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Abstract

Preterm birth (PTB) is a leading cause of neonatal morbidity and mortality; however, its non-

infection-related mechanisms are poorly understood. Herein, we show that the expansion of 

activated CD1d-restricted invariant NKT (iNKT) cells in the third trimester by administration of 

α-galactosylceramide (α-GalCer) induces late PTB and neonatal mortality. In vivo imaging 

revealed that fetuses from mice that underwent α-GalCer-induced late PTB had bradycardia and 

died shortly after delivery. Yet, administration of α-GalCer in the second trimester did not cause 

pregnancy loss. PPARγ activation, through rosiglitazone treatment, reduced the rate of α-GalCer-

induced late PTB and improved neonatal survival. Administration of α-GalCer in the third 
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trimester suppressed PPARγ activation as shown by the down-regulation of Fabp4 and Fatp4 in 

myometrial and decidual tissues, respectively; this suppression was rescued by rosiglitazone 

treatment. Administration of α-GalCer in the third trimester induced an increase in the activation 

of conventional CD4+ T cells in myometrial tissues and the infiltration of activated macrophages, 

neutrophils and mature DCs to myometrial and/or decidual tissues. All of these effects were 

blunted after rosiglitazone treatment. Administration of α-GalCer also up-regulated the expression 

of inflammatory genes at the maternal-fetal interface and systemically, and rosiglitazone treatment 

partially attenuated these responses. Finally, an increased infiltration of activated iNKT-like cells 

in human decidual tissues is associated with non-infection-related preterm labor/birth. 

Collectively, these results demonstrate that iNKT-cell activation in vivo leads to late PTB by 

initiating innate and adaptive immune responses and suggest that the PPARγ pathway has 

potential as a target for prevention of this syndrome.

INTRODUCTION

Preterm birth (PTB) refers to the delivery of a live baby before the 37th week of gestation, 

and it is the leading cause of neonatal morbidity and mortality worldwide (1). In 2013, 

11.39% of births in the United States were preterm (2). Preterm neonates are at an increased 

risk for short- and long-term morbidity, and prematurity represents a substantial burden for 

society (3–6). Approximately 72% (34 to <37 weeks) of all PTBs are diagnosed as late 

preterm (7, 8), and two thirds of all PTBs occur after spontaneous preterm labor (9). 

Therefore, we focused our attention on the elucidation of those mechanisms that lead to 

spontaneous late preterm labor/birth and the development of therapies to prevent this 

syndrome.

Inflammation is implicated in the pathological process of spontaneous preterm labor (10–

38). Pathological inflammation can result from the activation of innate (39–47) immunity by 

microorganisms (24, 48) or endogenous danger signals derived from necrosis or cellular 

stress (44, 49–52) termed damage-associated molecular pattern molecules (53) or alarmins 

(54). The inflammatory process initiated by alarmins is known as sterile inflammation (55). 

The term ‘sterile intra-amniotic inflammation’ refers to an inflammatory process in which 

microorganisms cannot be detected in the amniotic cavity (44, 49–52, 56). Sterile intra-

amniotic inflammation is more common than microbial-associated intra-amniotic 

inflammation in patients with spontaneous preterm labor (30, 57). Indeed, administration of 

alarmins such as IL1α (58) or HMGB1 (59) induces preterm labor/birth. In addition, IL33, a 

classic alarmin (60), is expressed in decidual tissues and up-regulated in acute 

chorioamnionitis (61), a placental lesion associated with preterm labor (62). Recently, it was 

demonstrated that IL33 is a potent activator of invariant (i)NKT cells (63, 64). Therefore, we 

hypothesized that activation of iNKT cells, immune cells that can be activated by alarmins 

in the context of sterile inflammation, could participate in the immune mechanisms that lead 

to non-infection-related preterm labor/birth.

iNKT-cell activation induces the initiation of signaling pathways (e.g., the NF-κB pathway) 

that lead to the production of Th1 and Th2 cytokines and chemokines (65–70) which, in 

turn, leads to a massive immune response mediated by innate and adaptive immune cells 

St Louis et al. Page 2

J Immunol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(71). Hence, we hypothesized that iNKT-cell activation via α-galactosylceramide (α-

GalCer), a high affinity iNKT ligand (72, 73), would activate innate and adaptive immune 

cells at the maternal-fetal interface promoting pathological inflammation and leading to 

spontaneous preterm labor/birth. In addition, we proposed that suppression of this 

inflammatory response would prevent PTB induced by NKT-cell activation. In search of an 

anti-inflammatory drug to prevent PTB, we evaluated rosiglitazone, a selective peroxisome 

proliferator-activated receptor (PPAR)γ agonist (74). Rosiglitazone causes activation of the 

PPARγ pathway which, in turn, suppresses gene transcription by interfering with signal 

transduction pathways, such as the NF-κB, STAT, and AP-1 pathways (75–77). PPARγ 

activation has been suggested as a therapeutic intervention for preventing PTB (78) since 

treatment with 15-deoxy-Δ12,14-prostaglandin J2 compound, a PPARγ agonist (79, 80), 

delays endotoxin-induced PTB (81). However, whether PPARγ activation blunts the 

inflammatory response induced by iNKT-cell activation has not been investigated.

Using a murine model, our investigations demonstrate for the first time that administration 

of α-GalCer in the third trimester leads to late PTB, which is prevented following PPARγ 

activation by treatment with rosiglitazone. In addition, we describe that PPARγ activation 

regulates immune mechanisms locally, at the maternal-fetal interface, and systemically to 

attenuate α-GalCer-induced late PTB. Finally, we broaden the significance of our findings 

by demonstrating an increase of activated iNKT-like cells in decidual tissue from women 

who underwent spontaneous preterm labor/birth.

METHODS

Animals

C57BL/6J (B6) mice were bred in the animal care facility at the C.S. Mott Center for 

Human Growth and Development at Wayne State University, Detroit, Michigan, USA, and 

housed under a circadian cycle (light: dark=12:12 h). Eight- to 12-week-old females were 

mated with male mice of proven fertility. Female mice were examined daily between 8:00 

a.m. and 9:00 a.m. for the presence of a vaginal plug, which denoted 0.5 days post-coitum 

(dpc). Upon observation of vaginal plugs, female mice were then separated from the males 

and housed in other cages. The weight gain of two or more grams confirmed pregnancy at 

12.5 dpc. Procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Wayne State University (Protocol No. A-09-08-12).

α-GalCer-induced late preterm birth model

Pregnant B6 mice were i.v. injected with 1μg, 2μg, 3μg, or 4μg of α-GalCer (KRN7000, 

Funakoshi Co., Ltd., Tokyo, Japan; n=3 each for 1μg, 3μg, or 4μg, and n=20 for 2μg) that 

had been dissolved in 50μl of 4% DMSO (Sigma-Aldrich Co., LLC, St. Louis, MO, USA) or 

with 50μl of 4% DMSO alone (referred to throughout the manuscript as DMSO) as a control 

(n=19) at 16.5 dpc (third trimester). Following injection, pregnant mice were monitored 

using a video camera with infrared light (Sony Corporation, China) until delivery. A second 

group of mice was i.v. injected with either 2μg of α-GalCer or DMSO at 10.5 dpc (n=5 

each; second trimester), and inspection of resorption sites was performed at 14.5 dpc. A 

third group of mice was i.v. injected with 2μg of α-GalCer at 10.5 dpc (n=3) and monitored 
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during delivery; photographs of the neonates at 1 day and 2 days after birth were taken using 

a camera (Sony).

Video monitoring, pup mortality, and neonatal weight

Video monitoring allowed for determination of gestational age and rate of pup mortality. 

