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Abstract

Healthy pregnancy is the most successful form of graft tolerance, whereas preterm labor (PTL)
may represent a breakdown in maternal-fetal tolerance. Although maternal immune responses have
been implicated in pregnancy complications, fetal immune responses against maternal antigens are
often not considered. To examine the fetal immune system in the relevant clinical setting, we
analyzed maternal and cord blood in patients with PTL and healthy term controls. We report here
that the cord blood of preterm infants has higher amounts of inflammatory cytokines and a greater
activation of dendritic cells. Moreover, preterm cord blood is characterized by the presence of a
population of central memory cells with a type 1 T helper phenotype, which is absent in term
infants, and an increase in maternal microchimerism. T cells from preterm infants mount a robust
proliferative, proinflammatory response to maternal antigens compared to term infants yet fail to
respond to third-party antigens. Furthermore, we show that T cells from preterm infants stimulate
uterine myometrial contractility through interferon-ry and tumor necrosis factor—a.. In parallel, we
found that adoptive transfer of activated T cells directly into mouse fetuses resulted in pregnancy
loss. Our findings indicate that fetal inflammation and rejection of maternal antigens can
contribute to the signaling cascade that promotes uterine contractility and that aberrant fetal
immune responses should be considered in the pathogenesis of PTL.

One Sentence Summary:

Activated fetal T cells promote preterm labor through the induction of maternal uterine
contractions.

INTRODUCTION

Preterm birth (defined as delivery before 37 weeks of gestation) is the leading cause of
neonatal morbidity and mortality in the developed world, accounting for 35% of infant
deaths in the first year of life (1). Although preterm birth has multiple etiologies (2),
infection and inflammation are the most common causes of spontaneous preterm labor
(PTL) (3). Research on the immunological causes of PTL has mainly focused on activation
of the innate immune system (3), with a relative lack of information regarding the possible
role of the adaptive immune system. Healthy pregnancy is the most robust form of tolerance,
in which the semiallogeneic mother and fetus tolerate each other: PTL, often associated with
maternal infections, could potentially arise from a breakdown in maternal-fetal tolerance.
For example, infections can activate the adaptive immune system and trigger T cell-
mediated allograft rejection (4, 5). Thus, it is important to understand whether maternal or
fetal T cell activation plays a role in the pathogenesis of PTL. In healthy pregnancies,
multiple overlapping mechanisms maintain tolerance at the maternal-fetal interface (6). On
the maternal side, reactive T cells are prevented from crossing the placenta (7), and their
activation is kept under control by the expansion of regulatory T cells (Tyegs) (8-10). In
addition, uterine dendritic cells (DCs) are unable to migrate into uterine-draining lymph
nodes and prime maternal T cells (11), and decidual B cells further counteract inflammatory
responses during PTL (12). Immaturity of fetal antigen-presenting cells (APCs) (13) is
another mechanism of tolerance reported in mouse models. Although maternal T cells that
recognize fetal antigens presented by fetal APCs (using the “direct” pathway of antigen
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presentation) comprise most of the alloreactive repertoire (14), the relative immaturity of
fetal APCs and their low numbers in the maternal circulation mean that there is inefficient
antigen presentation using this pathway, which effectively prevents maternal T cells from
becoming activated in a healthy murine pregnancy (15). However, most of these mechanisms
responsible for dampening T cell responses have been only described for maternal, not fetal,
T cells. The possible contribution of fetal T cells has not been well examined, perhaps
secondary to the predominant use of murine models, in which fetal T cells mature later than
in humans (16).

One important mechanism for maintaining maternal-fetal tolerance arises on the fetal side
because of formation of fetal Tyegs. It has been shown that there is a baseline level of
trafficking of cells between the mother and the fetus, leading to microchimerism of maternal
cells in the fetus (“maternal microchimerism”) (17, 18). These maternal cells induce the
generation of fetal Tyegs against noninherited maternal antigens in healthy pregnancies (19).
Conversely, there is some evidence that alterations in microchimerism occur during
pregnancy complications in murine models (9, 20-22), and it is possible that changes in
microchimerism may lead to aberrant fetal T cell activation and perturb the balance between
tolerance and rejection.

Although activation of the human fetal innate immune system during inflammation has been
described (23-25), additional effects on fetal T cell activation remain unknown. Despite
earlier evidence that fetal T cells were hyporesponsive (26, 27), recently, there has been a
growing awareness of the ability of human fetal T cells to respond in lymphoid organs (19),
cord blood (28), and intestine (29). We therefore asked whether the inflammatory
environment in patients with PTL leads to increased activation of the innate and adaptive
fetal immune cells. Here, we report that preterm fetuses show maturation of their DCs and
priming of their T cells in response to maternal antigens. We demonstrate that the
inflammatory cytokines interferon-y (IFN-v) and tumor necrosis factor-a (TNF-a)
produced by fetal T cells cause contractility of human myometrial cells, a biological
hallmark of parturition. In a murine model of fetal adoptive transfer of activated T cells, we
also find that activated T cells mediate fetal resorption, a commonly seen outcome of
aberrant immune activation at the maternal-fetal interface (21, 30-33). Thus, the fetal
immune system is a previously unrecognized critical player in the breakdown of maternal-
fetal tolerance and the onset of uterine contractions during PTL.

There is evidence of in utero inflammation and DC activation in preterm cord blood

We prospectively enrolled 89 patients with healthy pregnancies and 70 patients with
spontaneous PTL secondary to preterm premature rupture of membranes (PPROM), which
has been associated with subclinical infection (34), and/or chorioamnionitis (table S1).
Overall, histological chorioamnionitis was seen in 28 (40%) patients with PTL (table S2).

The link between infection or inflammation and PTL led us to first analyze plasma cytokines
in maternal and cord blood. For simplicity, we will refer throughout the text to fetal cells as
cord blood cells because cord blood cells are considered to be fetal in origin (35). We found
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that preterm infants have significantly elevated amounts of multiple proinflammatory
cytokines and chemokines in the cord blood compared to infants born at term (P < 0.05)
(table S3). In contrast, maternal cytokines did not differ between patients with PTL and
controls (table S4).

Because some of these cytokines, such as interleukin-1a (IL-1a), TNF-a, IL-6, and
macrophage inflammatory protein-1p (MIP-1p) (Fig. 1A), are produced by activated DCs
(36-38), we next asked whether fetal DCs were activated during PTL. We analyzed the
expression of the activation markers CD80 and CD86 on myeloid DCs (mDCs; defined as
Lin"CD11c*HLA-DRY) and plasmacytoid DCs (pDCs; defined as Lin"CD123*HLA-DR™)
(39) in cord and maternal blood. Both mDCs and pDCs in the cord blood of infants born
preterm showed significant increases in expression of CD80 and CD86 compared to term
controls (Fig. 1, B to D). When we analyzed the effect of chorioamnionitis on these findings,
we found that these changes were seen in preterm patients both with and without
chorioamnionitis, but CD80 expression on fetal pDCs was significantly higher in preterm
patients with chorioamnionis (P = 0.043). CD86 expression was also increased in maternal
pDCs during PTL, but otherwise, DCs were equivalent between the two groups (Fig. 1D).
Collectively, these findings support the presence of an inflammatory microenvironment,
manifested predominantly on the fetal side, in patients with PTL.

Central memory CD4* T cells are increased in the cord blood of preterm infants

Cell surface up-regulation of CD80 and CD86 by APCs is crucial for delivering the
costimulatory signals necessary for T cell priming. We reasoned that the observed increase
in systemic inflammation and DC activation in the cord blood of infants during PTL might
lead to early activation of fetal T cells. We identified CD4* and CD8* T cells in maternal
and cord blood peripheral blood mononuclear cells (PBMCs) and detected naive, effector
memory (EM), and central memory (CM) T cell subsets on the basis of CCR7 and CD45RA
expression (40). We found that the cord blood of preterm infants is characterized by an
increased proportion of CM CD4™" T cells with a concomitant reduction in the proportions of
naive CD4+ T cells compared to term infants (Fig. 2, A and B). These changes were seen
globally in our PTL cohort, and there were no differences in the percentages of CM T cells
among preterm patients with or without chorioamnionitis (P = 0.3704). No changes in T cell
phenotype in maternal blood were observed during PTL (Fig. 2B).

Because Tyegs have a critical function in the suppression of T cell responses (41), we
wondered whether CM CD4* T cell expansion in preterm infants might be due to reduced
Treg Numbers and stained maternal and cord blood obtained during term and PTL deliveries.
The percentages of Tyegs did not differ between patients with PTL and controls (fig. S1).

