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Abstract

Chorioamnionitis is associated with preterm labor and fetal inflammatory response syndrome
(FIRS), causing fetal organ injury and morbidity particularly in extremely premature infants.
However, the effects of inflammation on the fetal immune system remain poorly understood, due
to the difficulty of studying immune development in infants. Therefore, we used the model of
intra-amniotic (IA) LPS administered at ~80% gestation in rhesus monkeys to cause
chorioamnionitis and FIRS that is similar in human pathology. Importantly, the frequency of
IL-17+ and IL-22+ CD4+ T-cells increased in the spleen of LPS-exposed fetuses, while Treg
frequency decreased. These changes persisted for at least 48h. Notably, Th17 cytokines were
predominantly expressed by FoxP3+CD4+ T-cells and not by their FoxP3- counterparts. Bi-
functional IL17+FoxP3+ exhibited a phenotype of inflammatory Treg (RORcHI9V*. Helios-owW/-,
IL-2+, IFNvy+ and IL-8+) compared to typical FoxP3+ cells. Diminished splenic Treg frequency in
LPS-exposed fetuses was associated with inadequate Treg generation in the thymus.
Mechanistically, the emergence of inflammatory Treg was largely dependent on IL-1 signaling.
However, blockage of IL-1R signaling did not abolish the deleterious effects of LPS on Treg
frequency in the thymus or spleen. Collectively, we demonstrate that a prenatal inflammatory
environment leads to inadequate Treg generation in the thymus with a switch of splenic Treg
towards an inflammatory phenotype. Both processes likely contribute to the pathogenesis of
chorioamnionitis. Approaches to manipulate Treg numbers and function could thus be useful
therapeutically to alleviate FIRS in preterm infants.
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Introduction

Chorioamnionitis, which is inflammation of the fetal membranes and amniotic fluid, is
associated with preterm labor and morbidity in extremely premature infants (1-3).
Chorioamnionitis is most commonly caused by ascending infections, where the organisms
from the lower genital tract gain access to the amniotic fluid inducing intrauterine
inflammation and chorioamnionitis (4, 5). Fetal response to chorioamnionitis termed fetal
inflammatory response syndrome (FIRS), is associated with fetal organ injury (6-9). In
particular, fetuses and newborns exposed to chorioamnionitis can have alterations of T-cell
immune responses, and thymic involution (10-16). However, due to limitations in the access
to samples in humans, the effects of chorioamnionitis on fetal T-cells in tissues such as the
spleen and thymus remain poorly understood. The Rhesus macaque is ideal to answer these
questions. In these animals, intra-amniotic (1A) injection of Group B streptococci, 1L-1p or
TNFa induces chorioamnionitis characterized by massive infiltration of neutrophils in the
decidua and elevated levels of inflammatory cytokines in the amniotic fluid and fetal lung (6,
17-19). These features reproduce closely what is observed in human chorioamnionitis.

Experimental chorioamnionitis caused by IA administration of IL-1p in monkeys causes
profound changes in fetal lymphoid organs, notably increased IL-17+ T-cells and decreased
regulatory T-cells (Treg) frequency in the spleen and lymph nodes (6). The Th17 subset of
CD4+ T-cells promotes inflammation, notably by signaling chemokine production by
endothelial cells, which result in the recruitment of inflammatory monocytes and neutrophils
to the site of inflammation (20, 21). Th17 cells develop from naive CD4+ T-cells in the
periphery, and the key factors involved in this differentiation are the signal transducer and
activator of transcription 3 (Stat3) and the retinoic acid receptor-related orphan receptors
gamma (RORy) or its human homolog RORc. The cytokine milieu strongly influences
subset differentiation, with TGF-$, IL-6, IL-1p, IL-21 and IL-23 promoting pathogenic Th17
cells, whereas Th17 cells that develop in the presence of IL-6 and TGF-f are nonpathogenic
(22). In contrast, Tregs are a subset of CD4+ T-cells critical for the maintenance of
immunological self-tolerance (23). Tregs originate from two distinct pathways, either
through thymic development or by peripheral differentiation from conventional, non-Treg,
naive T-cells (Tcons) to become peripheral Treg.

The expression of the transcription factor forkhead box P3 (FoxP3) is essential for Treg
development and function. TGF- and IL-2 induce the transcription of Foxp3 (24, 25).
Although Tregs are generally considered to be anti-inflammatory, Tregs have a greater
plasticity than other CD4+ T-cells (26). In fact, under certain circumstances, such as in the
presence of proinflammatory cytokines, naive Treg can become inflammatory Tregs (27—
29). Importantly for our studies, Tregs with the capacity to express proinflammatory
cytokines, notably I1L-17 and IFN-y, have been described in cord blood of healthy neonates
(28, 30).

Therefore, we used the LPS-induced chorioamnionitis model in the Rhesus macaque to ask
how intrauterine inflammation influences the developing fetal immune system. Our
hypothesis was that intrauterine inflammation affects Treg development in the fetal thymus
as well as promotes the emergence of inflammatory Tregs in the fetal peripheral lymphoid
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organs. In addition, based on our previous results in this model (6), we also postulated that
IL-1 is critical for these processes. We tested this second hypothesis by administering the
cross-reactive recombinant human IL-R antagonist (IL-RA) together with LPS.

