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Abstract

Sexually transmitted infections with Chlamydia trachomatis (CT) and/or Neisseria gonorrhioeae
(GC) and rates of pelvic inflammatory disease (PID) in women continue to rise, with reinfection
being common because of poor adaptive immunity. Diagnosis remains imprecise, and
pathogenesis data are derived primarily from monoinfections of mice with CT or GC. By
comparing blood mRNA responses of women with CT and/or GC-induced PID and histologic
endometritis to those from women with CT and/or GC infection limited to their cervix and
asymptomatic uninfected women determined via microarray, we discovered important pathogenic
mechanisms in PID and response differences that provide a pathway to biomarker discovery.
Women with GC and/or CT-induced PID exhibit overexpression of myeloid cell genes and
suppression of protein synthesis, mitochondrial oxidative phosphorylation, and T-cell specific
genes. Coinfected women exhibited the greatest activation of cell death pathways and suppression
of responses essential for adaptive immunity. Women solely infected with CT expressed elevated
levels of type | and type Il interferon genes, and enhanced type | interferon-induced chemokines in
cervical secretions were associated with ascension of CT to the endometrium. Blood microarrays

"Corresponding author: Toni Darville, M.D., University of North Carolina at Chapel Hill, 8301B MBRB, CB# 7509, 111 Mason Farm
Road, Chapel Hill, NC 27599-7509, Phone: 501-944-3130, toni.darville@unc.edu.

Drs. Darville, O’Connell and Zheng are the co-inventors on US patent application # 15/304,836

All remaining authors declare no competing interests.

AUTHOR CONTRIBUTIONS

XZ, CMO and TD designed the research. CMO catalogued and prepared samples for genomic analysis and ANR organized and
analyzed the clinical data. HCW directed the clinical core and SLH directed microbiological analyses. XZ and WJ performed
biostatistical analyses. MT performed all RNAscope analyses. DEL performed cervical secretion analyses. UN was involved in
discussions of data analysis and interpretation. XZ, CMO, and TD wrote the paper. All the authors discussed the results and
commented on the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al. Page 2

reveal discrete pathobiological endotypes in women with PID that are driven by pathogen invasion
of the upper genital tract.

INTRODUCTION

Pelvic Inflammatory Disease (PID) is a spectrum of female upper genital tract inflammatory
disorders that includes endometritis, salpingitis, tubo-ovarian abscess, and pelvic peritonitis.
PID results from uterine and fallopian tube bacterial infection and can lead to serious
reproductive sequelae, such as infertility, ectopic pregnancy and chronic pelvic pain. Over
750,000 women experience a PID episode each year in the United States (1) resulting in ~2
billion dollars spent on treatment of PID and its associated sequelae annually (2). Chlamydia
trachomatis (CT) and Neisseria gonorrhcoae (GC) are well-recognized PID pathogens, and
recent data also implicate Mycoplasma genitalium (3-5). Coinfection with these pathogens is
common (6), but little is known of possible synergistic or antagonistic impacts of co-
infection on disease development. Vaginal microbiota (e.g., anaerobes, Gardnerella
vaginalls, Haemophilus influenzae) have also been associated with PID (7, 8). Host genetics
(9), physiologic effects mediated by menstrual cycling (10), or the use of hormonal
contraceptives (11) can also contribute to disease severity.

The non-specific signs and symptoms that are used for clinical recognition of the syndrome
challenge accurate diagnosis. Subtle or mild symptoms may not be recognized as PID but
women with subclinical upper genital tract inflammation, a condition termed “silent” or
“subclinical PID”, remain at increased risk for reproductive sequelae (12). The accuracy of
laparoscopy or noninvasive imaging studies is variable (13) (14) and current diagnostics
cannot reliably predict PID. Whether PID is a single endotype, defined by a distinct
functional or pathobiological mechanism, or a syndrome comprised of several distinct
endotypes is a key question. Transcriptional profiling has been used to identify diagnostic
and prognostic biomarkers for cancer and other diseases (15-17). Gene-centric, fold-change-
based approaches were initially favored and focused on the implications of expression
differences between single genes (18-20) but advances in high-throughput genomic
technologies have made it possible to define “networks” of transcriptional interactions.
Network analysis has identified groups of coordinately expressed genes (modules)
characteristic of specific disorders and disease mechanisms (21-23). Using this approach to
investigate the pathophysiological mechanisms underlying PID is valuable, because the
subtle and varied nature of this clinical syndrome suggests that disease differentiation and
outcome is unlikely to be dependent on expression changes in any individual gene.
Furthermore, improved understanding of pathways leading to PID will enable identification
of biomarkers to improve diagnosis and effectively target treatment.

