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REVIEW

TH17 cells in human recurrent pregnancy loss and
pre-eclampsia

Binqing Fu"?, Zhigang Tian"” and Haiming Wei'?

T helper 17 (TH17) cells have been identified as a new lineage of helper T cells and have been shown to be important in
host defense against extracellular infectious agents, autoimmune disease and chronic inflammatory diseases. Recently,
TH17 cells have also been shown to participate in successful pregnancy, as well as in the pathogenesis of diseases of

pregnancy, such as recurrent spontaneous abortion (RSA) and pre-eclampsia (PE). Here, we review our current knowledge
of TH17 cells in human RSA and PE. We also discuss how the local uterine microenvironment affects the differentiation
of TH17 cells and the mechanisms that regulate TH17 cells during pregnancy. Research into TH17 cells will not only

advance our understanding of TH17-related pregnancy complications, but will also facilitate the design of novel therapies

for reproductive diseases.
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INTRODUCTION

T helper 17 (TH17) cells are a novel lineage of CD4 " T helper
cells that have been shown to be important in autoimmunity
and the clearance of mucosal infections through the produc-
tion of interleukin (IL)-17A, IL-17F and IL-22, These cytokines
then induce a massive reaction due to the widespread distri-
bution of IL-17 and IL-22 receptors.' TH17 cells have been
shown to be important in numerous autoimmune and chronic
inflammatory diseases, both in humans and experimental ani-
mals, and they play a crucial role in host defenses that protect
against extracellular fungi, bacteria and Mycobacterium tuber-
culosis.*> When pathogens invade mucosal tissues, IL-17
induces the production of antimicrobial proteins, such as
human beta-defensin 2, lipocalin and the calgranulins, as well
as CXC chemokines and granulocyte colony-stimulating factor,
which results in protection from bacterial infection.® The most
interesting data on the actions of TH17 cells are derived from
studies of multiple sclerosis in humans and in its animal model,
experimental autoimmune encephalomyelitis (EAE).>” TH17
cells have been shown to play a pivotal role in the pathogenesis
of EAE, which is an inflammatory disease that involves auto-
immune T cell targeting of myelin components. Mice deficient
in the thymus-specific isoform of retinoic acid receptor-related
orphan receptor gamma T (RORgt) lack tissue-infiltrating
TH17 cells and exhibit attenuation of experimentally induced

autoimmune disease.® TH17 cells have a rapid response at the
site of inflammation, bridging the gap between innate and
adaptive immunity. Some populations of CD8 " T cells, natural
killer (NK) cells, gamma delta T cells, neutrophils, eosinophils,
monocytes and innate lymphoid cell have also been identified as
producers of IL-17;>"' however, the main producer of IL-17A
in human is CD4" TH17 cells.

Recent data show that TH17 cells participate in pregnancy-
related pathologies, including recurrent spontaneous abortion
(RSA)"** and pre-eclampsia (PE),'>'® and imbalances between
THU/T regulatory (Treg)/TH17 subsets in both circulation and
uterus have been reported.6’17 In this review, we summarize the
current knowledge of TH17 cells and the role of this type of cell in
pregnancy and specifically in human RSA and PE. In addition, we
discuss recent studies that have shown how the uterine local
microenvironment affects the differentiation of TH17 cells and
the mechanisms that regulate TH17 cells during pregnancy. We
argue that research into TH17 cells will facilitate the design of
novel therapies to manage patients with pregnancy-related disease.

TH17 CELLS IN HUMAN PREGNANCY DISEASES

Tom Wegmann was the first investigator to propose that the
TH1/TH2 paradigm of pregnancy is critical for fetal survival.'®
This idea was reinforced by the observations that a TH2 bias
fails to develop or is reversed, resulting in the predominance of
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THI1 responses in pregnancy complications, including recurrent
miscarriage and PE occur.'™*® However, recent findings have
shown that this concept requires re-evaluation. In allogeneic
mouse pregnancy models, even in the absence of IL-5, IL-9
and IL-13, normal pregnancies are experienced.21 In contrast,
neutralization of the prototypical TH1 cytokine interferon
gamma (IFNG) results in more pronounced tissue injury during
pregnancy. Anne Croy’s group has shown that IFNG has an
important role in triggering the process of gestational spiral arter-
ial modification and initiating decidual integrity and uterine NK
cell maturation during normal murine pregnancy.”>*> Therefore,
the bias towards TH2 cytokines may be a physiological deviation
that is not essential to the success of a pregnancy.**