Activated T cells can be subdivided into distinct T cell subsets based on their secreted
cytokines, homing capacity, and effector functions. Thus, we investigated key surface
markers and inflammatory mediators produced by the CM T cells of preterm infants. We
detected an increased expression of the chemokine receptor CXCR3 in the CM T cells of
preterm compared to term infants (Fig. 2, C and D). CXCR3 has been described as a
surrogate for the type 1 T helper (Ty1) phenotype in adult T helper cells with homing
capacity to inflamed tissues (42, 43). Accordingly, we demonstrated that CD4*CD45RA
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~“CCR7*CXCR3* fetal T cells from preterm infants can produce IFN-y after stimulation /n
vitro (Fig. 2E), whereas those from term patients do not. Together, these findings support the
existence of a distinct population of Ty1-like CM CD4* T cells in the cord blood of preterm
infants that is absent in the cord blood of term infants.

Maternal microchimerism is increased in preterm infants

Fetal T cells

In healthy pregnancies, maternal cells can be present in the fetal circulation at low
frequencies and promote the generation of fetal Tyegs against noninherited maternal antigens
(19). Therefore, in this context, maternal microchimerism is a critical element in promoting
maternal-fetal tolerance at baseline. There is evidence that the amount of naturally occurring
maternal microchimerism can increase during pregnancy complications (22, 44). We
therefore examined whether there are changes in maternal microchimerism in the fetal
circulation during PTL by identifying nonshared alleles [human leukocyte antigen-DR
(HLA-DR) and In-Del] between the mother and the fetus and using quantitative reverse
transcription polymerase chain reaction (RT-PCR) to amplify nonshared maternal alleles in
fetal blood or nonshared fetal alleles in maternal blood (45, 46). Maternal microchimerism
was significantly increased in preterm infants compared to term controls (Fig. 3A), whereas
fetal microchimerism in maternal blood did not change in mothers experiencing PTL
compared to those who delivered at term (Fig. 3A). Maternal cells express HLA molecules
that are not shared by fetal cells and, therefore, can be recognized as nonself by the fetal
immune system. Accordingly, there was a strong association between maternal
microchimerism and the presence of CM T cells in the cord blood of preterm infants (p =
0.93, P =0.007) (Fig. 3B), suggesting that maternal cells might be a source of antigen that
drives fetal T cell activation. Thus, in the inflammatory context of PTL, the combination of
early activation of DCs and increase in maternal microchimerism could result in fetal T cell
priming against maternal antigens.

are activated specifically against maternal antigens in PTL

Because the cord blood of preterm infants shows increased maternal microchimerism,
activated fetal DCs, and an expanded memory T cell population, we next tested whether fetal
T cells are activated specifically against maternal antigens by using mixed lymphocyte
reactions (MLRs). We reasoned that fetal T cells are more likely to be activated using the
indirect pathway of antigen presentation (14), in which fetal APCs present maternal antigens
to fetal T cells. This mechanism has been shown to be relevant for maternal T cell activation
against fetal antigens (15) and is likely also relevant in considering the mechanism of fetal T
cell activation; although there are some maternal cells present in the fetus, they may not be
professional APCs (11, 20), and their numbers are likely not abundant enough to effectively
present antigen directly to fetal T cells.

To test this hypothesis, we first established a novel MLR of indirect reactivity, in which T
cells and APCs are of the same origin, either maternal or fetal (Fig. 4A). We cultured
maternal or fetal T cells with /n vitro-derived autologous APCs; maternal or fetal PBMC
lysates were used as the source of antigen. In addition, to test the maternal or fetal T cell
response to a fully nonrelated HLA type, we used lysate of PBMCs from adult women of
reproductive age as a source of antigen and named “third-party control.”
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When we examined the proliferation of maternal and fetal T cells against each other and
against third-party controls, we found that fetal T cells from preterm infants proliferated and
readily up-regulated CD25 in response to stimulation [CD4* T cells (Fig. 4B) and CD8* T
cells (Fig. 4C)]. As expected, there was low proliferation of fetal T cells from term patients
against their maternal antigens and against third-party controls. However, there was a
significant increase in the proliferation of both fetal CD4* and CD8* T cells against
maternal alloantigens in pregnancies complicated by PTL compared to term pregnancies
[CD4" T cells (Fig. 4D) and CD8™ T cells (Fig. 4E)]. This proliferation was specific for
maternal antigens because it wasnot seen when preterm fetal T cells were stimulated with
antigens from third-party controls. The observed increases in fetal T cell proliferation were
seen broadly among preterm patients with no differences in the proliferation of CD4* or
CD8* T cells from patients with and without chorioamnionitis. Thus, the frequency of
alloreactive fetal CD4* and CD8* T cells that can recognize noninherited maternal antigens
is significantly increased in patients with PTL.

In contrast to the observed fetal T cell activation, maternal T cell proliferation against fetal
alloantigens was consistently low (Fig. 4, D and E). However, maternal T cell proliferation
in response to anti- CD3 and anti-CD28 stimulation was preserved (fig. S2, A and B). The
lack of maternal cell proliferation in this assay is consistent with the known low precursor
frequency of indirectly reactive T cells (14), as well as with a previous study in mice that
showed that there is little maternal T cell activation against fetal antigens with the
physiologically relevant indirect pathway of antigen presentation (15).

The degree of HLA mismatch between a mother-fetus pair can affect the amount of
proliferation and data interpretation. To rule out the possibility that the proliferation of fetal
T cells from patients with PTL in our MLR assay was primarily due to increased HLA
mismatch in the PTL group, we genotyped the HLA loci for each mother-fetus pair. We
found no difference in histocompatibility between cases and controls at any of the classical
HLA class | or class Il loci investigated (table S5). Thus, the finding of increased frequency
of maternal-reactive fetal T cells in patients with PTL is not simply secondary to increased
HLA mismatch between these particular maternal-fetal pairs in our study.

We next asked whether proliferating fetal T cells produce effector cytokines that might
augment inflammation in the fetus. We detected an increase in IFN-y production by
proliferating maternal-responsive CD4* and CD8* fetal T cells from preterm infants
compared to term controls (Fig. 4F). Proliferating fetal CD4* and CD8* T cells from
preterm infants also produced increased amounts of TNF-a. (Fig. 4G). Thus, alloreactive
fetal T cells in preterm infants maintain a stable Tyl phenotype upon antigen-specific
stimulation.

preterm infants stimulate myometrial contractility

Spontaneous PTL is defined by the onset of uterine contractions before term, but the
molecular mechanisms connecting immune activation to the onset of labor are not well
understood. Given the finding of fetal T cell activation in PTL, we next asked whether fetal
immune activation could directly promote uterine contractility. We used an established assay
of uterine contractility in which an immortalized human myometrial cell line (PHM1-41) is
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plated in collagen gels and the relative ability of various agents to cause myometrial cell
contractions can be read out as a decrease in the area of the collagen gels (Fig. 5A) (47).
Because we had demonstrated that TNF-a was increased in the plasma of preterm infants
(Fig. 1A) and that fetal alloreactive T cells produced TNF-a and IFN-y (Fig. 4, F and G),
we first tested the ability of these cytokines to promote contractility. We found that purified
TNF-a resulted in myometrial cell contractility at 48 hours (Fig. 5B), whereas purified IFN-
v did not. To determine whether fetal T cells can directly stimulate contractility, we next
cocultured a human myometrial cell line with sorted cord blood T cells. When we plated
sorted, unstimulated CD4* or CD8* T cells from preterm infants on collagen-embedded
myometrial cells, we observed a consistent increase in contractility at all time points tested,
whereas T cells from term infants did not enhance contractility (Fig. 5, C and D). Blockade
of TNF-a with a neutralizing antibody almost completely abolished the contraction of the
myometrial cells (Fig. 5, C and D), in accordance with the direct effect of TNF-a in the
contractility assay. Surprisingly, and in contrast with the inability of IFN-vy to directly exert
an effect on the myometrial cells, anti—-IFN-vy treatment also blocked T cell-induced
contractility (Fig. 5, C and D). The simultaneous neutralization of TNF-a. and IFN-y did not
further reduce the contractility of the myometrial cells (Fig. 5, C and D, and fig. S3, A and
B), suggesting that these inflammatory cytokines may have a sequential, rather than a
synergistic, effect on human myometrial cell contractility.