METHODS

Study population

Study participants were selected from two independent cohorts recruited at the University of
Pittsburgh. The Anaerobes and Clearance of Endometritis (ACE) cohort is comprised of
women who participated in a clinical trial (NCT01160640) comparing antibiotic regimens
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for the treatment of clinically diagnosed PID (1). The T cell Response Against Chlamydia
(TRAC) cohort was comprised of women without PID who were predominantly
asymptomatically infected with CT and were recruited with recognized risk factors for STI
(11). Exclusion criteria for both studies included pregnancy, uterine procedure or
miscarriage in the preceding 60 days, menopause, hysterectomy, antibiotic therapy in the
preceding 14 days, and allergy to study medications. Participants provided informed consent
at the time of enrollment and agreed to attend follow-up visits according to study protocols.

At enrollment, study personnel obtained demographic data and a standardized medical
history. Participants completed a questionnaire regarding obstetric/gynecologic history,
behavioral practices, sex exposure, contraceptive methods, and symptoms. General physical
and pelvic exams were performed; vaginal fluid was collected for pH measurement, whiff
testing and microscopy to detect clue cells was used to diagnose bacterial vaginosis using
Amsel’s criteria (24). Vaginal swabs were collected for culture and molecular testing for
Trichomonas vaginalis (APTIMA TV, Gen-Probe Inc., San Diego, CA). Nucleic acid
amplification tests were performed on cervical swabs for detection of CT and GC (APTIMA
Combo 2, Gen-Probe Inc., San Diego, CA), and M. genitalium (APTIMA MG: Gen-Probe
Inc., San Diego, CA). Serum was collected for analysis of anti-chlamydial antibodly titers,
HIV antibody, and syphilis testing. Blood was collected in Tempus™ Blood RNA tubes
(ThermoFisher Scientific, Waltham, MA) for subsequent transcriptional profiling and stored
at —80°C prior to processing.

Study participants underwent endometrial sampling at enrollment. After cleaning the cervix
with betadine, a sterile endometrial sampler (Unimar Pipelle de Cornier, CooperSurgical,
Shelton, Connecticut) was placed into the endometrial cavity and a tissue sample collected.
This tissue was discharged into a sterile petri dish after the sample device was removed.
Tissue most proximal to the sampling portal of the cannula was placed in 10% formalin
fixative and adjacent tissue was placed in RNAlater® solution (Thermo Scientific). Distal
tissue was used for microbiologic culture and a swab absorbed 5 mm of tissue most distal to
the portal for qualitative NAAT (APTIMA). Two pathologists independently scored
hematoxylin and eosin stained sections of endometrial biopsy tissue as normal, acute
endometritis (presence of =1 plasma cell per 120x field in the endometrial stroma and =5
neutrophils per 400x field in the endometrial surface epithelium) or chronic endometritis
(presence of =1 plasma cell per 120x field in the endometrial stroma) (25). Discrepant
evaluations were resolved after re-review and discussion.

Study Design

Comparisons to determine a disease signature were made between women with clinical
symptoms meeting PID diagnostic criteria (PID+) associated with endometrial GC, GC and
CT, or CT infection and histologic evidence of chronic endometritis (infected cases) and
women without pelvic pain (PID-) who were co-infected with GC and CT or singly infected
with CT at their cervix with normal endometrial histology (infected controls). Subsequent
comparisons performed to determine if the signature was pathogen driven were made
between infected cases and women with clinical PID and chronic endometritis who were
negative for GC or CT, as well as women with clinical PID and normal endometrial
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histology who were negative for GC or CT. In addition, women with CT-induced chronic
endometritis were compared to women with CT-induced acute endometritis to investigate
kinetics of the response. Infected cases were also compared to women without pelvic pain
who were not infected with GC or CT and had normal histology (uninfected controls).
Finally, an independent group of asymptomatic women with histologically confirmed
endometritis and upper genital tract infection (subclinical PID) (11) were assessed for
conservation of disease-associated module networks. Subsequent evaluation of cervical
inflammatory markers and bacterial load was performed for all TRAC participants for whom
samples were available.

Microarray data acquisition

Total RNA was extracted from whole blood collected in Tempus™ Blood RNA tubes
according to the manufacturer’s directions (Applied Biosystems/ThermoFisher Scientific,
Waltham, MA). Alpha and beta globin mRNA was removed from total RNA using
Globinclear (Ambion/ThermoFisher Scientific) before being analyzed on Illumina HT-12 v4
Expression BeadChips at the Genomics Research Core of the University of Pittsburgh. All
microarray data have been deposited in the Gene Expression Omnibus database (https://
www.nchi.nlm.nih.gov/geo/) GEO accession number: GSE110106.