Materials and methods

Animals

All animal procedures were approved by the Institutional Animal Care and use Committee at
the University of California, Davis. Normally cycling, adult female Rhesus macaques
(Macaca mulatta) (n=28) were time mated. At approximately 130 days of gestation (about
80% of term gestation), the pregnant Rhesus received either 1 ml saline solution or 1mg of
LPS (Sigma-Aldrich, St.Louis MO) in 1 ml saline solution by ultrasound guided IA
injection. 1A administration of LPS or saline was performed in multiparous macaques of
similar weights and ages with fetus with similar fetal genders and gestational ages (Table I).
Fetuses delivered surgically were euthanized with pentobarbital and fetal tissues were
collected. There were no spontaneous deaths or preterm labor in the animals.

In some animals, the IL-1 receptor antagonist (IL-1RA, Kineret® Sobi, Stockholm, Sweden)
was given to the pregnant monkey IA (50mg) and SC (100mg) 1 and 3 hours before LPS,
respectively (see Suppl. Fig. 5A). LPS animals that were delivered 48h after IA received a
second IL-1RA treatment (IA and SC to the mother) 24h after the first treatment (see Suppl.
Fig. 5B).

Cytokine measurement in the broncho-alveolar lavage fluid and recombinant IL-RA levels

Alveolar wash of the left fetal lung was used for measurements of IL-6, IL-8, TNFa and
GM-CSF. Cytokine concentrations were determined by Luminex using non-human primate
multiplex kit (Millipore Austin, TX) according to the manufacturer’s protocol. Human
IL-1RA levels were measured in the fetal plasma using the human IL-1RA ELISA kit (R&D
systems, Minneapolis, MN), which does not detect rhesus macaque IL-1RA.

Fetal cell isolation, culture and stimulation

The spleen and thymus were diced and dissociated into homogenous cell suspensions using
a pestle. Cell suspensions were filtered through 70-um cell strainers and washed in RPMI
1640culture media containing 10% FCS, 100 1U/ml penicillin, 100 1U/ml streptomycin, and
2 mmol/I glutamine. PBMCs were isolated from 10 ml heparinized fetal blood using Ficoll-
Hypaque (GE Healthcare, Piscataway, NJ) gradient centrifugation within 3 h of collection.
Red blood cell (RBC) lysis in splenocyte suspensions were with ammonium chloride/
potassium carbonate/EDTA (Lonza BioWhittaker, Pittsburgh, PA).

Cells were rested in culture overnight at 37°C and 5% CO2, viability was consistently >90%
(trypan blue exclusion test) the next day. For cytokine measurements, cells were stimulated
with 50 ng/ml PMA (Sigma-Aldrich, St. Louis, MO) and 750 ng/ml ionomycin
(Calbiochem, San Diego, CA) for 5 h, with 10 ug/ml brefeldin A (Sigma-Aldrich) and 1
ul/ml monensin 1000x (eBioscience, San Diego, CA) added for the last 4 h.
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Decidua cell isolation, culture and stimulation

Purified decidua cell suspensions were prepared as previously described with some
modifications (31). Briefly, the membranes were dissected from each placenta. Decidua
parietalis was scraped from the underlying chorion, washed, and digested at 37°C with 125
mg/100 ml dispase Il (Life Technologies, Grand Island, NY) plus 50 mg/100 ml collagenase
A (Roche, Indianapolis, IN) in Dulbecco modified Eagle medium-F12 (DMEM-F12)
medium with antibiotics. After 30 min, 0.4 mg/100 ml DNase | (Roche) was added to the
cell suspension for an additional 30 min at 37°C on a shaking platform. Cell suspensions
were filtered through 70-um cell strainers twice, washed in PBS, and counted. Red blood
cell lysis was performed using an ammonium chloride-potassium carbonate-
ethylenediaminetetraacetic acid solution. Viability was > 90% by trypan blue exclusion test.
Decidua suspensions were counted and plated at 1.0x108 cells/well in DMEM-F12 media
overnight in 24-well plates. The next morning, cells were stimulated with PMA and
ionomycin as described above.

Flow Cytometry

For multi-parameter flow-cytometry, a cocktail of conjugated antibodies that we validated
for the Rhesus macaque was used to phenotype freshly isolated cell suspensions. The
following antibodies were used: anti-CD3 (SP34-2), anti-Ki67 (B56), anti-IFNy (B27), anti-
IL-2 (5344.111), anti-CD1a (SK9), anti-CD7 (M-T701), anti-1L-8 (G265-8), anti-CD45
(D058.1283) (BD Biosciences); anti-FOXP3 (PCH101), anti-1L-17 (eBio64CAP17), anti-
IL-22 (IL22JOP), anti-RORc (AFKJS-9), anti-CD8a, (RPA-T8), anti-CD8p (SIDISBEE),
anti-CD27 (0323), anti-GATA-3 (TWAJ), (eBioscience, San Diego, CA); anti-CD34 (561),
anti-CD4 (OKT4), anti-CD69 (FN50), anti-CCR6 (G034E3), anti-Helios (22F6)
(BioLegend, San Diego, CA); anti-IL-1R (polyclonal), anti-T-bet (525803) (R&D Systems,
Minneapolis, MN); anti-NKG2a (REA110) (Miltenyi-Biotec, Auburn, CA).

