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Introduction

IL6 signaling plays an important role in triggering labor and IL6 is an established biomarker of intrauterine infection/inflammation (IUI) driven preterm labor (PTL). The biology of IL6 during IUI at the maternal-fetal interface was investigated in samples from human subjects and non-human primates (NHP).





Methods

Pregnant women with histologic chorioamnionitis diagnosed by placenta histology were recruited (n=28 term, n=43 for preterm pregnancies from 26-36 completed weeks of gestation). IUI was induced in Rhesus macaque by intraamniotic injection of lipopolysachharide (LPS, n=23). IL1 signaling was blocked using Anakinra (human IL-1 receptor antagonist, n=13), and Tumor necrosis factor (TNF) signaling was blocked by anti TNF-antibody (Adalimumab n=14). The blockers were given before LPS. All animals including controls (intraamniotic injection of saline n=27), were delivered 16h after LPS/saline exposure at about 80% gestation.





Results

IUI induced a robust expression of IL6 mRNAs in the fetal membranes (chorion-amnion-decidua tissue) both in humans (term and preterm) and NHP.  The major sources of IL6 mRNA expression were the amnion mesenchymal cells (AMC) and decidua stroma cells. Additionally, during IUI in the NHP, ADAM17 (a protease that cleaves membrane bound IL6 receptor (IL6R) to release a soluble form) and IL6R mRNA increased in the fetal membranes, and the ratio of IL6 and soluble forms of IL6R, gp130 increased in the amniotic fluid signifying upregulation of IL6 trans-signaling. Both IL1 and TNF blockade suppressed LPS-induced IL6 mRNAs in the AMC and variably decreased elements of IL6 trans-signaling.





Discussion

These data suggest that IL1 and TNF blockers may be useful anti-inflammatory agents via suppression of IL6 signaling at the maternal-fetal interface.
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Introduction

Intrauterine infection or inflammation (IUI) is a major cause of preterm labor/preterm births (PTL/PTB) (1). In addition to causing prematurity, IUI also causes fetal inflammation with injury to fetal lung, gastrointestinal tract and brain (2–4), further compounding morbidity in the preterm neonate. To date, the most validated marker of IUI is interleukin 6 (IL6) levels in the amniotic fluid (AF), cervical fluid, and cord blood (5–10). IL6 also appears to be involved in the inflammatory cascade leading to PTL because clinical studies show a dose response of AF IL6 with the incidence of PTL, and inhibition of IL6 signaling decreased IUI induced PTB in mice (11–13). We recently reported that in IUI models of Rhesus macaques, a higher expression of IL6 signaling pathways in the fetal membranes is needed to induce PTL (14). Thus, clinical and experimental data strongly implicate IL6 signaling pathway in the causation of PTL/PTB.

IL6 is a pleitropic cytokine expressed by multiple cell types (15), and is known to have both pro- and anti-inflammatory signaling properties in multiple tissues (16). IL6 signaling occurs via three distinct mechanisms. Classic signaling requires a membrane-bound IL6 receptor which forms a complex with the ubiqutoiusly expressed gp130 protein. This complex then activates the JAK-STAT pathway, particularly STAT3. This classic signaling is thought to be regenerative, homeostatic, or anti-inflammatory in nature. In contrast, IL6 trans-signaling occurs when IL6 binds to a soluble IL6 receptor (sIL6R) which then allows IL6 signaling via gp130 in cells not expressing the membrane-bound IL6R and is pro-inflammatory (15, 17). A recently identified third form of signaling called cluster signaling involves preformed complexes of membrane-bound IL6–mIL6R on one cell activating gp130 subunits on target cells (18). Soluble glycoprotein130 (sgp130) by binding to circulating IL6 inhibits IL6 trans-signaling and sgp130 levels decrease in pregnancies complicated by IUI (19, 20). Thus, the ratios of IL6/sIL6R and IL6/sgp130 have often been used as an indicator of IL6 trans-signaling (20–23).

