal resorption was 59% in miR-155"'~ compared
with 12% in miR-155"" mice (Fig. 9b, g), yielding 60% fewer
viable fetuses (Fig. 9¢c, g). After LPS administration, fetal weight
was reduced by 8.3% in miR-155~'~ mice compared to miR-155""+
mice (Fig. 9d). Although placental weight was unchanged (Fig. 9e),
there was a greater LPS-induced reduction in the fetal:placental
weight ratio (a measure of placental function) in miR-155~"" mice
after LPS exposure (Fig. 9f). There was no impact of miR-155
deficiency on fertility or fetal outcomes in mice given PBS.

Transfer of miR-155""" Treg cells protects against inflammation-
induced fetal loss

To determine whether wild-type miR-155""" Treg cells can rescue
the pregnancy deficit in miR-155~/" mice, Treg cells pooled from
the lymph nodes and spleen of pregnant miR-155"" mice were
administered to miR-155"" mice on d85 pc before LPS
administration on d9.5 pc. Treg transfer reduced fetal resorption
by 87% compared to controls given CD4"CD25~ Tconv cells and
by 85% compared to mice given vehicle control (Fig. 10a, b), with
a corresponding trend toward more viable implantation sites
(Fig. 10c). Treg treatment did not alter fetal or placental weights or
the fetal:placental weight ratio (data not shown).

DISCUSSION

A sufficient population of functionally competent Treg cells must
be present in the uterus and its dLNs to mediate maternal
immune tolerance of embryo implantation.>'* Tregs recruited into
the endometrial lining of the uterus engage with a network of
DCs, macrophages, and uterine natural killer cells to facilitate
decidual transformation of the endometrium and support
placental morphogenesis and fetal growth.? Deficiency in Treg
cells at implantation causes unresolved inflammatory activation
and uterine vascular aberrations that ultimately dispose toward
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later miscarriage, preeclampsia, and hypertensive disorders of
gestation.'®**™*’ MicroRNAs are likely to be important regulators
of Treg cell generation and function in pregnancy tolerance, and
several are differentially expressed in clinical conditions of
pregnancy, but their specific contributions are not yet defined.

miR-155 is an ancient and highly conserved microRNA (miRNA)
present in all jawed vertebrates studied to date.®>%® Its evolution
coincided with emergence of an adaptive immune system
implying a highly conserved role across species, through potent
regulation of myeloid and lymphoid cell behavior.®® Here we show
that miR-155 is induced in the uterus and uterus-dLNs in early
pregnancy. We find that the normal surge in Treg cell activation
and expansion induced by seminal fluid contact is dysregulated in
the absence of miR-155. The stunted Treg response imparts
susceptibility to a “second-hit” inflammatory challenge, such that
miR-155-deficient mice exhibit fivefold higher fetal loss in
response to low-dose LPS in mid-gestation, which can be rescued
by administration of wild-type Treg cells.

The dLN is the primary site where Treg cells proliferate after
conception to provide a circulating pool for recruitment into the
uterus.'® Activation and proliferation of CD4™ T cells commences
in the dLN in the hours following coitus, after DCs recruited into
the endometrial stroma take up male alloantigens delivered in
seminal fluid and then traffic to the dLN via the afferent
lymphatics.>'* The presence of abundant TGFB and other
immune-regulating agents in seminal fluid ensures the resulting
T cell response is skewed toward Treg cells and against T helper
type 1 (Th1) and Th17 cell generation.'?' This antigen-driven
proliferation of Treg cells within the dLN builds on a hormone-
dependent increase in circulating Treg cells elicited by the
estrogen surge accompanying ovulation.”® It involves both pTreg
and tTreg proliferation and functional maturation, including
epigenetic modulation of tTreg cells by demethylation of CpG
sites in the CNS1 enhancer region of the FOXP3 promoter.'?

Expression of miR-155 was upregulated in both the uterus and
the dLN, from 36 h after mating through to initiation of embryo
implantation around 48 h later on d3.5 pc. A minor elevation in
miR-155 occurred after ovulation in unmated mice, consistent with
either estrogen-regulated recruitment of immune cells expressing
miR-155 or estrogen-controlled elevated expression of miR-155, as
reported for human breast cancer cells.®” However, the increase
attributable to hormones was at least a scale of magnitude lower
than the increase after mating. Induction of miR-155 in mated
mice required contact with both sperm and seminal plasma
fractions of seminal fluid from an allogeneic male, since mating
with syngeneic males, or males from which seminal fluid
components were removed by surgical excision of the seminal
vesicle gland, did not induce miR-155 beyond the small estrus
cycle-associated increase. miR-155 deficiency curtailed the CD41 T
cell response, with a disproportionate impact on Treg cells,
causing substantial reduction in the number of dLN Treg cells on
d3.5 pc of early pregnancy, when antigen-driven T cell