Fetal and maternal cell suspensions were treated with human IgG to block Fc-receptors and
stained for surface markers. Cells were then washed and fixed with Fixation/
Permeabilization Buffer (eBioscience) followed by Permeabilization Buffer (eBioscience).
Cells then were stained for intracellular markers and analyzed on a FACS Fortessa 2 (BD
Biosciences). Cells were gated based on forward- and side-scatter properties and the absence
of fluorescence in the LIVE/DEAD® Fixable Dead Cell Stain kit (Invitrogen, Grand Island,
NY). Flow cytometry analysis was performed using the FACSDiva software version 6.1.2
(BD Biosciences).

Statistical analyses

GraphPad Prism (GraphPad Software, La Jolla, California, USA) was used to graph and
analyze data for statistical significance. Values from different measurements were expressed
as median (range). Statistical differences between groups were analyzed using Mann-
Whitney U-tests. Results were considered significantly different for p values <0.05.
However, due to the limited number of samples per group, we also report trends (p values
between 0.05 and 0.1).
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Results

Intra-amniotic LPS alters fetal Th17 (IL-17+ and IL-22+ frequencies) and Treg responses

IA LPS induced a robust chorioamnionitis in the rhesus macaques, with a marked cellular
infiltrate (mainly neutrophilic) at the interface between maternal and fetal tissues (Suppl.
Fig. 1A-B). Inflammation also developed in fetal lungs, as demonstrated by the increased
levels of IL-6, IL-8, TNF-a and GM-CSF at 16h and 48h after 1A LPS, compared to
untreated controls (Suppl. Fig. 1C). Inflammation in decidua and fetal lung was sustained at
both 16h and 48h, without major differences between the 2 time points.

Based on our previous studies of the effect of 1A IL-1f in rhesus macaques (6), we focused
on fetal T-cell responses. Absolute counts of total CD4+ and CD8+ T-cells in the fetal blood
and spleen were overall unchanged by LPS-exposure, with only a slight increase in the
percentage of blood CD4+ T-cells at 16h (median of 54% vs a median of 45%, p=0.04). One
notable effect of LPS exposure was the 2-fold increased proportion of CD4+ IL-17+ in the
spleen (after a short polyclonal stimulation to reveal in vivo priming), which occurred at 16
and 48h post exposure (Fig. 1B). This increase was not evident in the PBMC (Fig. 1A). The
frequency of CD4+ IL-22+ also increased in LPS-exposed fetuses, in both spleen and
PBMC (Fig. 1C-D). In contrast to the increases seen in the CD4 subset, the frequency of
IL-17+ and IL-22+ in CD8+ T-cells or NK cells (defined as CD3- CD8- NKG2A+) did not
change in LPS-exposed fetuses (data not shown). Similarly, LPS did not alter the proportion
of IFNy+ and IL-2+ cells in any of these cellular subsets (data not shown). The immune
profiles at 16h and 48h post-LPS were very similar, although the 1L-22 response appeared to
be maximal at 16h (Fig. 1D). The absolute number of splenic IL-17+ CD4+ T-cells was
variable in control fetuses (median of 1.09 x108 cells/g tissue, range: 0.59 to 3.77). Although
there was a 2-fold increase in the median absolute number of these cells 16h post-exposure
(median: 2.44x10° cells/g spleen, range: 1.17 to 3.73), the difference was not significant due
to the large variation in the control group. Similarly, there were no differences between
controls and fetuses exposed to LPS for 48h (not shown). Similar results were observed
when the absolute number of IL-22+CD4+ T-cells per g of spleen was calculated. Likewise,
absolute numbers of CD8+ T-cells expressing either IL-17 or IL-22 were not changed by
LPS exposure (data not shown).

In contrast to the increased frequency of IL-17+ and IL-22+ CD4+ T-cells, the frequency of
peripheral blood and spleen Treg (defined as the percentage of FoxP3+ cells within the
CD3+CD4+ population; a representative gating strategy is shown in Suppl. Fig. 2A)
significantly decreased 16h after IA LPS exposure compared to control animals, and this
decrease persisted for 48h (Fig. 1E-F). Importantly, Treg absolute numbers were also
significantly lower in LPS-exposed fetuses than in controls (Fig. 1G). Consequently, splenic
Treg/IL-17 ratios were low in both groups of LPS-exposed fetuses (median of 4.8, 0.9 and
0.8 in controls, LPS 16h and LPS 48h, respectively, both p<0.009 versus controls). Low Treg
numbers were not due to an effect of inflammation on Treg cell cycle, as LPS-mediated
inflammation did not decrease Ki67 expression in Treg (Fig. 1H).