IL1 and TNF are potent cytokines that regulate and orchestrate multiple aspects of immune response. IL1 expression is regulated very tightly with both transcriptional and translational level of control involving the inflammasome complex, which regulates caspase-1 that ultimately cleaves pro-IL1β to active IL1β (24). In clinical trials for cardio-vascular diseases, IL1 inhibitors decrease IL6 signaling (25). We reported that in a preterm Rhesus macaque model of IUI induced by intraamniotic injection of LPS neutrophil infiltration of the fetal membranes, neutrophil activation, and pro-inflammatory mediators in the intrauterine compartments are significantly decreased by inhibition of IL1 or TNF signaling (26, 27). We therefore hypothesized that IL6 signaling during IUI is regulated by IL1 and TNF signaling. IL6 signaling in fetal membranes was compared in women with IUI delivering at preterm and term gestation vs. gestation matched no IUI subjects. Next, we inhibited IL1 or TNF signaling in the Rhesus macaques IUI model with recombinant human IL-1 receptor antagonist (Anakinra) or Adalimumab (anti-TNF antibody). We focused on the fetal membranes as a target tissue for evaluation of IL6 signaling and cell type expression of IL6 since this tissue has the most differential gene expression during IUI (28).





Materials and methods




Human samples

Twenty-eight pregnant women with term pregnancies (>37 weeks of gestation) and forty-three pregnant women with preterm pregnancies from 260 to 366 weeks of gestation were recruited. Maternal and neonatal demographic characteristics of the cohorts are shown in Supplementary Table 1. IUI was diagnosed by placenta pathology of histologic chorioamnionitis (Chorio) based on Redline’s criteria (29). Cohorts were developed based on Chorio positive term and preterm samples. Some preterm samples were used in previous studies (26). The numbers of samples for each experiment are shown in the corresponding figure.





Animals

Time-mated female Rhesus macaques received 1 ml saline solution (n=27) or 1 mg LPS (n=23, MilliporeSigma) in 1 ml saline solution by ultrasound guided intra-amniotic (IA) injection. LPS induced inflammation was blocked by rhIL-1RA (n=13; Anakinra, Sobi) given to the pregnant monkey intra-amntiotically (IA) (50 mg) + maternal subcutaneous (SC) (100 mg) 1 and 3 hours before LPS respectively, or Tumor necrosis factor (TNF) blocker Adalimumab (n=14; Humira, AbbVie Inc. North Chicago, IL) given IA (40 mg) + SC (40 mg) 1 and 3 h before LPS respectively, as previously described (26, 27, 30). Dams were surgically delivered 16 hours later since our previous results demonstrate that most inflammatory markers were higher at 16 hours compared with longer exposures (Supplementary Figure 1) (14, 27, 30). Some animals were used in previous studies (26, 27, 30, 31). Maternal and neonatal demographic characteristics of the cohorts are shown in Supplementary Table 2. There were no spontaneous deaths or preterm labor in the animals. It was not always possible to obtain all the tissues/fluids from each animal. The numbers of animals for each experiment are shown in the corresponding figure. Sample integrity during varying periods of freezer preservation for different samples was verified and assays with all samples for a particular experiment were run at the same time.





Extra-placental membranes isolation

Human and Rhesus extra-placental chorioamnion-decidua (CAMD) fetal membranes were collected within 30 minutes of delivery, dissected away from the placenta, and prepared as previously described (26, 27, 32). To study the contribution of each layer within the fetal membranes, amnion, chorion, and decidua parietalis were physically separated within 30 minutes of delivery and snap-frozen for RNA studies.