Gestational age was calculated from the presence of the vaginal plug (0.5 dpc) until the 

observation of the first pup in the cage bedding. The rate of pup mortality for each litter was 

defined as the proportion of born pups found dead among the total litter size. Late PTB was 

defined as delivery between 18.0 and 18.5 dpc. Neonatal survival and weight were recorded 

after one week postpartum.

In vivo imaging by ultrasound

On the morning of 16.5 dpc, pregnant B6 mice were anesthetized by inhalation of 2–3% 

isoflurane (Aerrane, Baxter Healthcare Corporation, Deerfield, IL, USA) and 1–2 L/min of 

oxygen in an induction chamber. Using Doppler ultrasound, the fetal heart rate and 

umbilical artery hemodynamic parameters were recorded (VisualSonics Inc., Toronto, ON, 

Canada). Following ultrasound, dams were placed under a heat lamp for recovery, which 

occurred 10–20 min after heating. On the same day at noon, dams were injected either with 

2μg of α-GalCer or DMSO as described previously (n=3 each). On the afternoon of 17.5 dpc 

(just prior to late PTB in those mice injected with α-GalCer), a second ultrasound was 

performed, and the same hemodynamic parameters were evaluated.

Video monitoring by infrared thermography

Pregnant B6 mice were i.v injected with 2μg of α-GalCer at 16.5 dpc (n=3). Immediately 

after late preterm delivery, the body temperature of the newborns was monitored using a 

thermal infrared camera (FLIR e50, FLIR Systems, Inc., Wilsonville, OR, USA). 

Temperature readings were recorded at intervals of 15 and 30 sec, and also at intervals of 1, 

2, 3.5, 5.5, and 8 min after birth. A newborn that maintained a constant body temperature 

was considered a viable pup, while a newborn that gradually decreased in body temperature 

to the level of room temperature was qualified as a dead pup; viable and dead pups were also 

confirmed by visual analysis.

Fetal and placental weights

Pregnant B6 mice were i.v. injected with 2μg of α-GalCer (n=8) or DMSO (n=6) at 16.5 

dpc. Six hours after injection, dams were euthanized, and placental and fetal weights were 

recorded using a scale (DIA-20, American Weight Scales, Norcross, GA, USA).

Rosiglitazone treatment of α-GalCer-induced late PTB

Pregnant B6 mice were i.v. injected with 2μg of α-GalCer (n=14) at 16.5 dpc. After 2h, mice 

were s.c. injected with a 10 mg/kg of body weight dose of rosiglitazone (Selleck Chemicals, 

Houston, TX, USA) diluted in 1:10 DMSO. Control pregnant mice received only the dose of 

rosiglitazone at 16.5 dpc (n=10). Following injection, mice were monitored via video 

camera with infrared light until delivery (Figure 2A).
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Tissue collection from pregnant mice

Pregnant B6 mice were i.v. and/or s.c. injected at 16.5 dpc with: 1) DMSO, 2) 2μg of α-

GalCer, 3) 2μg of α-GalCer followed by rosiglitazone (10 mg/kg of bodyweight) 2h after, or 

4) rosiglitazone alone as a control. Mice were euthanized 6h after the injection with α-

GalCer or DMSO, or 4h after treatment with rosiglitazone (n=6–10 mice per group). 

Decidual and myometrial tissues from one implantation site were collected as previously 

described (82) and placed in RNAlater Stabilization Solution (Life Technologies, Grand 

Island, NY, USA) according to the manufacturer’s instructions. Decidual and myometrial 

tissues from the remaining implantation sites were collected, and leukocytes were 

immediately isolated. The spleen, uterine lymph nodes (ULN), and liver were also collected, 

and leukocyte suspensions were prepared.

Leukocyte isolation from murine tissues

Isolation of leukocytes from myometrial and decidual tissues was performed as previously 

described (82). Briefly, tissues were cut into small pieces using fine scissors and 

enzymatically digested with StemPro Cell Dissociation Reagent (Accutase, Life 

Technologies) for 35 min at 37°C. The spleen, ULN, and liver were gently dissociated using 

two glass slides in order to prepare a single leukocyte suspension. Leukocyte suspensions 

were filtered using a 100μm cell strainer (Fisher Scientific, Hanover Park, IL, USA), and 

washed with FACS buffer [0.1% bovine serum albumin (Sigma-Aldrich) and 0.05% sodium 

azide (Fisher Scientific Chemicals, Fair Lawn, NJ, USA) in 1X PBS (Fisher Scientific 

Bioreagents)] before immunophenotyping.

Immunophenotyping of murine leukocytes

Leukocyte suspensions from decidual and myometrial tissues and the liver were stained 

using the LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Life Technologies) prior to 

incubation with extracellular mAbs. Leukocyte suspensions were then centrifuged, and cell 

pellets were incubated for 10 min with the CD16/CD32 mAb (FcγIII/II Receptor; BD 

Biosciences, San Jose, CA, USA), and subsequently incubated with specific fluorochrome-

conjugated anti-mouse mAbs (Supplementary Table I) for 30 min. Leukocyte suspensions 

were lysed/fixed with Lyse/Fix Buffer (BD Biosciences) for extracellular staining, and the 

BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit (BD Biosciences) for 

intracellular staining. At least 50,000 events for the spleen, liver, and decidual cells, or 

25,000 events for the ULN and myometrial cells, were acquired using the BD LSRFortessa 

flow cytometer (BD Biosciences) and the FACSDiva 8.0 software (BD Biosciences). 

Leukocyte subsets were gated within the viability gate. Immunophenotyping included 

identification of: 1) CD1d-restricted iNKT cells (CD1d Tetramer+DX5+NK1.1+TCRβ+ 

cells) and their activation status by expression of CD69, CD44, IFNγ, and IL4; 2) 

conventional T cells (CD3+CD4+ and CD3+CD8+ cells) and their activation status by 

expression of CD69, CD25, PD1, CD40L, and CTLA-4; 3) neutrophils (CD11b+Ly6G+ 

cells) and their activation status by expression of IFNγ; 4) macrophages (CD11b+F4/80+ 

cells) and their activation status by expression of Arg1, iNOS, IFNγ, and IL10; and 5) 

expression of IFNγ by mature DCs (CD11b+CD11c+DEC205+ cells). Data were analyzed 

using the FACSDiva 8.0 software. The total number of specific leukocytes was determined 
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using CountBright absolute counting beads (Molecular Probes, Eugene, OR, USA). The 

figures were prepared using the FlowJo Software version 10 (FlowJo, LLC, Ashland, OR, 

USA).

Gene expression determination

RNA was extracted from decidual and myometrial tissues using TRIzol Reagent (Life 

Technologies), QIAshredders (Qiagen, Valencia, CA, USA), RNase-Free DNase Sets 

(Qiagen), and RNeasy Mini Kits (Qiagen). RNA concentrations and purity were assessed 

with the NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA), 

and RNA integrity was evaluated with the Bioanalyzer 2100 (Agilent Technologies, 

Wilmington, DE, USA). cDNA was synthesized using RT2 First Strand Kits (Qiagen). The 

RT2 Profiler Mouse PPAR Targets PCR Array (Qiagen) and RT2 Profiler Mouse 

Inflammatory Cytokines & Receptors PCR Array (Qiagen) were used for initial screening 

(n=4 samples per group) and performed by using RT2 SYBR Green ROX qPCR Mastermix 

(Qiagen) on a 7500 Fast Real-Time PCR System (Applied Biosystems, Life Technologies 

Corporation, Foster City, CA, USA). Expression profiling of those genes selected based on 

the screening results was confirmed by qRT-PCR using a BioMark High-throughput qRT-

PCR System (Fluidigm, San Francisco, CA, USA) and an ABI 7500 FAST Real-Time PCR 

System (Applied Biosystems) using TaqMan gene expression assays (Applied Biosystems) 

(n=6–8 mice per group; Supplementary Table II).