In situ RNA hybridization of endometrial tissues

Formalin-fixed paraffin-embedded 5-um thick endometrial tissue sections from 14 infected
and 15 uninfected patients were analyzed for IFN- or CXCL-1 mRNA and chlamydial
ribosomal RNA by in-situ hybridization using RNAScope™ 2.5 HD colorimetric duplex
Assay Kit (Advanced Cell Diagnostics, Hayward, CA), as per manufacturer’s protocol.
Tissue sections were deparaffinized in xylene for 5 min twice, then dehydrated in 100%
ethanol twice for 1 min. The sections were then dried, treated with H,O, for 10 min at room
temperature and incubated in target retrieval buffer at 100°C-103°C for 15 min using a hot
plate. After rinsing in deionized water, the sections were incubated with RNAScope Protease
Plus for 30 min at 40°C in a HybEZ hybridization oven (Advanced Cell Diagnostics).
Subsequent hybridization with target probes, preamplifier, amplifier, label probes, and
chromogenic detection were performed as described by the manufacturer. Positive
(hCyclophillin-C1, hPol2ra-C2) and negative (Bacillus subtilis DapB C1&C2) control
probes in dual channels were used to assay for robustness of the sample and performance of
the kit. The probes for chlamydial rs16 RNA-C1 (green), hCXCL1 mRNA-C2 (red), and
hIFN-B mRNA-C2 (red) were used alone or in combination. The stained tissue sections
along with their corresponding H&E slides were digitally imaged using 40x (20x with 2x
mag changer) in the Aperio ScanScope XT using line-scan camera technology (Leica
Biosystems) at UNC Translational Pathology Laboratory Core. Digital images were stored
and analyzed within Aperio eSlide Manager software. The mRNA spots were scored using a
five grade (0-4) semiquantiative scoring guideline provided by the manufacturer.

Detection of cytokines in cervical secretions

Cervical secretions were collected by placement of an ophthalmic sponge (Beaver-Visitec
International Inc., Waltham, MA) within the endocervix of each patient recruited into the
TRAC cohort for 30 seconds. Upon retrieval, the sponge was placed into a cryovial on ice
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until transfer to the lab where the vials were stored in liquid nitrogen until sponges were
removed and secretions were eluted for protein assays as described with slight modifications
(26). The cryovials and ophthalmic sponges were weighed to estimate the volume of
secretions absorbed onto the sponge. Corning® Costar® Spin-X® centrifuge tubes containing
0.45 um filters (Millipore Sigma, St. Louis, MO) were equilibrated with 500ul of blocking
buffer (PBS, 2% BSA, and 0.05% Tween-20) for 30 minutes at room temperature. Filters
were then washed 3 times with 100ul PBS. Sponges were equilibrated using 300pul of elution
buffer (PBS, 0.5% BSA, 0.05% Tween-20, and protease inhibitor) before being placed in
Spin-X tubes and incubated on ice for 10 minutes. Spin-X tubes containing sponges were
placed in a pre-weighed cryovial and centrifuged at 10,000 rpm for 1 hour at 4°C to separate
cervical secretions from the sponge matrix. Cervical secretions were stored at —80°C prior to
analysis. A dilution factor was calculated based on the estimated volume of the secretion and
pre- and post- weight of the collection tube: [(x-y)+ 0.36g of elution buffer]/(x-y), where x
equals the weight of the sponge + cryovial tube and y is the average weight of the dry
cryovial, based on independently weighing three dry cryovials. Cytokine levels in cervical
secretions of 246 women recruited into TRAC were determined using Milliplex Magnetic
Bead Assay Kits (Millipore Sigma) by the same operator at the Duke University
Immunology Core Lab, according to manufacturers’ instructions, using a Luminex®
fluorescence reader (Millipore Sigma) Kits included lyophilized standards that were
reconstituted and diluted at 7 serial concentrations following manufacturers’ instructions for
generation of standard curves. Standards included all recombinant cytokines tested and were
considered as positive controls for the procedure.

Determination of cervical CT burden

Statistics

Chlamydial cervical burden from these same patients for whom secretions were analyzed
was estimated via quantitative PCR using genomic DNA extracted from reserved cervical
swab eluates as template (27).

Demographic data analysis—ANOVA was used to compare ages among groups, and
equality of variances were examined by Fligner-Killeen’s test. Fisher’s exact test (two-sided)
was conducted to assess the distribution of categorical variables: race, marital status,
education and insurance across groups. Multiple testing p value was adjusted by Bonferroni
correction.

Microarray data processing and analysis—Quantile normalization with RMA (28)
was performed on raw transcript data which was subsequently log2 transformed. Genes were
filtered according to expression and variance thresholds, set at p > 6.8 and o2 > 0.25
respectively. Batch effects were evaluated by guided principal component analysis (29), and
corrected using empirical Bayes methods (30). We applied unsupervised cluster analysis and
principal component analysis (PCA), to identify reliable disease subgroups. For hierarchical
clustering, genes were clustered via Pearson correlation, while samples were clustered using
Spearman’s rank correlation with average linkage criterion. All analyses were conducted in
R (version 3.1.2). A total of 4952 transcripts that passed initial filtering criteria were used in
network analysis. Samples collected and processed from women recruited with M.