Since 1A LPS injection might also affect maternal Treg frequency and cytokine production,
we measured the frequency of Treg in the decidua, which is of maternal origin. As shown in
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Fig. 11, Treg frequencies were not altered in the decidua from LPS-exposed dams, as
compared to control dams. Treg absolute numbers in the decidua were also unchanged
(median: 0.03x106 cell/g, 0.02x106 cell/g and 0.04x106 cell/g in controls, LPS-exposed
dams at 16 and 48h, respectively, p>0.9). However, similar to what occurred in fetal tissues,
the proportion of decidua CD4+ T-cells that expressed IL-17 was significantly increased in
the dams exposed to LPS for 16h compared to controls (Fig. 1J). The IL-17 expression by
decidua CD8+ T-cells did not change (data not shown). For technical reasons, IL-17
expression could not be analyzed in the decidua of the dams that were exposed to LPS for
48h.

Th17 cytokines are predominantly expressed by FoxP3+ CD4+ T cells in LPS-exposed

fetuses

To define which subsets within fetal CD4 T-cells predominantly express Th17 cytokines, we
next compared the expression of 1L-17 and 1L-22 in FoxP3- and FoxP3+ CD4+ T-cells (see
Suppl. Fig. 2B for a representative gating strategy). In control animals, the frequency of cells
expressing IL-17 and IL-22 was higher in the FoxP3+ subset than in their FoxP3-
counterparts (Fig. 2A-D). Notably, the frequency of these IL-17-expressing FoxP3*CD4*
cells significantly increased in both groups of LPS-exposed fetuses compared to controls
(Fig. 2A), while IL-17 expression remained unchanged in FoxP3- cells (Fig. 2B). In
contrast, both FoxP3+ and FoxP3—- CD4* T-cells expressed IL-22 more frequently in LPS-
exposed fetuses than in controls (Fig. 2C-D). Consequently, CD4* T-cells expressing both
IL-17 and IL-22 were more prevalent in the FoxP3* subset than in the FoxP3~ cells, and
their frequency increased after LPS exposure (Fig. 2E-F). Accordingly, the frequency of
RORc+FoxP3+ CD4+ T-cells was increased in fetuses exposed to LPS for 16h compared to
controls (median: 20% vs 12%; p=0.09), and this trend persisted in fetuses exposed for 48h
(22% vs. 12%; p=0.07).

In contrast to what occurred in fetal tissues, the increased frequency of 1L-17+ CD4+ T-cells
in the maternal decidua cells was mainly due to a higher proportion of these cells in the
conventional FoxP3— CD4+ T-cells than that in control dams, although the frequency of
bifunctional IL-17+FoxP3+ CD4+ T-cells also modestly increased in the decidua of LPS-
exposed dams (Fig. 2G-H).

Fetal bifunctional IL17*FoxP3™" cells have a pro-inflammatory phenotype compared to
typical FoxP3* cells

We next performed a thorough phenotypic analysis of both FoxP3+ subsets (the
IL-17+FoxP3+ and the IL-17-FoxP3+ subset) in controls and LPS-exposed fetuses. We did
similar comparisons for the IL-17* and IL-17~ FoxP3~ subsets (gating strategy in suppl. Fig.
2C). IL-17*"FoxP3* cells tended to express slightly lower FoxP3 MFI than that of
IL-17"FoxP3* cells (Fig. 3A). As expected, IL-17+ Treg exhibited a higher expression of
RORCc but a lower expression of Helios than the typical IL-17- Treg (Fig. 3B—C). This
difference was also marked when percentages of RORc+ or Helios+ cells were analyzed in
both Treg populations (median RORC+: 78% vs 2% in IL17+ vs IL17- Treg, respectively,
p=<0.0001; median Helios+: 19% and 86% in IL17+ Treg and IL17- Treg, respectively, p=
<0.0001). In addition, IL-17+ FoxP3+ expressed significantly more I1L-2, IFN-y, IL-8 and
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the cell cycle marker Ki67 than the IL-17"FoxP3* cells (Fig. 3D-G), confirming that
neonates have two subsets of Tregs, which differ in their capacity to produce pro-
inflammatory cytokines. Importantly, there was no notable difference in the profile of
IL-17+ or IL-17- FoxP3+ in LPS-exposed fetuses and control fetuses (compare in Fig. 3 the
similar distribution of stars —representing the controls- with that of triangles or circles —
depicting LPS-exposed fetuses for 16h or 48h, respectively).

In FoxP3- cells, the IL-17+ subset also contained a slightly higher frequency of IL-8* and
expressed higher RORc MFI cells than their IL-17~ counterparts, but the difference was
much less marked than that found in the FoxP3+ subset (Fig 3B and 3F). Both FoxP3~
subsets expressed similar high levels of IL-2 and low expression of FoxP3, Helios, IFN-y
and Ki67 (Fig. 3A, B, D, E, G). Again, the expression pattern of IL-17+ or IL-17— FoxP3-
cells was very similar in controls and LPS-exposed fetuses.