In situ RNA hybridization and immunofluorescence

In situ RNA hybridization and Immunofluorescence dual staining was performed using RNAscope technology (Advanced Cell Diagnostics, Hayward, California) following the manufacturer’s protocol. Briefly, formalin fixed paraffin embedded Rhesus and human chorioamnion-decidua (CAMD) was cut into 5 μm sections and mounted on Poly L-Lysine adhesive coated glass slides (Newcomersupply, Middleton, WI). After de-paraffinization for 1h at 60°C, slides were treated for 10 min with Pretreatment 1 solution at room temperature. Subsequently the slides were treated at boiling with Pretreatment 2 solution for 15 min, followed by Pretreatment 3 (protease) for 30 min at 40°C. Following pretreatments, the sections were hybridized with IL-6 probes (RNA scope LS2.5 probe - MMS-497321 and HS-310371, ACD) for 2 hours at 42°C followed by RNA scope amplification (RNAscope 2.5 HD reagent kit, cat.# 322350) and FAST RED chromogenic substrate was used for visualization of staining. As positive and negative controls, RNAscope 2.5 probe-Ppib and RNAscope 2.5 probe_dapB were used. After In situ hybridization step, the slides were subjected to immunofluorescence staining to co-localize different proteins by incubation with either anti-human vimentin (Cat.# SC7557; dilution 1:200, Santa Cruz), Pancytokeratin (Cat.#SC81714; dilution 1:100, Santa Cruz), CD45 (CD45–2B11; Cat# 14–9457-82; dilution 1:50, Thermofisher) in 10% normal horse serum/0.2% Tween 20 at 4°C overnight. Staining was visualized using fluorescently labeled secondary antibodies (AF488; 1:200 dilution; Invitrogen) for 1 hour at room temperature. Nuclear counterstain was achieved using ProLong Gold antifade with DAPI. Stained slides were imaged on Leica microscopy. Images were collected using a Zeiss Axioplan 2 microscope and AxioVision 4 software (Zeiss).





IL6, soluble IL6 receptor (sIL6R) and soluble gp130 (sgp130) ELISA

sIL-6R and sgp130 levels in rhesus amniotic fluid were determined by Rhesus macaque IL-6R ELISA kit (cat.# - ELK-IL6sR; RayBio, Norcross, GA) and Human Soluble gp130 Quantikine ELISA kit (cat.# - DGP00; R&D Systems, Minneapolis, MN) following manufacturer’s instructions.





RNA Isolation, cDNA generation and quantitative RT-PCR

Total RNA was extracted from snap frozen rhesus tissues after homogenizing in TRIzol. RNA concentration and quality was measured by Nanodrop Spectrophotometer. Reverse transcription of RNA was performed using Verso cDNA synthesis kit (Thermo Fisher Scientific, Grand Island, NY) following manufacturer’s protocol. Quantitative RT-PCR (qPCR) was carried out in a StepOnePlus Real Time PCR system (Applied Biosystems) following standard cycling conditions. qPCR assays were performed with Rhesus- and human-specific TaqMan gene expression primers (Thermo-Fisher Scientific, Grand Island, NY). The Eukaryotic 18S mRNA was an endogenous control for normalization of the target RNAs and a sample from an IA saline animal or human preterm chorio negative sample was used as a calibrator. The values were expressed relative to the average value of the control group. For quantification, average of 5 randomly selected HPF fields were plotted as the representative value for the sample. Counts were performed in a blinded manner.





Statistical analyses

GraphPad Prism software (version 9.0) was used to graph and analyze statistical significance. Values were expressed as means ± SEM. Two-tailed Mann-Whitney U tests (for non-normally distributed continuous variables), 2-tailed Student t test (for Gaussian distributed data points), and Fisher’s exact test (for categorical variables) were used to determine differences between groups. Results were considered significant for P ≤ 0.05.






Results




IUI induced IL6 gene expression in term and preterm choarioamnion-decidua samples from human subjects

Expression of genes in the IL6 signaling pathway were assessed in our IUI cohort in both term and preterm gestation subjects (see Supplementary Table 1 for demographic and clinical details). First, the expression levels were assessed in the extraplacental fetal membranes comprising the amnion, chorion, and decidua parietalis. Consistent with previous reports, IL6 expression increased ~2.5 fold in both term and preterm samples (Figure 1A). The expression of ADAM17 (encoding a protease that releases membrane bound IL6 receptor to a soluble form (sIL6R)), IL6R, and the downstream transcription factor STAT3 did not change after IUI (Figure 1B). In the term but not preterm samples, there was a decrease in IL6ST (gp130) expression (Figure 1B). Next, the three different layers of fetal membranes were physically separated to understand the tissue specificity of induction of IL6 pathway. In term samples, IUI induced a significant increase of IL6 mRNA in all the three layers compared to no IUI samples (Figure 2A). In the preterm compared to no IUI samples, there was a trend toward increased expression of IL6 in the amnion (p=0.09; Figure 2B). In preterm chorion but not decidua samples, IUI induced an increase in IL6 expression (Figure 2B), Of note, term samples show a higher magnitude of fold increase compared to preterm samples (compare Figures 2A, B).