Mucosal Immunology (2020) 13:609 - 625
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proliferation normally peaks.3**® As a consequence, the Treg cell
pool and the Treg:Teff ratio were substantially reduced for the
course of pregnancy. These findings are consistent with involve-
ment of this miRNA in the events driving T cell proliferation that
commence in the lymph node shortly following mating and fit

Mucosal Immunology (2020) 13:609 - 625

with studies in mice showing that maximum expansion of the
uterine Treg pool requires alloantigens.®®

Reduced Treg cells in the absence of miR-155 appeared to arise
as the consequence of both reduced size of the Treg cell pool
before conception and impaired proliferation of CD4" T cells
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Fig. 6 Effect of miR-155 deficiency on dendritic cells in the uterus and dLN after mating. CD11c" dendritic cells were detected by IHC in
uterus or by flow cytometry in uterus and dLN recovered from miR-155"" (+/+) and miR-155"'~ (—/—) mice at estrus (est) or after mating
(d0.5 pc and d3.5 pc). Representative images of CD11c" dendritic cells detected in uterus by IHC at estrus and d0.5 pc are shown (a; scale
bar =50 uM). CD11c™ dendritic cells were quantified using ImageJ and expressed as percentage of positivity/area of endometrial tissue.
Additional data are flow cytometric analysis of the effects of mating and genotype on dendritic phenotype in the uterus on d0.5 pc (c-e), and
dendritic cell number in the uterus and dLN on d3.5 pc (f, g). Panels are the proportion of CCR7"CD11c F4/80 dendritic cells in the uterus at
estrus and d0.5 pc (c); the MFI of CCR7 within CD11¢"F4/80 dendritic cells in the uterus at estrus and d0.5 pc (d); representative histogram of
CCR7 expression in uterine dendritic cells at estrus (e), number of CD11c"F4/80~ dendritic cells in the uterus at estrus and d3.5 pc (f), and
number of CD11c"F4/80 dendritic cells in the dLN at estrus and d3.5 pc (f). Symbols depicting values from individual mice (n = 7-9/group)
and mean * SEM are shown. Differences between groups were assessed by one-way ANOVA with Sidak t test (*p < 0.05 vs. same time point in
miR-155""%, #p < 0.05 vs. estrus within genotype). The overall effect of genotype and mating was assessed by two-way ANOVA (*p < 0.05
difference attributable to genotype; “p < 0.05 difference attributable to mating). Additional data on DC number and phenotype in the uterus,

dLN, and spleen are provided in Supplementary Figs. S5-57.

following seminal fluid contact. miR-155-deficient mice have
substantially smaller Treg cell populations in the spleen and
peripheral lymph nodes in steady-state conditions.*****° Indeed
we found that Treg cells comprised approximately two-fold
smaller proportions of the total CD4" T cell population in the
dLN, spleen, and MLN of non-pregnant miR-155-deficient mice.
However, this does not explain the four-fold fewer Treg cells in
early pregnancy, implicating miR-155 in additional events regulat-
ing the periconception immune response.

Both pTreg and tTreg cells are implicated in mediating maternal
immune tolerance in pregnancy.'®?' Here we found that the
NRP1* thymic and NRP1~ peripheral Treg cell compartments are
both reduced by miR-155 deficiency. NRP1 is generally viewed as a
useful marker to distinguish pTreg and tTreg cells.>” There are
concerns that in some hyper-inflammatory conditions NRP1 can
be induced on pTreg cells.”® However, our data show that, even
before mating, NRP1" Treg cells are prevalent in the uterus and
dLN, so are highly likely to be of thymic origin.'® A smaller tTreg
pool has been attributed to reduced thymic output of Treg cells
associated with impaired SOCS1 control of IL-2 signaling, upon
which Treg cells are notably dependent for their generation and
homeostasis.*'** In addition, thymus-derived Treg require miR-155
to mediate regulatory signaling activated by the C-type lectin
CD69.%° Our conventional and tSNE analysis clearly showed the
effects of miR-155 deficiency on both populations before and
during pregnancy, consistent with an impact of miR-155 on thymic
generation of naive CD4" T cells as well as tTregs.>

Within mated females, miR-155 deficiency caused a modest
reduction in the intensity of CTLA4 expression in Treg cells. Since
CTLAA4 is a negative regulator of Treg cell homeostasis that acts as
a “brake” on Treg cell proliferation,”’ reduced CTLA4 could exert
positive pressure on Treg cell proliferation, perhaps explaining the
relatively normal Ki67 expression in miR-155-deficient Treg cells.
CTLA4 is also a mediator of suppressive competence in Treg
cells.”? However, extensive previous studies consistently report no
change in suppressive competence of Treg cells from miR-155""~
Moreover, miR-155-deficient mice do not exhibit
autoimmunity and are resistant to experimental autoimmune
encephalomyelitis,”> and miR-155-deficient Treg cells maintain
tolerance after transfer to miR-155-replete hosts.** These observa-
tions imply that miR-155 predominantly contributes to Treg cell
differentiation and proliferation but does not affect suppressive
function™ and suggest redundancy in the role of miR-155 to
reinforce the FOXP3 transcriptional program.”