Recently, many groups have reported that TH17 cells are
present under many circumstances, including normal preg-
nancy, RSA and PE. In normal pregnancy, most of the IL-17-
producing cells are CD4 " T cells in the peripheral blood and
decidua.**® The proportion of IL-17" lymphocytes in the
decidua is significantly higher than that in the peripheral blood
in 1st trimester pregnant women.>>?” However, it is still uncer-
tain whether TH17 cell levels are stable during pregnancy or
decrease in late pregnancy based on data from different groups.
In addition, the major source of IL-17 is still unclear. Some
groups have reported that IL-17" cells are localized to the
glands and the basal proliferative stromal cells in mice.*®
Other investigators have reported that IL-17-positive staining
is restricted to lymphocytes.?® In humans, it has been suggested
that IL-17 can increase the invasive capacity of JEG-3 cells (a
trophoblast-like human choriocarcinoma cell line) and increase
progesterone secretion significantly in i vitro coculture models.*>”°
Additionally, in the third trimester of normal pregnancy, serum
IL-17 levels increase in healthy women, which suggests that
increased IL-17 might be involved in labor and/or inflammation.”"
These evidences suggest that TH17 cells might be very important
and helpful in establishing pregnancy. However, more data
from in vivo experiments and human studies are needed to
verify whether the appearance of TH17 cells is a cause or res-
ultant outcome from establishing a pregnancy.

It has been reported that TH17 cells have an important role
in allograft rejection.”>** Upregulation of IL-17 and IL-23 has
been observed at the site of rejection and in draining lymph
nodes.”* Similarly, the semi-allogeneic fetus invades the mater-
nal host as an allograft during pregnancy; therefore, it is of great
interest to investigate TH17 cells in cases of pregnancy loss.
RSA is defined as two or more consecutive pregnancy losses,
a condition that affects 1% of all women. RSA due to unknown
causes is called unexplained recurrent spontaneous abortion.
In unexplained RSA patients, it has been reported that the
proportion of TH17 cells and the amount of the concentrations
of IL-23, the TH17-inducing cytokine, are higher in the peri-
pheral blood and deciduas than in normal pregnancies.
Similarly, these tissues have elevated levels of RORC, an essen-
tial transcription factor in TH17 cells."* In addition, Treg cells,
which promote gestational tolerance, are decreased in unex-
plained RSA.>>?® Estrogen and placental protein 14 have
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recently been shown to induce Treg cell differentiation and
reduce the secretion of IL-17.>"*®* Whether estrogen and pla-
cental protein 14 are involved in the reciprocal differentiation
between TH17 cells and Treg cells in RSA needs further
exploration. Importantly, pro-inflammatory cytokines, such
as IL-6 and IL-1beta, have also been shown to be increased,
and they may also participate in the differentiation of TH17
cells in cases of unexplained RSA."”

PE is a major cause of maternal and neonatal mortality that
occurs in 3%—-10% of all pregnancies. PE is characterized by the
development of maternal high blood pressure (>140/
90 mmHg) and proteinuria (>300 mg/24 h) in the second half
of pregnancy.” Although the precise mechanisms leading to
the development of PE remain unknown, there is evidence that
chronic inflammation, poor angiogenesis and shallow extravil-
lous trophoblast invasion into the uterine spiral arteries as well
as inadequate tolerance are associated with the pathogenesis of
PE.*>*! Recently, in the pregnant rat model of low-dose lipo-
polysaccharide (LPS), abnormal inflammation was identified
as associated with deficient trophoblast invasion and deficient
spiral artery remodeling, and with renal structural alterations
and proteinuria characteristic of PE.** Santner-Nanan et al.*’
reported that the size of peripheral blood TH17 cells decreased
in normal pregnancy, but in PE cases, this change was not
observed. An imbalanced change in T-cell transcription factors
was reported in PE in mononuclear cells from both peripheral
blood and the decidua. Expression of the master gene for Treg
differentiation FOXP3 was decreased, while expression of the
THI1 cell transcription factor Tbet and the TH17 cell transcrip-
tion factor RORC was significantly increased, suggesting that a
predominantly TH17 and THI type response predominates
and there is decreased Treg immunity in PE.*’> It has been
reported that soluble endoglin, an anti-angiogenic protein, acts
together with soluble fms-like tyrosine kinase 1 and placental
growth factor, to herald the onset of PE in pregnant rats and
humans. Soluble endoglin also acts as an inhibitor of trans-
forming growth factor (TGF)-beta-receptor signaling; there-
fore, the increased expression of endoglin may result in the
expansion of TH17 cell populations and a reduction in the
number of Treg cells in PE.** Therefore, the immune adapta-
tion theories of poor angiogenesis, endothelial dysfunction and
chronic inflammation of the pathophysiology of PE might be
linked by unbalanced differentiation between Treg and TH17
cells.'® In addition, the predominantly TH1-type immunity
reported in PE demonstrates that TH1-dominant immunity
induces increased inflammatory cytokines such as IL-6 and
IL-1beta, which may further induce the differentiation of
TH17 cells.*>*

