1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2023 April 01.

-, HHS Public Access
«

Published in final edited form as:
J Immunol. 2022 April 01; 208(7): 1595-1615. doi:10.4049/jimmunol.2100439.

Interleukin-22 Plays a Dual Role in the Amniotic Cavity: Tissue
Injury and Host Defense against Microbes in Preterm Labor

Meyer Gershater™T, Roberto Romero™#38.1l Marcia Arenas-Hernandez™, Jose Galaz"T,
Kenichiro Motomura™T, Li Tao™T, Yi Xu™T, Derek Miller"T, Roger Pique-Regi™ ™1, Gregorio
Martinez III"T, Yesong Liu™T, Eunjung Jung”T, Robert Para™T, Nardhy Gomez-Lopez™T#

*Perinatology Research Branch, NICHD/NIH/DHHS, Bethesda, MD, & Detroit, MI, USA

TDepartment of Obstetrics & Gynecology, Wayne State University School of Medicine, Detroit, Ml,
USA

*Department of Obstetrics & Gynecology, University of Michigan, Ann Arbor, MI, USA
SDepartment of Epidemiology & Biostatistics, Michigan State University, East Lansing, MI, USA
Center for Molecular Obstetrics & Genetics, Wayne State University, Detroit, MI, USA

IDetroit Medical Center, Detroit, Michigan, USA,;

#Department of Biochemistry, Microbiology, and Immunology, Wayne State University School of
Medicine, Detroit, Michigan, USA,;

Abstract

Interleukin-22 is a multi-faceted cytokine with both pro- and anti-inflammatory functions that is
implicated in multiple pathologies. However, the role of IL-22 in maternal-fetal immunity in late
gestation is poorly understood. Herein, we first showed that IL-22* T cells co-expressing RORyt
are enriched at the human maternal-fetal interface of women with preterm labor and birth, which
was confirmed by /in sifico analysis of single-cell RNASeq placental data. T-cell activation leading
to preterm birth in mice was preceded by a surge in 1L-22 in the maternal circulation and amniotic
cavity; yet, intravenous administration of 1L-22 in mice did not induce adverse perinatal outcomes.
Next, using an ex vivo human system, we showed that IL-22 can cross from the choriodecidua to
the intra-amniotic space, where its receptors (//22ral, 1110rb, and //22ra2) are highly expressed by
murine gestational and fetal tissues in late pregnancy. Importantly, amniotic fluid concentrations
of IL-22 were elevated in women with sterile or microbial intra-amniotic inflammation, suggesting
a dual role for this cytokine. The intra-amniotic administration of IL-22 alone shortened gestation
and caused neonatal death in mice, the latter involving lung maturation and inflammation. IL-22
plays a role in host response by participating in the intra-amniotic inflammatory milieu preceding
Ureaplasma parvum-induced preterm birth in mice, which was rescued by the deficiency of IL-22.
Collectively, these data show that IL-22 alone is capable of causing fetal injury leading to neonatal
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death and can participate in host defense against microbial invasion of the amniotic cavity leading
to preterm labor and birth.

INTRODUCTION

IL-22 is a pleiotropic cytokine with both pro- and anti-inflammatory functions (1, 2),
whose role varies according to location and microenvironment (3). Indeed, IL-22 has

been recognized as a cytokine acting as a double-edged sword in the pathogenesis of

many diseases, with respect to either inducing or ameliorating inflammation (4). The pro-
inflammatory functions of 1L-22 are well-documented in skin and autoimmune disorders
such as psoriasis (5, 6) and rheumatoid arthritis (7, 8). Yet, IL-22 also has a protective role
in specific compartments such as mucosal tissues or epithelial barriers (9-11). In addition
to its bi-dimensional nature, IL-22 is a unique cytokine because it is primarily produced by
lymphoid cells but acts on non-immune cells such as epithelial or stromal cells (4). Despite
the abundance of literature documenting the role of IL-22 in autoimmune diseases, cancers,
and intestinal complications, there is a paucity of information regarding the role of IL-22 in
maternal-fetal immunity during late gestation, a vulnerable period in which maternal-fetal
immune dysregulation can lead to premature birth and adverse neonatal outcomes (12-14).

Most cases of premature birth are preceded by spontaneous preterm labor (12, 15, 16),

a syndrome of multiple pathological processes (17, 18). Of these etiologies, only acute
pathological inflammation of the amniotic cavity (i.e. intra-amniotic inflammation) has
been causally linked to preterm labor leading to premature birth (19-23). Such a local
inflammatory process can be induced by microorganisms invading the amniotic cavity

(i.e. microbial intra-amniotic inflammation or intra-amniotic infection) or alarmins released
upon cellular stress (i.e. sterile intra-amniotic inflammation) (24-27). In the former, the
inflammatory process represents the host response against microbes invading the amniotic
cavity (28-33), which leads to preterm labor and birth as an unintended consequence (34,
35). Both microbial products and alarmins are sensed by pattern recognition receptors
(PRRs), which are mainly present in innate immune cells (36); therefore, most maternal-
fetal immunology research has focused on the role of innate immunity (37-54). Yet,

acute inflammation can also be mediated by maternal T cells, whose infiltration is well
documented at the maternal-fetal interface (i.e., decidua) (55-62). Indeed, our group has
shown that the activation of decidual maternal T cells is associated with the physiological
process of labor at term (61-65). Furthermore, we have reported that the premature
activation of maternal effector T cells can trigger acute inflammatory mechanisms that lead
to preterm labor and birth (66, 67) and that such activation can be non-invasively monitored
in the maternal circulation (65, 68). However, the soluble mediators produced by effector
and activated T cells at the maternal-fetal interface of women with preterm labor, which
may represent a potential therapeutic target for premature birth and its adverse neonatal
outcomes, are poorly understood.

Herein, we first aimed to identify the cellular sources of IL-22 at the maternal-fetal
interface of women who underwent preterm labor and birth. Using available single-cell
RNA sequencing human data, we also explored the expression of 1L-22 and its receptors
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by decidual immune cell types. Next, we investigated whether systemic levels of IL-22

were increased upon /7 vivo maternal T-cell activation, and whether the intravenous
administration of this cytokine alone could induce adverse pregnancy outcomes in mice.

In addition, we explored the expression of //22and its receptors by gestational (fetal
membranes and placenta) and fetal (lung and intestine) tissues in late murine pregnancy

as a possible explanation of the elevated concentrations of 1L-22 in the amniotic cavity

(i.e., fetal compartment) of dams upon /n vivo maternal T-cell activation. We also evaluated
whether I1L-22 can cross from the maternal to the fetal side using an ex vivo model of the
human maternal-fetal interface, and measured the concentrations of this cytokine in amniotic
fluid from well-characterized subsets of women who underwent spontaneous preterm labor.
Such clinical data led us to propose a dual role for IL-22 in maternal-fetal immunity:

1) IL-22 alone is capable of causing fetal tissue injury leading to neonatal death, and

2) IL-22 participates in host defense in microbial invasion of the amniotic cavity leading

to preterm birth. To test the former, IL-22 was intra-amniotically injected in mice under
ultrasound guidance to evaluate adverse perinatal outcomes, and its effects on tissue injury
were determined in the neonatal lung and intestine. To test the latter, the role of 1L-22 in host
defense against Ureaplasma parvum-induced preterm birth was thoroughly evaluated using
wild type and knockout mice.

MATERIALS AND METHODS

Human subjects and clinical specimens

Human placental basal plate (decidua basalis) and chorioamniotic membrane (decidua
parietalis) samples were collected within 30 min after delivery at the Detroit Medical
Center, Wayne State University, Perinatology Research Branch, an intramural program of
the Eunice Kennedy Shriver National Institute of Child Health and Human Development,
National Institutes of Health, US Department of Health and Human Services (NICHD/NIH/
DHHS), Detroit, MI. Amniotic fluid samples were retrieved from the Biorepository of the
Perinatology Research Branch. The collection and utilization of biological materials for
research purposes was approved by the Institutional Review Boards of these institutions. All
participating women provided written informed consent. Two separate cohorts of women
were used in this study.

The first cohort included women who delivered at term in labor (TIL), at term without labor
(TNL), preterm in labor (PTL), or preterm without labor (PTNL) whose placental basal plate
and chorioamniotic membranes were collected and used for immunophenotyping (please

see clinical definitions below). The demographic and clinical characteristics of the study
populations are shown in Table I.

The second cohort included (i) women with spontaneous preterm labor and intact
membranes who delivered at term without intra-amniotic inflammation, and women with
preterm labor and intact membranes who delivered preterm who were divided into the
following groups: (ii) women without microbial or sterile intra-amniotic inflammation,
(iii) women with sterile intra-amniotic inflammation, and (iv) women with microbial intra-
amniotic inflammation. Please see clinical definitions below. In this cohort, amniotic fluid
samples (the remnant that was not used for clinical determinations) were used for the
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determination of 1L-22. The demographic and clinical characteristics of the study population
are shown in Table 1.

Clinical definitions

Gestational age was determined by the date of the last menstrual period and confirmed

by the first ultrasound examination or by ultrasound examination alone if the sonographic
determination of gestational age was inconsistent with menstrual dating (69). Spontaneous
preterm labor was defined as the presence of regular uterine contractions with a frequency
of at least two every 10 min and cervical ripening between 20 and 36 (6/7) weeks of
gestation. Preterm delivery was defined as birth before 37 weeks of gestation. Term labor
was defined by the presence of regular uterine contractions at a frequency of at least two
contractions every 10 min with cervical changes resulting in delivery at term (=37 weeks

of gestation). Standard clinical laboratory determinations in amniotic fluid included the
evaluation of the white blood cell count (70), glucose concentration (71), Gram stain (72),
and microbiological culture of aerobic/anaerobic bacteria and genital mycoplasmas (73).
The study group classifications used in this study (second cohort) were determined by
combining the presence or absence of microbes together with the evaluation of amniotic
fluid IL-6 concentrations as an indicator of intra-amniotic inflammation, as previously
established (74). Thus, a positive microbial signal (either by culture/Gram stain or PCR/
ESIMS), together with elevated 1L-6 (=2.6 ng/ml), indicates microbial intra-amniotic
inflammation (24-26, 75); a negative microbial signal indicated by both culture/Gram stain
and PCR/ESI-MS, together with elevated IL-6, indicates sterile intra-amniotic inflammation
(24-26, 75); and the absence of microbial signals (indicated by both culture/Gram stain
and PCR/ESI-MS), together with low IL-6 levels, indicates no intra-amniotic inflammation.
Women with preterm prelabor rupture of membranes (pbPROM), multiple gestations, or those
who had a fetus with chromosomal and/or sonographic abnormalities were excluded from
this study. Maternal and neonatal data were obtained by retrospective clinical chart review.