Treg cells, particularly effector/memory Treg cells, express
higher levels of miR-155 than other CD4™ T cells.**” Given the
requirement for alloantigen and timing of miR-155 increase in the
uterus after mating, which coincides with alloantigen-dependent
Treg cell activation, proliferation, and recruitment,'® we infer that
Treg cells are the major cellular source of miR-155 in the uterus.
However, activated DCs and macrophages also express miR-155
and their phenotypes and antigen-presenting function are
modulated by this miRNA®3397¢ through mechanisms that include

SPRINGER NATURE o SOCIETY FOR MUCOSAL IMMUNOLOGY

miR-155-mediated suppression of c-Fos and Arg-2 to upregulate
MHCII and costimulatory molecules CD80, CD86, and CD40.84°

Consistent effects of miR-155 deficiency on DC co-stimulatory
molecule expression were not evident in the current study.
However, there were substantially fewer DCs in the dLN
accompanied by greater DC numbers in the uterus, indicating
impaired DC exodus from the uterus and trafficking to the dLN.
DCs from miR-155-deficient mice exhibited lower expression of
CCR7, a chemokine receptor controling DC lymph node
homing in homeostatic and inflammatory conditions.””’% A
previous study showed that miR-155 deficiency causes altered
DC emigration to dLN in a murine tumor model.** DCs from
mammary tumors had reduced expression of CCR7 due to miR-155
suppression of Jarid2, causing reduced DNA methylation at
the Ccr7 locus*** A similar induction of CCR7 by miR-155
occurs in human peripheral blood monocytes (PBMCs).”®

Macrophages are recruited into the uterus after mating and
exhibit features indicating competence to regulate T cell
activation.®® Previous studies demonstrate that miR-155 induction
occurs after macrophage activation and influences their differ-
entiation program.”® In the absence of miR-155, fewer macro-
phages were present in the dLN on d3.5 pc. While uterine
macrophages showed an altered phenotype with lower CD86,
whether and how this is linked to reduced dLN macrophages is
unclear. There is evidence that inflammatory monocytes recruited
into the uterus in early pregnancy acquire a regulatory phenotype
or perhaps differentiate into myeloid DCs.®' Thus fewer macro-
phages in the absence of miR-155 might reinforce DC deficiency
and contribute to the impaired Treg cell response.

Altered uterine transcription of chemokines controlling DC and
macrophage migration and phenotype implies indirect as well as
cell-intrinsic effects of miR-155 on uterine myeloid cells. Notably,
miR-155 deficiency caused reduced expression of the CCR7 ligands
Ccl19 and Ccl21. CCL19 and CCL21 act at multiple levels to control
DC recruitment into, and exodus from, epithelial tissues.”®
Langerhan’s cells and dermal DCs require CCL21 signaling via
CCR7 to emigrate through the dermis to the afferent lymphatics,
after antigen uptake in the skin.®2 CCL19 is rapidly induced in the
uterine epithelium by seminal fluid factors after mating in mice.'®
Mice with null mutation in Ccl21 or Ccr7 exhibit deficient
recirculation of epithelial DCs to lymph nodes under homeostatic
conditions,””#* with dysregulated peripheral tolerance through
effects on T cell immigration and priming, as demonstrated in the
respiratory and gastrointestinal tracts.2*®

We found that miR-155 deficiency also impaired the expected
post-mating induction of interferon-induced chemokine Cxc/10
(IP-10), a product of myeloid-derived DCs, that modulates their
capacity to attract and stimulate effector T cells.?® miR-155-
deficient mice similarly have reduced Cxc/70 expression in brain
tissue after traumatic injury.?” Tnf, ll6, Ccl2, Cxcl1, and Cxcl2 also
showed differential expression, with greater variability particularly
in estrus mice. This could reflect miR-155 regulation of cytokine
synthesis by myeloid leukocytes and/or uterine epithelial cells, cell

Mucosal Immunology (2020) 13:609 - 625
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lineages that both contribute substantially to uterine cytokine
synthesis,®® and exhibit altered inflammatory cytokine production
in epithelia of miR-155 null mutant mice.**®° Clear evidence of
epithelial cell-intrinsic regulation of cytokine synthesis by miR-155
comes from studies of lung epithelium in miR-155 null mutant
mice®® and findings that TGFB induces miR-155 through Smad4 in