To determine the mechanism of this sequential effect, we performed an enzyme-linked
immunosorbent assay (ELISA) for IFN-y and TNF-a on the supernatant of these
contractility assays. We observed that both CD4* and CD8* T cells from preterm infants
secrete more IFN-y and TNF-a compared to their term counterparts (Fig. 5E). The amount
of TNF-a produced by T cells from preterm infants was in the range that was sufficient to
cause contraction when purified TNF-a was added to these cultures (fig. S3 C). Moreover,
the blockade of IFN-y with a neutralizing antibody prevents the detection of TNF-a. by
ELISA (Fig. 5E, right), whereas the blockade of TNF-a does not affect the secretion of IFN-
v (Fig. 5E, left). Because IFN-y alone has no effect on human myometrial cell contractility,
we conclude that IFN-y produced by alloreactive T cells acts in an autocrine and/or
paracrine loop to enhance the production of TNF-a, as previously reported (48), which, in
turn, promotes the contraction of the myometrial cells. Overall, these results suggest that T
cells from preterm fetuses are already primed /i uteroto secrete effector cytokines that can
stimulate contractions.

Adoptive transfer of activated T cells into fetal mice induces pregnancy loss

The relatively late development of fetal T cells in the mouse poses a challenge for examining
the role of the fetal adaptive immune system /n vivo. To overcome this limitation, we took
advantage of our mouse model of /n utero injection, in which cytokines or cells can be
directly injected into mouse fetuses during a survival surgery (Fig. 6A) (20, 49). We and
others have shown that immune activation at the maternal-fetal interface in mice results in
resorption of the fetuses (21, 30-33). We first tested the effect of TNF-a and IFN-vy, the
relevant cytokines produced by activated human fetal T cells in our MLR assays, on fetal
survival. We found that TNF-a and IFN-vy induced a high and comparable rate of resorption
when injected in embryonic day 14.5 (E14.5) fetuses (Fig. 6B). Because murine fetal T cells
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are virtually absent from the periphery at this gestational age, we next developed an adoptive
transfer model in which we injected /n vitro-activated syngeneic T cells that produce both
TNF-a and IFN-y. We sorted adult C57BL/6 CD4* and CD8* splenic T cells, activated
them with anti-CD3 and anti-CD28 antibodies, and then transferred them into E14.5 fetuses.
An equal number of nonactivated CD4* and CD8* T cells were transplanted into separate
litters as a control. /n vitro-activated CD4* and CD8* T cells up-regulated CD44 and
produced more IFN-y and TNF-a compared to nonactivated T cells (fig. S4). We found that
in utero adoptive transfer of activated T cells resulted in increased fetal resorption compared
to transplantation of nonactivated T cells (Fig. 6C). This phenomenon was dependent on the
production of TNF-a or IFN-y because adoptive transfer of T cells from mice deficient in
either cytokine failed to cause fetal resorption (Fig. 6C). These results demonstrate that
TNF-a and IFN-y produced by activated fetal T cells are central in breaking down maternal-
fetal tolerance.

DISCUSSION

Here, we demonstrate that the fetal environment in PTL is characterized by inflammation,
resulting in a cascade that involves early activation of DCs and priming of fetal T cells
against maternal antigens. We show that aberrant fetal immune activation and the resulting
inflammatory cytokines can then lead to the initiation of the labor pathway by stimulating
uterine contractility. We further demonstrate a key role for TNF-a and IFN-y produced by
activated T cells in an in vivo fetal adoptive transfer model. Thus, our results indicate that
activation of the fetal adaptive immune system, previously thought to be immature, may
contribute to the breakdown of maternal-fetal tolerance in patients with PTL.

Our finding that the fetal immune system becomes activated in the context of PTL is
compatible with a model in which inflammation at the maternal-fetal interface is the initial
signal that triggers the maturation of fetal DCs and early activation of the fetal adaptive
immune system (fig. S5). In this setting, fetal T cells can be easily activated to secrete T1
cytokines that can, in turn, stimulate uterine contractions. This model is consistent with the
notion that, at least in mice, the fetus can secrete compounds that signal normal labor, such
as surfactant protein A (50, 51); in the context of prenatal inflammation, it is logical that the
fetus might produce other mediators that initiate parturition before term. The concept of a
“fetal inflammatory response syndrome,” in which fetal inflammation allows the fetus to
exit a hostile uterine environment, has been proposed in the past (23, 24). Our results
provide further mechanistic details for this idea and implicate the sequential production of
IFN-y and TNF-a by fetal T cells as crucial mediators in this process. Activation of fetal T
cells could be either the primary event in this cascade or a tipping point that enhances the
cascade through the production of inflammatory cytokines.

In healthy pregnancies, fetal T cells that recognize noninherited maternal antigens are
present but have a propensity to become Tyegs UpON encountering microchimeric maternal
cells (19). Thus, maternal microchimerism is a critical element in promoting maternal-fetal
tolerance at baseline. However, there is evidence in mouse models that microchimerism may
serve to tolerize or sensitize, depending on the context (52, 53). Our study adds a new
dimension to this idea: In the inflammatory context of PTL, alterations in maternal
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microchimerism, coupled with the early activation of DCs, can instead result in the priming
of maternal-reactive T cells and their differentiation into effector T cells, ultimately resulting
in the breakdown of maternal-fetal tolerance.

There are likely other antigens, in addition to noninherited maternal antigens, that contribute
to fetal T cell activation. For example, some patients with spontaneous PTL also have
subclinical infections, as suggested by other studies of patients with PPROM (54-56).
Although we did not observe significant differences in T cell activation between patients
with proven chorioamnionitis compared to those without clinical or histological
chorioamnionitis, it is possible that many of our patients have subclinical infections or even
dysbiosis that could trigger the inflammation observed in these patients. For example, the
presence of bacteria and pathogen-associated molecular patterns can induce
proinflammatory cytokines that enhance fetal DC activation and alloreactive T cell
differentiation (4). In addition to maternal-reactive T cells, pathogen-reactive fetal T cells
might also be present and amplify the immunopathology of PTL. Sterile inflammation may
also contribute to aberrant fetal T cell activation (30, 57-59).

Our new assay of indirect reactivity lends important insights into mechanisms of fetal T cell
activation during pregnancy. Given the physical (albeit porous) separation of maternal and
fetal leukocytes, indirect reactivity is a more physiologically relevant readout of the increase
in allospecific T cells in infants during PTL, mirroring what has been reported for maternal
T cell activation in mouse pregnancy (15). The low alloreactivity observed in healthy
controls suggests that the low precursor frequency of indirectly alloreactive T cells, on both
the maternal and fetal sides, contributes to maintain maternal-fetal tolerance in a healthy
pregnancy. During inflammation, a well-orchestrated set of events results in maturation of
DCs, resulting in the activation of alloreactive fetal T cells. These results are consistent with
our previous findings that inflammation induced by allogeneic fetal hematopoietic stem cell
transplantation activates fetal T cells and drives fetal loss in a T cell receptor (TCR)
transgenic mouse model (60). Although we did not detect significant changes in maternal T
cell activation in our patients, we only have access to circulating maternal blood and,
therefore, cannot rule out the participation of the maternal immune cells at the maternal-fetal
interface in this process (61).

Our mouse model of direct fetal adoptive transfer of activated T cells could be a useful tool
for dissecting fetal immune disturbances in pregnancy by allowing the introduction of
immune cells that are relevant in human fetal development but not present in mouse fetuses.
The ability to manipulate the fetal immune system in a tractable mouse model, whether by
cellular transfer, genetic knockouts, or direct fetal administration of reagents, can bring
much-needed insights into the field of maternal-fetal immunology. In addition, this model
can also be used to test the administration of specific agents that block immune activation by
targeting fetal or maternal cells. Although immune activation at the maternal-fetal interface
in mouse leads to fetal resorption, rather than preterm delivery (9, 10, 30), this model
nevertheless provides mechanistic insights such as the contribution of IFN-y and TNF-a in
pregnancy loss.
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Our study has several limitations. First, we did not compare spontaneous PTL with other
categories of preterm birth (for example, induced preterm delivery for maternal or fetal
indications) but only to term deliveries. We focused on spontaneous PTL because these
patients are most likely to have underlying inflammation, allowing us to discern the effects
of inflammation on the fetal immune system. Although we were careful to select a particular
etiology for PTL, the observed variability between patients in each parameter that we
measured suggests that PTL is likely to be a heterogeneous disease, and the current clinical
definitions may include additional subgroups, as revealed here. It is possible that such
variability is also reflected in the heterogeneous response to therapy in patients with PTL,
and a better understanding of the causes of PTL may help tailor therapeutic modalities and
inform novel interventions. Second, given the limited amount of cord blood available from
each patient, we were not able to perform all the different experiments on all the patients.
Finally, our mouse experiments led to resorption instead of preterm delivery, as is commonly
seen in other experiments, resulting in immune responses during pregnancy (21, 30-33).
Thus, although the mouse model allows detailed mechanistic experiments, the differences
between human and mouse pregnancy preclude an exact parallel in the experimental
outcomes.