We also analyzed the phenotype of CD4* T-cells in unstimulated conditions, using RORc
expression to differentiate the subsets (Suppl. Fig. 2D shows the gating strategy). As shown
in Suppl. Fig. 2E, RORc* FoxP3* and FoxP3™ cells expressed higher levels of CCR6 than
their RORc— counterparts. In 2 animals from each group, we also found that both RORc+
Treg and Tcon expressed more T-bet than their RORc™ counterparts (Suppl. Fig 2G). IL-1R
and GATA-3 expression were similar in both Treg subsets (Suppl. Fig 2F and 2H), while
RORc*FoxP3™ cells exhibited a higher expression of IL-1R and GATA-3 than RORc™
FoxP3~ cells. Again, expression profiles were very similar in LPS-exposed fetuses and
controls in 2-5 animals from each group

Intra-amniotic LPS alters fetal thymic T cell development

To analyze the effect of LPS-induced inflammation on thymic T-cell development, we
designed a flow cytometry panel to identify different thymocyte subsets, spanning from
early hematopoietic stem cell precursors (HSC), double negative 3 (DN3), double positive
(DP) thymocytes, to late subsets such as CD4 and CD8 single positive (CD4SP and CD8SP)
thymocytes (32-35). The gating strategy and representative examples of staining are shown
in Suppl. Fig. 3A and 3B. We also included an anti-FoxP3 Ab in the panel to quantify
thymic Treg.

LPS-induced chorioamnionitis did not change fetal thymus weight (data not shown), but
altered the frequency of several thymocyte subsets. In particular, |A LPS increased the
frequency of total DP at 16h (p=0.03) and 48h (p=0.06) compared to controls (Fig. 4A).
Alteration in the DP subset was mainly due to the increased proportion of cells at the DPII
stage (Fig. 4A). Frequencies of total HSC and DN3 did not change in LPS-exposed fetuses
(data not shown). IA LPS also increased the frequency of total CD4SP thymocytes, due to a
slight increase in the CD4SPII subset and increases in the most abundant subset, the
CDA4SPV (Fig. 4B). In contrast, LPS exposure did not change CD8SP thymocyte frequency
(data not shown). Absolute counts of DP and CD4SP thymocytes were also higher in LPS-
exposed fetuses, at both 16h and 48h after exposure (data not shown).

To analyze whether LPS-mediated alterations in early and late T-cell development also
affected thymic Treg generation, we quantified FoxP3 expression in total CD4ASP
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thymocytes. As shown in Fig. 4C, thymic Treg frequency diminished in both groups of LPS-
exposed fetuses compared to that in controls. Similarly, thymic Treg absolute counts
decreased by approximately 3-fold 48h post LPS (Fig. 4D). Treg are present in the last three
CD4 stages of CD4ASP (CDA4SP I, 1V and V) (Fig. 4E), and LPS exposure decreased their
proportion in all these stages (Fig. 4F). Notably, in contrast to splenic CD4+ T-cells, we did
not detect RORc expression in any of the thymic CD4SP subsets, either FoxP3+ or FoxP3-
(Suppl. Fig 3C, figure from one representative of 4 donors in each group).

LPS-induced fetal immune alterations are partially inhibited by IL-1R blockade

We previously reported that a single 1A exposure of IL-1p induced fetal inflammation in
Rhesus monkeys (6). We thus explored whether the blockade of I1L-1R signaling by
recombinant IL-1RA could abolish the effect of LPS exposure on the fetal immune system
(36). Based on our previous experiments in the sheep, IL-1RA administered IA reached the
fetal mucosal compartment, lung and gastrointestinal tract, but not the fetal or maternal
blood compartment (37). In contrast, systemic treatment given to the dam provided adequate
blood levels both in the dam and the fetus (38). Therefore, to maximize the blockade within
the dam and the fetus, IL-1RA was given both IA and systemically to the pregnant animals
(the experimental design is given in Suppl. Fig. 4A-B). Since the immune profile was
similar for animals exposed to LPS for 16h or 48h (see Fig 1-3), we combined these two
time points in our analyses. Importantly, using a specific ELISA, we could detect human
IL-1RA in the cord blood of the 6 treated fetuses (median: 862 ng/ml, range: 113 to 1,477
ng/ml). These doses were in the therapeutic ranges described in either infants with severe
auto-inflammatory conditions (39, 40) or infant monkeys (41). As expected based on the
effect of IL-1RA in the sheep model of chorioamnionitis (37, 42), IL-1RA significantly
decreased neutrophilic recruitment to the decidua (Fig. 5A) as well as the levels of IL-6 and
TNF-a in the alveolar wash, compared to LPS-exposed fetuses (Fig. 5B, C). However, levels
of IL-8 and GM-CSF in the alveolar washes did not decrease in IL-1RA-treated animals
(data not shown).

In terms of immune alterations, IL-1RA blockade did not abolish the deleterious effect of
LPS on Treg frequency in the thymus (Fig. 5D) or spleen (Fig. 5E). It also did not reverse
the LPS effect on Treg absolute numbers (data not shown). However, the frequency of
IL-17+ and IL-22+ CD4+ T-cells was significantly decreased in IL-1RA-treated animals
(Fig 5F and 5H), and thus, the Treg/IL-17 ratios increased after IL-1RA treatment (median:
0.9 vs 2.6, in LPS vs LPS+IL-1RA-treated animals respectively, p= 0.02). Most importantly,
the percentage of bifunctional IL-17+FoxP3+ and IL-22+FoxP3+ CD4+ T-cells was
significantly decreased in IL-1RA-treated animals (Fig. 5G and 5I).