Chemokine/cytokine serum concentrations

Pregnant B6 mice were injected at 16.5 dpc with: 1) DMSO, 2) 2μg of α-GalCer, 3) 2μg of 

α-GalCer followed by rosiglitazone (10 mg/kg bodyweight) 2h after, or 4) rosiglitazone 

alone as a control. Mice were euthanized 6h or 24h after the injection with α-GalCer or 

DMSO (n=8–9 mice per group). Blood was recovered by cardiac puncture, and serum 

samples were separated by centrifugation and stored at -20°C until analysis. The Milliplex 

MAP Mouse Cytokine/Chemokine Kit (MCYTOMAG-70K-PX32, EMD Millipore, 

Billerica, MA, USA) was used to measure the concentrations of G-CSF, GM-CSF, IFNγ, 

IL1α, IL1β, IL2, IL3, IL4, IL5, IL6, IL7, IL9, IL10, IL12p40, IL12p70, IL13, IL15, IL17, 

CCL11, CXCL10, CXCL1, LIF, CXCL5, CCL2, M-CSF, CXCL9, CCL3, CCL4, CXCL2, 

CCL5, and TNF-α in the serum samples according to the manufacturer’s instructions. Plates 

were read using the Luminex 100 System (Luminex Corporation, Austin, TX, USA), and 

analyte concentrations were calculated using the xPONENT3.1 software (Luminex). The 

sensitivities of the assays were: 1.7pg/ml (G-CSF), 1.9pg/ml (GM-CSF), 1.1pg/ml (IFNγ), 

10.3pg/ml (IL1α), 5.4pg/ml (IL1β), 1.0pg/ml (IL2), 1.0pg/ml (IL3), 0.4pg/ml (IL4), 

1.0pg/ml (IL5), 1.1pg/ml (IL6), 1.4pg/ml (IL7), 17.3pg/ml (IL9), 2.0pg/ml (IL10), 3.9pg/ml 

(IL12p40), 4.8pg/ml (IL12p70), 7.8pg/ml (IL13), 7.4pg/ml (IL15), 0.5pg/ml (IL17), 

1.8pg/ml (CCL11), 0.8pg/ml (CXCL10), 2.3pg/ml (CXCL1), 1.0pg/ml (LIF), 22.1pg/ml 

(CXCL5), 6.7pg/ml (CCL2), 3.5pg/ml (M-CSF), 2.4pg/ml (CXCL9), 7.7pg/ml (CCL3), 

11.9pg/ml (CCL4), 30.6pg/ml (CXCL2), 2.7pg/ml (CCL5), 2.3pg/ml (TNF-α) and 0.3pg/ml 

(VEGF). Inter-assay and intra-assay coefficients of variation were below 15% and 4.9%, 

respectively.
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Human samples

Chorioamniotic membrane and basal plate samples were collected within 30 min after 

delivery from the Bank of Biological Specimens of the Perinatology Research Branch, an 

intramural program of the Eunice Kennedy Shriver National Institute of Child Health and 

Human Development, National Institutes of Health, U. S. Department of Health and Human 

Services (NICHD/NIH/DHHS), Wayne State University, and The Detroit Medical Center 

(Detroit, MI, USA). The Institutional Review Boards approved the collection and use of 

biological materials for research purposes. All participating women provided written 

informed consent. The study groups included women who delivered at term without labor 

(TNL), at term with labor (TIL), preterm without labor (PTNL), and preterm with labor 

(PTL). Demographic and clinical characteristics of these study groups are represented in 

Table I. Patients with multiple births or with neonates having congenital or chromosomal 

abnormalities were excluded. Labor was defined by the presence of regular uterine 

contractions at a frequency of at least two contractions every 10 minutes with cervical 

changes resulting in delivery (83). In each case, several tissue sections of the chorioamniotic 

membranes, umbilical cord, and placental disc were evaluated for acute chorioamnionitis 

and chronic chorioamnionitis, according to published criteria (84, 85), by pathologists who 

had been blinded to the clinical outcome.

Decidual leukocyte isolation from human samples

Decidual leukocytes from human decidual tissue were isolated as previously described (86). 

Briefly, the decidua basalis was collected from the basal plate of the placenta, and the 

decidua parietalis was separated from the chorioamniotic membranes (Figure 8A). Decidual 

tissue was homogenized using a gentleMACS Dissociator (Miltenyi Biotec, San Diego, CA, 

USA) in StemPro Cell Dissociation Reagent. Homogenized tissues were incubated for 45 

min at 37°C with gentle agitation. After incubation, tissues were washed in ice-cold 1X PBS 

(Life Technologies) and filtered through a 100μm cell strainer. Cell suspensions were 

collected and centrifuged at 300 x g for 10 min, and the cell pellet was suspended in FACS 

buffer. Mononuclear leukocytes were purified using a density gradient (Ficoll-Paque Plus; 

GE Healthcare Bio-Sciences AB, Sweden), following the manufacturer’s instructions. 

Lastly, mononuclear cell suspensions were washed using FACS buffer before 

immunophenotyping.

Immunophenotyping of human decidual leukocytes

Mononuclear cell suspensions from decidual tissues were stained with BD Horizon Fixable 

Viability Stain 510 dye (BD Biosciences) prior to incubation with extracellular mAbs. 

Mononuclear cell suspensions were then washed with staining buffer (Cat No. 554656; BD 

Biosciences) and centrifuged. Cell pellets were incubated for 10 min with FcR Blocking 

Reagent (Cat No. 130-059-901; Miltenyi Biotec). Next, mononuclear cell suspensions were 

incubated with the following fluorochrome-conjugated anti-human mAbs: CD14-BUV395 

(clone MφP9; BD Biosciences), CD15-BV605 (clone W6D3; BD Biosciences), CD3-

BV650 (clone OKT3; BD Biosciences), CD19-BUV737 (clone SJ25C1; BD Biosciences), 

CD56-PE-Cy7 (clone NCAM16.2; BD Biosciences), CD69-Alexa Fluor 700 (clone FN50; 

BD Biosciences) and Vα24Jα18TCR-PE (clone 6B11; eBioscience; San Diego, CA, USA) 
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for 30 min at 4 ºC in the dark. Finally, mononuclear cell suspensions were washed and re-

suspended in 0.5ml of staining buffer and acquired using the BD LSRFortessa flow 

cytometer and FACSDiva 6.0 software. Leukocyte subsets were gated within the viability 

gate, and activated iNKT-like cells were identified as 

CD15−CD14−CD19−CD3+CD56+CD69+ or CD3+Vα24Jα18TCR+CD69+ cells. The 

analysis was performed, and the figures generated using FlowJo Software version 10.

Immunofluorescence

Immediately after collection, the chorioamniotic membranes were frozen in Tissue-Plus 

O.C.T. Compound (Fisher HealthCare, Houston, TX, USA). Ten-μm-thick cryosections 

were cut, placed on Fisherbrand Superfrost Plus microscope slides (Thermo Scientific, 

Waltham, MA, USA), fixed with 4% paraformaldehyde (Electron Microscopy Sciences, 

Hatfield, PA, USA), and washed with 1X PBS. Non-specific antibody interaction was 

blocked using a Protein Blocker serum-free (Cat No. X0909; Dako North America, 

Carpinteria, CA, USA) for 30 min at room temperature. Slides were then incubated with the 

following anti-human mAbs: mouse CD69-FITC (LifeSpan BioSciences, Inc., Seattle, WA, 

USA), mouse CD56-APC (clone MEM-188, BioLegend, San Diego, CA, USA), and rabbit 

CD3 (Abcam, Cambridge, MA, USA) at 4°C overnight. Following incubation, slides were 

washed with 1X PBS containing 0.1% Tween-20 (Sigma-Aldrich). Secondary goat anti-

rabbit IgG-Alexa Fluor 594 (Invitrogen, Molecular Probes, Eugene, OR, USA) was added 

for CD3 detection, and slides were incubated for 1h at room temperature. Slides were 

washed and mounted with the ProLong Gold Antifade reagent with DAPI (Life 

Technologies). Immunofluorescence was visualized using a Zeiss LSM 780 laser scanning 

confocal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) at the Microscopy, 

Imaging and Cytometry Resources Core at Wayne State University School of Medicine 

(http://micr.med.wayne.edu/). Immunofluorescence signals for APC, Alexa Fluor 594, and 

FITC were excited using a 633 nm HeNe laser, a 561 nm HeNe laser, and the 488 nm line of 

a Multiline Argon laser, respectively. The DAPI signal was excited using a 405 nm diode 

laser.