SYSTEMIC AND LOCAL PRIMING OF TH17 CELL
DIFFERENTIATION IN PREGNANCY

Several differentiation factors and transcription factors that are
unique to TH17 cells have been identified, marking TH17 cells
as an independent subset of T helper cells. TGF-beta and IL-6
have been reported as the minimal requirements in mice for
TH17 cell differentiation from naive CD4 " T cells; in contrast,
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IL-1beta plus IL-6 or IL-23 are required in human TH17
cells.*”7>* TL-23/IL-23R plays an important role in stabilizing
and endowing TH17 cells with pathogenic effector functions,
that are regulated by serum glucocorticoid kinase 1.7
Compared with other TH lineages, including TH1, TH2 and
Treg cells, TH17 cells have unique genetic programs to express
the transcription factor RORgt, which induces the transcrip-
tion of the I117A gene.® Other transcription factors, such as
STAT3,>* RORalpha®® and interferon regulatory factor 4,°
have been reported to be important in TH17 differentiation.
Aryl hydrocarbon receptor, an environmental toxin sensor, has
also been identified as a regulator of TH17 cytokines, especially
IL-22 production.’”?®

In pregnancy, the fetus is similar to an allograft from the
perspective of the maternal immune system. Trophoblast inva-
sion from the allogeneic fetus and the shedding of fetal antigens
may stimulate a maternal systemic inflammatory response and
may therefore cause the emergence of TH17 cells. Contrary to
Wegmann’s hypothesis, it is surprising that many of the char-
acteristics of a systemic inflammatory response have been
demonstrated in normal pregnant women,” including
increased leukocytes,®® monocytic®" and phagocytic activity®?
and the production of pro-inflammatory cytokines, such as IL-
6, IL-12, IL-18 and TNF—alpha.63 04 A classical marker of
inflammatory activity, C-reactive protein, is increased begin-
ning as early as the fourth week of gestation.®” These phenom-
ena show that pregnancy is a well-controlled systemic
inflammatory state. Furthermore, it has been reported that
subcellular microparticles that are shed from the placenta are
present during normal pregnancy and are increased signifi-
cantly in PE.°*%” These subcellular microparticles shed from
the placenta are pro-inflammatory and can stimulate peripheral
blood mononuclear cells in healthy non-pregnant females to
produce TNF-alpha, IL-12, IL-18 and IENG. Therefore, such
microparticles might contribute to the maternal systemic
inflammation observed in both normal and pre-eclamptic preg-
nancies.®® In addition, the microparticles, cellular debris and
exosomes shed by the allogeneic fetus can be captured by anti-
gen-presenting cells, contribute to the priming of fetal-reactive
T cells during pregnancy.®® However, whether these fetal anti-
gens have a direct relationship with the differentiation of TH17
has not yet been resolved.

We and others have observed low numbers of TH17 cells
and low levels of the TH17-related mRNAs RORC and IL-23R
in the deciduas during normal human pregnancy.>”° In RSA,
increased levels of inflammatory cytokines, including IL-6 and
IL-1beta, have been observed, and these cytokines have a positive
correlation with the proportion of TH17 cells.'>”® The inflam-
matory stimulus from local allogeneic fetal antigens, systematic
inflammation and increased pro-inflammatory cytokines may
induce the differentiation of TH17 cells during pregnancy.

THE REGULATION TOWARDS TH17 CELLS

Several mechanisms are involved in the regulatory activity of
TH17 cells. NK cells are innate immune lymphocytes that play a
critical role in regulation of adaptive immune responses, as well
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as in controlling several types of tumors and microbial infec-
tions. Studies of EAE indicate that NK cells inhibit myelin-
reactive T cells and control inflammation in the central nervous
system in apparent contrast with recent studies in human mul-
tiple sclerosis models.”" Several mechanisms have been shown
to be involved in TH17 cell regulation in the EAE model. First,
it has been suggested that NK cells in the central nervous system
directly lyse microglia and suppress myelin-reactive TH17 cells.
Because macrophages acting as antigen-presenting cells are
crucial in initiating and propagating pathogenic T-cell res-
ponses during EAE, microglia appear to become targets of
recruited activated NK cells, resulting in a reduced number
of myelin-reactive TH17 cells in the central nervous system.”?
Second, NK cells may exert a direct cytotoxic effect on auto-
antigen-specific encephalitogenic T cells.”> In vitro experi-
ments show that NK cell activity directly results in the lysis of
cocultured proteolipid protein peptide-specific encephalito-
genic T cells. Third, NK cells may inhibit the T-cell prolifera-
tion triggered by antigenic or cytokine stimulation during
EAE.*