Mucosal Immunology (2020) 13:609 - 625

mammary gland epithelium.’® miR-155 attenuates cytokine gene
expression through targets in the nuclear factor-kB pathway
through targeting SOCS1*” and JNK*® in leukocytes and RhoA®
and PKIo® in epithelial cells, as well as other transcriptional
activators and epigenetic regulators.**®® Macrophage regulation
of epithelial cell phenotype in the uterus affords additional
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Fig. 7 Effect of miR-155 deficiency on macrophages in the uterus and dLN after mating. F4/80" macrophages were detected by IHC in
uterus, or by flow cytometry in uterus and dLN recovered from miR-155"" (+/4) and miR-155""" (~/—) mice at estrus (est) or after mating
(d0.5 pc and d3.5 pc). Representative images of F4/80" macrophages detected in uterus by IHC at estrus and on d0.5 pc are shown (a; scale
bar = 50 uM). F4/80" macrophages were quantified using Image) and expressed as percentage of positivity/area of endometrial tissue.
Additional data are flow cytometric analysis of the effects of mating and genotype on macrophage phenotype in the uterus (c-e), and
macrophage number in the uterus and dLN on d3.5 pc (f, g). Panels are the proportion of CD86"CD11b"F4/80" macrophages in the uterus at
estrus and d0.5 pc (c), the MFI of CD86 within CD11b"F4/80" macrophages in the uterus at estrus and d0.5 pc (d), representative histogram of
CD86 expression in uterine macrophages on d0.5 pc (e), number of CD11b"F4/80" macrophages in the uterus at estrus and d3.5 pc (f), and
the number of CD11b*F4/80" macrophages in the dLN at estrus and d3.5 pc (g). Symbols depicting values from individual mice (n = 7-9/
group) and mean + SEM are shown. Differences between groups were assessed by one-way ANOVA with Sidak t test (*p < 0.05 vs. same time
point in miR-155"", #p < 0.05 vs. estrus within genotype). The overall effect of genotype and mating was assessed by two-way ANOVA ("p <
0.05 difference attributable to genotype; “p < 0.05 difference attributable to mating). Additional data on macrophage number and phenotype
4in the uterus, dLN and spleen are provided in Supplementary Figs. S8-510.
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Fig. 8 Effect of miR-155 deficiency on cytokine and chemokine expression in the uterus in early pregnancy. Cytokine expression was
quantified by gPCR in the uterus recovered from miR-155""" (+/+4) and miR-155""~ (—/—) mice at estrus (est) or after mating (8 h pc). Data are
expression of Cxcl10 (a), Ccl19 (b), and Ccl21 (c) relative to Actb reference. Symbols depict values from individual mice (n = 7-10/group) and

mean = SEM values are shown. Effects of mating and genotype were assessed by one-way ANOVA with Sidak t test (*p < 0.05 vs. same time

point in miR-155++, %

, "p < 0.05 vs. estrus within genotype). The overall effect of genotype and mating was assessed by two-way ANOVA (Ap <

0.05 difference attributable to genotype; p < 0.05 difference attributable to mating).

complexity in the regulatory networks potentially impacted by
miR-155°" The precise contributions of epithelial and myeloid
lineages to uterine miR-155 expression, and the molecular
mechanisms by which miR-155 controls cytokine production in
these uterine cell lineages, remains to be determined.

Despite their altered Treg cell population, allogeneic pregnancy
progressed normally in unchallenged miR-155-deficient mice. This
could reflect that, within the Teff compartment, miR-155
deficiency causes a shift toward Th2 cells, not Th1 cells that are
detrimental to pregnancy.3®*° However, there was a profound
adverse impact of miR-155 deficiency in maternal capacity to
withstand a “second-hit” of low-dose LPS to induce a systemic
inflammatory response in mid-gestation, causing extensive fetal
loss and fetal growth restriction. Several previous studies
demonstrate that LPS elicits placental injury and fetal loss through
induction of IL1b, ll6, Tnf, and other pro-inflammatory genes in
gestational tissues,®>%* and sensitivity to fetal loss is impacted by
availability of competent Treg cells.5>®* The reproductive data
reported herein is from pregnancies sired by wild-type males
yielding fetuses that are haplosufficient for miR-155, consistent
with a requirement for maternal as opposed to fetal miR-155 in
deflecting inflammatory challenge. Fetal miR-155 is not essential
for development as we observe no overt detrimental effect in
matings between homozygous null mutant male and female mice
(data not shown).