Statistical analysis

Observational mouse data were analyzed using IBM SPSS, version 19.0, and all other 

analyses were performed in R (http://www.R-project.org/). For the gestational age, rate of 

pup mortality, and ultrasound parameters, the statistical significance of group comparisons 

was assessed using Mann-Whitney U tests. For flow cytometry data, the statistical 

significance of group comparisons was assessed using Mann-Whitney U tests. For fetal, 

placental, and neonatal weights, the statistical significance of group comparisons was 

assessed using pooled variance t-tests after log transformation. For qRT-PCR arrays, 

negative ΔCt values determined using multiple reference genes (Gusb, Hsp90ab1, Gapdh 

and Actb) averaged within each sample to determine gene expression levels. A heat map was 

created for the group mean expression matrix (gene x group mean) with each gene 

expression level being first standardized. A hierarchical clustering tree of genes was 

constructed using 1-Pearson correlation as distance metric and average linkage, while 

treatment groups clustering was based on an Euclidean distance with Ward linkage. For 

Fluidigm qPCR assays, negative ΔCt values were calculated using Actb as a reference gene. 
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For Fluidigm gene expression and cytokine concentrations, statistical tests of group 

differences were performed using linear models, and whenever data was left, right, or 

interval censored, a survival regression model with Gaussian error was used instead. Human 

demographic data were analyzed using IBM SPSS, version 19, and comparisons among the 

groups were performed using Chi-square tests for proportions as well as Kruskal-Wallis 

tests for non-normally distributed continuous variables. For proportions of activated iNKT-

like cells in human decidual tissues, statistical significance of group differences was 

assessed using Mann-Whitney U tests. A p-value of < 0.05 was used to determine statistical 

significance.

RESULTS

α-GalCer administration in the third trimester induces late preterm birth

Intravenous administration of 2μg of α-GalCer during the third trimester caused 75±18.9% 

of births to be categorized as late preterm (birth occurring between 18.0 and 18.5 dpc; α-

GalCer-induced late PTB), while DMSO (control) resulted in no late PTB (Figure 1A). 

Consequently, dams that were i.v. injected with 2μg of α-GalCer had shorter gestations than 

the DMSO control group (Figure 1B). A high proportion of preterm pups were found dead 

minutes after delivery (Figure 1C). Intravenous administration of 3μg or 4μg of α-GalCer 

induced very early PTB (birth occurring before 17.5 dpc with 100% pup mortality); 

however, 1μg of α-GalCer did not cause PTB (data not shown). These data demonstrate that 

α-GalCer administration in the third trimester induces late PTB and pup mortality.

α-GalCer administration in the third trimester causes neonatal death

Dams that were injected with α-GalCer delivered premature viable and non-viable pups. We 

then investigated whether these pups were dying in the uterus (fetal death) or after delivery 

(neonatal death). Abnormal umbilical artery velocimetry and fetal heart rate are associated 

with fetal compromise (87–90). Therefore, Doppler ultrasound was performed on 17.5 dpc, 

just prior to late PTB in those mice injected with α-GalCer. The umbilical artery pulsatility 

index did not differ between fetuses from dams injected with α-GalCer and DMSO (Figure 

1D). However, bradycardia, a reduction of the heart rate, occurred in fetuses from dams 

injected with α-GalCer when compared to the DMSO control (Figure 1E). These data 

demonstrated that, although pups do not die in the uterus, their health was compromised 

before birth. Administration of α-GalCer also reduced fetal and placental weights, but did 

not decrease the weight of one-week-old neonates (Supplementary Figure 1A–C). To further 

evaluate when the premature pups died, we placed dams injected with α-GalCer under video 

surveillance using infrared thermography. A high proportion of premature pups died within 

10 min of delivery. In Figure 1F, representative frames demonstrate that the body 

temperature of a non-viable premature pup (red circle) reduced quickly from 30.5°C to 

21.3°C. Conversely, a viable premature pup kept a constant temperature of 23.3°C to 23.1°C 

(green circle).

α-GalCer administration in the second trimester does not cause pregnancy loss

During mid-pregnancy, iNKT-cell activation by i.p. administration of α-GalCer (100μg/kg 

of body weight, ~2.5μg) leads to pregnancy loss (91, 92). Herein, we demonstrated that i.v. 
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administration of 2μg of α-GalCer in the second trimester did not cause pregnancy loss 

(Figure 1G). However, we could not rule out the possibility that this dose would cause PTB 

or have deleterious effects on neonates. Therefore, neonates from dams injected with α-

GalCer at 10.5 dpc were observed up to one week post-partum. All delivered pups were 

viable and appeared healthy. Figure 1H shows viable term pups at 1 day and 2 days post-

partum from dams injected with α-GalCer in the second trimester.

Rosiglitazone treatment reduces the rate of α-GalCer-induced late preterm birth

iNKT-cell activation can initiate the NF-κB pathway, leading to production of Th1 

cytokines, such as IFNγ (67). We then hypothesized that activation of the PPARγ pathway 

by administration of rosiglitazone, which interferes with the NF-κB pathway (75, 76), would 

prevent α-GalCer-induced late PTB. Dams that were injected with α-GalCer and 

subsequently treated with rosiglitazone had a 40% reduction in the rate of late PTB in 

comparison to dams injected with α-GalCer alone (35.7±25.1% vs. 75±18.9%; Figure 2B). 

Consequently, gestational age was greater in dams treated with rosiglitazone after α-GalCer 

injection than in dams injected with α-GalCer alone (Figure 2C). Importantly, dams that 

were treated with rosiglitazone after an injection of α-GalCer had a 30% reduction in pup 

mortality when compared to dams injected with α-GalCer alone (Figure 2D). These results 

demonstrate that treatment with rosiglitazone can prevent α-GalCer-induced late PTB and 

improve neonatal outcomes.

α-GalCer inhibits PPARγ activation at the maternal-fetal interface that is restored by 
rosiglitazone

Since treatment with rosiglitazone reduced the rate of α-GalCer-induced late PTB, we 

investigated whether α-GalCer was inhibiting PPARγ genes at the maternal-fetal interface 

and whether this inhibition could be abrogated by rosiglitazone. Expression profiles of the 

PPAR pathway-related genes were different between myometrial and decidual tissues in all 

of the groups (Figure 2E). We specifically focused on PPARγ target genes. Adipocyte-

specific fatty acid binding protein (Fabp4) and fatty acid transport protein 4 (Fatp4) are 

recognized as indicators of PPARγ activation (93, 94). Our array data showed that 

rosiglitazone up-regulated Fabp4 in myometrial tissues and Fatp4 and Cyp410 in decidual 

tissues while α-GalCer down-regulated such genes; therefore, we validated the expression of 

Fabp4 and Fatp4 in these tissues. Administration of α-GalCer down-regulated expression of 

Fabp4 in myometrial tissues; however, treatment with rosiglitazone resulted in up-regulation 

to basal levels (Figure 2F). Administration of α-GalCer down-regulated expression of Fatp4 

in myometrial tissues and tended to down-regulate expression of Fatp4 in decidual tissues 

(Figure 2G). Treatment with rosiglitazone partially restored Fatp4 expression in decidual 

tissues but not in myometrial tissues (Figure 2G). These results demonstrate that 

rosiglitazone prevents α-GalCer-induced late PTB by restoring PPARγ activation at the 

maternal-fetal interface.
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α-GalCer induces an expansion of activated CD1d-restricted iNKT cells in decidual tissues 
that is blunted by rosiglitazone

Next, we investigated whether α-GalCer caused a systemic and local (maternal-fetal 

interface) expansion of iNKT cells and whether rosiglitazone reduced such expansions. 