Placental histopathological examination

Placentas were examined histologically by perinatal pathologists blinded to clinical
diagnoses and obstetrical outcomes according to standardized Perinatology Research Branch
protocols (76). Briefly, three to nine sections of the placenta were examined, and at

least one full-thickness section was taken from the center of the placenta; others were

taken randomly from the placental disc. Acute inflammatory lesions of the placenta were
diagnosed according to established criteria (77-79).

Human decidual leukocyte isolation

Decidual leukocytes were isolated from the decidual tissue of each study group (Table I) as
previously described (80). Briefly, the decidua basalis was collected from the basal plate of
the placenta and the decidua parietalis was separated from the chorioamniotic membranes.
The decidual tissues were homogenized using a gentleMACS Dissociator (Miltenyi Biotec,
San Diego, CA) in StemPro Accutase Cell Dissociation Reagent (Life Technologies, Grand
Island, NY). Homogenized tissues were incubated in Accutase for 45 min at 37°C with
gentle agitation. Following incubation, tissues were washed in 1X phosphate-buffered saline
(PBS; Life Technologies) and filtered through a 100-um cell strainer (Fisher Scientific,
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Durham, NC). Cell suspensions were collected and centrifuged at 300 x g for 10 min

at 4°C. The decidual mononuclear cells were purified using Ficoll-Paque Plus (GE
Healthcare Biosciences, Uppsala, Sweden) following the manufacturer’s instructions. The
mononuclear cells were then collected and washed with PBS and immediately used for
immunophenotyping.

Immunophenotyping of human decidual IL-22-expressing cells

Mononuclear cell suspensions from decidual tissues were stained with the BD Horizon
Fixable Viability Stain 510 dye (BD Biosciences) prior to incubation with extracellular
and intracellular monoclonal antibodies (mAbs) (Supplemental Table ). Mononuclear
cell suspensions were then washed with FACS staining buffer (catalog no. #554656; BD
Biosciences) and incubated with 20 pl of human FcR Blocking Reagent (catalog no.
#130-059-901; Miltenyi Biotec) in 80 ul of FACS staining buffer (BD Biosciences) for
10 min at 4°C. The cells were incubated with extracellular fluorochrome-conjugated anti-
human mAbs (Supplemental Table I) for 30 min at 4°C in the dark. After extracellular
staining, the cells were fixed and permeabilized using the Foxp3/Transcription Factor
Staining Buffer Set (catalog no. #00-5523-00; eBioscience, San Diego, CA) prior to staining
with intracellular and intranuclear antibodies (Supplemental Table I). Finally, stained
cells were washed and re-suspended in 0.5 mL of FACS staining buffer and acquired
using an LSRFortessa flow cytometer and FACSDiva 6.0 software (BD Biosciences).
Leukocyte subsets were gated within the viability gate. Immunophenotyping included the
identification of IL-22 expressing cells in the following subsets: neutrophils (CD14-CD15™);
monocytes/macrophages (CD15-CD14%); T cells (CD14-CD15"CD19-CD3%); B cells
(CD14~CD15"CD3~CD19%); NK cells (CD14-CD15"CD3~CD19~CD56™); and innate
lymphoid cells (ILCs; CD14"CD15"CD3"CD19"CD11b~CD567(Lin")CD127*). The
expression of IL-22 by RORyt* and CD69*RORyt* T cells was also reported. Flow
cytometry analysis was performed using FlowJo software version 10 (FlowJo, Ashland,
OR).

In silico single-cell RNA sequencing (ScRNAseq) analysis of the human placental tissues

Publically available scRNAseq data from the decidual tissues (the basal plate and
chorioamniotic membranes) of TNL, TIL, and PTL women (n = 3 per group (68)) were
used to explore the expression of /L22, IL22RA1, IL10RB, IL22RAZ, and RORC. Briefly,
raw fastq files were downloaded from previously established resources in NCBI dbGaP
phs001886.v1.p1 (68). The fastq files were then aligned using kallisto (81), and bustools
(82) summarized the cell/gene transcript counts in a matrix for each sample, using the
“lamanno” workflow for scRNAseq. Each sample was then processed using DIEM (83)

to eliminate debris and empty droplets. All count data matrices were then normalized and
combined using the “NormalizeData,” “FindVariableFeatures,” and “ScaleData” methods
implemented in the Seurat package in R (Seurat version 3.1, R version 3.6.1) (84, 85).
Afterward, the Seurat “RunPCA” function was applied to obtain the first 50 principal
components, and the different batches and locations were integrated and harmonized using
the Harmony package in R (86). To label the cells, the Seurat “FindTransferAnchors” and
“TransferData” functions were used for each group of locations separately to assign a cell
type identity based on our previously labeled data as reference panel (as performed in (68)).
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Visualization of gene expression for each cell type was performed using the ggplot2 (87)
package in R with gene expression values scaled to transcripts per million (TPM) and to the
proportion of cells expressing the transcript within a given cell type (88).

Maternal-fetal IL-22 transfer assay

Human chorioamniotic membrane samples were collected from women at term without
labor (TNL) who delivered via cesarean section. All experiments were performed under
sterile conditions. Chorioamniotic membranes were rinsed carefully in sterile PBS and

cut into 5 cm x 5 cm squares. The polyethylene terephthalate membranes of 6-well

Falcon cell culture inserts (Corning Life Sciences, Glendale, AZ) were removed and
chorioamniotic membrane sections were held in place using orthodontic rubber bands

with the choriodecidual side facing upward. The culture inserts with membrane sections
were placed into the 6-well culture plates. Then, 1 mL of DMEM supplemented with

10% Fetal Bovine Serum (FBS; ThermoFisher Scientific, Waltham, MA) and 1% penicillin/
streptomycin (ThermoFisher Scientific) containing either 6 ng (n = 3), 60 ng (n = 4),

or 600 ng (n = 3) of the carrier-free recombinant human IL-22 (rhIL-22; catalog no.
#782-1L/CF; R&D Systems, Minneapolis, MN) was gently added on top of the culture
insert, and 1 mL of the same media without rhiL-22 was added to the bottom wells of

the culture plate. After incubation for 8 h at 37°C with 5% CO,, the supernatants (media)
from upper wells (choriodecidua — maternal side) and lower wells (amnion — fetal side)
were collected into separate cryovials and stored at —=80°C. The IL-22 concentrations from
the upper and lower supernatants were determined using the Human IL-22 Quantikine
ELISA Kit (R&D systems), according to the manufacturer’s instructions. Assays were read
using the SpectraMax iD5 (Molecular Devices, San Jose, CA) and analyte concentrations
were calculated with SoftMax Pro 7 (Molecular Devices). The sensitivity of the assay

was 2.7 pg/mL. The lower (fetal side) supernatant concentrations were divided by the
upper (maternal side) supernatant concentrations to obtain the proportion of IL-22 that was
transferred across the chorioamniotic membranes.

Determination of IL-22 concentrations in human amniotic fluid

Mice

Human amniotic fluid samples from women with spontaneous preterm labor were

retrieved from the Biorepository of the Perinatology Research Branch (Table I1). A
U-PLEX immunoassay (Meso Scale Discovery, Rockville, MD) was used to measure

the concentrations of IL-22 in the human amniotic fluid samples, according to the
manufacturer’s instructions. The plate was read using the MESO QuickPlex SQ 120 (Meso
Scale Discovery) and analyte concentrations were calculated with Discovery Workbench 4.0
(Meso Scale Discovery). The sensitivity of the IL-22 assay was 0.13 pg/mL.

C57BL/6 (Stock No. 000664; hereafter referred to as B6 or //22/*) and C57BL/6-
J[22tm1.1(icre)Stck (Stock No. 027524 hereafter referred to as //227/7) mice were purchased
from The Jackson Laboratory (Bar Harbor, ME) and bred in the animal care facility at the
C.S. Mott Center for Human Growth and Development at Wayne State University (Detroit,
MI). All mice were kept under a circadian cycle (light:dark, 12:12 h). Females aged eight to
twelve weeks old were bred with males of the same genotype and proven fertility. Female
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mice were checked daily between 8:00 a.m. and 9:00 a.m. for the appearance of a vaginal
plug, indicating 0.5 days post coitum (dpc). Females were then housed separately from the
males, their weights were monitored daily, and pregnancy was confirmed by 12.5 dpc by
a gain of at least 2 g. Animal procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Wayne State University (Protocol numbers: A 09-08-12,
07-03-15, 18-03-0584, and 21-04-3506).