Figure 1 | Chorioamnionitis increased the expression of IL6 mRNA in human term and preterm fetal membranes. Human extraplacental chorioamnion-decidua (CAMD, fetal membranes) samples from women that delivered at term or preterm were obtained within 30 minutes of delivery and chorioamnionitis was diagnosed by placenta histology. (A) Chorioamnionitis (chorio) induces a significant increase of IL6 mRNA expression in both preterm and term samples. (B) Chorio induces a significant decrease of IL6ST (gp130) in term CAMD samples compared to term without chorio (Term chorio neg) samples. (Term chorio neg n=18; Term chorio pos n=9–10; Preterm chorio neg n=18–21; Preterm chorio pos n=15–25). Expression of gene mRNA was measured by quantitative PCR (Taqman probes) and average mRNA values are fold increases over the average value for no chorio after internally normalizing to the housekeeping 18S RNA. Data are mean ± SEM, *p < 0.05 vs. samples without chorio (Mann–Whitney U-test).






Figure 2 | Chorio increased significantly the expression of IL6 mRNA in each of the three tissues (amnion, chorion, decidua) of term samples and in the chorion of preterm samples. Amnion, chorion, and decidua parietalis were physically separated. (A) Chorio induces a significant increase of IL6 mRNA expression in the three layers of term samples (Term neg n=15; Term pos n=10). (B) Similar results were observed in the chorion of preterm samples, (Preterm chorio neg n=18–19; Preterm chorio pos n=12–13). Data are mean ± SEM, *p < 0.05 vs. samples without chorio (Mann–Whitney U-test).







Decidua stromal cells and amniotic mesenchymal cells are the major source of IL-6 during IUI

To understand which cells express IL6, immuno-colocalization studies were done using established markers Vimentin (mesenchymal cells) and Pancytokeratin (trophoblastic cells) (33, 34). In term subjects, IL6 expression increased significantly in the decidua stroma cells (DSC) with trends in amnion mesenchymal cells (AMC) and extra villous trophoblast (EVT) in the chorion (Figures 3A, C). In the preterm subjects both DSC and AMC expression of IL6 increased significantly with trend toward an increase in the EVT (Figures 3B, C). In the term population DSC was the major cell type expressing IL6, while in the preterm both DSC and AMC were dominant cell types expressing IL6. To understand contributions from immune cells, IL6 mRNA detection was combined with immune-colocalization with CD45. Regardless of the presence of inflammation, in both term and preterm human fetal membranes, there were very few CD45+ immune cells expressing IL6, and the majority of the cells expressing IL6 were the non-immune CD45- cells (Supplementary Figures 2A, B). Similar results were observed in the Rhesus macaque (Supplementary Figures 3A, B).




Figure 3 | Chorio significantly increased the number of human IL6+ stroma cells in the decidua parietalis and IL6+ mesenchymal cells in the amnion. Fixed fetal membranes (chorion-amnion-decidua parietalis) paraffin embedded sections were stained by immuno-colocalization. (A) Representative images showing IL6 mRNA identified by RNAscope in situ hybridization and Vimentin (Vim) colocalization by immunofluorescence. IL6 is shown in red and Vim in green. White arrows in the magnified yellow inset (#1-term, #2-preterm) indicate Vim+IL6+ Amniotic Mesenchymal Cells (AMCs), while white arrows in the magnified orange inset (#3-term, #4-preterm) indicate Vim+IL6+ Decidual Stromal Cells (DSCs). (B) Representative images showing IL6 mRNA identified by RNAscope in situ hybridization and Pan-cytokeratin (Pancytok) colocalization by immunofluorescence. IL6 is shown in red and Pancytok in green. DAPI indicates nuclear staining (blue) in all images. White arrows in the magnified blue inset indicate Pancytok+IL6+ Extra Villous Trophoblast (EVTs) in both Term pos (inset #5) and Preterm pos (inset #6) subjects. (a, amnion; c, chorion, and d, decidua) (C) Quantification of Vim+ DSC, AMC, and Pancytok+ EVT cells expressing IL6 in amnion, chorion, and decidua. Average of 5 randomly selected HPF fields were plotted as the representative value for the sample. Counts were performed in a blinded manner. Data are mean ± SEM. HPF, high-power field; (Term neg n=5; Term pos n=4), (Preterm chorio neg n=4; Preterm chorio pos n=5). *p < 0.05 (Mann–Whitney U-test).