Because NKT-cell function and subsets are tissue- or organ-specific (95–97), we used a 

combination of markers including CD1d-Tetramer loaded with α-GalCer, DX5, NK1.1, and 

TCRβ to identify iNKT cells (Figure 3A). Administration of α-GalCer caused an expansion 

of CD1d-restricted iNKT cells (CD1d Tetramer+DX5+TCRβ+NK1.1+ cells) in decidual 

tissues; yet, this expansion was blunted by treatment with rosiglitazone (Figures 3B). In 

contrast, administration of α-GalCer did not significantly alter the number of CD1d-

restricted iNKT cells in the liver (Supplementary Figure 2A), myometrium (Supplementary 

Figure 2B), spleen (Supplementary Figure 2C), or ULN (Supplementary Figure 2D).

We also evaluated whether α-GalCer-expanded decidual iNKT cells were activated and, in 

such a case, whether rosiglitazone treatment reduced the number of these cells. Activated 

iNKT cells express CD69 and CD44, and release Th1 (e.g., IFNγ) and Th2 cytokines (e.g., 

IL4) (67, 69, 98). Decidual CD1d-restricted iNKT cells expressed CD69, CD44, IL4 (Figure 

3C), and, to a lesser extent, IFNγ (Supplementary Figure 3). Administration of α-GalCer 

increased the number of activated CD69+CD44+ and IL4+CD1d-restricted iNKT cells in 

decidual tissues, both of which were reduced by treatment with rosiglitazone (Figure 

3D&E). No significant effects were seen in IFNγ+CD1d-restricted iNKT cells upon α-

GalCer and/or rosiglitazone administration (Supplementary Figure 3). Together, these data 

demonstrate that rosiglitazone prevents α-GalCer-induced late PTB by reducing activated 

CD1d-restricted iNKT cells at the maternal-fetal interface.

α-GalCer induces activation of conventional CD4+ T cells in myometrial tissues that is 
reduced by rosiglitazone

iNKT cells bridge the innate and adaptive limbs of the immune system; therefore, activation 

of iNKT cells triggers both innate and adaptive immune responses (99). Indeed, activation of 

CD1d-restricted iNKT cells by administration of α-GalCer in non-pregnant mice induces 

expression of CD69, an early activation marker, in T cells and B cells (100–103). We then 

investigated whether administration of α-GalCer in the third trimester induced T-cell 

activation in myometrial and decidual tissues, and whether this activation was reduced after 

treatment with rosiglitazone. Several markers of T-cell activation including CD25, CD40L, 

PD1, CD69, and CTLA-4 were determined in conventional CD4+ and CD8+ T cells. 

Administration of α-GalCer led to the activation of conventional CD4+ T cells demonstrated 

by the expression of CD25 and PD1 in myometrial tissues, which was reduced by treatment 

with rosiglitazone (Figures 4A–C). This treatment also reduced basal CD8+ T cell activation 

in myometrial tissues (Figures 4D&E). No significant effects were seen in activated CD4+ 

and CD8+ T cells upon α-GalCer administration in decidual tissues (Supplementary Figure 

4). These data demonstrate that rosiglitazone prevents α-GalCer-induced late PTB by 

reducing activated T cells in the myometrial tissues.
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α-GalCer induces innate immune activation at the maternal-fetal interface that is 
attenuated by rosiglitazone

iNKT-cell activation also initiates innate immune responses mediated by macrophages and 

neutrophils (102, 104) as well as induces the full maturation of DCs manifested by the 

expression of MHC class II, IFNγ production, and APC function (105).

First, we investigated whether administration of α-GalCer induces macrophage activation in 

myometrial and decidual tissues, and whether this activation was reduced after treatment 

with rosiglitazone. Macrophage activation is a complex process since it depends on the 

nature of the stimulus and the microenvironment where these cells exhibit their function 

(106, 107). The classical M1/M2 macrophage paradigm provides useful markers (Arg1, 

iNOS, IL10, and IFNγ) for macrophage activation (108–111); therefore, we evaluated the 

expression of these molecules in myometrial and decidual macrophages (CD11b+F4/80+ 

cells). Administration of α-GalCer increased the number of decidual macrophages that 

produce both IFNγ and IL10 (Figure 5A). Also, administration of α-GalCer increased the 

number of decidual macrophages that express both Arg1 and IL10; yet, this increase did not 

reach statistical significance (Figure 5B). In both cases, treatment with rosiglitazone reduced 

the number of activated macrophages (Figures 5A&B). Administration of α-GalCer did not 

have such effects on myometrial macrophages (data not shown).

Next, we investigated whether administration of α-GalCer induces neutrophil activation in 

myometrial and decidual tissues, and whether this activation was reduced after treatment 

with rosiglitazone. IFNγ expression is an indicator of neutrophil activation (112, 113). In the 

study herein, we demonstrated that administration of α-GalCer increased the expression of 

IFNγ by neutrophils in myometrial and decidual tissues, and this effect was reduced by 

treatment with rosiglitazone (Figures 5C & Supplementary Figure 5).

Lastly, we investigated whether administration of α-GalCer in the third trimester induced 

DC maturation in decidual tissues, and whether this process was blocked by administration 

of rosiglitazone. Administration of α-GalCer increased the number of mature DCs (CD11b

+CD11c+DEC205+ cells; data not shown) and the number of IFNγ+ mature DCs in decidual 

tissues (Figure 5D). Treatment with rosiglitazone did not reduce the number of mature DCs 

(data not shown); however, it reduced the number of IFNγ+ mature DCs in decidual tissues 

(Figure 5D).

Taken together, these data demonstrate that rosiglitazone prevents α-GalCer-induced late 

PTB by attenuating innate immune activation at the maternal-fetal interface.

α-GalCer induces a pro-inflammatory microenvironment at the maternal-fetal interface that 
is partially attenuated by rosiglitazone

Whereas iNKT-cell activation induces the expression of inflammatory genes (65, 66), 

PPARγ activation suppresses their expression (75, 76). We next investigated whether α-

GalCer up-regulated inflammatory genes at the maternal-fetal interface, and whether this up-

regulation was suppressed by rosiglitazone. Expression profiles of inflammation-related 

genes were different between decidual and myometrial tissues (Figure 6A). As expected, 

several genes were up-regulated in both types of tissue upon administration of α-GalCer (α-
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GalCer vs. DMSO; Figure 6A). Some of these genes were down-regulated after treatment 

with rosiglitazone, mainly in decidual tissues (α-GalCer+Rosi vs. α-GalCer; Figure 6A). We 

selected some of the down-regulated genes after treatment with rosiglitazone and validated 

their expression. Administration of α-GalCer up-regulated the expression of Ccl1, Ccl2, 

Ccl12, and Tnf in decidual tissues; however, these genes were down-regulated after 

treatment with rosiglitazone (Figure 6B). Administration of α-GalCer also up-regulated 

expression of Ccl2 and Ccl12 in myometrial tissues; however, only Ccl2 was significantly 

down-regulated after treatment with rosiglitazone (Figure 6C). These data demonstrate that 

rosiglitazone prevents α-GalCer-induced late PTB by partially reducing the pro-

inflammatory milieu at the maternal-fetal interface.