J Immunol. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 6

genitalium monoinfection, or with M. genitalium co-infection were excluded from these
transcriptional analyses because they were too few to yield conclusive results.

Differential network analysis and module preservation analysis—Using
WGCNA package in R, the analysis was performed as described previously (31, 32). Briefly,
to construct Weighted Gene Co-expression Network, a similarity co-expression matrix was
calculated with Pearson’s correlation for all genes, and transformed into matrices of
connection strengths using a power function. The power of B = 9 were chose to obtain a
scale-free network in this study. Hierarchical average linkage clustering based on topology
overlap was used to identify gene co-expression modules, which were group of genes with
similar patterns of expression. By using dynamic tree cutting, different number of clusters
(modules) were obtained from the tree. The resulting modules contained genes that are
densely interconnected. Two different networks, one using the reference groups and the
other using the test group, were constructed. Then differential network analysis was
conducted to identify genes and pathways that were differentially connected and
differentially expressed between reference and test networks. Differential connectivity DiffK
was defined as the difference between intramodular connectivity in one network, scaled
relative to the maximally connected gene in that network, and intramodular connectivity in
the other network, similarly scaled (33). Differential expression for each gene between two
networks was measured by Welch’s two-sample t test. A comparison matrix was constructed
via a sector plot using D/ffK as the x-axis and t statistics as the y~axis. To assign a
significance level (p value) to a gene’s DiffK value or to its membership in a particular
sector, 1000 random permutations were performed. The algorithm is described in detail
elsewhere (31, 32) but briefly, the permutation test contrasts networks built by randomly
partitioning all samples into two groups while maintaining the group sample sizes as cases
and controls, and reconstructs each network accordingly. This permutation process was
repeated 1000 times (r70.perm = 1000), each time noting the number of genes that could be

found in each of the /m = 8 sectors as »/*"™". Similarly, sector counts for unpermuted,

observed data were noted as nfnbs. Then, we found a value N, for each sector representing

obs

the number of iterations for which n

< nP¢"™. The empirical p-value for each sector was

N +1
found as m)::—rmH. Subsequent functional enrichment analysis was restricted to networks

detected within statistically significant sectors. Modules (clusters of highly correlated genes)
in significant sectors that were differentially expressed and/or connected were analyzed as
input for functional annotation as previously described (21, 31, 34). WGCNA module
Preservation R function was conducted for module preservation analysis (35). A composite
preservation statistic Zsymmary (35, 36) was used to determine if a module present in a
reference network (clinical PID) was represented in an independent test network (subclinical
PID). Thresholds for Zgymmary Was based on simulation studies described previously (36).

Functional annotation of highly differentially expressed and/or connected
modules—aBiological annotation and function of genes that were highly different between
two groups were explored with Ingenuity Pathway Analysis (IPA) using Fisher’s exact test.
Significance of annotated pathways e.g. top 10 Pathway analysis (p-value <0.05) were
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adjusted by Bonferroni correction. To gather detailed information on cellular and functional
components and to confirm our IPA pathway findings, we used blood modular
transcriptional repertoires predefined by Chaussabel et al. (37). ANOVA was used to
compare expression of cell-specific genes among multiple groups, two-sided Student’s t-Test
for pairwise comparison followed significant ANOVA tests. P value for testing multiple
cellular modules was adjusted by Bonferroni correction. The list of probes that make up the
modules were retrieved online (37).

Analysis of cervical cytokine secretion and bacterial load—Values for cytokines
in cervical secretions were log2 transformed. ANOVA was used to compare cytokine levels
among multiple groups, two-sided Student’s t-Test for pairwise comparison followed
significant ANOVA tests. Normality of the residuals and equality of variances were checked
by Shapiro-Wilk test and Fligner-Killeen’s test respectively. Chi-square test was used to
measure association between bacterial burden (high versus low) and ascension outcome. All
Statistical analyses were performed using R version 3.1.1.

Study Approval—Our study complied with the guidelines of the Declaration of Helsinki.
The Institutional Review Boards for Human Subject Research at the University of Pittsburgh
and the University of North Carolina approved the study and each patient gave written
informed consent prior to initiation of study procedures.

A Blood PID Transcriptional Profile is Driven by Pathogen Invasion of the Endometrium

Women included in this study were drawn from two cohorts of women at high risk for STI;
women with a clinical diagnosis of PID (N=231) who were enrolled in an antibiotic
treatment trial (NCT01160640), and asymptomatic women who screened positive for CT or
who reported exposure to a sex partner with STI (N=247) (11). Although whole blood
mRNA array data were available for all of the women in both cohorts, we restricted this
analysis to 68 participants with histologically evaluable endometrial tissue (Table 1). Women
were categorized according to clinical, microbiological, and histologic diagnoses (normal
histology or acute or chronic endometritis) for all analyses (Table 1 and Fig. S1).