Discussion

More than 50% of very preterm births are associated with intrauterine inflammation or
chorioamnionitis, which is often subclinical (43-45). The progression of inflammation to the
fetal compartment is associated with an increased risk for long-term morbidities including
bronchopulmonary dysplasia and necrotizing enterocolitis (46—49). Both preterm birth and
ascending infections during pregnancy increase the risk of asthma later in infancy and
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epidemiological studies suggest that maternal infection during pregnancy contributes to the
development of neurological diseases including autism, schizophrenia, and cerebral palsy
(50-54). In experimental animal models of chorioamnionitis, skin, gut, and lung
inflammation, as well as brain abnormalities are also evident in exposed fetuses (rev. in (7)).
However, the consequences for the developing immune system of /n utero exposure to
cytokines and microbial products remain poorly understood. Our goal was to extensively
analyze the consequences of LPS-induced chorioamnionitis in fetal rhesus macaques,
because the ontogeny of their immune system is very similar to human fetal development.

One of our findings in this model is that Treg frequency and absolute number decreased in
both the spleen and PBMC of LPS-exposed fetuses compared with controls. These results
confirm our previous findings in fetal lambs and nonhuman primates, in which IA LPS or
IL-1a decreased Treg in fetal lymphoid tissues, including spleen, lymph nodes and gut (6,
55). The similar expression of Ki67 in Treg from LPS-exposed fetuses and controls suggests
that LPS-inflammation did not decrease Treg frequency through inhibition of cell cycle. We
thus explored whether chorioamnionitis altered Treg thymic development. To our
knowledge, this is the first detailed study on this topic. Severe alterations were found at
several development stages, with a notable increase in the percentages and absolute counts
of DP and CD4SP. We did not find gross thymic involution or increased frequency of total
thymic CD3+ and CD4+ cells, as previously described (56-59). This discrepancy could be
related to differences in timing, as previous studies analyzed the thymus 5-7d post LPS
exposure. Importantly, we found a significant reduction of thymic Treg generation, which is
in agreement with the diminished expression of thymic FoxP3* cells in LPS-exposed lambs
(56, 58). Of note, we had a more detailed panel than previously used, which allowed for a
more granular analysis of subsets, particularly that of thymic Tregs. Our data thus suggest
that chorioamnionitis specifically decreases the thymic generation of Tregs, which could be
an underlying mechanism for reduced Treg frequency in the periphery.

Characterizing splenic fetal FoxP3*CD4* T-cells, we found that they are able to express
more proinflammatory cytokines (notably IL-17) after short re-stimulation than their FoxP3~
counterparts, including in unexposed fetuses. These bifunctional fetal IL-17+ Treg cells
shared many phenotypic characteristics of Th17 cells, such as the transcription factor RORc
(27, 60) which mediates IL-17 promoter activation (61, 62). Notably, these fetal macaque
IL-17+ Treg did not express the Ikaros transcription factor family member, Helios (28),
which is interesting because expression of Helios was recently shown in murine models to
lock in the Treg phenotype, increasing FoxP3 expression while inhibiting IL-17 production
(63). The altered expression of these transcription factors in the inflammatory Treg could
thus be associated with their tendency to generate more Th1/Th17-type cytokines. Of note, a
similar subset of Treg, e.g. capable of producing proinflammatory cytokines such as IFN-y
and IL-17, had been described in the cord bloods from healthy neonates (27, 30). Fetal
CD4+ T-cells also have an increased expression of molecules important for Th17
differentiation and maintenance (such as RORc, STAT3 and IL-23R) (64, 65). These data are
also in agreement with the fact that /n vitro differentiation into Th17 cells occurs more
readily in naive CCR6+ Treg than in CCR6+ conventional T-cells (27), which has been
linked to the higher levels of expression of IL-1 and IL-2 receptors by Treg (66, 67).
Furthermore, we found that dual-functional IL-17+FoxP3+ cells were the main T-cell subset
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capable of expressing the potent neutrophil chemoattractant CXCLS8 (IL-8) (68). High levels
of IL-8 are found in human neonates with infections (69), although the cellular source of this
IL-8 has not been identified. Taken together, our data thus strongly suggest that the fetal
Treg pool is heterogeneous, with the presence of the conventional Treg and a population of
proinflammatory Treg that express transcription factors associated with Th17 and Thl
subsets, and is able to secrete cytokines (IL-2, IFNy and IL-8) when stimulated. Future
single cell analyses of the fetal Treg pool will be needed to better understand the Treg
lineage commitment during the fetal development.