α-GalCer induces a maternal systemic pro-inflammatory response, yet rosiglitazone 
triggers a maternal systemic anti-inflammatory response

Next, we evaluated the effects of α-GalCer and rosiglitazone on cytokine serum 

concentration in maternal circulation at 6h or 24h (prior to α-GalCer-induced late PTB) post 

α-GalCer administration. Six hours post α-GalCer administration, the concentrations of all 

measured cytokines, except GMSCF, IL3, IL4, and IL7, were increased when compared to 

DMSO or rosiglitazone controls; however, none of these cytokines were reduced after 

treatment with rosiglitazone (data not shown). Twenty-four hours post α-GalCer 

administration, the pro-inflammatory cytokines —IFNγ, IL2, CXCL9, CXCL10, CCL2, and 

CCL5 — were increased when compared to DMSO or rosiglitazone controls (Figure 7A). 

Treatment with rosiglitazone did not reduce these high concentrations; indeed, it further 

increased the concentrations of IFNγ, CXCL9, CXCL10, and CCL2 (Figure 7A). 

Interestingly, dams injected with α-GalCer that were subsequently treated with rosiglitazone 

had increased concentrations of anti-inflammatory cytokines IL10, IL17, IL3, IL5, GSCF, 

and IL12p40 when compared to mice injected with only α-GalCer (Figure 7B). These data 

demonstrate that rosiglitazone prevents α-GalCer-induced late PTB by enhancing a maternal 

systemic anti-inflammatory response.

Spontaneous preterm labor/birth is associated with an increased proportion of activated 
iNKT-like cells in decidual tissues

Up to this point, our results demonstrated that activation of decidual iNKT cells leads to late 

PTB in mice; however, it was unknown whether these cells are increased during preterm 

labor/birth in humans. iNKT cells are present in first-trimester decidua (114); therefore, we 

hypothesized that preterm labor will be associated with an increase in the proportion of 

activated iNKT cells at the maternal-fetal interface. In humans, the maternal-fetal interface 

includes: 1) the decidua parietalis that lines the uterine cavity not covered by the placenta 

and is in juxtaposition to the chorion leave, and 2) the decidua basalis, located in the basal 

plate of the placenta where it is invaded by interstitial trophoblasts (Figure 8A). The gating 

strategy used to determine activated iNKT-like cells 

(CD69+CD56+CD3+CD19−CD14−CD15− cells) in decidual tissues is shown in Figure 8B. 

In the decidua basalis and parietalis, activated iNKT-like cells were greater in women who 

underwent spontaneous term labor (TIL) or preterm labor (PTL) when compared to women 

who did not undergo labor at term (TNL) or preterm (PTNL), respectively (Figure 8C). In 

the decidua basalis, activated iNKT-like cells were more abundant in PTL samples than in 
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TIL samples (Figure 8C). Further immunophenotyping of decidual samples (TIL and PTL, 

n=4 each) revealed that activated iNKT cells (CD3+Vα24Jα18TCR+CD69+ cells; Figure 

8D) were present at proportions similar to previously identified activated iNKT-like cells 

(CD3+CD56+CD69+ cells) (Figure 8B). Since we did not use the iNKT marker, 

Vα24Jα18TCR, in our initial immunophenotyping, we cannot refer to these as iNKT cells 

and have instead termed them iNKT-like cells. Localization of activated iNKT-like cells 

(CD3+CD56+CD69+DAPI+ cells; white arrows) in the decidua parietalis is shown in Figure 

8E. This last set of data demonstrates that activated iNKT-like cells in human decidual 

tissues are linked to spontaneous preterm labor/birth.

DISCUSSION

Sterile intra-amniotic inflammation is more frequent than microbial-associated intra-

amniotic inflammation in patients with spontaneous preterm labor (30, 57). Sterile 

inflammation is initiated by alarmins (55) and such danger signals are potent activators of 

iNKT cells (63, 64); therefore, we hypothesized that these innate lymphocytes participate in 

the pathophysiology of sterile inflammation-related preterm labor/birth. Using a highly-

affine iNKT-cell ligand, α-GalCer (73), we provided direct evidence that iNKT-cell 

activation is implicated in the mechanisms that lead to inflammation-induced preterm labor 

in the absence of infection. Indirect evidence for the role of iNKT cells in the 

pathophysiology of inflammation-induced preterm labor was based on two facts: (1) iNKT-

cell null mice (Ja18−/− mice) are more resistant to endotoxin-induced PTB than wild type 

mice (115), and (2) adoptive transfer of decidual iNKT cells into iNKT-cell null mice 

injected with an endotoxin rapidly induces the onset of PTB (116). However, endotoxins are 

not iNKT-cell ligands and can only indirectly activate autoreactive iNKT cells through TLR 

signaling and the release of IL12 by APCs (68, 71, 117). Therefore, indirect activation of 

iNKT cells by an endotoxin resembles Gram-negative bacteria-related preterm labor, and 

direct activation via an iNKT-cell ligand could explain sterile inflammation-related preterm 

labor.

Administration of α-GalCer in the second trimester did not result in pregnancy loss. This 

finding is not surprising since the mechanisms that lead to pregnancy loss differ from those 

implicated in preterm labor/birth. For example, during the second trimester, pregnancy 

maintenance depends on regulatory T cells (Tregs), as their depletion causes pregnancy loss 

(118, 119). In the third trimester, however, depletion of Tregs does not cause preterm labor/

birth (120). These data led us to suggest that during the third trimester, Treg-independent 

regulatory mechanisms such as iNKT-cell quiescence may be responsible for pregnancy 

maintenance. Further studies are needed to investigate the mechanisms whereby iNKT cells 

remain quiescent in order to maintain pregnancy until term.

Late preterm neonates survive, yet are at a higher risk for morbidity and mortality than term 

neonates (121, 122). In our model of α-GalCer-induced late PTB, we consistently showed 

that pups did not die in utero; yet, they were bradycardic and died shortly after birth. This 

finding indicated that fetal compromise was occurring simultaneously with the process of 

preterm labor rather than as a direct cause of prematurity. Because NKT cells appear at day 

5 after birth (123), we are confident that the adverse neonatal outcomes are due to the effects 
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of α-GalCer administration on the maternal immune system and at the maternal-fetal 

interface rather than as a direct effect on the pups.

Herein, we demonstrated for the first time that α-GalCer inhibits PPARγ activation at the 

maternal-fetal interface, which is concordant with a previous study demonstrating that 

PPARγ expression is reduced in intrauterine tissues in term parturition (124). These data 

suggest that PPARγ activation, a suppression of inflammatory genes, is required for late 

pregnancy maintenance and its inhibition participates in the normal and pathological 

processes of labor. Conversely, rosiglitazone causes PPARγ activation and prevents α-

GalCer-induced late PTB. Our unpublished results demonstrated that this PPARγ agonist 

also prevents endotoxin-induced PTB (125). Therefore, targeting the PPARγ pathway could 

represent a new strategy to prevent both sterile and microbial inflammation-related preterm 

labor/birth.

An expansion of decidual iNKT cells was observed shortly after α-GalCer administration. 

This is consistent with a previous study demonstrating that iNKT-cell activation is observed 

only 4 hours post-αGalCer administration (92). A systemic expansion of iNKT cells occurs 

2–3 days after α-GalCer administration (126), which explains why in our study we did not 

observe such an event. We also demonstrated that treatment with rosiglitazone attenuated 

the α-GalCer-induced iNKT-cell expansion in decidual tissues. It is likely that rosiglitazone 

is interfering with iNKT-cell development instead of causing cell death, since this drug did 

not reduce cell viability in decidual cells (Supplementary Figure 6); yet, it caused a 

reduction of iNKT cells in the liver (Supplementary Figure 2A). The previous hypothesis is 

supported by the fact that PPARγ activation regulates CD1d molecules (93, 127), which are 

constitutively expressed by APCs (128, 129) and can modulate iNKT-cell responses (71, 

130). Therefore, it is probable that indirect suppression of iNKT-cell expansion and 

activation is the primary mechanism whereby rosiglitazone prevents PTB in our model. 