The majority of participants were young (median age, 21 years), African American, single,
with some high school education and insured by Medicaid (Table 1). Four women (6%)
reported having an intrauterine device and 13 (21%) were receiving hormonal contraceptive
therapy. Trichomonas vaginalis infection was rare (8%). Age, race, education, insurance, and
contraceptive status did not differ significantly between the groups. We conducted
unsupervised hierarchical clustering using 4952 transcripts that passed filtering criteria to
determine if the profiles generated for participants grouped according to pathogen and/or
extent of disease (Fig. 1A), and to obtain an overview of gene expression patterns. We
included women with STI limited to their cervix as controls in order to enhance detection of
changes associating with disease rather than infection. Transcriptional response profiles of
11 of 14 women with GC and/or CT-induced PID and chronic endometritis were tightly
clustered. Two of 7 women with clinical PID and chronic endometritis, but negative for GC
and CT infection, also grouped in this cluster. In contrast, women with CT-induced clinical
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PID and acute endometritis (N=5) did not cluster with women with GC and/or CT PID and
chronic endometritis but were interspersed amongst cervically-infected (N=16) and
uninfected (N=12) women without pelvic pain who had normal histology. Women with
clinical symptoms of pelvic pain who were negative for GC and/or CT without endometritis
(N=8) were interspersed among the subgroups with normal histology indicating that pelvic
pain in the absence of infection and cervical infection alone did not alter the blood
transcriptional profile compared to asymptomatic uninfected women with normal histology.

Principal component analysis separated participants into a pattern consistent with that
observed via hierarchical clustering (Fig. 1A-B). Women with GC and/or CT PID and
chronic endometritis grouped together, and were mostly separated from women with acute
endometritis or normal histology regardless of pain or infection status. Women with PID and
chronic endometritis without GC or CT that clustered with women with GC and/or CT
chronic endometritis in the heat map (Fig. 1A), also clustered with this group by PCA (Fig.
1B). Thus, a disease-related gene expression profile or endotype occurs in women with
chronic endometritis and this endotype is largely pathogen driven.

Women with STI-induced PID and Chronic Endometritis Exhibit Significant Differences in
Gene Connectivity and Expression Compared to Women with Normal Histology Who Have
Cervical Infection or Pelvic Pain

Initial comparisons were made between responses of infected cases and women who were
not infected with GC or CT, reported no pain and had normal histology (uninfected controls,
N=12) (Fig. S1 and Fig. 2A-B). WGCNA identified differentially connected (measured by
DiffK) and/or differentially expressed genes (measured by #test statistic) with significance
level (pvalue) assigned by permutation test. Plotting these values revealed how differences
in connectivity related to differences in gene expression (Fig. 2). Eight sectors with high
absolute values of DiffK' (> 0.4) and/or #statistic values (> 1.96) are shown in Fig. 2A
(observed data) and Fig. 2B (permuted data). Based on 1000 random permutations, genes in
sectors 2, 3, 5 and 6 were significantly differentially connected and/or expressed (p<0.001)
when infected cases were compared with uninfected controls. We detected sub-groupings of
genes with highly correlated expression, termed modules, within these sectors. Individual
modules are designated by color (gray denoting differentially expressed genes outside
modules). We derived 13 modules for women with GC and/or CT PID (Fig. 2) using
hierarchical clustering.

The mRNA profiles of women with GC and/or CT PID and chronic endometritis (infected
cases, N=14) were compared to women who had cervical infection with CT or CT and GC
without pelvic pain and had normal endometrial histology (infected controls, N=16) to
identify disease-associated genes (Fig. S1 and Fig. 2C-D). Gene expression and/or
connectivity levels in sectors 2, 3, 5 and 6 were significantly different (p<0.001) confirming
that upper tract infection and inflammation induced a distinct transcriptional response that
was detected in peripheral blood. Finally, we compared infected cases to women who had
symptoms consistent with PID, but who were not infected with GC and/or CT and had
normal histology (N=8) (Fig.S1 and Fig. 2E-F). Expression and/or connectivity of genes
mapping to sectors 2, 3, 5 and 6 were also significantly altered (p<0.001). Thus, a unique
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blood transcriptional profile distinguished women with pelvic pain and endometrial
inflammation caused by recognized sexually transmitted pathogens from women with pelvic
pain of unknown cause without endometrial inflammation.