Murine model of maternal T-cell activation-induced preterm birth

B6 dams were injected intraperitoneally (i.p.) with 10 pug/200 puL of monoclonal anti-CD3e
Ab (Clone 145-2C11; BD Biosciences) in sterile 1X PBS (Fisher Scientific Chemicals,
Fair Lawn, NJ) using a 26-gauge (G) needle on 16.5 dpc as previously described (66,

89). Controls were injected i.p. with 10 ug/200 pL of IgG1 « isotype control (Clone
A19-3; BD Biosciences) in sterile PBS. Mice were euthanized 12 — 16 h post-injection
and maternal peripheral blood was collected by cardiac puncture [n = 18 (isytope control)
and 19 (anti-CD3e)]. Amniotic fluid was collected from each amniotic sac with a 26G
needle (n = 5 per group). Serum was separated from the maternal blood samples by
centrifugation (1,300 x g for 10 min at room temperature) and stored at =20 °C. Amniotic
fluid samples were centrifuged at 1,300 x g for 5 at 4°C, and the supernatants were
separated and stored at —20°C. The mouse/rat IL-22 Quantikine ELISA kit (R&D systems)
was used to measure the concentrations of 1L-22 in the amniotic fluid and serum samples,
according to the manufacturer’s instructions. The plates were read using the SpectraMax
iD5 (Molecular Devices) and analyte concentrations were calculated with SoftMax Pro 7
(Molecular Devices). The sensitivity of the IL-22 assay was 3.2 pg/mL.

Analysis of the basal expression of 1122 and its receptors by the murine fetal tissues

B6 dams were euthanized at 16.5 (n = 8) or 17.5 (n = 8) dpc to harvest the placenta, fetal
membranes, fetal lungs, and fetal intestines. The lungs of dams intraperitoneally injected
with 10 pg/200puL of LPS (Escherichia coli; 055:B5, Sigma Aldrich, St. Louis, MO) on 16.5
dpc (n = 3) (90) were used as a positive control for //22 expression. Tissues were collected
into RNA /ater solution (Thermo Fisher Scientific, Vilnius, Lithuania) and stored at —80°C
until RNA isolation.

Ultrasound-guided intra-amniotic injection of IL-22 in mice

B6 dams were anesthetized on 16.5 dpc by inhalation of 2% isoflurane (Aerrane; Baxter
Healthcare Corporation, Deerfield, IL; Fluriso™, Isoflurane USP, Vetone Boise, ID) and 1 to
2 liters/min of oxygen in an induction chamber. Anesthesia was maintained with a mixture
of 1.5 to 2% isoflurane and 1.5 to 2 liters/min of oxygen. Mice were positioned on a heating
pad and stabilized with adhesive tape. Fur was removed from the abdomen of the dams

by applying Nair cream (Church & Dwight Co., Inc., Ewing, NJ). Body temperature was
maintained in the range of 37 + 1°C and detected with a rectal probe (VisualSonics, Toronto,
Ontario, Canada), and respiratory and heart rates were monitored by electrodes embedded

in the heating pad. An ultrasound probe was fixed and mobilized with a mechanical holder,
and the transducer was slowly moved towards the abdomen. Syringes were stabilized by a
mechanical holder (VisualSonics). Injections were performed in each amniotic sac using a
30G needle (BD PrecisionGlide needle; Becton Dickinson, Franklin Lakes, NJ). Dams were
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intra-amniotically injected with 1.2 pg/25 pL (n = 6), 70 pg/25 pL (n = 8), or 612 pg/25 pL
(n = 8) of carrier-free recombinant mouse 1L-22 (rmlIL-22; catalog no. #576202; Biolegend,
San Diego, CA) into each amniotic sac on 16.5 dpc. Controls were injected with 25 pL

of PBS per sac (n = 8). After ultrasound examination, mice were placed under heat lamps
for recovery (defined as when the mouse resumed normal activities such as walking and
responding), which typically occurred within 10 min after removal from anesthesia.

Intravenous administration of IL-22 in mice

B6 dams were intravenously injected with 689 pg of rmIL-22 in 100 pL of PBS using a
26G needle on 16.5 dpc (n = 8). Controls were injected with 100 pL of PBS alone (n =5).
The utilized dose of rmIL-22 was selected based on the plasma concentrations of IL-22 in
women with spontaneous preterm labor (91).

Video monitoring of pregnancy and neonatal outcomes induced by IL-22 in mice

Immediately after intra-amniotic or intravenous injection, B6 dams were monitored until
delivery using an infrared camera (Sony Corporation, Tokyo, Japan). Gestational length was
defined as the time elapsed from the detection of the vaginal plug (0.5 dpc) to the delivery
of the first pup. The rate of neonatal mortality at birth was determined for each litter (pups
delivered from the same dam) and defined as the proportion of delivered pups found dead
among the total litter size. The average of the rates of neonatal mortality per litter was then
calculated and plotted for each experimental group. Representative images of neonates (day
0) born to dams injected with rmIL-22 or PBS (controls) are shown. Neonatal weights were
recorded at 1, 2, and 3 weeks of age.

Tissue analysis of neonates born to mice intra-amniotically injected with IL-22

B6 dams were intra-amniotically injected with 612pg/25uL per sac of rmIL-22 (n=10)

or 25 pL PBS per sac (controls, n=10) on 16.5 dpc, and were monitored until delivery.
Neonates born to dams were euthanized on day 0 to harvest the neonatal lung and intestine.
Tissues were collected into RNA /ater solution and stored at —80°C until RNA isolation.
Furthermore, neonatal lungs were snap frozen for preparation of tissue extracts, in which the
concentration of surfactant protein A (SP-A) was determined using the Mouse Pulmonary
Surfactant-Associated Protein A (SP-A) ELISA Kit (Cusabio, Wuhan, China), following the
manufacturer’s instructions. Plates were read using the SpectraMax iD5 (Molecular Devices,
San Jose, CA, USA) and analyte concentrations were calculated with the SoftMax Pro 7
(Molecular Devices). The sensitivity of the assay was 0.78 pg/mL.

Murine model of Ureaplasma parvum-induced preterm birth

Ureaplasma parvum was prepared for intra-amniotic injection, as previously described
(92). Briefly, Ureaplasma parvum was isolated from women with intra-amniotic infection,
aliquoted, and stored at —80°C with 50% glycerol (Teknova, Hollister, CA; with a

final concentration of glycerol 25%). The stocks were inoculated in SP4 broth (Hardy
Diagnostics, Santa Maria, CA) and cultured at 37°C for 4 to 12 h to reach the exponential
phase based on growth rate. After incubation, the bacterial cells were counted by flow
cytometry using the Live/Dead Bacl_ight bacterial viability and counting kit (Invitrogen by

J Immunol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gershater et al.

Page 9

Thermo Fisher Scientific, Carlsbad, CA). The cells were diluted to a target concentration
(1-5 x 104 cells/25 uL) with SP4 broth.

B6 dams were intra-amniotically injected with 1-5 x 104 cells/25 pL of Ureaplasma parvum
per sac (n = 10) or 25 pL SP4 broth per sac (controls, n = 10) on 16.5 dpc. The rate

of preterm birth induced by Ureaplasma parvumin B6 mice is ~40-50% (92), which is
consistently reported herein in //22** mice. B6 dams were euthanized 16 h post-injection,
4-5 h prior to previously observed times of preterm delivery, for collection of peripheral
blood by cardiac puncture. Amniotic fluid was also collected from each amniotic sac with a
26G needle. Serum was separated from the maternal blood samples by centrifugation (1,300
x g for 10 min at room temperature) and stored at —20 °C. Amniotic fluid samples were
centrifuged at 1,300 x g for 5 min at 4°C, and the supernatants were separated and stored

at —20°C. A ProcartaPlex mouse cytokine and chemokine panel 1A 36-plex (Thermo Fisher
Scientific, Vienna, Austria) was used to measure the concentrations of IL-22 in serum and
amniotic fluid samples, according to the manufacturer’s instructions. The plates were read
using the Luminex FLEXMAP 3D (Luminex, Austin, TX) and analyte concentrations were
calculated with xPONENT version 4.2 (Luminex). The sensitivity of the IL-22 assay was
0.24 pg/mL.

Collection of amniotic fluid and fetal tissues from mice intra-amniotically injected with
Ureaplasma parvum

B6 dams were intra-amniotically injected with 1 x 10% cells/25 pL of Ureaplasma parvum
per sac (n = 8) or 25 UL SP4 broth per sac (controls, n = 8) on 16.5 dpc. Dams were
euthanized 16 h post-injection and amniotic fluid was collected from each amniotic sac with
a 26G needle. The placenta, fetal membranes, fetal lungs, and fetal intestines were collected
into RNA /ater solution (Thermo Fisher Scientific) and stored at —80°C until RNA isolation.

Analysis of amniotic fluid from mice intra-amniotically injected with Ureaplasma parvum

The murine amniotic fluid concentrations of several IL-22 pathway-related cytokines

were determined using the U-PLEX Biomarker Group 1 (ms) Assay, SECTOR (Meso

Scale Discovery), following the manufacturer’s instructions. This assay allowed for the
determination of IFN-y, IL-1pB, IL-6, IL-13, IL-17A, IL-17C, IL-17E/IL-25, IL-21, IL-22,
and IL-23 concentrations. The plate was read using the MESO QuickPlex SQ 120 (Meso
Scale Discovery) and analyte concentrations were calculated with the Discovery Workbench
4.0 (Meso Scale Discovery). The sensitivities of the assays were: 0.16 pg/mL (IFN-y), 3.1
pg/mL (IL-1pB), 4.8 pg/mL (IL-6), 2.7 pg/mL (IL-13), 0.30 pg/mL (IL-17A), 2.3 pg/mL
(IL-17C), 1.6 pg/mL (IL-17E/IL-25), 6.5 pg/mL (IL-21), 1.2 pg/mL (IL-22), and 4.9 pg/mL
(IL-23).