IL-1ra and TNF-blockade decrease the expression of components of IL6 signaling pathway in Rhesus IUI induced by LPS

To understand mechanisms of IL6 regulation, experiments were done in our previously established preterm Rhesus macaque model of IUI induced by intraamniotic injection of LPS, where the timing of IUI is known and efficacy of the inhibitors was established (26, 27). Similar to human subjects, IL6 expression increased in the Rhesus chorion-amnion-decidua parietalis tissue compared to saline controls (Figure 4A). Unlike the humans, ADAM17, IL6R and STAT3 expression increased after LPS exposure (Figure 4B). There was no change in IL6ST (gp130) expression. Both IL1 and TNF inhibition decreased IL6 mRNA expression in the fetal membranes (Figure 4A). IL1 but not TNF inhibition decreased ADAM17 expression, but neither inhibitors significantly reduced IL6R and STAT3 expression (Figure 4B).




Figure 4 | Chorioamnionitis increased the expression of IL6 mRNA in rhesus preterm fetal membranes in a IL1- and TNF-dependent fashion. Chorioamnionitis was induced by intraamniotic (IA) injection of LPS. Controls (Ctrl) received intraamniotic saline. Rhesus extraplacental chorioamnion-decidua (fetal membranes) samples were obtained at delivery 16h after IA LPS/saline and chorioamnionitis (chorio) was diagnosed by placenta histology. mRNAs for molecules in IL6 signaling were measured. (A) Chorio induces a significant increase of IL6 mRNA expression. Both inhibitors Anakinra (Anak) and Adalimumab (Adal) significantly decreased IL6 mRNA expression compared to LPS-exposed animals. (Ctrl n=27; LPS n=23; Anak+LPS n=13; Adal+LPS n=14). (B) Chorio induces a significant increase of ADAM17, IL6R, and STAT3 mRNAs in LPS-exposed samples compared to ctrl samples. Anakinra but not Adalimumab decreased LPS-induced ADAM17 mRNA. (Ctrl n=18; LPS n=16; Anak+LPS n=12; Adal+LPS n=12). Average mRNA values are fold increases over the average value for no chorio (dotted line) after internally normalizing to the housekeeping 18S RNA. Data are mean ± SEM, *p < 0.05 (Mann–Whitney U-test).



Next, we assessed the contribution of amnion, chorion, and decidua parietalis separately as in human subjects. Rhesus IUI induced by LPS increased IL6 mRNA expression in the amnon, chorion, and decidua parietalis with the highest fold increase in the amnion (Figure 5). Both IL1 and TNF inhibition significantly decreased LPS-induced IL6 expression in the amnion (Figure 5). TNF-blockade but not IL1-blockade decreased significantly IL6 expression in the chorion (Figure 5). On the contrary, the inhibitors did not decrease IL6 mRNA expression in the decidua parietalis (Figure 5). To quantify trans-signaling, we measured sIL6R and sgp130 levels in the Rhesus amniotic fluid (AF). We previously reported that LPS-exposure increased significantly IL6 levels in AF and these were decreased by both IL1- and TNF-inhibition (26, 27). However, LPS did not significantly alter soluble IL6 receptor (sIL6R) (Figure 6A) and sgp130 protein levels in the AF (Figure 6B). The ratios of IL6/sIL6R and IL6/sgp130 increased significantly upon LPS exposure compared to saline controls (Figure 6C). IL1-, but not TNF-inhibitor non-significantly decreased the LPS induced IL6/sIL6R (p=0.06) and IL6/sgp130 (p=0.09) ratios (Figure 6C).




Figure 5 | Partial decrease of LPS-induced IL6 mRNAs in fetal membranes by Anakinra and Adalimumab. Amnion, chorion, and decidua parietalis were physically separated. LPS-exposure induced a significant increase of IL6 mRNA expression in the three tissue layers. Anakinra decreased LPS-induced IL6 mRNA expression in amnion, while Adalimumab decreased its expression in both amnion and chorion. The inhibitors did not have efficacy in decidua parietalis. Data are mean ± SEM, *p < 0.05 (Mann–Whitney U-test).