Consequently, we investigated whether rosiglitazone could be suppressing activation/

maturation of T cells, macrophages, neutrophils, and DCs, all of which are implicated in the 

pathophysiology of preterm labor/birth (47, 131, 132).

T cells seem to be implicated in the process of preterm parturition (132). This concept was 

based on the fact that mice deficient in T and B cells (Rag1−/−) are more susceptible to 

endotoxin-induced PTB than wild type mice, and this susceptibility is reversed upon transfer 

of CD4+ T cells (133). These findings led us to suggest that CD4+ T cells play a regulatory 

role in late pregnancy (132); however, their function has not been established by depleting 

these cells prior to preterm labor. Recently, we proposed that the activation of effector 

CD4+ T cells is involved in the physiological process of parturition (134–136). Herein, we 

provide further evidence to this hypothesis by demonstrating that activation of CD4+ T cells 

occurs prior to αGalCer-induced PTB. We also demonstrated that rosiglitazone reduced 

αGalCer-induced T-cell activation. This finding is consistent with previous studies 

demonstrating that pretreatment with PPARγ ligands reduces T-cell activation and 

proliferation in vitro (137, 138). Taken together, these data support the hypothesis that 

CD4+ T cell activation participates in the physiological and pathological processes of 

parturition and suggests that targeting the PPARγ pathway attenuates activation of the 

adaptive limb of immunity, rescuing preterm labor/birth.
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The role of macrophages in the mechanisms that lead to preterm labor is well-established 

since the depletion of these innate cells protects mice from endotoxin-induced PTB (139). 

The study herein demonstrated increased macrophage activation prior to αGalCer-induced 

PTB, which supports a central role for these innate immune cells in the pro-inflammatory 

milieu that accompanies the sterile processes of preterm parturition. We also demonstrated 

that treatment with rosiglitazone inhibits macrophage activation in decidual tissues. Prior 

research, in line with our study, has shown that PPARγ expression is up-regulated in 

activated macrophages and that treatment with rosiglitazone, or natural PPARγ agonists, 

down-regulates the expression of iNOS, inhibits migration, and suppresses the release of 

inflammatory cytokines by these cells (75, 140, 141).

Unlike macrophages, the depletion of neutrophils does not prevent endotoxin-induced PTB; 

yet, it ameliorates the pro-inflammatory response in the uterine-placental tissues (142). 

Herein, we demonstrated that activation of neutrophils occurs prior to αGalCer-induced 

preterm birth, which suggests that although neutrophils are not essential, they participate in 

the pro-inflammatory milieu that accompanies the pathological process of preterm 

parturition. We also found that treatment with rosiglitazone reduced α-GalCer-induced 

neutrophil activation. This is in accord with a previous in vitro study which demonstrated 

that PPARγ agonists (troglitazone and 15-deoxy-Δ12,14 prostaglandin J2) diminished the 

chemotactic response of neutrophils and suppressed their production of pro-inflammatory 

cytokines (143).

In addition, administration of α-GalCer resulted in the expression of IFNγ by mature 

decidual DCs. These innate immune cells seem to contribute to the initiation of T cell 

responses during the physiological and pathological processes of parturition (132, 133, 136, 

144, 145). Herein, we provide evidence to support this hypothesis by demonstrating that 

mature DCs participate in the inflammatory process that leads to inflammation-related 

preterm labor/birth. We also showed that treatment with rosiglitazone blunted the α-Galcer-

induced IFNγ expression in mature DCs but did not interfere in their maturation. This is 

consistent with a previous study demonstrating that rosiglitazone does not interfere with the 

maturation of DCs in vitro nor affects their ability to activate T cells in vivo; however, this 

PPARγ agonist modifies DC differentiation by reducing their secretion of cytokines (146).

Collectively, our results demonstrated that prior to α-Galcer-induced PTB there was an 

activation of innate immune cells at the maternal-fetal interface, which were suppressed by 

PPARγ activation, rescuing inflammation-related preterm labor/birth.

Besides regulating immune cell activation at the maternal-fetal interface, rosiglitazone 

attenuated the expression of pro-inflammatory cytokine/chemokines implicated in the 

pathophysiology of inflammation-related preterm labor (147–155). The suppressive effect of 

PPARγ agonists on cytokine expression has been previously demonstrated in vitro (156). 

These data demonstrate that PPARγ activation regulates the local pro-inflammatory milieu 

associated with preterm labor/birth.

The systemic anti-inflammatory activity of rosiglitazone was also demonstrated in this 

study. This finding is in concordance with our unpublished data showing that treatment with 
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rosiglitazone increases the serum concentration of IL5 and CXCL9 in dams injected with an 

endotoxin (Yi Xu, et al; unpublished data). The immunomodulatory action of rosiglitazone 

through the up-regulation of anti-inflammatory cytokines was previously demonstrated 

when PMA-stimulated THP-1 cells were incubated with PPARγ agonists and an increased 

production of IL1RA was observed (157). In our study, the anti-inflammatory effect of 

rosiglitazone was observed at 24h, but not at 6h, after α-GalCer administration, suggesting 

that said effect takes place after regulating the local microenvironment.

To conclude, we identified activated iNKT-like cells at the human maternal-fetal interface in 

term and preterm gestations. Activated iNKT-like cells were more abundant in the decidual 

basalis of women who underwent preterm labor than in those who delivered preterm without 

labor, suggesting that these cells are localized in a fetal antigenic site. The majority (92%) of 

our samples came from women who underwent spontaneous preterm labor and did not 

present intra-amniotic infection, which further supports the hypothesis that activated iNKT-

like cells are implicated in the sterile process of inflammation that leads to preterm labor/

birth.

In summary, this study demonstrates that in vivo iNKT-cell activation leads to late preterm 

labor/birth by activating innate and adaptive immune cells as well as decidual and 

myometrial cells at the maternal-fetal interface. We also showed that iNKT-cell activation 

exerts this effect by inducing a maternal systemic pro-inflammatory response. Finally, we 

demonstrated that PPARγ activation prevents prematurity by modulating the local and 

systemic inflammatory milieu that accompanies preterm labor. Further exploration of the 

PPARγ pathway and its regulation in pregnancy complications may lead to novel therapeutic 

approaches that can improve neonatal outcomes.
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Non-standard abbreviations

α-GalCer α-galactosylceramide

PPARγ peroxisome proliferator-activated receptor gamma

iNKT invariant NKT

PTB preterm birth

dpc days post coitum
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B6 C57BL/6J mice

PTL preterm labor

PTNL preterm non-labor

Rosi rosiglitazone

TIL term in labor

TNL term non-labor
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Figure 1. α-GalCer induces late preterm birth but not pregnancy loss
(A) The rate of term birth was defined as the percentage of dams delivering at 19.5±0.5 dpc 

among all births. The rate of late PTB was defined as the percentage of dams delivering 

between 18.0 and18.5 dpc among all births. Data are represented as percentages ± 95% 

confidence interval. (B) Gestational age was calculated from the presence of the vaginal 

plug (0.5 dpc) until the observation of the first pup in the cage bedding. (C) The rate of pup 

mortality for each litter was defined as the proportion of born pups found dead out of the 

total litter size. Data (A–C) are from individual dams, n=19–20 each. (D&E) Doppler 

ultrasound was performed on fetuses just prior to α-GalCer-induced late PTB in dams 

injected with α-GalCer and in time-matched DMSO controls. Umbilical artery pulsatility 

index and fetal heart rate were recorded. Data are from 3 independent litters. (F) 