Our study adds to the growing literature on the functional capacities of the fetal immune
system (28, 62) and, in particular, the capacity of fetal T cells to assume an effector role. In
addition to contributing to the initiation of preterm uterine contractions, altered immune
activation during gestation may have downstream consequences for the health of the neonate
and the adult. For example, numerous reports have correlated neonatal T cell activation with
diseases such as cerebral palsy (63), necrotizing enterocolitis (64), and bronchopulmonary
dysplasia (65). We show that immune dysregulation begins /n utero, and its prevention
therefore carries important clinical implications. Manipulating the complex cascade that
links inflammation to labor may result in development of new treatment strategies for PTL.

MATERIALS AND METHODS
Study design

Matched maternal and cord blood samples were obtained from 96 patients with healthy term
deliveries and 74 patients who had preterm birth secondary to spontaneous PTL or PPROM.
Adult third-party controls used in the MLR assay were anonymous healthy subjects (15
nonpregnant females of reproductive age). Mice were bred and maintained in a specific
pathogen-free facility at the University of California, San Francisco (UCSF). All mouse
experiments were performed according to the UCSF Institutional Animal Care and Use
Committee—approved protocol. C57BL/6J mice were bred to each other in house from
Jackson stock (The Jackson Laboratory). TNF-a./~ mice were obtained from the Ma
Laboratory at UCSF and IFN-y~/~ mice from the Kim Laboratory at UCSF. Primary data of
experiments with n < 20 are reported in table S6.

Study approval

Approval for this nonrandomized observational study was obtained from both UCSF and
Wayne State University’s Institutional Review Boards. After giving written informed
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consent, patients were prospectively enrolled at UCSF Medical Center and Hutzel Women’s
Hospital between the years 2010 and 2016.

Sample processing

Samples collected at Wayne State University were shipped to UCSF by overnight mail. All
maternal and cord blood samples were processed within 24 hours from delivery. Whole
blood and plasma were frozen and stored for batch analysis of microchimerism or cytokines,
respectively. PBMCs were isolated by Ficoll-Paque PLUS (GE Healthcare) density gradient
centrifugation and stored in liquid nitrogen. Phenotyping by flow cytometry was performed
on freshly isolated PBMCs.

ELISA and cytokine assay

Cytokines in culture supernatants were measured by ELISA according to a standard protocol
(R&S Systems). Absorbances at 450 nm were measured on a tunable microplate reader
(VersaMax, Molecular Devices). Cytokine titers were calculated by extrapolating absorbance
values from standard curves where known concentrations were plotted against absorbance
using SoftMax Pro 5 software.

Cytokine profiles in the maternal and cord blood plasma samples were assayed using the
standard-sensitivity MILLIPLEX Map kit (Millipore), as previously reported (46). Samples
were acquired and analyzed on a LABScan 100 analyzer (Luminex) using Bio-Plex Manager
6.0 software (Bio-Rad).

Microchimerism measurement

Microchimerism percentages were assessed using a previously described real-time
quantitative PCR (45) to amplify nonshared maternal alleles in fetal blood and nonshared
fetal alleles in maternal blood. Briefly, paired maternal and cord blood samples were first
genotyped for 12 HLA-DR and 12 In-Del alleles to determine nonshared (“informative™)
alleles between the mother and the fetus after genomic DNA was extracted. The presence of
microchimeric cells was then determined by amplifying for the nonshared maternal alleles in
cord blood or the nonshared fetal alleles in maternal blood. By amplifying the informative/
nonshared allele, we quantified the event of minor population for each sample based on the
serial dilutions of DNA from the major population. We also amplified HLA-DQ to quantify
the total amount of genomic DNA in each sample. After characterizing the event of minor
population and total quantity of genomic DNA, we divided the event of minor population
(numerator) by the total amount of genomic DNA (denominator) to obtain the percent of
microchimerism for each sample. The lower limit of detection of this assay has been
established to be between 0.001 and 0.0001%, depending on the DNA input and primer pair.
We excluded one outlier full-term patient from our study whose maternal microchimerism
was 16%.

Antibodies used for flow cytometry and cell sorting

Single-cell suspensions were prepared in fluorescence-activated cell sorting (FACS) buffer
[PBS plus 2.5% (v/v) fetal calf serum and 2 mM EDTA]. Initially, cells were incubated on
ice with Fixable Viability Dye eFluor780 (eBioscience) to allow live/dead discrimination,
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and cells were then surface-stained on ice with the following antibodies: fluorescein
isothiocyanate (FITC)-labeled anti-CD3/CD19/CD20 (UCHTL, HIB19, and FB1,
respectively), phycoerythrin (PE)-Cy7-labeled anti-CD4 (SK3), AmCyan-labeled anti-CD8
(SK1), AmCyan-labeled anti-HLA-DR (G46-6), PE-Cy7-labeled anti-CD11c (B-ly6),
PerCP-Cy5.5 anti-CD25 (M-A251), Alexa Fluor 647-labeled anti- CD16 (3G8), PE-labeled
anti-CXCR3 (1C6/CXCR3) (all from BD Biosciences), Alexa Fluor 700-labeled anti-CD80
(L307.4), PE-labeled anti-CD86 (1T2.2) (both from BD Biosciences), PerC-Cy5.5-labeled
anti-CD123 (7G3) (from BD Biosciences), Alexa Fluor 647-labeled CCR6 (11A9) (from
BD Biosciences), FITC-labeled anti-CD45RA (ALB11) (from Beckman Coulter), and
purified anti-CCR7 (150503) (from R&D Systems), followed by anti-mouse
immunoglobulin G2a-PE (from SouthernBiotech) and V450 Streptavidin (from BD
Biosciences). Flow cytometry data were acquired on an LSRII (BD Biosciences) and
analyzed with FlowJo software (TreeStar Inc.).

For T cell sorting, CD4* and CD8* T cells were enriched by negative selection with a T cell
isolation kit (Miltenyi Biotec) and were stained with the indicated antibodies. Cells were
sorted as CD19"CD20"CD14 CD16-CD8~CD4* or CD19-CD20~CD14-CD16-CD4 CD8*
to a purity of 299% with a FACSAriall (BD Biosciences). Data were analyzed using FlowJo
software (TreeStar Inc.).

T cell stimulation

The cytokine-producing capacity of lymphocytes was assayed after stimulation for 5 hours
with PMA (50 ng/ml; Sigma-Aldrich) and ionomycin (2 pg/ml; Sigma-Aldrich) in the
presence of brefeldin A (10 pg/ml; Sigma-Aldrich). Cells were fixed and made permeable
with the FOXP3 Transcription Factor Staining Buffer Set according to the manufacturer’s
instruction (eBioscience). Cells were incubated with V450-labeled anti—IFN-y (B27) from
BD Biosciences and PE-labeled anti-TNF-a (MAb11) from BD Biosciences, and then, cells
were washed and were acquired on an LSRII (BD Biosciences) and analyzed with FlowJo
software (TreeStar Inc.).

Tissue culture

We generated stimulated B cells (sBcs) to use as APCs in our MLRs by plating PBMCs on
an irradiated feeder layer expressing CD40L and added cyclosporine A (100 pg/pl; Teva
Pharmaceuticals) and IL-4 (16 ng/ml; PeproTech) to the culture on day 0, day 1, and every 3
days to deplete T cells. Cells were cultured in Iscove’s modified Dulbecco’s medium
(Gibco) supplemented with 0.1% (v/v) ciprofloxacin (Sicor), plasmocin (5 pg/ml;
InvivoGen), gentamicin (50 mg/ml; Gibco), human insulin (10 mg/ml; Sigma-Aldrich), and
transferrin (30 mg/ml; Gibco) and containing 10% (v/v) human AB serum (Omega
Scientific). At the time of harvest and at other time points, we checked for the purity of the
culture for B cells (97 to 99%) and the expression of the activation markers by staining with
FITC-labeled anti-CD80 (L307.4; BD Biosciences), PE-labeled anti-CD86 (1T2.2; BD
Biosciences), and V450-labeled anti-HLA-DR (BD Biosciences). The expression of
costimulatory molecules was equivalent in maternal and fetal sBcs (fig. S6). PHM1-41 cells
used in the contractility assays were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 1% (v/v) GlutaMAX (Gibco), penicillin (50 U/ml) and
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streptomycin (50 mg/ml), and G418 (0.1 mg/ml; Gibco) and containing 10% (v/v) fetal calf
serum (Gibco).