Fetal loss was attributable to Treg inability to modulate and
resolve inflammation, since transfer of miR-155-sufficient Treg cells
rescued the phenotype. Treg cells are well known to exert potent
anti-inflammatory activity, acting in many infection-associated and
sterile injury settings to suppress and resolve inflammation.”
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A similar failure by incompetent Treg cells to control mid-
gestation inflammation is seen in IL-10-deficient mice, which
exhibit Treg cell instability in pregnancy, accompanied by elevated
susceptibility to inflammation-induced fetal loss.°® This is con-
sistent with a limiting function of Treg cell number or stability that
is not evident under steady-state conditions but manifests when
infectious agents or environmental factors elicit an elevated
inflammatory load.

Defining the critical regulatory networks controlling Treg
cells in pregnancy is important in order to tackle human
gestational disorders where impaired Treg cell numbers and/or
phenotype are implicated in the underlying placental insuffi-
ciency and inflammatory pathology.” There is compelling
evidence linking insufficient Treg cells in the uterine decidua of
early pregnancy with implantation failure, recurrent miscarriage,
and preeclampsia.>* Failure of the normal expansion of Helios™"
tTreg and pTreg during early pregnancy is linked with these
conditions, and recent data implicate paternal alloantigens in
driving the expansion of decidual Tregs®® and suggest clonal
expansion of Helios™ tTreg and pTreg fails in infertile women,*
pointing to a key role for the periconception and early pregnancy
environment. It is possible that insufficient miR-155 is a factor
contributing to disrupted Treg cell responses in women, since
altered miR-155 expression is reported in pregnancy disorders. In
recurrent miscarriage, miR-155 is one of the five miRNAs identified
as reduced in PBMCs in the first trimester compared with healthy
controls.®>® In women experiencing infertility associated with
repeated implantation failure, miR-155 is downregulated in
peripheral blood T cells compared to fertile women.>> In women
with preeclampsia and a small-for-gestational-age fetus, miR-155
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Fig.9 Effect of miR-155 deficiency on late gestation pregnancy parameters after low-dose LPS challenge. miR-155""" (+/+) and miR-155""~
(—/—) females (n = 14-21/group) were mated and administered LPS or vehicle (PBS) on d9.5 pc and autopsied on d17.5 pc. The proportion of
mated females with at least 1 viable implant (a), the proportion of implantation sites per pregnant female undergoing resorption (b), the
number of viable implantation sites per mated mouse (c), fetal weight (d), placental weight (e), fetal:placental weight ratio (f), and representative
macroscopic images of uterine horns following treatment with arrows indicating fetal resorption (g) are shown, with symbols depicting values
from individual mice with mean + SEM values (b, c) or estimated marginal mean + SEM (d-f). The effect of genotype and mating was assessed by
Chi-square analysis (a), by non-parametric Kruskal-Wallis test with post hoc Dunn’s multiple comparison test (b, c), and by mixed model analysis
using the mother as subject and litter size as co-variate (d—f) (*p < 0.05 vs. same treatment in miR-155""; #p < 0.05 vs. PBS within genotype), or
by two-way ANOVA (a—f) ("p < 0.05 difference attributable to genotype; “p < 0.05 difference attributable to mating).
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was one of the seven miRNAs upregulated in the placenta
raising the question of whether sustained expression beyond
implantation is counterproductive. The findings of the current
study suggest that miR-155 deficiency might be part of a causal
mechanism underlying the deficiencies in Tregs that have been
well described in women with these common infertility and
pregnancy disorders.>*
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In summary, the current study expands current knowledge to
show that miR-155 is required for normal pregnancy tolerance,
through pivotal roles in both the innate and adaptive immune
compartments. In particular, miR-155 deficiency constrains the
normal expansion in the CD4™ Treg cell pool driven by seminal
fluid contact at conception, as a consequence of both reduced
Treg cells in dLN before pregnancy, as well as compromised
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Fig. 10 Effect of Treg cell administration on fetal loss in miR-155-deficient mice. CD47CD25" Treg cells (Treg) and CD4"CD25™ T cells
(Tconv) isolated from the lymph nodes and spleen of pregnant miR-155"""* mice were administered to recipient miR-155~'" mice (2-4 x 10°
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capacity for DCs to stimulate further expansion in response to
paternal alloantigens. Although implantation and early fetal
development progress normally, absence of miR-155 incapaci-
tates the Treg cell pool leaving the placenta and fetus more
vulnerable to inflammatory injury. These observations indicate
that evaluating the link between miR-155 and pregnancy
tolerance in women is warranted, since altered miR-155 and
insufficient Treg cells are implicated in common pregnancy
disorders.