Distinct from the CD56™CD16"CD27 CD11b" NK
phenotype in peripheral blood, CD56™8"CD16~ decidual
NK cells comprise approximately 70% of all decidual lympho-
cytes and act as key regulatory cells at the maternal—fetal inter-
face.”” Both mouse and human studies suggest that these
decidual NK cells regulate vascular remodeling and trophoblast
invasion, promote tolerogenic dendritic cells and monocytes
and suppress TH17-mediated local inflammation, thereby
maintaining immune balance and the pregnancy itself.”® Our
group recently demonstrated that decidual NK cells function as
key regulatory cells at the maternal—fetal interface by suppres-
sing TH17-mediated local inflammation via IFNG-dependent
pathways. The proportion of TH17 cells is significantly
increased in RSA deciduas in both mice and humans. In
women with RSA, the NK cell-mediated regulatory response
is lost, resulting in a prominent TH17 response, extensive local
inflammation and the eventual loss of maternal-fetal tol-
erance.”’ Although the exact cellular and molecular mechan-
isms that shape NK cell phenotypes and functions at the
maternal-fetal interface still need to be determined, it appears
that decidual NK cells act as sentinel cells under circumstances
of ongoing inflammation to inhibit the activation of auto-
immune T cells, including TH17 cells. This directly or indirectly
controls inflammation which is clearly critical for maintaining
tolerance at the fetal-maternal interface. Interestingly, the dif-
ferentiation of TH17 cells is regulated by circadian rhythms. The
transcription factor, nuclear factor IL-3-regulated (NFIL3), can
directly bind and repress the RORgt promoter, suppressing
TH17 cell development. Through the transcription factor
reverse erythroblastosis virus alpha, NFIL3 links TH17 cell
development to the circadian network and regulates TH17 cell
frequencies through the light cycle.”””® In addition, NFIL3 is
also essential for the development of NK cells, especially the
formation of mature NK cells.”® Therefore, these findings are
further evidence that NK cells are important in the regulation of



THI17 cells. In pregnant Nfil3~'~ mice, more decidual TH17
cells and increased fetal loss have been observed.”

Other lymphocytes are also involved in the regulation of TH17
cells. Wang et al.* reported that human CD4*CD25" Treg cells
in healthy controls inhibited IL-17 secretion through cell-to-cell
contact, and this regulation was disturbed in cases of unexplained
RSA. In the joints of patients with rheumatoid arthritis, isolated
Treg cells have also been shown to inhibit the secretion of IL-17
from effector T cells. Activated IL-10" Treg cells required type I
interferon signaling that depends on IL-12 family cytokines or
the Toll-like receptor adapter protein myeloid differentiation
primary response gene 88 (MYD88).*' However, contradictory
results have been published regarding the capacity of Treg cells to
control TH17 cells. One recent study in mouse showed that
reduced induction of Treg cells does not cause substantial injury
to the intestine and the proportion of TH17 cells remains
unchanged.”” These data suggest that other cells may play a
compensatory role in controlling TH17 cells. In addition to
Foxp3 ™" Treg cells, mouse CD4*Foxp3~ IL-10-producing type
1 Treg cells (Tr1) cells have also been shown to control TH17 in
an IL-10-dependent manner.*

Understanding of the regulatory mechanisms was made more
complex by the discovery that Treg cells can switch to a TH17-
like phenotype when stimulated by allogeneic antigen-presenting
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cells, especially monocytes, in the presence of certain cytokines
such as IL-2 and IL-15 and further enhanced by exogenous IL-
Ibeta, IL-23 and IL-21,** suggesting plasticity in the immune
response and in immune cell phenotyping. This Treg-TH17
switch is suppressed by indoleamine-2,3-dioxygenase.®
Human decidual CD14" monocytes®® and extravillous tropho-
blast cells have been found to express indoleamine-2,3-dioxy-
genase.®” Other cytokines, such IL-4*® and IL-27,* are also
known to inhibit TH17 differentiation. IL-27 counters the
polarization of naive CD4" T cells, resulting in the inhibition
of TH17 cell development.90 In contrast, IL-27 has little or no
effect on mature TH17 cells.”! TGF-P is required for TH17 cell
differentiation in mice, but it inhibits this polarization in
humans® (Figure 1).