Cytospin slides of amniotic fluid samples (n = 3) were prepared using Fisherbrand
Superfrost microscope slides (Thermo Fisher Scientific) and a Shandon Cytospin 3
cytocentrifuge (Thermo Fisher Scientific) at 800 rpm for 5 min. After fixation with 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), the cytospin slides were
rinsed with 1X PBS at room temperature for 2 min. Slides were then permeabilized using
0.25% Triton X-100 (Electron Microscopy Sciences) diluted in 1X PBS for 5 min. Then,
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rinsed with 1X PBS for 5 min. Non-specific antibody interaction was blocked by using

the BlockAid blocking solution (Cat# B10710, Thermo Fisher Scientific) for 1 h at RT.
Afterards, the rat anti-mouse F4/80 (Cat# 123140, BioLegend) and rabbit polyclonal 1L-22
(Cat# bs-2623R, Bioss, Woburn, MA) antibodies were added and the slides incubated for
60 min. Then, the slides were washed with phosphate-buffered saline with 0.1% Tween-20
(PBST) three times for 10 min each time. Next, the slides were stained with the secondary
antibodies goat anti-rat F4/80-Alexa Fluor 594 (Cat# A11007, Thermo Fisher Scientific)
and goat anti-rabbit 1gG-Alexa Fluor 647 (Cat# A31634, Thermo Fisher Scientific) for 30
min in the dark and washed again three times with PBST for 10 min each time. Then,

the slides were stained with the rat anti-mouse Ly-6G Alexa-Fluor 488 antibody (Cat#
127626, BioLegend) and incubated for 60 min. The slides were again washed three times
with PBST for 10 min each time, treated with Spectral DAPI (Cat# 2451506, PerkinElmer,
Waltham, MA) for 5 min, then washed in PBST for 10 min. Lastly, the ProLong® Diamond
Anti-Fade Mountant with DAPI (Thermo Fisher Scientific) was applied to the slide and
sealed with a cover slip. The immunofluorescence images were obtained using an All-in-
One Fluorescence Microscope BZ-X810 (Keyence, Itasca, IL) and prepared with BZ-X800
Analyzer software v1.1.1.8 (Keyence).

RNA isolation and gRT-PCR

RNA was isolated from RNA /ater-collected tissues using the Qiagen RNeasy mini

kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. The purity,
concentration, and integrity of the RNA samples were assessed using the NanoDrop

1000 or 8000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and the
Bioanalyzer 2100 (Agilent Technologies, Wilmington, DE, USA). Complementary (C)DNA
was synthesized using SuperScript IV VILO master mix (Invitrogen, Thermo Fisher
Scientific Baltics UAB, Vilnius, Lithuania). The gene expression of /122, 1/22ra1, 1/10rb,
and //22ra2 was determined by qPCR using ABI 7500 Fast real-time PCR system (Applied
Biosystems, Alameda, CA) with commercial TagMan gene expression assays. cDNA from
the maternal lung was used for generating a standard curve to calculate the limit of
detection of //122, 1/22ral, 1/10rb, and //22ra2. Briefly, a standard curve based on duplicate
two-fold serial dilutions ranging from 100ng cDNA to 2.4 x 104 ng was generated and
the performance of the gPCR assay by estimation of its efficiency based on the slope of
regression lines was reported as the limit of detection.

Gene expression profiling was performed on the BioMark system for high-throughput
gRT-PCR (Fluidigm, San Francisco, CA) using commercial TagMan gene expression
assays (Applied Biosystems, Life Technologies Corporation, Pleasanton, CA). Delta
threshold cycle (ACt) values were determined using multiple reference genes (Actb,

Gusb, Gapdhand Hsp90abl) averaged within each sample to determine gene expression
levels. The —ACt values were normalized by calculating the z-score of each gene, and
heatmaps were performed using the Subio platform (Subio, Inc, Kagoshima, Japan; https://
www.subioplatform.com/).
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IL-22 detection in human amniotic fluid leukocytes by immunofluorescence

Cytospin slides of human amniotic fluid samples from women with microbial intra-amniotic
inflammation (n = 3, please see clinical definitions above) were prepared using Fisherbrand
Superfrost microscope slides and a Shandon Cytospin 3 cytocentrifuge at 800 rpm for 5 min.
After fixation with 4% paraformaldehyde, the cytospin slides were rinsed with 1X PBS at
room temperature for 2 min. The slides were then permeabilized using 0.25% Triton X-100
diluted in 1X PBS for 5 min and rinsed with 1X PBS for 5 min. Non-specific antibody
interaction was blocked by incubating the slides with BlockAid blocking solution for 1 h at
room temperature. The mouse anti-human CD14 (Cat# 347490, BD Biosciences) and rabbit
IL-22 polyclonal antibody (Cat# bs-2623R, Bioss) were added and the slides were incubated
for 60 min at room temperature. The slides were then washed three times for 10 min each
time, after which the secondary antibodies goat anti-mouse IgG Alexa Fluor 594 (Cat#
A32742, Thermo Fisher Scientific) and goat anti-rabbit 1IgG Alexa Fluor 488 (Cat# A11034,
Thermo Fisher Scientific) were added and the slides were incubated for 30 min. The slides
were again washed three times with PBST for 10 min each time. A third primary antibody,
mouse anti-human CD15-Alexa Fluor 647 (Cat# 562369, BD Pharmingen) was added and
the slides were incubated for 60 min. The slides were washed in PBST three times for 10
min each time. The slides were then incubated with Spectral DAPI for 5 min and washed
with PBST for 10 min. Lastly, the ProLong® Diamond Anti-Fade Mountant was applied to
the slide and sealed with a cover slip. The immunofluorescence images were obtained using
an All-in-One Fluorescence Microscope BZ-X810 and prepared with BZ-X800 Analyzer
software v1.1.1.8.

Intra-amniotic injection of Ureaplasma parvum into 1122*/* and 1227/~ mice

Statistics

11221* and 1/227/~ dams were intra-amniotically injected with 5 x 10% cells/25 pL of
Ureaplasma parvum per sac (n = 10 each genotype) or 25 uL SP4 broth per sac (controls, n
=10 each genotype) on 16.5 dpc. Dams were video monitored to determine rate of preterm
birth (preterm birth was defined as delivery occurring before 18.5 dpc, and its rate was
represented by the percentage of females delivering preterm among the total number of mice
injected) as well as to calculate the gestational length and rate of neonatal mortality, as
described above.

Statistical analyses were performed using SPSS v19.0 (IBM, Armonk, NY) or GraphPad
Prism version 8.0.1 for Windows (GraphPad Software, San Diego, CA). For human
demographic data, the group comparisons were performed using Kruskal-Wallis tests

for non-normally distributed continuous variables or the Fisher’s exact test for nominal
variables. The Mann-Whitney U-test was used to compare differences between term and
preterm (human) and control and treatment (mouse) groups. For comparisons of more than
two groups, Kruskal-Wallis tests followed by Dunn’s post-hoc test for multiple comparisons
were performed. The Mantel-Cox test was utilized when Kaplan-Meier survival curves were
plotted and compared. Linear regression tests were performed to determine correlations. A
P-value < 0.05 was considered statistically significant.
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RESULTS

IL-22 is predominantly expressed by T cells at the maternal-fetal interface of women with
preterm labor

The main cellular source of IL-22 belongs to the lymphoid lineage, including both innate
and adaptive immune cells such as ap T cells, y6 T cells, NKT cells, and ILCs (4).
Therefore, we first investigated the expression of IL-22 by total T cells, B cells, NK cells,
and ILCs at the human maternal-fetal interface. Herein, we use the term human maternal-
fetal interface to refer to the decidua basalis and parietalis, which are the site of contact
between the uterine endometrium and the placental tissues (Fig. 1A). Figure 1B represents
the gating strategy utilized to identify major cell types in the decidual tissues, which are
depicted in a t-SNE plot in Fig. 1C. Notably, IL-22* T cells were more abundant in the
decidual tissues of women with preterm labor compared to term labor controls (Fig. 1D).
Such T cells co-expressed RORvyt, and therefore IL-22*RORyt* T cells were enriched in the
decidual tissues of women with preterm labor (Fig. 1E). Intriguingly, IL-22* T cells lacked
expression of IL-17A, IFN-y, IL-5, and IL-13, while simultaneously expressing moderate
levels of CD127 (a marker of T-cell memory (93, 94)) and high levels of CD69 (a marker

of early T-cell activation (95, 96)) (Fig. 1F). Indeed, CD69*RORyt*IL-22* T cells were
present in high proportions in the human decidua, suggesting that the majority of such T
cells are activated (Fig. S1A). By contrast, IL-22* B cells, 1L-22* NK cells (cells previously
reported in the uterine mucosa and decidua (97, 98)), and IL-22* ILCs (cells previously
reported in the uterine tissues (99-101)) were not significantly altered in the decidual tissues
of women with preterm labor compared to term labor controls (Fig. S1B-D). IL-22 can also
be produced by myeloid and non-hematopoietic cells such as macrophages, neutrophils, and
fibroblasts (4). Macrophages and neutrophils play central roles in host defense in maternal
(49, 68, 102) and fetal (28-33, 103, 104) compartments of women with spontaneous preterm
labor who were diagnosed with intra-amniotic infection. Therefore, we also determined the
expression of 1L-22 by neutrophils and macrophages in the decidual tissues. Consistent with
the concept that IL-22 is primarily produced by T cells, the expression of this cytokine by
decidual macrophages and neutrophils did not differ between women with preterm labor
and those with a term pregnancy (Fig. S1IE-F). Collectively, these results indicate that the
main cellular source of IL-22 at the maternal-fetal interface is T cells, and that such cells
are enriched in women with preterm labor. It is worth mentioning that the increase in
IL-22* T cells was not due to differences in gestational age, as no differences in the cell
types expressing I1L-22 were found between women who delivered preterm and those who
delivered at term in the absence of labor (Fig. S2A-H).

In silico single-cell RNAseq analysis of IL22 expression by immune cells at the human
maternal-fetal interface

Next, we explored the unbiased expression of /L22by decidual immune cells at
single-cell resolution. For this, we utilized the previously reported cellular landscape of
human placental tissues (basal plate and chorioamniotic membranes) during normal and
pathological parturition (68) (Fig. 1G). /n silico analysis of this single-cell RNAseq data
confirmed our immunophenotyping findings, showing that /£22is mainly expressed by
activated T cells in the decidua basalis that also express FORC in the basal plate (Fig.
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1H). NK cells in the decidua parietalis also displayed minimal expression of /L22and
RORC in the chorioamniotic membranes (Fig. 11). Other immune cells displayed negligible
co-expression of /L.22and RORC (Fig. 1H&I). As expected, the transcripts of the activating
receptor for IL-22 (IL-22RA1) as well as its binding protein (IL-22RA2), were minimally
expressed by decidual immune cells (Fig. 1H&I). In contrast, //10rbwas highly expressed
by all decidual immune cells, consistent with its pleiotropic functions (105-107) (Fig.
1H&I). These results support the concept that 1L-22 is mainly expressed by T cells at the
human maternal-fetal interface.