Figure 6 | LPS-exposure significantly increased IL6/sIL6R and IL6/sgp130 ratios in the amniotic fluid. Cytokine concentrations were measured in amniotic fluid by ELISA. (A) Soluble IL6R (sIL6R) and (B) soluble gp130 (sgp130) protein levels did not change after LPS exposure. (C) Graph shows a significant increase in IL6/sIL6R and IL6/sgp130 ratio after LPS-exposure. Data are mean ± SEM, *p < 0.05 (Mann–Whitney U-test) (Ctrl n=6; LPS n=6; Anak + LPS n=6; Adal + LPS n=6).







Spatial expression of IL6 in the Rhesus macaque

LPS-exposure significantly increased the number of IL6+Vimentin+ amniotic mesenchymal cells (AMCs) (Figures 7A, B). Both IL1 and TNF inhibition significantly decreased the numbers of LPS induced AMC IL6 expression (Figures 7A, B). In the decidua, LPS nearly significantly increased the number of IL6+Vimentin+ decidua stromal cells (DSCs) compared to saline controls (p=0.06; Figures 7A, B), but IL-1ra and TNF-blockade did not affect the number of LPS induced IL6+DSCs (Figures 7A, B). In the chorion, the number of IL6+Pan-Cytokeratin+ extra villous trophoblasts (EVTs) did not increase upon LPS-exposure (Figures 7C, D).




Figure 7 | LPS exposure increased significantly the number of rhesus IL6+ stroma cells in the decidua parietalis and IL6+ amnion mesenchymal cells. Fixed fetal membranes (chorion-amnion-decidua parietalis) paraffin embedded sections were stained by immuno-colocalization. (A) Representative images showing IL6 mRNA identified by RNAscope in situ hybridization and Vim colocalization by immunofluorescence. IL6 is shown in red and Vim in green. White arrows in the magnified yellow inset 1 indicate Vim+IL6+ Amnion mesenchymal cells (AMCs), while white arrows in the magnified orange inset 2 indicate Vim+IL6+ Decidua stroma cells (DSCs) in LPS-exposed animals. (B) Quantification of Vim+ DCSs and Vim+ AMCs expressing IL6 in amnion, chorion, and decidua. (C) Representative images showing IL6 mRNA identified by RNAscope in situ hybridization and Pancytok colocalization by immunofluorescence. IL6 is shown in red and Pancytok in green. White arrows in the magnified blue inset #3 indicate Pancytok+IL6+ EVTs in CAMD section of Anak+LPS animal. subjects. DAPI indicates nuclear staining (blue) in all images. (D) Quantification of Pancytok+ extra villous trophoblast (EVT) cells expressing IL6 in amnion, chorion, and decidua. For quantification, an average of 5 randomly selected HPF fields were plotted as the representative value for the animal. Counts were performed in a blinded manner. HPF, high-power field. Data are mean ± SEM, *p < 0.05 (Mann–Whitney U-test) (Ctrl n=4; LPS n=5; Anak+LPS n=5; Adal+LPS n=5). HPF, high-power field; a, amnion; c, chorion, and d, decidua.








Discussion

Clinical and experimental evidence strongly demonstrate that IL6 signaling is activated in multiple compartments in maternal and fetal tissues during IUI leading to preterm labor (5–10). While human studies are informative, causal relationship cannot be established since the findings are mainly associative. We therefore paired human studies with a previously validated non-human primate (NHP) model of IUI (26, 27). Main findings of the study are that during IUI the major producers of IL6 are the decidua stroma cells and amnion mesenchymal cells in both preterm Rhesus macaque model of LPS-induced IUI and in preterm human subjects with chorioamnionitis. IL6 trans-signaling, a mechanism known to amplify IL6 signaling (35), is upregulated during IUI. Interesingly, amnion mesenchymal cell but not decidua production of IL6 is inhibited by IL1- or TNF- inhibitors (Figure 8). Although 5–12% of term infants are exposed to IUI (36), there is not much known. This study sheds light on IUI in term infants.