MATERIALS AND METHODS

Mice

Experimental protocols were approved by the University of
Adelaide Animal Ethics Committee (approval number: M-2014-
023, M-2017-006). Bic/miR-155 (miR-155""") mice® were sourced
from The Jackson Laboratory (Bar Harbor, ME, USA) and bred in-
house at University of Adelaide. C57Bl/6J (B6; miR-155""") wild-type
control mice were from Animal Resource Centre, Perth. BALB/c
male mice were from Laboratory Animal Services, University of
Adelaide. Vasectomized (vas), seminal vesicle-excised (svx), and
seminal vesicle-excised/vasectomized (svx/vas) BALB/c males were
prepared as previously described.>**? All mice were co-housed in
specific pathogen-free conditions on a 12-h light-dark cycle with
food and water ad libitum. Experimental females were 8-16 weeks
and BALB/c stud males were aged 3-12 months. Estrous cycle
stage was determined from vaginal lavage cells. For experimental
matings, one to three 8-12-week-old B6 females were caged with
intact, vas, svx, or svx/vas stud males. Females mated with intact or
vas males were checked for the presence of vaginal plugs, whilst
mating with svx males and svx/vas males was confirmed by video
recording of coitus® The morning after mating was designated
do.5 pc.

RNA preparation and qPCR

miR-155""" and miR-155"'" females were killed at various stages
of the estrous cycle or at specific time points (8, 16, 36, 60, 84 h)
following mating. dLN or the endometrial layer of the uterus were
collected as described®® and frozen in liquid N,. Tissue was
homogenized (PowerLyzer 24, Qiagen) and RNA extracted using
the miRNeasy Extraction Kit (Qiagen) and then treated with TURBO
DNA-free™ (Thermo Fisher, Waltham, MA) following the manu-
facturer’s instructions. Absence of genomic DNA contamination
was confirmed as described.”® RNA was quantified (Nano-Drop
Spectrophotometer ND-1000, Thermo Fisher) and RNA integrity
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was analyzed by Agilent Bioanalyzer (Agilent Technologies, Santa
Clara, CA) to confirm RNA integrity number > 7.

For TagMan assays, mmu-miR-155 (assay ID, 002571, Thermo
Fisher) and U6snRNA (assay ID, 001973, Thermo Fisher) were
reverse transcribed from 10ng RNA using the TagMan miRNA
Reverse Transcription Kits (Thermo Fisher) using the manufac-
turer's instructions. miRNA (0.7 ng) was amplified using 1x
Tagman Universal PCR master mix Il, no UNG (Thermo Fisher),
and 1x Tagman miRNA PCR primer probes in a QuantStudio 3
Real-Time PCR System (Thermo Fisher) at 50 °C for 2 min, 95 °C for
10 min, then 40 cycles of 95°C for 15s and 60 °C for 1 min. The
delta C(t) method®™ was used to calculate miR-155 abundance
normalized to U6snRNA reference.

For cytokine gene expression analysis, cDNA was reverse
transcribed from 1000 ng total cellular RNA primed with 50 ng
random hexamers employing a Superscript-IV Reverse Transcrip-
tase Kit (Life Technologies) according to the manufacturer's
instructions and stored at —20°C. Primer pairs (Supplementary
Table 1) were optimized and validated as described.3® PCR
amplification was performed on 20 ng of cDNA with PCR primers
(details in Supplementary Table 1) and 1x PowerUp SYBR Green
PCR master mix (Life Technologies) using a QuantStudio 3 Real-
Time PCR System Sequence Detection System (Thermo Fisher) and
the following conditions: 50 °C for 2 min and 95°C for 10 min
followed by 40 cycles of 95 °C for 1's and 60 °C for 30 s. The delta C
(t) method” was used to calculate mRNA abundance normalized
to Actb reference.

Flow cytometry

Single-cell suspensions were prepared from the dLN, spleen, and
MLN of miR-155* and miR-155"'~ females in estrus or d3.5, 9.5,
or 15.5 pc. Whole uterus was minced using fine scissors and
digested at 37 °C in 1 mg/ml Type | collagenase, 2.5 mg/ml DNase
(Sigma-Aldrich, St Louis) in RPMI-1640 with 10% fetal calf serum
(FCS), and 0.015 M HEPES. Cells were washed twice in fluorescent-
activated cell sorting (FACS) buffer (0.1% bovine serum albumin
(BSA), 0.5% sodium azide in PBS), filtered by 70-um cell strainer,
then incubated with fixable viability stain (FVS) 620 (1:1000 in PBS,
BD Biosciences, San Jose, CA), washed in FACS buffer, and
incubated with Fc receptor block (BD Biosciences). Cells were then
stained with fluorophore-conjugated monoclonal antibodies
(mAbs) CD4-APC-Cy7 (1:100), CD25-PE-Cy7 (1:100; both BD
Biosciences), and NRP1.BV421 (1:75; Biolegend, San Diego, CA)
in FACS buffer for 30 min at 4 °C. Labeled cells were washed in
FACS buffer, fixed, and permeabilized with Intracellular Fixation
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and Permeabilization Buffer (Thermo Fisher) using the manufac-
turer’s instructions, then labeled with antibodies Ki67-FITC
(SolA15, 1:125; Thermo Fisher), FOXP3-APC (FJK-16s, 1:100; Thermo
Fisher), and CTLA4-PE (1:100; BD Biosciences) and analyzed using a
FACS Canto Il flow cytometer with the FACSDiva software (BD
Biosciences). For quantification of absolute T cell subset numbers,
count beads (CountBright™ Count Beads, Thermo Fisher)
were added to a 10% aliquot of cells labeled with FVS620 and
CD4-APC-Cy7.