IL-22 is increased in the maternal circulation upon in vivo T-cell activation in mice

We previously showed that the /n7 vivoactivation of T cells induces preterm birth and
neonatal mortality in mice in the context of a systemic cytokine storm (66). Given that
IL-22 has been implicated in pathologies associated with systemic inflammation (108-110),
we next investigated whether this mediator contributes to the cytokine storm resulting

from Jin vivo maternal T-cell activation prior to preterm birth. Dams were intraperitoneally
injected with a monoclonal antibody against CD3e (Fig. 2A), which consistently induces
preterm birth in 80-90% of cases as previously reported (66, 89). Circulating levels of
IL-22 were increased in dams injected with anti-CD3e compared to those injected with

the isotype (Fig. 2B). Therefore, we next investigated whether the systemic administration
of IL-22 alone, at pathophysiological concentrations (91), was sufficient to induce preterm
birth and/or adverse neonatal outcomes in mice. The exogenous administration of I1L-22
neither shortened gestational length nor induced neonatal mortality in mice (Fig. S3A&B),
suggesting that activation of the IL-22 axis in the mother alone is insufficient to induce
adverse perinatal outcomes, and that the fetal compartment could be involved. To further
explore this concept, we examined the concentrations of IL-22 in the amniotic cavity upon
maternal T-cell activation in mice. Amniotic fluid concentrations of 1L-22 tended to increase
in dams injected with anti-CD3e compared to those injected with isotype control (3.5-fold
increase) (Fig. 2C). These data suggest that maternal T-cell activation causes a surge in
systemic IL-22 that may be transferred to the fetal compartment, given that this cytokine is
not normally expressed in the fetal tissues (e.g., intestine) in late gestation (111).

[122 receptors, but not 1122, are highly expressed in the murine fetal tissues in late

gestation

To complement a prior report showing that IL-22 is not expressed by the murine fetal
intestine (111), we next determined whether this cytokine was transcribed by gestational
tissues (e.g., placenta and fetal membranes) and the fetal lung in mice. Consistently, //22
was minimally expressed in the fetal intestine, fetal lung, placenta, or fetal membranes in
late murine gestation, which contrasted with the high expression of this cytokine by the
lungs of pregnant mice undergoing systemic inflammation (Fig. 2D). Yet, the transcripts
encoding the primary receptors for 1L-22, //22ral and //10rb, were highly expressed in the
fetal and gestational murine tissues (Fig. 2E-F). Similarly, //22raZ, the transcript encoding
the IL-22 binding protein, was also highly expressed by the fetal and gestational murine
tissues, with the placenta demonstrating the highest expression (Fig. 2G). Together, these
results show that the fetus possesses the machinery for responding to IL-22 signaling in late
murine gestation, but does not express this cytokine under physiological conditions.
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IL-22 can cross from the maternal to the fetal compartment, where it is associated with
intra-amniotic inflammation and preterm labor and birth in humans

The above data suggested to us that the pathological effects of IL-22 may be localized to the
fetal compartment rather than the maternal circulation, and that this cytokine may be capable
of crossing the human maternal-fetal interface and reaching the amniotic cavity, inducing
inflammation and disease. Therefore, we generated a novel ex vivo human system to test
this hypothesis (Fig. 3A). IL-22 was capable of crossing from the maternal decidua through
the chorioamnion at different doses, suggesting that this maternally-derived cytokine can
indeed reach the fetus (Fig. 3B). Next, we evaluated the clinical relevance of increased levels
of IL-22 in the human amniotic cavity by investigating the concentrations of this cytokine

in different subsets of women with preterm labor. Patients who presented with an episode

of preterm labor who delivered at term were considered as controls (Fig. 3C). Notably,
amniotic fluid IL-22 concentrations were greater in women with sterile or microbial intra-
amniotic inflammation than in those without these clinical conditions who delivered preterm
or those who delivered at term (Fig. 3D). In addition, amniatic fluid concentrations of

IL-22 tended to increase in women with microbial intra-amniotic inflammation compared

to those with sterile intra-amniotic inflammation (Fig. 3D). Together, these data led us to
propose that, in the amniotic cavity, IL-22 plays a dual role in maternal-fetal immunity: 1)
IL-22 alone is capable of causing fetal tissue injury leading to neonatal death, and 2) IL-22
participates in host defense against microbial invasion leading to preterm birth.

The intra-amniotic administration of IL-22 alone shortens gestational length and induces
neonatal death in mice

To establish the role of intra-amniotic IL-22 in fetal injury leading to neonatal death (Fig.
4A), we performed ultrasound-guided intra-amniotic injection of this cytokine in mice (Fig.
4B) at pathophysiological concentrations found in women with intra-amniotic inflammation
leading to preterm birth (Fig. 3D). The intra-amniotic administration of 1L-22 shortened
gestational length (Fig. 4C); however, this reduction did not reach statistical significance.
Sample size calculations revealed that 46 animals per group would be required to reach
statistical significance with a confidence level of 0.95 and power of 0.9. Regardless,
neonates born to mice intra-amniotically injected with 612 pg of 1L-22 showed a 50%
increase in mortality compared to those born to controls, which was statistically significant
(Fig. 4D). Neonates born to control mice appeared healthy compared to those born to
IL-22-injected dams, of which half were hypoxic and ultimately died (Fig. 4E). Neonatal
weights at weeks 1, 2, and 3 were not significantly different among the groups (Fig. 4F-H).
Taken together, these results provide mechanistic evidence that elevated concentrations of
IL-22 alone in the amniotic cavity shorten gestational length and, more importantly, induce
neonatal death in mice.

Intra-amniotic injection of IL-22 alone induces lung injury in the murine offspring

IL-22 has been previously shown to induce lung inflammation (112, 113). Therefore,

to investigate the mechanisms whereby intra-amniotic IL-22 causes neonatal death, we
first examined whether this cytokine induces a Respiratory Distress Syndrome (RDS)-like
phenomenon, which is a common clinical complication of premature neonates (114, 115).
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As a readout of RDS, we measured SP-A, a molecule produced in the lung by type 1l
alveolar cells that is essential for maintaining a patent airway (116, 117), in the murine
neonatal lungs (Fig 5A). The intra-amniotic injection of IL-22 in mice significantly reduced
the concentrations of SP-A (Fig. 5B), suggesting that this cytokine impairs lung maturation
in the offspring. Next, we examined the expression of key markers of inflammation
(transcripts related to RDS, necrotizing enterocolitis, the IL-22 pathway, etc.) in the
neonatal lungs (Fig. 5C) and intestine (Fig. 5D) to evaluate the effects of IL-22 in these
murine tissues. I1L-22 significantly upregulated the expression of //33, a pro-inflammatory
cytokine implicated in the pathogenesis of preterm birth and neonatal mortality induced

by alarmins (27, 118, 119), in both the murine neonatal lung (Fig. 5E) and intestine

(Fig. 5F). Furthermore, IL-22 upregulated the transcription of Defb1, a defensin that is
increased in the amniotic cavity of women with intra-amniotic inflammation (120, 121),

in the murine neonatal lung (Fig. 5E). Moreover, IL-22 upregulated the expression of the
gene encoding for IL-22RA1 in the murine neonatal lung (Fig. 5E) and tended to decrease
the expression of the gene encoding for the binding protein (Fig. 5C), suggesting that this
cytokine orchestrates its engagement in neonatal life. Consistently, the expression of //22ra2
is significantly reduced in the murine neonatal intestine upon IL-22 administration (Fig. 5F).
In addition, IL-22 downregulated the transcription of several inflammatory mediators in the
murine neonatal lung such as /fng, Ccl5, Tslp, 1127, and aryl hydrocarbon receptor (AAr).

Collectively, these data suggest that the mechanisms whereby IL-22 induces neonatal death
in mice primarily involve impaired maturation and dysregulation of inflammatory cascades
in the neonatal lung.

IL-22 participates in host defense induced by microbial invasion of the amniotic cavity in
both mice and humans

During intra-amniotic infection, the inflammatory process represents the host response
against microbes invading the amniotic cavity (28-33), which leads to preterm labor

and birth as an unintended consequence (34, 35). To establish the role of IL-22 in host
defense against microbial invasion of the amniotic cavity leading to preterm birth (Fig.