Immediately after α-GalCer-induced late PTB, the body temperature of the newborns was 

monitored using a thermal infrared camera. Temperature readings were recorded at intervals 

of 0, 15, and 30 s, and at intervals of 1, 2, 3.5, 5.5, and 8 min. Data are representative of 

individual dams, n=3. (G) Uterine horns at 14.5 dpc from dams i.v. injected with DMSO or 

α-GalCer on 10.5 dpc. Data are representative of individual dams, n=5 each. (H) Term 

neonates at 1 day and 2 days old delivered from dams i.v. injected with α-GalCer on 10.5 

dpc. Data are representative of individual dams, n=3.
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Figure 2. Rosiglitazone treatment reduces the rate of α-GalCer-induced late PTB by inducing 
PPARγ activation at the maternal-fetal interface
(A) On 16.5 dpc, pregnant mice were i.v. injected with α-GalCer and treated shortly after 

with rosiglitazone (Rosi; s.c.) and video monitored (n=14). Control mice were s.c. injected 

with rosiglitazone alone (n=10). (B) The rate of term birth was defined as the percentage of 

dams delivering at 19.5±0.5 dpc among all births. The rate of late PTB was defined as the 

percentage of dams delivering between 18.0 and 18.5 dpc among all births. Data are 

represented as percentages ± 95% confidence interval. (C) Gestational age was calculated 

from the presence of the vaginal plug (0.5 dpc) until the observation of the first pup in the 

cage bedding. (D) The rate of pup mortality for each litter was defined as the proportion of 

born pups found dead out of the total litter size. (E) A heat map visualization of PPAR 

targets gene expression in myometrial and decidual tissues from dams i.v. injected with 

DMSO, α-GalCer, rosiglitazone, or α-GalCer + rosiglitazone. Data are from individual 

dams, n=4 each. (F) mRNA expression of Fabp4 in myometrial and decidual tissues. (G) 

mRNA expression of Fatp4 in myometrial and decidual tissues. Negative ΔCT values 

(F&G) were calculated using Actb as a reference gene. Data are from individual dams, n=6–

8 each.
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Figure 3. Administration of α-GalCer induces an expansion of activated CD1d-restricted iNKT 
cells in decidual tissues, which is blunted by rosiglitazone
(A) Gating strategy used to identify CD1d-restricted iNKT cells (CD1d tetramer

+DX5+NK1.1+TCRβ+ cells) in decidual tissues. (B) Number of CD1d-restricted iNKT cells 

in decidual tissues from mice injected with DMSO, α-GalCer, rosiglitazone, or α-GalCer + 

rosiglitazone. Data are from individual dams, n=6–8 each. (C) Immunophenotyping of 

activation markers CD69, CD44, and IL4 in CD1d-restricted iNKT cells in decidual tissues 

from mice injected with DMSO, α-GalCer, rosiglitazone (Rosi), or α-GalCer + 

rosiglitazone. The gray histogram represents the autofluorescence control, and the white 

histogram represents the fluorescence signal from CD1d-restricted iNKT cells. (D&E) 

Number of CD69+CD44+ or IL4+CD1d-restricted iNKT cells in decidual tissues from mice 

injected with DMSO, α-GalCer, rosiglitazone, or α-GalCer + rosiglitazone. Data are from 

individual dams, n=6–8 each.
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Figure 4. Administration of α-GalCer induces activation of CD4+ T cells in myometrial tissues 
that is reduced by rosiglitazone
(A) Gating strategy used to identify activated CD4+ T cells (CD3+CD4+ cells) in 

myometrial tissues. Immunophenotyping of activation markers CD25 and PD1 in CD4+ T 

cells in myometrial tissues from mice injected with DMSO, α-GalCer, rosiglitazone (Rosi), 

or α-GalCer + rosiglitazone. The gray histogram represents the autofluorescence control, 

and the white histogram represents the fluorescence signal from CD4+ T cells. (B&C) 

Proportion of CD25+CD4+ T cells and PD1+CD4+ T cells in myometrial tissues from mice 

injected with DMSO, α-GalCer, rosiglitazone, or α-GalCer + rosiglitazone. Data are from 

individual dams, n=6–8 each. (D&E) Proportion of CD25+CD8+ T cells and CD69+CD8+ 

T cells in myometrial tissues from mice injected with DMSO, α-GalCer, rosiglitazone, or α-

GalCer + rosiglitazone. Data are from individual dams, n=6–8 each.
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Figure 5. Administration of α-GalCer induces activation of innate immune cells at the maternal-
fetal interface that is blunted by rosiglitazone
(A) Number of activated IFNγ+IL10+ macrophages in decidual tissues from mice injected 

with DMSO, α-GalCer, rosiglitazone, or α-GalCer + rosiglitazone. Data are from individual 

dams, n=6–8 each. (B) Number of activated IL10+Arg1+ macrophages in decidual tissues 

from mice injected with DMSO, α-GalCer, rosiglitazone, or α-GalCer + rosiglitazone. Data 

are from individual dams, n=6–8 each. (C) Number of activated IFNγ+ neutrophils in 

decidual tissues from mice injected with DMSO, α-GalCer, rosiglitazone, or α-GalCer + 

rosiglitazone. Data are from individual dams, n=6–8 each. (D) Number of IFNγ+ mature 

DCs in decidual tissue from mice injected with DMSO, α-GalCer, rosiglitazone, or α-

GalCer + rosiglitazone. Data are from individual dams, n=6–8 each.
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Figure 6. Administration of α-GalCer induces a pro-inflammatory microenvironment at the 
maternal-fetal interface that is partially attenuated by rosiglitazone
(A) A heat map visualization of cytokine and chemokine gene expression in myometrial and 

decidual tissues from dams i.v. injected with DMSO, α-GalCer, rosiglitazone (Rosi) or α-

GalCer + rosiglitazone. Data are from individual dams, n=4 each. (B) mRNA expression of 

Ccl1, Ccl2, Ccl12, and Tnf in decidual tissues. Negative ΔCt values were calculated using 

Actb as a reference gene. Data are from individual dams, n=6–8 each. (C) mRNA expression 

of Ccl2 and Ccl12 in myometrial tissues. Negative ΔCt values (B&C) were calculated using 

Actb as a reference gene. Data are from individual dams, n=6–8 each.
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Figure 7. Administration of α-GalCer induces a maternal systemic pro-inflammatory response 
yet rosiglitazone drives a maternal systemic anti-inflammatory response
Pregnant mice were i.v. injected with DMSO, α-GalCer, rosiglitazone (Rosi), or α-GalCer + 

rosiglitazone. Serum concentrations of pro-inflammatory (A) and anti-inflammatory (B) 

cytokines/chemokines were determined 24 h after the initial injection. Data are from 

individual dams, n=8–9 each.
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Figure 8. Spontaneous preterm labor/birth is associated with an increased proportion of 
activated iNKT-like cells in decidual tissues
(A) Schematic representation to localize the decidua basalis and decidua parietalis. (B) 

Gating strategy used to identify activated iNKT-like cells (CD69+CD56+CD3+CD19-

CD14-CD15- cells) in human decidual tissue. (C) Activated i-iNKT-like cells in the 

decidual basalis or decidual parietalis from women who underwent spontaneous term labor 

(TIL) or spontaneous preterm labor (PTL). Controls included samples from women who 

delivered at term (TNL) or preterm (PTNL) without labor. Data are from individual women: 

n=7 for TNL, n=27 for TIL, n=13 for PTNL, and n=14 for PTL. (D) Identification of 

CD3+Vα24Jα18TCR+CD69+ cells in PTL decidual tissues. (E) Identification of activated 

iNKT-like cells in the decidua parietalis by confocal microscopy. Nuclei are blue (DAPI), 

CD3+ cells are red (Alexa Fluor 594), CD56+ cells are magenta (APC), and CD69+ cells 

are green (FITC). White arrows represent activated NKT cells. Scale bars: 20 μm.
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