Importantly, we also report for the first time that chorioamnionitis significantly increased the
proportion of these inflammatory Treg, particularly in the spleen. These IL-17*/RORC*
FoxP3* T-cells were present in the spleen but not in the thymus, which is in agreement with
previous studies in humans (29). Supporting the hypothesis that these cells are generated
extra-thymically, splenic IL-17+ Treg did not express Helios, which was originally described
as a specific marker of thymic-derived Treg (70). Despite some controversies, Helios
remains the best marker to identify thymic Treg in humans and nonhuman primates (rev by
(71)). Our results are also reminiscent to what has been described in other inflammatory
conditions such as inflammatory bowel disease, colon cancer and rheumatoid arthritis (72—
76). The functionality of this bi-functional Treg is still not definitively settled (27).
Unfortunately, it is difficult to investigate the suppressive function of Treg in the macaque, in
particular to compare the IL-17* Treg and IL-17~ Treg subsets, due to the small size of the
fetal organs in these outbred animals and the low frequency of this subset (2-3% of CD4+ T-
cells) in the macaque. However, it should be noted that we have previously shown that
exposure to severe chorioamnionitis, which resembles our animal model, decreased the
suppressive capacity of human cord blood Treg (77). Further studies of human CB in
neonates exposed to severe chorioamnionitis will be needed to further link overall Treg
functionality with the increased proportion of inflammatory Treg.

Mechanistically, chorioamnionitis, which increases the levels of many of the pro-
inflammatory cytokines implicated in the switch of Treg towards a Th17 and a pro-
inflammatory phenotype (27-29), could act by promoting the preferential survival of fetal
inflammatory Treg, and/or by inducing them. Our data suggest the occurrence of both
mechanisms. On one hand, the absolute number of inflammatory Treg, and their overall
phenotype, did not change in LPS-exposed fetuses, whereas the total number of Treg
decreased, which suggests a preferential survival of these cells in the fetal inflammatory
milieu. On the other hand, IL1-RA treatment normalized the frequency of inflammatory
Treg in LPS-exposed fetuses, while it did not prevent the deleterious effect of LPS on Treg
absolute numbers, which suggests that a better survival of inflammatory Treg cannot
completely explain the complex changes occurring in LPS-exposed fetuses. Further studies
will be needed to understand the relative contribution of each mechanism to the
chorioamnionitis-induced changes of the fetal Treg pool. Our results also implicate IL-1p as
a key cytokine for the augmentation of these inflammatory FoxP3+ cells in the context of in
utero inflammation. Mechanistically, 1L-1f could directly signal Treg, or act through the
increased expression of other inflammatory cytokines potentially involved in the induction
of a Th17 profile, such as IL-6. Indeed, IL-1p given IA causes a massive increase of many of
these cytokines in the amniotic fluid of pregnant ewes, which is decreased by IL-RA
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treatment (37). Molecular mechanisms underlying the changes in the FoxP3+ cell phenotype
by chorioamnionitis have not been elucidated, but they could involve the regulation of
hypoxia-inducible factor 1a (HIF-1a), through direct or indirect signaling by I1L-1p. Indeed,
IL-1p upregulates the expression of HIF-1a in murine CD4+ T-cells, which attenuates Treg
development by binding FoxP3 and targeting it for proteasomal degradation, while it
enhances Th17 development through direct transcriptional activation of RORc (78).
However, as noted above, IL1-RA did not prevent the deleterious effect of LPS on Treg
absolute numbers, in agreement with our previous data in the sheep model (79, 80). IL-1RA
treatment also did not restore thymic Treg frequency, which suggests that thymic
dysregulation, occurring through yet unidentified mechanisms, might represent a key
pathway in the overall decreased Treg frequency in the periphery.

We also determined the effect of LPS IA challenge on the decidua, which is of maternal
origin. In contrast to fetal tissues, Treg frequencies and absolute numbers in the decidua
were not altered in LPS-exposed dams. These data confirm our previous findings in 1A
IL-1B-challenged animals (19). Similarly, a previous study of endotoxin-induced preterm
birth in mice showed a reduction of Treg in the uterine tissues, but no changes in the decidua
(81). Of note, a recent study reported that Treg are poorly suppressive in women who give
birth prematurely (82). There could therefore be a decrease in decidua Treg functionality in
the context of inflammation, which should be analyzed in future studies. In contrast to the
unchanged Treg frequency, we found that the frequency of IL-17+ CD4+ T-cells
significantly increased on the maternal side, but interestingly, these maternal IL-17+ T-cells
were mainly FoxP3-. This result in line with the hypothesis that the Treg present in tissues
of adult animals have a lower intrinsic plasticity than neonatal Tregs, because they are
mainly memory cells (64).

Taken together, our results suggest that fetal inflammation during chorioamnionitis leads to
inadequate Treg generation in the fetal thymus, as well as a switch of the remaining splenic
Tregs towards a proinflammatory phenotype. Both mechanisms likely contribute to the
FIRS, which develops in the context of severe chorioamnionitis. Manipulating fetal Treg
number and/or function may thus prove useful to prevent the inflammatory sequelae in
chorioamnionitis-exposed neonates. IL-1RA could be useful, as it decreased the frequency
of inflammatory Tregs, but additional therapeutic strategies might be needed, as IL-1RA did
not prevent fetal Treg depletion. Of interest, prophylactic IL-2 treatment in fetal sheep
prevented intestinal inflammation and increased intestinal Treg frequency (83). Future
experiments will thus be required to evaluate whether the combination of IL-2 and IL-1RA
might completely block the deleterious effect of chorioamnionitis on the fetal immune
system.
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Figure 1. Intra-amniotic LPS alter Th17 (IL-17 and IL-22) and Treg response by fetal CD4 T-
cells