6A), we utilized a previously established murine model of preterm birth induced by
Ureaplasma parvum (92), the most common microorganism found in women with microbial
intra-amniotic inflammation (73, 122-125). Amniotic fluid concentrations of IL-22 were
significantly increased in dams injected with Ureaplasma parvum compared to those injected
with control medium (Fig. 6B). Yet, the intra-amniotic injection of Ureaplasma parvum in
mice did not increase the systemic concentrations of IL-22 (Fig. S3C). To appreciate the role
of our cytokine of interest in the local host response to Ureaplasma parvum, we determined
the correlation between IL-22 concentrations and the concentrations of pro-inflammatory
cytokines as well as the expression of 1L-22 by infiltrating leukocytes in the murine amniotic
cavity, both of which are clinical manifestations of intra-amniotic infection (27, 30-32, 70,
104, 119, 126-128). Consistent with a role for IL-22 in host response, the concentrations

of this cytokine were positively correlated with IL-6 (the clinical marker of intra-amniotic
inflammation in humans (74, 129)), as well as other pro-inflammatory cytokines such as
IL-21 and IL-17A (Fig. 6C). Moreover, both amniotic fluid neutrophils and monocytes/
macrophages found in mice injected with Ureaplasma parvum expressed 1L-22 (Fig. 6D).
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The translational value of the latter finding was confirmed in human amniotic fluid samples
from women with intra-amniotic infection associated with genital mycoplasmas, where
neutrophils and monocytes/macrophages expressed 1L-22 (Fig. 6E&F). To further examine
the sources and sensing of IL-22 in the amniotic cavity upon microbial invasion, the
expression of this cytokine and its receptors was explored in the fetal membranes and
placentas of Ureaplasma parvum-injected mice. The expression of //22was significantly
upregulated in the murine fetal membranes (Fig. 7A) and the placenta (Fig. 7B) compared
to controls, suggesting that these gestational tissues express this cytokine as part of the host
response triggered by genital mycoplasmas invading the amniotic cavity. Interestingly, the
murine placenta upregulated the expression of both //22ra1 and //10rb (Fig. 7B), suggesting
that intra-amniotic infection induced by genital mycoplasmas promotes the sensing of IL-22
by this fetal organ. Lastly, we evaluated the inflammatory status of the murine fetal lung
and intestine as a consequence of the host intra-amniotic immune response triggered by
microbes. Consistent with the clinical scenario of fetal inflammatory response syndrome
induced by intra-amniotic infection (130-132), fetuses of mice injected with Ureaplasma
parvum displayed a massive upregulation of pro-inflammatory mediators in the fetal lung
and intestine (Fig. 7C—F). Taken together, these data provide a solid role for IL-22 in

the host response to Ureaplasma parvum-induced intra-amniotic inflammation preceding
preterm birth in both mice and humans.

[122 deficiency protects against Ureaplasma parvum-induced preterm birth and neonatal

mortality

Lastly, to demonstrate causality between IL-22 and adverse perinatal outcomes due

to microbial intra-amniotic inflammation, we performed intra-amniotic injection of
Ureaplasma parvum in 1/22-sufficient and -deficient mice (Fig. 8A). Ureaplasma parvum
induced high rates (40%) of preterm birth in //22** mice, confirming our previously
established model of microbial intra-amniotic inflammation-induced preterm birth (92).
Notably, /227~ mice were protected against preterm birth and delivered later than //22"/*
dams (Fig. 8B&C). Importantly, although Ureaplasma parvum induced high rates of
neonatal mortality in //22*/* mice, neonates born to //227/~ dams experienced minimal
mortality rates (Fig. 8D) and thrived up to three weeks of age. This last set of results
provides a mechanistic demonstration of a role for IL-22 in the inflammatory response
induced by genital mycoplasmas as part of the host defense against infection of the
amniotic cavity, which leads to preterm birth and adverse neonatal outcomes as unintended
consequences.

DISCUSSION

Herein, we present evidence that IL-22 plays a dual role in maternal-fetal immunity.
Specifically, we demonstrated that IL-22* T cells co-expressing RORvyt are enriched at

the human maternal-fetal interface of women with preterm labor and birth, as confirmed

by /n silico analysis of available single-cell RNASeq data of the basal plate. Next, we
showed that systemic concentrations of IL-22 were elevated upon maternal T-cell activation
leading to preterm birth in mice. Yet, the intravenous administration of IL-22 alone in mice
did not induce adverse perinatal outcomes, suggesting that this cytokine must reach the
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fetal compartment to cause damage. In line with our hypothesis, concentrations of 1L-22
were increased in the amniotic cavity upon /n vivo maternal T-cell activation where it may
be sensed by its receptors (//22ral, /110rb, and 1/22ra2), which were highly expressed by
gestational and fetal tissues in late murine pregnancy. Next, we confirmed that IL-22 can
cross from the maternal (choriodecidua) to the fetal (amniotic cavity) side using an ex vivo
human system. Importantly, amniotic fluid concentrations of IL-22 were elevated in women
with sterile or microbial intra-amniotic inflammation, leading us to investigate the role of
this cytokine in the presence and absence of microbes. A role for IL-22 in fetal tissue injury
was evidenced by the intra-amniotic administration of this cytokine alone in mice, which
led to shortened gestation and neonatal death, the latter involving impaired lung maturation
and tissue inflammation. A role for IL-22 in the host response against microbes invading the
amniotic cavity was demonstrated by the participation of this cytokine in the intra-amniotic
inflammatory milieu preceding Ureaplasma parvum-induced preterm birth in mice, which
was rescued by the deficiency of IL-22. Collectively, these data show that IL-22 alone

is capable of causing fetal tissue injury leading to neonatal death and that this cytokine
participates in host defense against microbial invasion of the amniotic cavity leading to
preterm labor and birth.

T cells of maternal origin are present at the human (56-60, 66, 133—-138) and murine (48,
50, 51, 64, 66, 139-141) maternal-fetal interface (67, 142-146). In early pregnancy, antigen-
specific and non-specific events are thought to modulate the highly regulated, but limited,
recruitment of effector T cells (147), which contribute to the pro-inflammatory milieu at

the maternal-fetal interface that is required for successful implantation (148, 149). Such an
inflammatory response may be counteracted by the concomitant increase in regulatory T
cells that occurs both locally and systemically (150-154) and persists throughout gestation
(152). The importance of regulatory T cells in late gestation has been underscored by
mechanistic studies showing that the depletion of such cells in early (152, 153, 155-159)
and late (160) pregnancy results in pregnancy loss and preterm birth, respectively. Moreover,
we have shown that a reduction in regulatory T cells is accompanied by an increased influx
of effector T cells at the maternal-fetal interface of women who underwent spontaneous
preterm labor (160). These T cells express effector molecules such as granzyme B and
perforin that may exert their lytic functions at the maternal-fetal interface (66), thereby
inducing tissue damage and chronic decidual inflammation, a hallmark of spontaneous
preterm labor (161, 162). Herein, we expand on this concept by demonstrating that a subset
of decidual T cells co-express IL-22 and RORyt, and such cells are enriched in women with
preterm labor and birth. The expression of such molecules, together with the absence of
IL-17A, led us to propose that such decidual T cells belong to the recently described Th22
subset (163-169). Our finding that Th22-like cells are present at the maternal-fetal interface
of women with preterm labor is in tandem with a prior study showing that decidual 1L-22-
expressing T cells are implicated in pregnancy loss (170). Therefore, T cells expressing
IL-22 are present at the maternal-fetal interface in early and late pregnancy, where they seem
to participate in the mechanisms involved in obstetrical disease.

Consistent with the above concept, we have shown that the /7 vivo injection of an anti-CD3e
antibody can activate systemic and decidual T cells in mice, resulting in preterm birth and
neonatal mortality (66). In the current study, we showed that such activation of T cells
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is accompanied by elevated concentrations of 1L-22 in the murine maternal circulation. In
line with this finding, elevated concentrations of IL-22 or numbers of IL-22* T cells have
been reported in systemic inflammatory disorders as well as in host response to pathogens
(171-175). Furthermore, IL-22" T cells are elevated in the circulation of women with
preeclampsia (176), a population at increased risk of medically-indicated preterm birth (12,
177). However, the concentrations at which IL-22 displays deleterious effects likely vary
according to systemic pathophysiological processes. For example, we report herein that the
systemic administration of IL-22, at concentrations reported in women with spontaneous
preterm labor (91), is not sufficient to induce preterm birth in mice. Yet, it is plausible

that the cytokine storm induced by maternal T-cell activation (66) facilitates the crossing
of IL-22 from the maternal to the fetal compartment (i.e., amniotic cavity), as evidenced
by the elevated amniotic fluid concentrations of this cytokine in this murine model. Such

a concept was confirmed in the current study by demonstrating that maternally-derived
IL-22 crosses the human maternal-fetal interface, reaching the fetal compartment. Transfer
of cytokines through the placental tissues is not unique to IL-22, since it has been previously
demonstrated for IL-8 (178), IL-2 (179), and IL-6 (180, 181).

Interleukin-22 is minimally expressed by murine fetal tissues, as demonstrated herein and
previously reported (111). Yet, its canonical receptors are highly expressed by the murine
fetal and placental tissues, as shown herein, or by the human placenta (182), suggesting

that the fetus can sense IL-22 under pathological conditions. Indeed, here we demonstrate

a pathological role for IL-22 in the fetal compartment by showing that the intra-amniotic
administration of this cytokine alone shortens gestational length and, more importantly,
causes neonatal death in mice. This finding is in tandem with our previous investigation
showing that activated fetal T cells, which are capable of producing IL-22 as well as

other Th cytokines, are implicated in a subset of preterm labor cases without microbial intra-
amniotic inflammation (68). Consistently, the intra-amniotic administration of activated
neonatal T cells in mice induced a proportion of preterm births (68), suggesting that

the release of multiple T-cell cytokines is necessary to activate the premature cascade of
parturition, and provides an explanation as to why IL-22 alone only shortened the gestational
length. Nevertheless, intra-amniotic 1L-22 was sufficient to induce neonatal death in mice,
which could result from the multi-organ pathological effects attributed to this cytokine (4,
183), as evidenced herein by tissue inflammation and impaired lung maturation in neonates.

The indispensable role of IL-22 in host defense mechanisms against infection with bacteria,
yeast, and protozoa is well documented (4, 173, 184-187). Specifically, during bacterial
infection, this cytokine enhances anti-bacterial defense by epithelial cells and actively
participates in the recruitment and activation of immune cells, thus limiting colonization
(188-190). Consistently, here we report that IL-22 is part of the intra-amniotic inflammatory
response driven by host response against microbes, such as Ureaplasma parvum, in humans
and mice. Although we did not observe the direct actions of IL-22 on Ureaplasma parvum,
a previous report has shown that IL-22 alone inhibits the growth of Mycobacterium
tuberculosis in macrophages (191). The ability of IL-22 to perform such a function

with respect to Ureaplasma parvum in the amniotic cavity warrants further investigation.
Moreover, we show that fetal innate immune cells infiltrating the amniotic cavity in
response to infection (30, 31, 33) are sources of IL-22 in both humans and mice. The
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mechanisms whereby IL-22 participates in the inflammatory milieu induced by Ureaplasma
parvum involve the upregulation of its transcription as well as that of its receptors in

the placental tissues, as shown herein. Furthermore, we provide evidence that IL-22 is
implicated in the inflammatory pathways leading to preterm birth and fetal injury, given
that //22-deficient mice are resistant to the deleterious effects of Ureaplasma parvum in

the amniotic cavity. The mechanisms whereby //22 deficiency protects against neonatal
mortality may involve resolution of the acute fetal inflammatory response syndrome, which
is a common complication that can result from microbial invasion of the amniotic cavity and
involves massive activation of the innate limb of fetal immunity as part of the host response
(130, 132, 192).