Mixed lymphocyte reactions

Responder PBMCs were first labeled with 1 uM carboxyfluorescein diacetate succinimidyl
ester (Invitrogen) in PBS at 37°C for 8 min, followed by two washes in RPMI 1640 + 10%
fetal bovine serum. Labeled cells were added to 96-well U-bottom plates at a concentration
of 150,000 cells per well in 200 pl of RPMI 1640 culture medium supplemented with 2 mM
glutamine, 1% (v/v) nonessential amino acids, 1% (v/v) sodium pyruvate, penicillin (50 U/
ml), and streptomycin (50 pug/ml) and containing 10% (v/v) heat inactivated Human AB
Serum (Omega Scientific). For allogeneic/autologous MLRs, unlabeled sBcs were irradiated
with 40 Gray, and 300,000 cells were added to wells for a final responder/sBc ratio of 1:2.
The cell lysate was created by sonicating 500,000 PBMCs using the Fisher Model 100 Sonic
Dismembrator (Fisher Scientific) with 20 1-s pulses at level 10 and added to wells. Control
reactions included culturing with self-lysate only, culturing with plate-bound anti-CD3 (1
ug/ml) and anti-CD28 (2 ug/ml), or third-party control. In some cases, low blood volume
precluded performing all control reactions on a given pair. The cultures were harvested after
4.5 days and stained with the indicated antibodies. The cytokine-producing capacity of
lymphocytes was assayed after incubation for 6 hours with brefeldin A (10 pg/ml; Sigma-
Aldrich).

Uterine contractility assays

Collagen gels for contraction assays were prepared in 24-well plates at a concentration of 15
x 10% cells per well, following the manufactured instructions from the Cell Biolabs Inc. kit.
The area of collagen gels embedded with PHM1-41 cells [a human myometrial cell line
obtained from American Type Culture Collection (CRL-3046), as referenced in (47)] was
assessed every 24 hours after treatment with medium, recombinant human TNF-a (10
ng/ml; PeproTech), recombinant human IFN-y (10 ng/ml; PeproTech), and 15 x 10* sorted
CD4* or CD8* T cells in the presence or absence of a blocking antibody for TNF-a. (10
pg/ml; MAB610, R&D Systems) or IFN-y (10 pg/ml; MAB285, R&D Systems). Gel
treatments were performed in duplicates. Gels were visualized and photographed using an
Olympus MV X10 microscope. The gel areas were calculated blindly using ImageJ software.

In utero injections

C57BL/6 fetal mice were injected with PBS, recombinant murine TNF-a. (10 ng per fetus;
PeproTech), recombinant murine IFN-y (50,000 U per fetus; PeproTech), or 50 x 104 T
cells. These T cells were sorted from the spleens of C57BL/6 or TNF-a. ™~ or IFN-y ™/~
female mice and were either nonactivated or activated [using anti-CD3 (2 ug/ml) and anti-
CD28 (2 pg/ml) stimulation] for 4 days. The injections were made directly into the fetal liver
(5 I per fetus) using pulled glass micropipettes on E14.5, as previously described (20, 49).
Briefly, mothers were anesthetized, and a laparotomy was performed to expose the uterus.
The fetuses were injected individually through the translucent intact uterus. The laparotomy
was closed in layers, and the survival of the pups was evaluated by monitoring daily for
birth. Negative control mice were injected with PBS (5 pl per fetus).
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Statistical analysis

Statistical analyses and graphs were carried out using Prism 5 software (GraphPad Software)
or Stata version 13 (StataCorp LP). Nonparametric data were compared using the Mann-
Whitney test (for paired samples) or a nonparametric analysis of variance (for groups of
samples) after a normality test was performed. For multiple categories, one-way ANOVA
was used with Bonferroni correction. Spearman’s rank correlation test was used to assess the
relationships between T cell subsets and maternal microchimerism. P < 0.05 was considered
statistically significant. For the HLA analysis, we used Fisher’s exact test to test for
differences in histocompatibility using both approaches between PTL cases and controls. P <
0.05 was considered significant. To account for the possibility of confounding by ancestry,
we conducted multidimensional scaling (MDS) analysis using markers across the genome.
As a sensitivity analysis, we used logistic regression models to adjust for the first three
components obtained from our MDS analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank members of the MacKenzie, Tang, Burt, and Fisher laboratories for the helpful discussions, C. Tsai for
the drawing of the working model of immune activation, A. Ma and C. Kim for providing the TNF-a ™/~ and IFN-y
= mice, the Labor and Delivery staff for the assistance with sample collections, and our patients for their gracious
participation in this research.

Funding: M.F. is supported by the Swiss National Science Foundation fellowship. This project was supported by
the March of Dimes (to T.C.M.), the California Institute of Regeneration Medicine (to T.C.M.), the NIH/National
Institute of Allergy and Infectious Diseases RO1 Al116880-01 (to T.C.M.), and by the Center for Maternal-Fetal
Precision Medicine at UCSF. This research was supported, in part, by the Perinatology Research Branch, Program
for Perinatal Research and Obstetrics, Division of Intramural Research, Eunice Kennedy Shriver National Institute
of Child Health and Human Development (NICHD), NIH, U.S. Department of Health and Human Services (DHHS)
and, in part, with Federal funds from NICHD/NIH/DHHS under contract no. HHSN275201300006C.

References

1. lams JD, Clinical practice. Prevention of preterm parturition. N. Engl. J. Med. 370, 254-261 (2014).
[PubMed: 24428470]

2. Romero R, Dey SK, Fisher SJ, Preterm labor: One syndrome, many causes. Science 345, 760-765
(2014). [PubMed: 25124429]

3. Romero R, Espinoza J, Gongalves LF, Kusanovic JP, Friel L, Hassan S, The role of inflammation
and infection in preterm birth. Semin. Reprod. Med. 25, 021-039 (2007).

4. Chong AS, Alegre M-L, The impact of infection and tissue damage in solid-organ transplantation.
Nat. Rev. Immunol. 12, 459-471 (2012). [PubMed: 22627862]

5. Mori DN, Kreisel D, Fullerton JN, Gilroy DW, Goldstein DR, Inflammatory triggers of acute
rejection of organ allografts. Immunol. Rev. 258, 132-144 (2014). [PubMed: 24517430]

6. Erlebacher A, Immunology of the maternal-fetal interface. Annu. Rev. Immunol. 31, 387-411
(2013). [PubMed: 23298207]

7. Nancy P, Tagliani E, Tay C-S, Asp P, Levy DE, Erlebacher A, Chemokine gene silencing in decidual
stromal cells limits T cell access to the maternal-fetal interface. Science 336, 1317-1321 (2012).
[PubMed: 22679098]

8. Aluvihare VR, Kallikourdis M, Betz AG, Regulatory T cells mediate maternal tolerance to the fetus.
Nat. Immunol. 5, 266-271 (2004). [PubMed: 14758358]

Sci Transl Med. Author manuscript; available in PMC 2019 April 25.