The STI-induced PID and Chronic Endometritis Blood Transcriptional Profile is
Characterized by Overexpression of Myeloid Cell and Interferon Genes with Suppression
of T cell, Protein Synthesis, and Mitochondrial Oxidative Phosphorylation Genes

Ingenuity Pathway Analysis (IPA) using all modular genes that mapped to sectors 2, 3, 5 and
6 when comparing infected cases to infected controls (Fig. 2C-D) was used to identify
disease-associated pathways. The top IPA canonical pathways significantly enriched for
genes in sectors 2 and 3 (up-regulated) within the turquoise co-expression module included
multiple genes involved in neutrophil and monocyte activation and signaling (Fig. 3A and
Table S1). Pathways that were significantly upregulated after multiple testing correction are
listed in Table S2. Transcription of multiple TLRs and the TLR adaptor molecule, MyD88
was up-regulated, as was expression of transcription factors and kinases important for TLR,
cytokine, and growth factor receptor signaling. Transcription of inflammasome-driven
interleukin-1p (IL1B) and its receptor molecule, IL1R2 was also elevated in infected cases
versus infected controls. Further evidence of inflammasome activation was suggested by
detection of increased transcripts encoding inflammasome-associated molecules (38).
Expression of molecules important for inflammatory cell migration and adhesion,
cytoskeleton remodeling in response to extracellular stimulus and phagocytosis, and
transcription of oncostatin M (OSM), a member of the IL-6 family that facilitates leukocyte
adhesion and rolling was enhanced. Genes for interferon (IFN) signaling, including IFIT3,
OAS], PIASL, IFNGR2, IRF9, IFNGR1, IFI35, PSMB8, IFNAR2, TAP1, IFITM3, IFITL1,
IF16, STAT1, IFNAR1, IFITM1 (p=5.01E-15, Ratio = 4.44E-01), were also detected in
sectors 2 and 3 but did not assort with the turquoise module, indicating that expression levels
were not consistent across all PID cases. Nevertheless, IFN signaling was the pathway with
the lowest P value and highest enrichment ratio after multiple testing correction (Table S2).

The top IPA canonical pathways significantly enriched for genes in sectors 5 and 6 and
assigned to the yellow co-expression module (Fig. 2C) (down-regulated in GC and/or CT
PID with chronic endometritis) are depicted in Fig. 3B and include genes encoding
components of CD3 and CD8 T cell co-receptors, and genes for kinases involved in T cell
signaling (Table S1).

The top IPA canonical pathways significantly enriched for genes in sectors 5 and 6 and
assigned to the brown co-expression module (Fig. 2C) (down-regulated in GC and/or CT
PID with chronic endometritis) are depicted in Fig. 3C and include genes encoding multiple
eukaryotic translation factors and ribosomal proteins; all important for protein synthesis. In
addition, expression of genes encoding proteins essential for mitochondrial oxidative
phosphorylation was decreased (Table S1). Pathways significantly downregulated after
multiple testing correction are listed in Table S3. These pathways, with reduced expression
of genes encoding T cell structural components, suggested that the STI-induced PID
transcriptional profile reflected altered cell number and differential gene activation in
response to immune signaling.
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Modular Repertoire Analysis of CT and/or GC PID Confirms Overexpression of Innate
Immune Response Genes and Suppression of Adaptive Immune Response Genes

To determine the extent to which the STI-induced PID blood transcriptional profile was
influenced by relative abundance of leukocyte subsets, we performed modular repertoire
analysis to examine genes specific to these cells, applying an analytical framework of
modular repertoires which reflect coherent functional relationships and are coordinately
expressed in multiple disease datasets (37, 39) to all 2779 genes in sectors 2, 3, 5 and 6 (Fig.
4). Women with chronic endometritis and PID due to CT and/or GC displayed significant
overexpression of genes of inflammatory modules (M3.2, M4.2, M4.6, M4.13, M5.1, M5.7),
cell death (M6.13), and IFN (M1.2, M3.4, M5.12) with slight increases in genes within the
platelet (M1.1), monocyte (M4.14), and neutrophil (M5.15) modules (Fig. S2). Modular
analysis also detected decreased expression of T cell (M4.1, M4.15) module genes,
consistent with detection of decreased transcripts for T cell structural molecules and T cell
activation genes determined by WGCNA. Furthermore, gene expression in cell cycle (M4.7),
mitochondrial respiration and stress (M5.10, M6.2), and protein synthesis (M4.3, M4.5,
M5.9) modules was decreased (Fig. S2), as previously observed by WGCNA. We detected
minor decreases in representation of genes within the plasma cell module (M4.11) in the
circulation, although these cells define chronic endometritis in tissue. B cell (M4.10), and
cytotoxic/NK cell (M3.6) gene expression was also decreased.

The Profile of Women with PID and Chronic Endometritis due to GC is Similar to Women
with GC/CT Co-infection But Interferon Responses Distinguish Women Singly Infected with

CT

To resolve the relative contributions of GC and CT to this profile, we compared the
responses of co-infected women to women infected with a single pathogen (Fig. S1).
Comparing sector plots of GC/CT co-infected patients to those with GC alone did not
identify genes with statistically significant differences in connectivity and/or expression
(Fig. 5A-B).

In contrast, sector comparisons of women with PID and chronic endometritis due to GC/CT
co-infection and women with CT alone revealed up-regulated (sector 3) and down-regulated
(sector 6) gene expression (Fig. 5C). Slight but statistically significant transcriptional
increases were detected for genes involved in Rho signaling, guanine nucleotide binding
proteins and various actin and myosin related proteins (Fig. S2A and Table S4), suggesting
co-infection drives increased activation of signaling pathways related to cellular migration.