In summary, this study provides a previously unrecognized dual role for IL-22 in maternal-
fetal immunity. Interleukin-22 is expressed by maternal T cells in the uterine decidua of
women with preterm labor and birth. Under pathological circumstances associated with
maternal T-cell activation, IL-22 can cross the maternal-fetal interface and reach the
amniotic cavity, where it can be sensed by the fetal and gestational tissues, causing fetal
injury leading to neonatal death. On the other hand, 1L-22 contributes to the host response
against microbes invading the amniotic cavity in the context of preterm labor and birth,
which involves a fetal inflammatory response leading to neonatal demise. Collectively,
these findings shed light on the biology of IL-22 during late gestation and host response
mechanisms implicated in intra-amniotic infection resulting in preterm birth, the leading
cause of neonatal morbidity and mortality worldwide.
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KEY POINTS
IL-22 plays a dual role in the amniotic cavity
IL-22 causes fetal tissue injury leading to neonatal death

IL-22 participates in host defense against infection leading to preterm birth
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FIGURE 1. Immunophenotyping of cellular sources of IL-22 in human decidual tissues.
(A) Spatial localization of the human decidua basalis and parietalis. (B)

Gating strategy used to identify neutrophils (CD14~CD15%), macrophages

(CD15°CD14%), T cells (CD14"CD15"CD19-CD3%), B cells (CD14~CD15-CD3~CD19™%);
NK cells (CD14~CD15-CD3"CD19-CD56), and innate lymphoid cells (ILCs;
CD14~CD15"CD3"CD19~CD11b~CD56~(Lin")CD127*) in the human decidua parietalis
and basalis. (C) Representative #SNE plot showing the relative distribution of immune

cell populations in the human decidual tissues. (D) Proportions of IL-22* T cells in the
decidua parietalis of women with term labor (TIL, n = 29) or preterm labor (PTL, n =

26) and decidua basalis of women with TIL (n = 30) or PTL (n = 26). (E) Proportions of
IL-22*RORyt* T cells in the decidua parietalis of women with TIL (n = 29) or PTL (n =
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26) and decidua basalis of women with TIL (n = 30) or PTL (n = 26). The p-values were
determined using Mann-Whitney U-tests. Data are shown as scatter plots with medians,
interquartile ranges, and min/max ranges. Demographic and clinical characteristics of the
study population are shown in Table I. (F) Representative #SNE plots showing the relative
distribution of RORyt, CD69, CD127, IL-17A, IFNYy, IL-5, and IL-13 expression by 1L-22*
T cells in the human decidual tissues. (G) Overview of the single-cell RNA-sequencing
(scRNA-seq) of the human decidual tissues showing the major cell types identified in

a Uniform Manifold Approximation Plot (UMAP) as reported in (68). Gene expression
(scaled to transcripts per million) of /L22, 1I22RA1, IL10RB, IL22RAZ, and RORC by
immune cells in the (H) basal plate and (1) chorioamniotic membranes of women who
delivered at term without labor (TNL, n = 3), TIL (n = 3), or PTL (n = 3). Dot size
corresponds to the proportion of cells expressing each transcript within a given cell type.
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FIGURE 2. Maternal T-cell activation induces elevated 1L-22 in the maternal circulation and
amniotic cavity and the expression of 1L22 and its receptors by gestational and fetal tissues in

late gestation in mice.
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@ Maternal lung

(A) Study design illustrating the intraperitoneal injection of an anti-CD3e antibody on 16.5
days post coitum (dpc) to induce T-cell activation-induced preterm birth in mice. Maternal

serum and amniotic fluid were collected 12 — 16 h after injection for 1L-22 determination.

(B) Concentrations of IL-22 (pg/mL) in the maternal serum of mice injected with anti-CD3e
(n =19) or isotype control (n = 18). (C) Concentrations of IL-22 (pg/mL) in the amniotic
fluid of mice injected with anti-CD3e (n = 5) or isotype control (n = 5). The p-values were
determined using Mann-Whitney U-tests. Data are shown as scatter plots with medians,
interquartile ranges, and min/max ranges. Dot plots representing the expression of (D) //22,
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(E) /122ra1, (F) 1110rb, and (G) //22raZin the murine placenta, fetal membranes, fetal
intestine, and fetal lung at 16.5 and 17.5 dpc, as well as the lungs of pregnant mice injected
with lipopolysaccharide (positive control) at 17.5 dpc. Limits of detection for each transcript
are denoted by dotted lines and pink boxes.
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FIGURE 3. IL-22 can cross from the maternal to the fetal compartment and is implicated in
intra-amniotic inflammation in women with preterm labor and birth.

(A) Study design illustrating the ex vivo human model of recombinant human (rh)IL-22
transfer across an explant of chorioamniotic membranes from women without labor at
term (TNL). (B) Percent (%) of transferred rhlL-22 at low (6ng; n = 3), medium (60ng;
n = 4) and high (600ng; n = 3) concentrations. Data are shown as bar plots (mean £
SEM). BioRender was used to create part of the study design (transwells). (C) Study
design illustrating the study groups of women who underwent spontaneous preterm labor
and characterization of their intra-amniotic inflammatory and microbiological status and
outcomes. (D) Concentrations of IL-22 in amniotic fluid of women with preterm labor
who delivered at term (n = 20), preterm labor without microbial or sterile intra-amniotic
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inflammation who delivered preterm (n = 27), preterm labor with sterile intra-amniotic
inflammation who delivered preterm (n = 27), or preterm labor with microbial intra-amniotic
inflammation who delivered preterm (n = 16). The p-values were determined using a
Kruskal-Wallis test followed by Dunn’s post-hoc test. Data are shown as scatter plots with
medians, interquartile ranges, and min/max ranges. Demographic and clinical characteristics
of the study population are shown in Table I1.
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FIGURE 4. Intra-amniotic administration of IL-22 shortens gestational length and causes
neonatal death in mice.

(A) In the absence of microbial invasion of the amniotic cavity, increased IL-22 could

lead to fetal injury. (B) Mice received an ultrasound-guided intra-amniotic injection of
recombinant mouse (rm)IL-22 on 16.5 days post coitum (dpc) and were monitored until
delivery. Color Doppler was used to identify the injection jet sign to confirm successful
intra-amniotic injection. (C) Gestational length (dpc) of mice that received an intra-amniotic
injection of rmlIL-22 at 1.2 (pink; n = 8), 70 (dark pink; n = 6), or 612 (red; n =8) pg/
amniotic sac or PBS (blue; n = 8) as vehicle control. (D) Kaplan-Meier survival curves
representing survival at weeks 1, 2, and 3 of neonates born to mice that received intra-
amniotic injection of rmIL-22 at 1.2 (pink; n =42), 70 (dark pink; n = 60), or 612 (red;
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n = 59) pg/amniotic sac or PBS (blue; n = 54). P-values were determined using the Mantel-
Cox test. (E) Representative images of neonates born to mice that received intra-amniotic
injection of PBS (top row) or rmIL-22 (612 pg/amniotic sac) (bottom row). (F-H) Weights at
weeks 1, 2, and 3 of neonates born to mice that received intra-amniotic injection of rmIL-22
at 1.2 (pink; n =5 litters), 70 (dark pink; n = 8 litters), or 612 (red; n = 5 litters) pg/amniotic
sac or PBS (blue; n =7 litters). Each dot corresponds to the mean weight of a litter of pups.
Data are shown as scatter plots with means.
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FIGURE 5. Intra-amniotic administration of IL-22 in mice induces lung injury and

inflammation in the offspring.
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(A) Mice received an ultrasound-guided intra-amniotic injection of recombinant mouse

(rm)IL-22 (612 pg/amniotic sac) (n = 10) or PBS (vehicle control; n =7 — 10) on 16.5

days post coitum (dpc) and were monitored until delivery, after which the neonatal lung
and intestine were collected. (B) Surfactant Protein A concentrations (ng/mg of protein) in
the lungs of neonates born to mice intra-amniotically injected with PBS (n = 7) or rmIL-22
(n = 10). P-value was determined using a Mann-Whitney U-test. Heatmap representations

showing inflammatory gene expression in the (C) lungs and (D) intestines of neonates
born to mice intra-amniotically injected with PBS (n = 10) or rmIL-22 (n = 10). Red

indicates upregulated expression and blue indicates downregulated expression. Stars indicate
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significant differentially expressed genes. (E) Expression of //133, Defb1, 1/122ral, Ifng, Ccl5,
Tslp, 1127, and Ahrand in the murine neonatal lung. (F) Expression of //33and //22ra2in
the murine neonatal intestine. P-values were determined using Mann-Whitney U-tests.
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FIGURE 6. IL-22 is expressed by neutrophils and monocytes/macrophages in the human and
murine amniotic cavity upon microbial infection.