Recent findings have also indicated that not all TH17 cells are
pro-inflammatory. High I123r expression is required for inflam-
matory function of pathogenic TH17 cells.”® In humans, pro-
inflammatory TH17 cells stably express multidrug resistance
type 1 and have a CCR6"CXCR3™CCR4°CCR10~CD161"
phenotype.”* Additionally, it has been reported that TGF-B3
together with IL-6 drives the development of pathogenic
THI17 cells compared with their non-pathogenic counterparts,
which are induced by TGF-B1 and IL-6. These data suggest that
TH17 subpopulations with diverse functions may exist.”
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Figure 1 Key pathways of regulating TH17 cells during pregnancy. Naive CD4 " T helper cell develop into different T helper subsets, including TH1,
TH2, TH17, Treg and Tr1 cells, under different cytokine environments. TH17 cells, characterized by producing IL-17, have an important role in
pregnancy and have been upregulated in RSA and PE patients. Meanwhile, these TH17 cells and IL-17 cytokines are regulated under complex
immune network. CD56"€™CD16~ decidual NK cells can inhibit inflammatory TH17 cells through IFNG and IL-10. Furthermore, IFNG from TH1,
|L-4 from TH2, and IL-10 from Treg and Tr1 cells also have the ability to inhibit TH17 cells. IL-27 counters the polarization of naive CD4™ T cells, but
has little or no effect on mature TH17 cells. TH17 cells are also affected by circadian rhythms. IFNG, interferon gamma; NK, natural killer; PE, pre-
eclampsia; RSA, recurrent spontaneous abortion; TH17, T helper 17; Treg, T regulatory; Trl, type 1 Treg cell.
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Furthermore, hyperactive TH17 cell increases susceptibility to
inflammatory diseases. In pregnancy, adoptive transfer of TH17
cells polarized by cytokines IL-6 and TGF-f induces a higher
fetal abortion rate.”” More investigations are needed to explore
whether these pro-inflammatory TH17 or nonpathogenic TH17
subsets exist at the maternal-fetal interface and how the differ-
ential regulatory mechanisms manipulate these TH17 subsets.

CONCLUDING REMARKS

TH17 cells were originally proposed as a new lineage of effector
TH cells, the study of which has been one of most fascinating
areas in immunology. To account for TH17 cell involvement,
the former TH1/TH2 paradigm of pregnancy has been modi-
fied into TH1/TH2/TH17/Tr1 and Treg paradigms, each of
which involves complicated interactions with decidual NK
cells, dendritic cells, monocytes and extravillous trophoblast
cells.®* In recent years, we have learned that TH17 cells produce
an array of pro-inflammatory cytokines and host defense mole-
cules and therefore, may play an important role in preventing
pathological infection in pregnancy, although a defensive role
for TH17 cells in reproductive organs has not yet been reported.
More information is needed to clarify the role of TH17 cells in
the establishment and defense mechanisms of normal preg-
nancy. We propose that the differentiation of TH17 cells is
affected by inflammatory stimuli, including the local allogeneic
fetal antigens, systematic inflammation and increased pro-
inflammatory cytokines experienced during pregnancy.

In human recurrent pregnancy loss and PE, excessive TH17
cells numbers and high levels of IL-17, IL-6 and IL-1beta have
been identified, indicating that uncontrolled TH17 cells may
emerge as an important mediator of inflammation and tissue
damage in the diseases of pregnancy. Understanding the regu-
lation of TH17 cells might help us to design new therapeutic
approaches to control these diseases that impact upon post-
natal health of the mother and her child. For example, decidual
NK cells, Treg cells and Tr1 cells have been shown to be capable
of regulating TH17 cells through IFNG and/or IL-10.
Inhibition specific for RORgt or IL-23/IL-23R blockade may
also be attractive approaches to control TH17 cells and should
be safe for the fetus.

However, numerous questions remain with respect to TH17
cells. For example: What antigens from an allogeneic fetus can
affect TH17 cells and by what mechanism? What is the rela-
tionship between TH17 cells and other types of T cells? Can
these cells interconvert from one lineage to another? What is
the molecular control of this cross-lineage differentiation?
Although we already have some knowledge regarding the dif-
ferentiation of TH17 cells, how their effector functions are
regulated is still poorly understood. In pregnancy disease mod-
els, do TH17 cells generate in situ or do they migrate into
inflamed tissues? Further study is also needed on the function
of TH17 cells in normal pregnancy and several diseases of preg-
nancy, including RSA and PE. Answering these questions
will improve our understanding of how the fetal-maternal
interface operates and may also lead to the development of
new therapies.
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