Genes in sector 6, (Fig. 5C) that were transcriptionally down-regulated with co-infection are
depicted in Fig. S2B and molecules are listed in Table S4. The EIF2 signaling pathway
includes ribosomal protein genes and eukaryatic translation initiation factors. Additionally,
transcripts important for Class Il antigen presentation to helper T cells and T helper cell
signaling were decreased in GC/CT co-infected women compared to women with CT only.
Finally, multiple genes for proteins involved in type I IFN signaling were decreased in co-
infected women compared to women infected with CT alone.
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Modular analysis confirmed that increased expression of IFN-related genes (M1.2, M3.4 and
M5.12) occurred exclusively in women with PID and chronic endometritis due to CT alone
(Fig. 6). The most profound increases were detected in IFN modules 1.2 and 3.4. Genes in
M1.2 are induced more by type | than type Il IFNs, while genes represented in M3.4 and
M5.12 are similarly induced by type I and type Il IFNs (40). These data indicate that CT
elicits strong type | and type 11 IFN responses that are not induced in women with GC
monoinfection and are ablated in women with GC/CT coinfection. For every module
examined, other than IFN, coinfection intensified the expression change when compared to
women with monoinfection. We noted significant increases in expression of genes related to
cell death and inflammatory pathways and reductions in genes associated with mitochondrial
respiration. Cell cycle gene expression was most reduced in co-infected women (Fig. 7A).
Cellular modules revealed that co-infection associated with the most profound reductions
observed in adaptive immune cell genes and genes associated with NK cells. Genes
associated with myeloid cell modules were not different among the subgroups (Fig. 7B).

Transcriptional Profiling Reveals Acute Endometritis Due to CT Represents an Early Stage
in the Course of PID

Marked differences in expression levels were observed for genes in sectors 2, 3, 5, and 6
after permutation when co-expression modules were compared between women with CT
PID and chronic endometritis and women without pelvic pain who had cervical CT infection
only and no endometritis (Fig. S3A). In comparison, when women with CT-induced PID and
acute endometritis were compared to women with cervical CT infection, (Fig. S3A), sectors
2 and 6 which reflect differential expression levels were not significant although genes in
sectors 3 and 5 exhibited statistically significant connectivity and altered gene expression
after permutation (p < 0.001), while genes in sector 4 were significantly increased in
connectivity (p < 0.001). Modular analysis did not detect overexpression of myeloid cell
genes or suppression of genes associated with protein synthesis, mitochondrial oxidative
phosphorylation, or T-cell specific genes. However, we detected a nascent IFN response in
women with acute endometritis (Fig. S3B and Table S5) consistent with the presence of
neutrophils in their endometrial tissue, a hallmark of early inflammation.

Validation of Disease Associated Modules in an Independent Cohort of Women with CT-
induced Subclinical PID

We did not have sufficient study participants with clinical PID and biopsy-confirmed
endometrial infection and chronic endometritis to serve as an independent validation set. As
an alternative, we selected a new group of study participants comprising six asymptomatic
women with endometrial chlamydial infection and chronic endometritis. We anticipated that
STI PID associated modules found in women with clinical PID associated with GC and/or
CT-induced chronic endometritis (N=14 original participants) would be reproduced in this
independent cohort of women with subclinical STI PID if they are involved in development
of STI-induced upper genital tract disease. Using a method implemented in the WGCNA
package to calculate Zgymmary preservation scores (36), we tested for module preservation
between women with biopsy confirmed clinical PID and women with biopsy confirmed
subclinical PID (Fig. 8A). Nine of 13 modules were highly conserved with Zgymmary scores
above 10, including all three disease associated modules [turquoise (myeloid cell activation
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and cell death pathways were increased), yellow (T cell activation pathways were
decreased), and brown (protein synthesis and mitochondrial respiration pathways were
decreased) and the permutated P values were smaller than the Bonferroni-corrected
threshold p=0.05/13=0.0038); the last 4 modules were weakly to moderately preserved.

We also conducted differential network analysis between women with subclinical PID and
women who had cervical infection with CT or CT and GC without pelvic pain and normal
endometrial histology (N=16), infected controls that were previously used to identify
disease-associated genes. Sector plots (Fig. 8B-C) were generated based on 1000 random
permutations. Genes in sectors 2, 3, 5 and 6 were significantly differentially connected
and/or expressed (p<0.05). To examine whether the disease related modules we had
associated with clinical CT PID were reproduced in subclinical CT PID, we used the module
colors previously defined in women with GC and/or CT PID and chronic endometritis
(N=14 original participants). Not only were the three disease associated modules maintained
(Table S6), but functional annotation detected up-regulation of IFN pathway genes in
women with CT-induced subclinical PID (p = 1.8E-4 which is significant after Bonferroni
multiple testing correction).