For phenotype samples, gates were established to include
viable lymphocytes and exclude debris and doublets using
forward scatter (FSC) and side scatter profiles and the viability
dye. Lymphocytes positive for CD4 were gated (Fig. S12), and
CD25TFOXP37CD4™ cells were defined as Treg cells. Gates were
established within the CD4TCD25"FOXP3™ Treg cell population to
distinguish NRP1~ (pTreg) and NRP1™" (tTreg) cells. Ki67 and CTLA4
were measured within total Treg, tTreg, and pTreg populations.
The MFI for FOXP3 and CTLA4 were calculated on the FOXP3" and
CTLA4™ populations, respectively.

For count bead samples, count beads were gated based on
fluorescent signal and scatter profiles. The lymphocyte population
was established using the scatter profiles excluding debris and
displayed as a CD4 vs. viability dye dot plot to gate viable CD4"
cells. The ratio of count beads to CD4 " cells was used to calculate
the total number of the cell types of interest, as previously.'® In all
samples, gates were established using unlabeled, fluorescence
minus one and isotype-matched negative controls.

DCs and macrophages were incubated with FVS620 and Fc
receptor block, then fluorophore-conjugated mAbs CD11B-APC-
Cy7 (M1/70, 1:100), CD11C-BV510 (1:100), F4/80-PE (T45-2342,
1:50), MHCIl-Alexa Fluor® 488 (M5/144.15.2, 1:100; all BD
Biosciences), CD80-PE-Cy7 (16-10A1, 1:100), and CD86-APC (GL1,
1:100; both Thermo Fisher) for 15min at room temperature.
Labeled cells were then washed in FACS buffer and resuspended
in PBS prior to FACS analysis. In some experiments, cells from the
LN, spleen, and uterus were rested in 200 pl Iscove’s Modified
Dulbecco’s Media (Thermo Fisher) + 10% FCS for 2 h under cell
culture conditions to recover CCR7. Cells were then incubated
with FVS620 and Fc receptor block, and mAb against CCR7-BV605
(1:100) at 37°C for 15min. An mAb cocktail of CD45-BUV395
(1:100), CD11B-APC-Cy7 (1:100), CD11C-BB515 (1:100), F4/
80-BV421 (1:100), MHCII-BV711 (1:100; all BD Biosciences),
CD80-PE-Cy7 (1:100), and CD86-APC (1:100; both Thermo Fisher)
was added for 30 min at room temperature in Brilliant Stain Buffer
Plus (BD Biosciences, as per the manufacturer’s instructions).
Labeled cells were then washed in FACS buffer and resuspended
in PBS prior to FACS analysis.

DC and macrophage phenotypes were analyzed as above. Gates
were established to include viable leukocytes and exclude debris
and doublets using FSC and side scatter profiles and the viability
dye (Supplementary Fig. S12). CD45"CD11B"F4/80" cells were
defined as macrophages, and CD457CD11C*F4/80~ cells as DCs.
Gates were established within macrophage and DC populations to
measure MHCII, CD80, and CD86.

tSNE analysis

Single cells from dLN of estrus and d3.5 pc mated miR-15 and
miR-155~'~ mice labeled with antibodies CD4-APC-Cy7, CD25+PE-
Cy7, Ki67-FITC, NRP1.BV421, CTLA4-PE, and FOXP3-APC were
analyzed by flow cytometry as above, prior to processing for tSNE
analysis as described,'®?® gated to include only CD4" T cells,
using a perplexity of 70, and a Barns—Hut approximation value of
0.5. Once the algorithm was complete, the tSNE approximation
was then applied to all events and manually clustered with the aid
of density and contour plots. The proportion and MFI of each
cluster were derived from the FCS Express software. A Z-score heat
map of MFI for phenotypic markers was generated using
Heatmapper software.”’