Frascoli et al. Page 15

9. Rowe JH, Ertelt JM, Xin L, Way SS, Pregnancy imprints regulatory memory that sustains anergy to
fetal antigen. Nature 490, 102-106 (2012). [PubMed: 23023128]

10. Samstein RM, Josefowicz SZ, Arvey A, Treuting PM, Rudensky AY, Extrathymic generation of

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

regulatory T cells in placental mammals mitigates maternal-fetal conflict. Cell 150, 29-38 (2012).
[PubMed: 22770213]

Collins MK, Tay C-S, Erlebacher A, Dendritic cell entrapment within the pregnant uterus inhibits
immune surveillance of the maternal/fetal interface in mice. J. Clin. Invest. 119, 2062-2073
(2009). [PubMed: 19546507]

Huang B, Faucette AN, Pawlitz MD, Pei B, Goyert JW, Zhou JZ, El-Hage NG, Deng J, Lin J, Yao
F, Dewar Il RS, Jassal JS, Sandberg ML, Dai J, Cols M, Shen C, Polin LA, Nichols RA, Jones
TB, Bluth MH, Puder KS, Gonik B, Nayak NR, Puscheck E, Wei W-Z, Cerutti A, Colonna M,
Chen K, Interleukin-33-induced expression of PIBF1 by decidual B cells protects against preterm
labor. Nat. Med. 23, 128-135 (2016). [PubMed: 27918564]

Dakic A, Shao Q-X, D’Amico A, O’Keeffe M, Chen W-F, Shortman K, Wu L, Development of the
dendritic cell system during mouse ontogeny. J. Immunol. 172, 1018-1027 (2004). [PubMed:
14707075]

Suchin EJ, Langmuir PB, Palmer E, Sayegh MH, Wells AD, Turka LA, Quantifying the frequency
of alloreactive T cells in vivo: New answers to an old question. J. Immunol. 166, 973-981 (2001).
[PubMed: 11145675]

Erlebacher A, Vencato D, Price KA, Zhang D, Glimcher LH, Constraints in antigen presentation
severely restrict T cell recognition of the allogeneic fetus. J. Clin. Invest. 117, 1399-1411 (2007).
[PubMed: 17446933]

Adkins B, Leclerc C, Marshall-Clarke S, Neonatal adaptive immunity comes of age. Nat. Rev.
Immunol. 4, 553-564 (2004). [PubMed: 15229474]

Maloney S, Smith A, Furst DE, Myerson D, Rupert K, Evans PC, Nelson JL, Microchimerism of
maternal origin persists into adult life. J. Clin. Invest. 104, 41-47 (1999). [PubMed: 10393697]
Kinder JM, Jiang TT, Ertelt JM, Xin L, Strong BS, Shaaban AF, Way SS, Cross-generational
reproductive fitness enforced by microchimeric maternal cells. Cell 162, 505-515 (2015).
[PubMed: 26213383]

Mold JE, Michaélsson J, Burt TD, Muench MO, Beckerman KP, Busch MP, Lee T-H, Nixon DF,
McCune JM, Maternal alloantigens promote the development of tolerogenic fetal regulatory T
cells in utero. Science 322, 1562-1565 (2008). [PubMed: 19056990]

Nijagal A, Wegorzewska M, Jarvis E, Le T, Tang Q, MacKenzie TC, Maternal T cells limit
engraftment after in utero hematopoietic cell transplantation in mice. J. Clin. Invest. 121, 582-592
(2011). [PubMed: 21245575]

Chaturvedi V, Ertelt JM, Jiang TT, Kinder JM, Xin L, Owens KJ, Jones HN, Way SS, CXCR3
blockade protects against Listeria monocytogenes infection—induced fetal wastage. J. Clin. Invest.
125, 1713-1725 (2015). [PubMed: 25751061]

Wegorzewska M, Le T, Tang Q, MacKenzie TC, Increased maternal T cell microchimerism in the
allogeneic fetus during LPS-induced preterm labor in mice. Chimerism 5, 68-74 (2014). [PubMed:
25779065]

Romero R, Gomez R, Ghezzi F, Yoon BH, Mazor M, Edwin SS, Berry SM, A fetal systemic
inflammatory response is followed by the spontaneous onset of preterm parturition. Am. J. Obstet.
Gynecol. 179, 186-193 (1998). [PubMed: 9704786]

Gomez R, Romero R, Ghezzi F, Yoon BH, Mazor M, Berry SM, The fetal inflammatory response
syndrome. Am. J. Obstet. Gynecol. 179, 194-202 (1998). [PubMed: 9704787]

Gotsch F, Romero R, Kusanovic JP, Mazaki-Tovi S, Pineles BL, Erez O, Espinoza J, Hassan SS,
The fetal inflammatory response syndrome. Clin. Obstet. Gynecol. 50, 652-683 (2007). [PubMed:
17762416]

Rayfield LS, Brent L, Rodeck CH, Development of cell-mediated lympholysis in human foetal
blood lymphocytes. Clin. Exp. Immunol. 42, 561-570 (1980). [PubMed: 6452236]

Granberg C, Hirvonen T, Cell-mediated lympholysis by fetal and neonatal lymphocytes in sheep
and man. Cell. Immunol. 51, 13-22 (1980). [PubMed: 6444846]

Sci Transl Med. Author manuscript; available in PMC 2019 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frascoli et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 16

Zhang X, Mozeleski B, Lemoine S, Dériaud E, Lim A, Zhivaki D, Azria E, Le Ray C, Roguet G,
Launay O, Vanet A, Leclerc C, Lo-Man R, CD4 T cells with effector memory phenotype and
function develop in the sterile environment of the fetus. Sci. Transl. Med. 6, 238ra72 (2014).

Bunders MJ, van der Loos CM, Klarenbeek PL, van Hamme JL, Boer K, Wilde JCH, de Vries N,
van Lier RAW, Kootstra N, Pals ST, Kuijpers TW, Memory CD4+CCR5+ T cells are abundantly
present in the gut of newborn infants to facilitate mother-to-child transmission of HIV-1. Blood
120, 4383-4390 (2012). [PubMed: 23033270]

Wegorzewska M, Nijagal A, Wong CM, Le T, Lescano N, Tang Q, MacKenzie TC, Fetal
intervention increases maternal T cell awareness of the foreign conceptus and can lead to immune-
mediated fetal demise. J. Immunol. 192, 1938-1945 (2014). [PubMed: 24415782]

Munn DH, Zhou M, Attwood JT, Bondarev |, Conway SJ, Marshall B, Brown C, Mellor AL,
Prevention of allogeneic fetal rejection by tryptophan catabolism. Science 281, 1191-1193 (1998).
[PubMed: 9712583]

Guleria I, Khosroshahi A, Ansari MJ, Habicht A, Azuma M, Yagita H, Noelle RJ, Coyle A, Mellor
AL, Khoury SJ, Sayegh MH, A critical role for the programmed death ligand 1 in fetomaternal
tolerance. J. Exp. Med. 202, 231-237 (2005). [PubMed: 16027236]

Rowe JH, Ertelt IM, Aguilera MN, Farrar MA, Way SS, Foxp3+ regulatory T cell expansion
required for sustaining pregnancy compromises host defense against prenatal bacterial pathogens.
Cell Host Microbe 10, 54-64 (2011). [PubMed: 21767812]

Goldenberg RL, Culhane JF, lams JD, Romero R, Epidemiology and causes of preterm birth.
Lancet 371, 75-84 (2008). [PubMed: 18177778]

Wang Y, Zhao S, Vascular Biology of the Placenta (Morgan & Claypool Life Sciences, 2010);
www.nchi.nlm.nih.gov/books/NBK53247/.

Dixon GLJ, Newton PJ, Chain BM, Katz D, Andersen SR, Wong S, van der Ley P, Klein N,
Callard RE, Dendritic cell activation and cytokine production induced by group B Neisseria
meningitidis: Interleukin-12 production depends on lipopolysaccharide expression in intact
bacteria. Infect. Immun. 69, 4351-4357 (2001). [PubMed: 11401973]

Langenkamp A, Nagata K, Murphy K, Wu L, Lanzavecchia A, Sallusto F, Kinetics and expression
patterns of chemokine receptors in human CD4+ T lymphocytes primed by myeloid or
plasmacytoid dendritic cells. Eur. J. Immunol. 33, 474-482 (2003). [PubMed: 12645946]

Nobile C, Lind M, Miro F, Chemin K, Tourret M, Occhipinti G, Dogniaux S, Amigorena S, Hivroz
C, Cognate CD4+ T-cell-dendritic cell interactions induce migration of immature dendritic cells
through dissolution of their podosomes. Blood 111, 3579-3590 (2008). [PubMed: 18203954]
Maecker HT, McCoy JP, Nussenblatt R, Standardizing immunophenotyping for the Human
Immunology Project. Nat. Rev. Immunol. 12, 191-200 (2012). [PubMed: 22343568]

Sallusto F, Lenig D, Férster R, Lipp M, Lanzavecchia A, Two subsets of memory T lymphocytes
with distinct homing potentials and effector functions. Nature 401, 708-712 (1999). [PubMed:
10537110]

Josefowicz SZ, Lu L-F, Rudensky AY, Regulatory T cells: Mechanisms of differentiation and
function. Cancer Immunol. Res. 30, 531-564 (2012).

Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavecchia A, Sallusto F,
Napolitani G, Surface phenotype and antigenic specificity of human interleukin 17—producing T
helper memory cells. Nat. Immunol. 8, 639-646 (2007). [PubMed: 17486092]

Sung JH, Zhang H, Moseman EA, Alvarez D, lannacone M, Henrickson SE, de la Torre JC, Groom
JR, Luster AD, von Andrian UH, Chemokine guidance of central memory T cells is critical for
antiviral recall responses in lymph nodes. Cell 150, 1249-1263 (2012). [PubMed: 22980984]
Saadai P, Lee T-H, Bautista G, Gonzales KD, Nijagal A, Busch MP, Kim CJ, Romero R, Lee H,
Hirose S, Rand L, Miniati D, Farmer DL, MacKenzie TC, Alterations in maternal-fetal cellular
trafficking after fetal surgery. J. Pediatr. Surg. 47, 1089-1094 (2012). [PubMed: 22703775]

Lee T-H, Chafets DM, Reed W, Wen L, Yang Y, Chen J, Utter GH, Owings JT, Busch MP,
Enhanced ascertainment of microchimerism with real-time quantitative polymerase chain reaction
amplification of insertion-deletion polymorphisms. Transfusion 46, 1870-1878 (2006). [PubMed:
17076840]

Sci Transl Med. Author manuscript; available in PMC 2019 April 25.


http://www.ncbi.nlm.nih.gov/books/NBK53247/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frascoli et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 17

Fleck S, Bautista G, Keating SM, Lee T-H, Keller RL, Moon-Grady AJ, Gonzales K, Norris PJ,
Busch MP, Kim CJ, Romero R, Lee H, Miniati D, MacKenzie TC, Fetal production of growth
factors and inflammatory mediators predicts pulmonary hypertension in congenital diaphragmatic
hernia. Pediatr. Res. 74, 290-298 (2013). [PubMed: 23770923]

Hutchinson JL, Rajagopal SP, Yuan M, Norman JE, Lipopolysaccharide promotes contraction of
uterine myocytes via activation of Rho/ROCK signaling pathways. FASEB J. 28, 94-105 (2014).
[PubMed: 24076962]

Hart PH, Whitty GA, Piccoli DS, Hamilton JA, Control by IFN-A and PGE2 of TNFa and IL-1
production by human monocytes. Immunology 66, 376-383 (1989). [PubMed: 2495247]

Nijagal A, Le T, Wegorzewska M, MacKenzie TC, A mouse model of in utero transplantation. J.
Vis. Exp. 2303 (2011).

Condon JC, Jeyasuria P, Faust JM, Mendelson CR, Surfactant protein secreted by the maturing
mouse fetal lung acts as a hormone that signals the initiation of parturition. Proc. Natl. Acad. Sci.
U.S.A. 101, 4978-4983 (2004). [PubMed: 15044702]

Gao L, Rabbitt EH, Condon JC, Renthal NE, Johnston JM, Mitsche MA, Chambon P, Xu J,
O’Malley BW, Mendelson CR, Steroid receptor coactivators 1 and 2 mediate fetal-to-maternal
signaling that initiates parturition. J. Clin. Invest. 125, 2808-2824 (2015). [PubMed: 26098214]
Molitor-Dart ML, Andrassy J, Haynes LD, Burlingham WJ, Tolerance induction or sensitization in
mice exposed to noninherited maternal antigens (NIMA). Am. J. Transplant. 8, 2307-2315 (2008).
[PubMed: 18925902]

Dutta P, Burlingham WJ, Microchimerism: Tolerance vs. sensitization. Curr. Opin. Organ
Transplant. 16, 359-365 (2011). [PubMed: 21666480]

Romero R, Quintero R, Oyarzun E, Wu YK, Sabo V, Mazor M, Hobbins JC, Intraamniotic
infection and the onset of labor in preterm premature rupture of the membranes. Am. J. Obstet.
Gynecol. 159, 661-666 (1988). [PubMed: 3421266]

Averbuch B, Mazor M, Shoham-Vardi I, Chaim W, Vardi H, Horowitz S, Shuster M, Intra-uterine
infection in women with preterm premature rupture of membranes: Maternal and neonatal
characteristics. Eur. J. Obstet. Gynecol. Reprod. Biol. 62, 25-29 (1995). [PubMed: 7493703]
DiGiulio DB, Romero R, Pedro Kusanovic J, Gémez R, Jai Kim C, Seok KS, Gotsch F, Mazaki-
Tovi S, Vaisbuch E, Sanders K, Bik EM, Chaiworapongsa T, Oyarzin E, Relman DA, Prevalence
and diversity of microbes in the amniotic fluid, the fetal inflammatory response, and pregnancy
outcome in women with preterm pre-labor rupture of membranes. Am. J. Reprod. Immunol. 64,
38-57 (2010). [PubMed: 20331587]

Mbitikon-Kobo F-M, Vocanson M, Michallet M-C, Tomkowiak M, Cottalorda A, Angelov GS,
Coupet C-A, Djebali S, Margais A, Dubois B, Bonnefoy-Bérard N, Nicolas J-F, Arpin C, Marvel J,
Characterization of a CD44/CD122int memory CD8 T cell subset generated under sterile
inflammatory conditions. J. Immunol. 182, 3846-3854 (2009). [PubMed: 19265164]

Chen GY, Nufiez GY, Sterile inflammation: Sensing and reacting to damage. Nat. Rev. Immunol.
10, 826-837 (2010). [PubMed: 21088683]

Frascoli M, Jeanty C, Fleck S, Moradi PW, Keating S, Mattis AN, Tang Q, MacKenzie TC,
Heightened immune activation in fetuses with gastroschisis may be blocked by targeting IL-5. J.
Immunol. 196, 4957-4966 (2016). [PubMed: 27183609]

Nijagal A, Derderian C, Le T, Jarvis E, Nguyen L, Tang Q, MacKenzie TC, Direct and indirect
antigen presentation lead to deletion of donor-specific T cells after in utero hematopoietic cell
transplantation in mice. Blood 121, 4595-4602 (2013). [PubMed: 23610372]

Loewendorf Al, Nguyen TA, Yesayan MN, Kahn DA, Normal human pregnancy results in
maternal immune activation in the periphery and at the uteroplacental interface. PLOS ONE 9,
€96723 (2014). [PubMed: 24846312]

Gibbons D, Fleming P, Virasami A, Michel M-L, Sebire NJ, Costeloe K, Carr R, Klein N, Hayday
A, Interleukin-8 (CXCL8) production is a signatory T cell effector function of human newborn
infants. Nat. Med. 20, 1206-1210 (2014). [PubMed: 25242415]

Duggan PJ, Maalouf EF, Watts TL, Sullivan MH, Counsell SJ, Allsop J, Al-Nakib L, Rutherford
MA, Battin M, Roberts I, Edwards AD, Intrauterine T-cell activation and increased

Sci Transl Med. Author manuscript; available in PMC 2019 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Frascoli et al.

Page 18

proinflammatory cytokine concentrations in preterm infants with cerebral lesions. Lancet 358,
1699-1700 (2001). [PubMed: 11728550]

64. Weitkamp J-H, Koyama T, Rock MT, Correa H, Goettel JA, Matta P, Oswald-Richter K, Rosen MJ,
Engelhardt BG, Moore DJ, Polk DB, Necrotising enterocolitis is characterised by disrupted
immune regulation and diminished mucosal regulatory (FOXP3)/effector (CD4, CD8) T cell ratios.
Gut 62, 73-82 (2013). [PubMed: 22267598]

65. Turunen R, Vaarala O, Nupponen I, Kajantie E, Siitonen S, Lano A, Repo H, Andersson S,
Activation of T cells in preterm infants with respiratory distress syndrome. Neonatology 96, 248—
258 (2009). [PubMed: 19468239]

Sci Transl Med. Author manuscript; available in PMC 2019 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Frascoli et al. Page 19