Figure 8 | Model for IL6 signaling at the maternal-fetal interface during IUI. A schematic model based on data from Rhesus macaque and human subjects showing source and signaling of IL6 in normal pregnancy and during IUI. (A) Under normal conditions, a small amount of IL6 is expressed in the amnion and decidua. IUI significantly increases IL6 expression in activated amnion mesenchymal cells (AMC), decidua stroma cells, and to a small extent in chorion trophoblast cells (not shown). IL6 expression by AMC is inhibited by IL1- and TNF-inhibitors. (B) During normal pregnancy IL6 signaling occurs in restricted cells expressing IL6 receptor (IL6R) and gp130 and serves homeostatic function (note both IL6R and gp130 are cell membrane spanning receptors). Soluble IL6R (sIL6R) and soluble gp130 (sgp130) lacking membrane spanning domains are secreted in normal conditions. Due to low levels of IL6 in normal conditions, no significant IL6-sIL6R interactions occur. During IUI, large increase of IL6 expression occurs at the maternal-fetal interface, which is inhibited by IL1- and TNF- inhibitors. Increased IL6 concentration promotes increased number of cells signaling via classical IL6-IL6R-gp130 signaling. sIL6R secretion increases slightly during IUI and sgp130 secretion tends to decrease slightly. Increased IL6 in the inflammatory mileu increases binding to sIL6R. This complex can now bind to membrane spanning gp130 that is expressed ubiquitously. This IL6 trans-signaling increases the number and types of cells responding to IL6 and is pro-inflammatory in nature.



Although IL6 can be secreted by a number of different cell-types we found that the main cell types producing IL6 in both human and Rhesus macaque during IUI are the amnion mesenchymal cell (AMC) and decidua stroma cells (DSC). There were subtle differences in cell-type specific IL6 expression during IUI based on gestational age. In term infants, DSC was a more prominent source of IL6, while in the preterm AMC and DSC were both equally involved (Figure 3). DSC expression of IL6 during chorioamnionitis was previously reported (37). In the preterm Rhesus macaque, AMC was a more prominent source of IL6 expression during IUI (Figure 7). In both the Rhesus macaque and humans, extravillous trophoblast expression of IL6 was detectable but much less prominent compared to AMC and DSC. Amnion expression of IL6 has been reported before but most of the data are from in vitro culture studies (38). Interestingly, neutrophils and macrophage expression of IL6 was not detected in both human and NHP subjects during IUI (Supplementary Figures 2, 3). Our results are contradictory to a previous report of chorio-decidua macrophage expression of IL6 during IUI by Wakabayshi et al. (13). The difference is that our study determined IL6 mRNA expression while Wakabayshi et al. detected IL6 protein by immunohistology. Neutrophil expression of IL6 is controversial, but in vitro IL6 expression has been detected after chromatin modification of IL6 locus during inflammation (39). These results emphasize the finding that IL6 (or other cytokine) secretion is context- and stimulus-dependent and therefore in vivo demonstration is important rather than assumptions based on in vitro studies.

Amnion cell epithelial-to-mesenchymal transition (EMT) and a “mesenchymal state” of amnion was previously shown to be associated with chorioamnionitis, predispose to rupture of membranes, and induce labor (40–43). We recently reported that a subset of AMC get activated during both Rhesus macaque and human IUI. These activated AMC have increased NF-kB signaling and express CD14 and IL6 in a TNF-dependent manner (30). Consistently, AMC expression of IL6, but not DSC IL6 expression was inhibited by IL1 and TNF blockers (Figure 7). In another model of Rhesus macaque IUI induced by live E.coli, AMC expression of IL6 was also reported (14). These data are consistent with TNF and NF-kB signaling dependent expression of AMC in preterm infants exposed to IUI (44). Taken together, data from multiple different Rhesus macaque models and human subjects suggest that AMC secretion of IL6 is a key step in orchestrating host immune response to IUI.