g5+
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Immunohistochemistry
Whole uterus from miR-155""" and miR-155"'" mice was collected
at estrus or d0.5 pc after mating with BALB/c males, trimmed of fat
and connective tissue, embedded in Tissue-Tek OCT compound
(Sakura Finetek, Torrance, USA), and stored at —80 °C. Sections (v)
were cut using a Leica CM 1850 cryostat (Leica Microsystems,
NSW, Australia), fixed onto Colourfrost microscope slides (Trajan,
VIC, Australia), and stored with desiccant at —80 °C until staining.
After thawing, sections were fixed in 96% ethanol for 10 min,
washed in PBS, and blocked in 1% BSA in PBS (PBS-BSA). To
detect macrophages, sections were incubated with 15% rabbit
serum in PBS-BSA for 30 min, then rat anti-mouse F4/80 (Agilent
Technologies; 1:400 in 1.5% rabbit serum, PBS-BSA) overnight at
4°C, and then biotinylated rabbit anti-rat IgG (Agilent; 1:500 in
1.5% rabbit serum, PBS-BSA) for 40 min at room temperature. To
detect DCs, sections were incubated with biotinylated rat anti-
mouse CD11c (Biolegend; 1:50 in PBS-BSA) overnight at 4 °C.
Antibody detection utilized the ABC HRP Kit (Vector Laboratories,
Burlingame, CA) and DAB Peroxidase Substrate Kit (Agilent
Technologies, Santa Clara, CA), and sections were counterstained
with hematoxylin (Sigma-Aldrich). Negative controls were
incubated with normal rabbit serum or isotype-matched rat
mAb in place of primary antibody. DAB was applied to detect
endogenous peroxidase®™ eosinophils. Images were captured
using a Nanozoomer-XR Digital Slide Scanner (Hamamatsu
Photonics, Hamamatsu, Japan) at a zoom equivalent to a x40
objective lens. F4/80" and CD11c™ cells were quantified using
ImageJ excluding luminal epithelium and glandular epithelium
from the analysis. The relative density of F4/80" and CD11c™
cells was determined as percentage of positivity = 100 X (area of
F4/80 or CD11c staining — area endogenous peroxidase stain-
ing)/area total staining (DAB plus hematoxylin).

Pregnancy outcome analysis

miR-155""" and miR-155""" females mated with BALB/c males and
with >2.0g weight gain between d0.5 pc and d9.5 pc were
administered LPS (Escherichia coli; Sigma-Aldrich; 1.0 ug in 200 pl
PBS with 0.1% BSA; intraperitoneal) as described®® or PBS, with
0.1% BSA control at 1100 h on d9.5 pc, then killed by cervical
dislocation at 1100-1400 h on d17.5 pc. Intact uteri were excised
and examined for total number and the number of viable and
resorbing implantation sites. Each viable fetus and placenta was
dissected and weighed.

Treg cell transfer

CD41CD25" Treg cells were isolated from the dLN, MLN, inguinal,
and brachial lymph nodes and spleen from pregnant d10.5 to 13.5
pc miR-155""" mice using the EasySep™ Mouse CD47CD25"
Regulatory T Cell Isolation Kit Il (STEMCELL Technologies,
Vancouver) according to the manufacturer’s instructions. Cells
were eluted in PBS with 2% FCS and confirmed to be >90% viable
CD4*CD25" by flow cytometry using CD4-APC-Cy7 and CD25-PE-
Cy7 as above. Recipient miR-155"'~ mice were administered
2-4x10° CD4TCD25" Treg or CD41CD25™ (Tconv) cells intrave-
nously into tail vein on d8.5 pc. A control group were administered
vehicle alone (PBS with 2% FCS). Mice were then given LPS or
vehicle on d9.5 pc and assessed for late gestation pregnancy
parameters on d17.5 pc as described above.

Statistics and data analysis

Data were assessed for normality using the D’Agostino and
Pearson normality test. Flow cytometric data, viable litter size, and
resorption rate was analyzed by two-way analysis of variance
(ANOVA) to detect main effects of genotype and mating and one-
way ANOVA with a post hoc Sidak test to detect differences
between treatment groups. Data not normally distributed were
transformed by Box-Cox transformation and analyzed as above. If
transformation did not yield normal distribution, data were
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analyzed by non-parametric Kruskal-Wallis test with post hoc
Dunn’s multiple comparisons test. Categorical pregnancy outcome
data were compared by 2 analysis. Fetal weight, placental weight,
and fetal:placental weight ratio were analyzed by Mixed Model
Linear Repeated-Measures ANOVA and post hoc least significant
difference t test, with the mother as subject. Differences between
groups were considered significant when p < 0.05.
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