(A) 1L-22 participates in the local host immune response to microbial invasion of

the amniotic cavity. (B) Concentrations of 1L-22 in the amniotic fluid of mice intra-
amniotically injected with Ureaplasma parvum (n = 12) or SP4 broth (n = 6). P-value was
determined using a Mann-Whitney U-test. (C) Linear regressions showing the correlations
between amniotic fluid concentrations of IL-22 and those of IL-6, IL-21, and IL-17A

in mice intra-amniotically injected with Ureaplasma parvum (n = 8). (D) Representative
immunofluorescence imaging of amniotic fluid neutrophils and monocytes/macrophages
from mice intra-amniotically injected with Ureaplasma parvum showing the single and
merged expression of DAPI (nuclei, blue), Ly6G (neutrophils, green), F4/80 (monocytes/
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macrophages, red), and 1L-22 (yellow). Representative immunofluorescence imaging of
human amniotic fluid (E) neutrophils and (F) monocytes/macrophages obtained from
women with intra-amniotic infection showing the single and merged expression of DAPI
(blue), CD15 (neutrophils, violet), CD14 (monocytes/macrophages, red), and 1L-22 (green).
Green boxes correspond to cells of interest. All images taken at 40X magnification. Scale
bars indicate 20um.
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FIGURE 7. IL22 participates in host response to Ureaplasma parvum in the placenta, fetal
membranes, fetal lung, and fetal intestine in mice.

(A) Expression of /122, 1110rb, 1/122ral, and //22ra2in the fetal membranes of mice intra-
amniotically injected with Ureaplasma parvum (n = 8) or SP4 broth (n = 8). (B) Expression
of 1122, 1110rb, 1/22ral, and //22ra2 in the placentas of mice intra-amniotically injected

with Ureaplasma parvum (n = 8) or SP4 broth (n = 8). Heatmap representations showing
inflammatory gene expression in the (C) lung and (D) intestine of fetuses of mice intra-
amniotically injected with Ureaplasma parvum (n = 8) or SP4 broth (n = 8). Stars indicate
significant differentially expressed genes. (E) Expression of Nikb2, Il1a, 1/1b, 116, Tnf, 1/12b
(1112p40), Ccl2, Ccl3, Cxcll, Cxcl5, Cxcl10, 1110rb, 1123a, 1127, and Lrg1 in the lung of
fetuses of mice intra-amniotically injected with Ureaplasma parvum (n = 8) or SP4 broth
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(n = 8). (F) Expression of Nfkb2, 1/122ral, and Lrg1in the intestine of fetuses of mice
intra-amniotically injected with Ureaplasma parvum (n = 8) or SP4 broth (n = 8). P-values
were determined using Mann-Whitney U-tests.
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FIGURE 8. 1122 deficiency protects against intra-amniotic Ureaplasma parvum-induced preterm
birth and neonatal mortality.

(A) 1122 and 1/227~ mice were intra-amniotically injected with Ureaplasma parvum or
SP4 broth (control) on 16.5 days post coitum (dpc) and monitored until delivery. (B) Preterm
birth rates of //22"'* and //227~ mice intra-amniotically injected with Ureaplasma parvum
(n = 10 per genotype) or control (n = 10 per genotype). (C) Gestational lengths of //22*
and /227~ mice intra-amniotically injected with Ureaplasma parvum or control. Dotted

line and pink box represent the cut-off for preterm birth (<18.5 dpc). (D) Mortality rates

of neonates born to //22"* and //227/~ mice intra-amniotically injected with Ureaplasma
parvum or control. (E) Kaplan-Meier survival curves representing survival at weeks 1,

2, and 3 of neonates born to //22"* and //227/~ mice intra-amniotically injected with
Ureaplasma parvum or SP4 broth. P-values were determined using the Mantel-Cox test.
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Table I.

Demographic and clinical characteristics of the study population for immunophenotyping of cellular sources
of IL-22

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Term not in Term in labor Preterm not in Preterm in labor value
labor (n=11) (n=30) labor (n=11) (n=26) p
Maternal age (years; median [IQR])a 26 (23-31) 24 (20.3-25.8) 31 (27.5-33) 26 (22.3-28.8) 0.004
Body mass index (kg/m?; median [IQF!])a 35.1(29.2-39) 256 (23-31.2) 34.7(29.1-35.8) 31.1 (25.9—40.4)C 0.02
Primiparityb 0% (0/11) 6.7% (2/30) 0% (0/11) 23.1% (6/26) 0.09
Race/ethnicityb 0.4
African-American 81.8% (9/11) 90% (27/30) 90.9% (10/11) 76.9% (20/26)
White 18.2% (2/11) 3.3% (1/30) 9.1% (1/11) 19.2% (5/26)
Other 0% (0/11) 6.7% (2/30) 0% (0/11) 3.8% (1/26)
Gestational age at delivery (weeks;
. a 39.1(39-39.3) 39.2 (38.6-40.3) 33.4 (31-36.4) 34.6 (33.7-35.9) <0.001
median [IQR])
3370 (3125- 3188 (2839-
Birthweight (grams; median [IQR])” 37(05) 33(19) 1730 (1383-2508) | 2233 (1809-2440) | <0.001
Acute maternal inflammatory response[7
Stage 1 (Early acute subchorionitis or 9.1% (1/11) 33.3% (10/30) 0% (0/11) 15.4% (4/26) 0.07
chorionitis)
Stage 2 (Acute chorioamnionitis) 0% (0/11) 23.3% (7/30) 0% (0/11) 15.4% (4/26) 0.14
Stage 3 (Necrotizing chorioamnionitis) 0% (0/11) 0% (0/30) 0% (0/11) 0% (0/26) 1
Acute fetal inflammatory responseb
Stage 1 (Chorionic vasculitis or
umbilical phlebitis) 0% (0/11) 23.3% (7/30) 0% (0/11) 3.8% (1/26) 0.06
Stage 2 (Umbilical arteritis) 0% (0/11) 6.7% (2/30) 0% (0/11) 15.4% (4/26) 0.4
Stage 3 (Necrotizing funisitis) 0% (0/11) 0% (0/30) 0% (0/11) 0% (0/26) 1

Data are given as median (interquartile range, IQR) and percentage (n/N).
a .

Kruskal-Wallis test,
b

Fisher’s exact test,

cThree missing data.
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Demographic and clinical characteristics of the study population for measurements of IL-22 in amniotic fluid.

Term Delivery

Preterm Delivery

Preterm labor

Preterm labor
without sterile

Preterm labor
with sterile

Preterm labor
with microbial

\ellvtht%rdril i(\:]e:rgg) ?r:’tp;i-caﬁlr)liiaolti c intra-amniotic intra-amniotic p-value
inflammation (n=27) inflammation (n=27) | inflammation (n=16)
Maternal age (years; median
a 23 (20.8-25.5) 22 (19-25.5) 24 (20.5-27) 23.5 (20-27) 0.7
[IQRI)
- ).
Body mass index (kg/m#; g e e J
a 22.7(20.9-29.4) 25.3 (21.5-28.9) 28.2 (23.2-33.4) 23.7 (21.6-31.7) 0.2
median [IQR]) ' ' ’ ' ‘ ' ' ' '
Primiparity” 10% (2/20) 29.6% (8/27) 56.3% (9/16) 18.8 (3/16) 0.2
Race/ethnicityb 0.6
African-American 100% (20/20) 81.5% (22/27) 88.9% (24/27) 93.8% (15/16)
White 0% (0/20) 11.1% (3/27) 7.4% (2/27) 6.2% (1/16)
Other 0% (0/20) 7.4% (2/27) 3.7% (1/27) 0% (0/16)
Gestational age at amniocentesis
) a 31.3(30.7-32.3) 30.6 (28.5-32.4) 26.4 (23.8-30.2) 26.4 (22.5-30.2) 0.002
(weeks; median [IQR])
IL-6 (ng/mL; median [IQR])? 0.4 (0.3-0.7) 0.5 (0.4-1) 11.2 (5.4-22.9) 98.9 (26.6-130.1) <0.001
Amniotic fluid glucose (mg/dl; 285 (22.8-32) 27 (20-325) d c <0.001
median [IQR])? 5(22. . 21 (19-26) 10 (1-18) :
Amniotic fluid WBC (cells/ 05 (0-4.3) 1(0-3) e 285 (23-458) <0.001
mim®: median [IOR])? : : 2.5 (0.8-13.3) :
Gestational age at delive|
_g ary 38.7 (37.4-39) 34 (31.8-35.8) 26.7 (24.5-31.3) 26.4 (22.5-30.3) <0.001
(weeks; median [IQR])
Cesarean section” 0% (0/20) 3.7% (1/27) 22.2% (6/27) 12.5% (2/16) 0.047
Birthweight (grams; median _
cight (g 3048 (2900 2190 (1588-2364) 917 (593-1545) 985 (458-1261) <0.001
[IQR]) )
Acute maternal inflammatory
responseb’c
Stage 1 (Early acute
subchgrion(itis o): chorionitis) 105% (2/19)° 13% (3/23)f 29.2% (7/24)° 13.3% (2/15)° 05
Stage 2 (Acute
Chori(?amnéonms) 15.8% (3/19)° 21.7% (5/23)" 12.5% (3/24)€ 20% (3/15)° 0.9
Stage 3 (Necrotizin
Chom?amnéonms) 9 0% (0/19)€ 0% (0/23)" 16.6% (4/24)¢ 66.6% (10/15)° <0.001
Acute fetal inflammatory
responseb'c
Stage 1 (Chorionic vasculitis . c . f ) e . c 01
or umbilical phlebitis) 15.8% (3/19) 8.7% (2/23) 20.8% (5/24) 33.3% (5/15) :
Stage 2 (Umbilical arteritis) 5.3% (1/19)° 4.3% (1/23)" 4.2% (1/24)¢ 46.7% (7/15)° <0.001
Stage 3 (Necrotizing funisitis) 0% (0/19)0 0% (0/23)f 0% (0/24)5' 0% (0/15)0 1.0
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Data are given as median (interquartile range, IQR) and percentage (n/N).
aKruskaI-WaIIis test with multiple comparison,
b
Fisher’s exact test,
[5 L
One missing datum,
d o
Two missing data,
e .
Three missing data,

fFour missing data

Abbreviations: WBC, white blood cells.
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