Bars show the median (range) percentage of CD3*CD4" T-cells from PBMC and spleen
expressing IL-17 (A, B), IL-22 (C, D) or FoxP3 (E, F). G) Absolute counts of splenic Treg
(CD3+CD4+FoxP3+). H) Percentage of splenic Treg expressing Ki67 within the
CDA4+FoxP3+ population. Control group (n=8) and LPS-exposed fetuses for 16h (n=6) and
48h (n=8). I) Percentage of decidua Treg (CD3+CD4+FoxP3+) within the CD4+ T cell
population. Decidua from unexposed dams (n=8) and from those exposed to 1A LPS for 16h
(n=4) and 48h (n=7). J) Percentages of decidua CD3+CD4+ T-cells expressing IL-17.
Control group (n=4) and decidua from dams exposed to IA LPS for 16h (n=4). N.D.: Not
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done. Significant differences between groups were calculated using Mann-Whitney U tests
test. Bars graphs show the median and interquartile range.
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Figure 2. Increased Th17 cytokines induced by LPS are predominantly from fetal FoxP3+ Treg
(A) to (F): Bars show the median (range) frequency of Treg (FoxP3+) and Tcon (FoxP3-)

within the fetal spleen CD4+ T cell population that expressed IL-17 (A, B), IL-22 (C, D), or
both IL-17 and IL-2 (E, F). Control group (n=8) and LPS-exposed fetuses for 16h (n=6) and
48h (n=8) were compared using Mann-Whitney U tests. (G) to (H): Frequency of Treg
(FoxP3+) and Tcon (FoxP3-) within the maternal decidua CD4+ T cell population that
expressed IL-17. Control group (n=4) and decidua from dams exposed to 1A LPS for 16h
(n=4) were compared using Mann-Whitney U tests. N.D.: Not done
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Figure 3. Bifunctional IL17+ Treg exhibited a pro-inflammatory phenotype compared to typical

Treg

Graphs show the phenotype of splenic IL-17+ or IL-17- Treg (defined as
CD3+CD4+FoxP3+), as well as that of IL-17+ or IL-17- Tcon counterparts (defined as
CD3+CD4+FoxP3-). Panels display A) FoxP3 MFI, B) RORc MFI, C) Helios MFI, D)% of
IL-2+, E) % of IFN-y+, F) % of IL-8+ and G) % of Ki67+ cells in each subset. Each dot
represents a single animal, with controls displayed as stars, and LPS-exposed animals
displayed as either triangles (16h time point) or circles (48h time point). Bars show the
median for each analysis, with all groups combined. P values correspond to Mann-Whitney

tests.
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Figure 4. Intra-amniotic LPS alters T-cell development in fetal thymus
Bars show the median and range: A) the percentage of total double positive (DP) thymocytes

and each DP subset (I, II, 111); B) the percentage of total CD4 single positive (CD4SP)
thymocytes and each CD4SP subset (I, 111, 1V and V); C) the percentage and D) absolute
number of fetal Treg defined as the % of FoxP3+ cells within the total CD4SP thymocytes.
E) FoxP3 detection in each stage of thymic development in control fetuses. F) Percentage of
fetal Treg defined as the % of FoxP3+ cells within CD4SP 111, IV and V stages in control
and LPS-exposed fetuses. Control group (n=5) and fetuses exposed to LPS for 16h (n=5)
and 48h (n=5) were compared using Mann-Whitney U tests.
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Figure 5. 1A LPS-induced immune alterations were partially inhibited by IL-1 receptor blockage
Fetuses were exposed to IA LPS in presence or absence of IL-1RA (given both systemically

and intra-amniotically, as displayed in Suppl. Fig. 4). In all figures, each dot represents a

single animal, with triangles and circles corresponding to the 16h and 48h time point,

respectively. Bars show the median for each analysis, with both time points combined. P

values correspond to Mann-Whitney tests. Figures show: the % neutrophils in the decidua
(A); and the concentration of IL-6 (B) and TNFa (C) in fetal alveolar washes. (D—E) Dot
figures show the frequency of D) thymic Treg (% of FoxP3+ cells within CD4SP

thymocytes) and E) splenic Treg (% of FoxP3+ cells within CD3+CD4+ T-cells). F-I)

Figures show the frequency in spleen of F) total IL-17+ within CD4+ T-cells, G) IL-17+

within FoxP3+CD4+ T-cells, H) total IL-22+ within CD4+ T-cells, 1) IL-22+ within

FoxP3+CD4+ T-cells.
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Description of the animals included in the study

Table 1

Page 24

Controls (n=8)

LPS (16h)" (n=6)

LPS (48h)" (n=8)

LPS+ IL-1RA (16h+ 48h)* (n=6)

Maternal age (Years) 10.5% 2.0
Maternal weight (Kg) 8.3+15
Fetal Gestational age at delivery (days) 132+ 2.2
Fetal Birth Weight (g) (mean + SEM) 330+20
Fetal Sex (% Female) 62

9+24
8.4£1.7
130 +£0.75
333+48
50

10.9+2.7

8.7£0.6

132+4.6

320 +49
87

10.2+2.2
12+2
129+1.7
358 +3
17

Data are expressed as mean + DS percentage.

*
Interval from IA injection to delivery.
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