A
100,000
— 3 Term
10,0003 B PTL
E
S 1,0007 .
& ;. e
= - 3 Py T
£ 1007 * 3 .
c . v
5 é;
] 103
=
]
v]
Iq
0.1
A o & R B
S = Qr DS
A A K3
B
o= ol
; mDE PTL
“
= i
o |
— (D86
o R
i —— pDC PTL
: {
‘L
— (D86
C D
mDC pDC
170 150 200 80
]. ) ] ' X .
_ Y50 100 _ Bse 604 e
£ = 100 . 50 E i .
S g 8 0 = 5004 o = 40 j_‘%
2= 60 30 o= u {_ &
o2 4 i 20 s 02 w0 '“i_ 204 .
=20 ﬁ‘ 10{ & . i -. -,E:Dr :
(RN 0 ﬂ_—o— (g8 B
150 60 804 Tu, 15
@ . . @ *
T m 100 . e - o &0 104
=g o = =
o 2 ] w o2 4p
@ E &5 . = @ £ %
S o] %y W™ 0] oo S % o
2 % u_y = ] & iy o " *
g T . |8 "5
; . 0 == . [
Term PTL Term PTL Term PTL Term PTL
Maternal Fetal Maternal Fetal

Figure 1.
Elevated levels of inflammatory markers in the fetal plasma and increased expression of

activation markers on fetal DCs during PTL. (A) Luminex analysis of cytokines present in
the cord blood plasma of infants born at term (term; n = 28) or preterm (PTL; n = 18). The
horizontal line represents the median for each group. *P < 0.05, **P < 0.01, and ***P <
0.001 by Mann-Whitney test. FIt3L, FIt3 ligand. (B) Representative flow cytometric analysis
of purified cord blood mononuclear cells from preterm infants stained to detect mDCs
(CD11c*HLA-DR™*) and pDCs (CD123*HLA-DR™) after gating out CD3™ (T cells), CD19%,
and CD20* (B cells). On the right, representative histograms of CD80 and CD86 expression
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on mDC and pDC in the cord blood of term (term) or preterm (PTL) infants. (C) Pooled data
of the mean fluorescence intensity (MFI) of the activation markers CD80 and CD86 on
maternal and cord blood mDC. **P < 0.01 by Mann-Whitney test. (D) Pooled data of the
MFI of the activation markers CD80 and CD86 on maternal and cord blood pDC. The
relative MFI was calculated over the intensity of an isotype control antibody. Each symbol
represents a single patient; small horizontal bars indicate the mean + SEM. Healthy term
maternal samples (term), n = 8; healthy term fetal samples (term), n = 13; preterm maternal
samples (PTL), n = 12; preterm fetal samples (PTL), n = 16. *P < 0.05 by Mann-Whitney
test.
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Figure2.

Increased percentages of CM T cells with a TH1 phenotype in cord blood during PTL. (A)
Representative flow cytometric analysis of purified maternal and cord blood PBMCs from
healthy term controls (term) and patients with PTL (PTL) stained to detect CD4* naive (N;
CCR7*CD45RA"), CD4* EM (CCR7-CD45RA"), and CD4* CM (CCR7*CD45RA™) T
cells. Numbers in quadrants indicate the percentage of cells in each. (B) Pooled data of the
percentage of CD4* N cells and CD4* CM cells among the total CD4* T cells in maternal or
cord blood. Each symbol represents a single patient; small horizontal bars indicate the mean
+ SEM. Term, n = 35; PTL, n = 37. ***P < 0.001 by Mann-Whitney test. (C) Representative
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flow cytometric analysis of purified maternal and cord blood PBMCs from healthy term
controls (term) and patients with PTL (PTL) stained to detect T1 cells (CXCR3*CCR6")
and TH17 cells (CXCR3~CCR6%). Numbers in quadrants indicate the percentage of cells in
each. (D) Pooled data of the percentage of Ty1 cells among CM cells in maternal or cord
blood. Each symbol represents a single patient; small horizontal bars indicate the mean *
SEM. Term, n = 19; PTL, n = 27. ***P < 0.001 by Mann-Whitney test. (E) Left:
Representative histogram of intracellular cytokine staining for IFN-y in CD4" CM T cells
isolated from the cord blood of a preterm infant by cell sorting according to CXCR3
expression and then stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin
for 5 hours. Right: Pooled data of the percentage of IFN-y-secreting cells among CXCR3~
and CXCR3* sorted cells from the cord blood of term and PTL patients. Each symbol
represents a single patient; small horizontal bars indicate the mean = SEM. Term, n = 6;
PTL, n = 6. ***P < 0.001 by Mann-Whitney test.
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Increased maternal microchimerism in preterm infants and correlation with CM cells. (A)
Maternal microchimerism (MMc) in cord blood of preterm infants (PTL; n = 18) and
healthy term controls (term; n = 24), and fetal microchimerism (FMc) in the peripheral
blood of women with PTL (PTL; n = 16) and healthy term controls (term; n = 25). Each
symbol represents a single patient; small horizontal bars indicate the mean £ SEM. *P <
0.05 by Mann-Whitney test. (B) Correlation between the levels of MMc and CM CD4* T
cells in the cord blood of preterm infants (p = 0.93, P = 0.007 by Spearman’s rank

correlation test) (n = 7 samples with both MMc and CM data).
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Increased proliferation of fetal CD4* and CD8" T cells with indirect reactivity against
maternal antigens during PTL. (A) Schematic representation of the components of the MLR
indirect pathway assay. (B and C) Representative flow cytometric analysis of
carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled CD4* T cells (B) and CD8*
T cells (C) from the cord blood of control (term) or preterm (PTL) infants, cultured with
autologous APC in the presence of maternal lysate. (D and E) Pooled data of the percentages
of proliferated maternal and fetal CD4* (D) and CD8* (E) T cells cultured with autologous
APC in the presence or absence of maternal or fetal lysate, respectively, and a third-party
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lysate derived from adult women of reproductive age, as indicated under each graph. Open
symbols represent term samples; filled symbols represent PTL samples. Each symbol
represents a single patient; small horizontal bars indicate the mean = SEM. M, maternal; F,
fetal. n = 4 in =11 representative experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 by
Mann-Whitney test. (F and G) Left: CFSE dilution profile and IFN-y (F) and TNF-a (G)
production in fetal CD4* and CD8* T cells in a representative term and a preterm infant.
Right: Pooled data are also shown. n = 4 in =3 representative experiments. *P < 0.05 and
**P < 0.01 by Mann-Whitney test.
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Figure5.

Increased myometrial cell contractility in response to fetal T cells from preterm infants. (A)
Experimental design. Uterine myometrial cells (PHM1-41) were embedded in collagen in a
24-well plate and incubated for 2 days at 37°C. Contraction mediators/blockers or sorted
fetal CD4* and CD8* T cells from the cord blood of healthy term controls (term) or preterm
(PTL) infants were added to the cultures before releasing the stressed matrix. The gel size
was measured at the indicated time points. (B) Representative graph of the percentage
contraction of PHM1-41 cells embedded in collagen gel matrices treated with medium,
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TNF-a, or IFN-y at 48 hours (n = 8). (C) Representative graph of the percentage contraction
of PHM1-41 cells embedded in collagen gel matrices cocultured with fetal CD4* or CD8* T
cells isolated from the cord blood of healthy term controls (term) or preterm (PTL) infants,
either nontreated or treated with neutralizing antibodies for TNF-a., IFN--y, or both, at 48
hours (n = 6). Small horizontal bars indicate the mean £ SEM. (D) Representative images of
gels at 48 hours for different tested conditions. (E) IFN-y (left) and TNF-a (right) secretion
by CD4* and CD8* T cells from term or preterm infants either nontreated or treated with
neutralizing antibodies for TNF-a or IFN-y after 48 hours in coculture with PHM1-41 cells
(n =6). ***P < 0.001 by one-way analysis of variance (ANOVA) with Bonferroni
correction.
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Figure 6.
In uteroinjection of inflammatory cytokines or adoptive transfer of activated T cells leads to

pregnancy loss. (A) Experimental design. Mouse fetuses at E14.5 were injected /n utero with
cytokines or T cells, and the survival rate was quantified at birth. (B) Representative graphs
of the percentage of delivered pups after fetal injection with TNF-a. or IFN-vy. (C)
Representative graphs of the percentage of delivered pups after fetal adoptive transfer of T
cells. CD4* and CD8* T cells from C57BL/6, IFN-y~~ or TNF-a./~ mice were activated /n
vitrofor 3 days with anti-CD3 and anti-CD28 antibodies before fetal injection. Nonactivated
T cells from C57BL/6 mice were used as control (n = 4 experiments, with n = 3 dams per
group). Small horizontal bars indicate the mean £ SEM. ***P < 0.001 by one-way ANOVA
with Bonferroni correction.
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