IL6 signaling is relatively unique among cytokines in that a natural soluble IL6 receptor (sIL6R) exists and there is a large increase in tissue levels during inflammation (45). sIL6R is primarily generated via proteolytic cleavage enabled ectodomain sheeding of membrane bound IL6R via ADAM17 (45). Once in circulation, sIL6R binds IL6 and this complex “trans-signals” via membrane bound gp130 heterotrimerizing with IL-6/sIL6R. Since gp130 is ubiquitously expressed, this trans- signaling mechanism not only amplifies IL6 signaling, but can now signals in cells that do not express membrane bound IL6R. This trans-signaling is inhibited by soluble gp130, which is primarily generated by mRNA alternative splicing (45) (Figure 8). Recent studies have demonstrated that IL6 preferentially remains in a free form in circulation despite relatively high levels of sIL6R and sgp130 (23) but during inflammation increased IL6 and sIL6R alter the stoichiometry of IL6 complexing with IL6R and sgp130. Clinically, the ratios of IL6/sIL6R and IL6/sgp130 are used as an indicator of IL6 trans-signaling (20–22). We could not quantify IL6 trans-signaling in human subjects in our study due to difficulty in getting amniotic fluid from human subjects, although previous studies demonstrated increased sIL6R in amniotic fluid from women diagnosed with IUI (20). In our Rhesus macaque IUI model, IL6 trans-signaling appeared to be activated as suggested by increased mRNAs for ADAM17 and IL6R in fetal membranes (Figure 4), and increased amniotic fluid ratios of IL6/sIL6R and IL6/sgp130 (Figure 6). IL1, but not TNF-blockade decreased ADAM17 expression in fetal membranes exposed to IUI (Figure 4), and tended to reduce LPS-induced IL6/sIL6R and IL6/sgp-130 ratios in the amniotic fluid (Figure 6).

Intraamniotic injection of IL1β or TNF can increase amniotic fluid and fetal IL6 levels (46, 47), suggesting that both IL1 and TNF are upstream regulators of IL6. We previously published that both IL1 and TNF inhibitors robustly decreased LPS induced amniotic fluid IL6 levels in Rhesus macaque IUI models (26, 27). Taken together, these data lend support to the notion that clinically prescribed IL1 and TNF inhibitors for inflammatory conditions (e.g. rheumatoid arthritis) could be used during pregnancy to reduce IL6 trans-signaling and IUI induced adverse consequences. Although definitive data on safety are not available, IL1 and TNF inhibitors use in pregnancy for pre-existing maternal conditions have been reported to be relatively safe (48, 49). An important consideration with any anti-cytokine therapy is to carefully balance the benefits of inhibiting mal-adaptive immune response during inflammation vs. preserving the beneficial effects of normal immunity orchestrated by the cytokines. Another strategy is to consider anti-inflammatory cytokine therapy such as IL10 for intrauterine inflammation (50, 51).

One important consequence of IUI is preterm birth. We previously reported that LPS-induced IUI does not cause preterm birth in Rhesus macaque (14). There is strong evidence in mice that both normal parturition (inflammation is involved in normal parturition) and inflammation-mediated preterm birth is decreased in the absence of IL6 signaling (11–13, 52). These studies used transgenic (IL6 knock out) or IL6R inhibitors to eliminate/knock down IL6 signaling. IL6 inhition in NHP models of preterm birth has not been reported thus far. Interestingly, intraamniotic injection of IL6 in the NHP does not cause chorioamnionitis and preterm labor (46). A possible explanation for these observations is that IL6 inhibition may be effective in conditions where IL6 trans-signaling is induced, and that injecting IL6 alone may induce classical signaling but may not be able to initiate an inflammatory cascade that results in increased IL6 trans-signaling. Although anecdotal data on IL6 inhibitors (e.g. anti-IL6R antibody Tocilizumab) in pregnant women with inflammatory disorders such as rheumatoid arthritis or severe COVID-19 during pregnancy are reported (53), systematic studies of safety and efficacy have not been reported thus far.

Although IL6 signaling is pro-inflammatory, elegant studies have also demonstrated that in gastro-intestinal mucosal surface, IL6 signaling activating gp130 mediates intestinal epithelial regeneration via YAP and NOTCH signaling (54). Whether fetal membranes repair during chorioamnionitis similar to intestinal epithelium during inflammatory bowel disease is not known.

In summary, our study established close similarities in IL6 signaling during chorioamnionitis/IUI between human subjects (both term and preterm deliveries) and a non-human primate (NHP) model, allowing understanding mechanism of IL6 regulation. During IUI, major sources of IL6 production at the maternal-fetal interface are the amnion-mesenchymal cells and decidua stroma cells and IL6 trans-signaling is induced. The amnion mesenchymal cell IL6 expression is induced during LPS-induced IUI and inhibited by both IL1 and TNF inhibitors. The experiment adds to our understanding of IL6 biology during intrauterine infection/inflammation.
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