RNA in situ Hybridization Reveals IFN-B mRNA in Endometrial Tissues of GC and/or CT-
infected Women with Endometritis

Since CT infection is limited to the genital tract mucosa, we hypothesized that the likely
source(s) of the type | IFN signature that we detected in the peripheral blood of women with
CT-induced PID were neutrophils or monocytes that gained access to the vascular system
after engulfing IFN-B secreting CT-infected cells or adjacent, activated epithelium.
Endometrial tissue sections from patients with GC and/or CT-induced endometritis and
uninfected women with normal histology were probed by RNA-in situ hybridization for both
IFN-B message and CT ribosomal RNA (rRNA) (Fig. 9). In five of five tissue sections from
women with CT-induced endometritis where multiple microscope fields were positive for
CT rRNA, we observed multiple epithelial and stromal cells staining positively for IFN-p
mRNA. In sections from an additional five patients with CT-induced endometritis, where CT
rRNA was not detected in the tissue sections available, IFN-p mRNA-specific staining was
detected, albeit it sparsely, in epithelial and stromal cells of two patients (not shown).
Sections from five women with GC/CT-induced endometritis stained positively for CT
rRNA, but cells positive for IFN-p transcripts were detected in only two of the five patients
in this group. Two of four tissue sections from patients with GC-induced endometritis
revealed rare cells positive for IFN-B mRNA. Tissue sections from fifteen uninfected women
without endometritis were negative for CT rRNA and/or IFN-pB mRNA.

Additional tissue sections from the same patients were costained for CT rRNA and for
mRNA of the neutrophil chemokine, CXCL-1/KC. Although the cytokine, IL-1p, is a key
inducer of CXCL-1 during inflammation, CXCL-1 is also produced by endometrial
epithelial cells in response to vascular endothelial growth factor and is important for
decidual vascularization and implantation (29). Tissue sections from uninfected patients
were all weakly positive for CXCL-1 mRNA. In contrast, all of the tissues but one from
women with GC and/or CT-induced endometritis were moderately or strongly positive for
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CXCL-1 mRNA. The majority of CXCL-1 expression was detected in epithelial cells (Fig.
9).

Cervical Secretions of Women with Endometrial CT Infection Contain Higher Levels of the
Type | IFN-induced Chemokine CXCL-10 Compared to Women with Cervical CT Infection

Only

To expand our investigation of the extent to which the elevated type I IFN response
correlated with genital inflammatory responses and promotion of CT disease, cervical
secretions collected from women recruited into the non-PID, T cell response against
Chlamydia (TRAC) cohort were assayed for immune modulators. We used quantitative PCR
to estimate CT burden in cervical swab eluates that remained after diagnostic testing.
Although women with a cervical CT burden > 10% CT copies/swab had 3-fold greater odds
of having endometrial infection (p = 0.002), a subgroup (54 of 110 women) with CT burdens
> 10% were negative for endometrial infection. This suggested a suboptimal protective
response in women with high cervical CT burden with ascending infection when compared
to women with infection limited to the cervix. Although IFN-a, IFN-B and IFN-y were
undetectable or extremely low in cervical secretions of all patients (data not shown),
CXCL-10 was significantly higher in secretions of endometrially-infected women when
compared to women with cervical infection only, (v = 0.004) (Fig. 10). In contrast, although
not statistically significant, cytokines 1L-12p40 (p = 0.199) and I1L-12p70 (p = 0.067) that
induce production of IFN-y were elevated in secretions of women with cervical CT
infection only. The proinflammatory cytokines, TNF-a and IL-1, and the Th17-related
cytokine IL-17-a., were significantly increased in both high cervical burden groups when
compared to participants with low cervical burden and uninfected women, but were not
different between women with endometrial infection versus cervix only (Fig. 10). Our prior
studies revealed that CXCL-10 production is primarily and directly dependent on IFN-$
during in vitro chlamydial infection of murine cells and during in vivo murine chlamydial
genital infection (41, 42). Thus, detection of higher levels of CXCL-10 in the cervical
secretions of CT-infected women with endometrial infection linked the type I IFN response
to increased extent of CT infection.

DISCUSSION

We determined that among women with a clinical diagnosis of PID, those with GC and/or
CT endometrial infection and chronic endometritis had a blood borne transcriptional profile
that was easily distinguished from those without upper tract infection and inflammation
using microarray analysis. Principal component analysis confirmed that GC and/or CT
infection-induced PID and chronic endometritis resulted in a blood endotype distinct from
women with clinical PID who had normal histology and were not infected. Although 2 of 7
women with PID and chronic endometritis not associated with active GC and/or CT
infection clustered with our infected cases, 5 of 7 did not. None of these women had M.
genitaliumor T. vaginalis and cultivation based evaluation of the endometrial samples did
not yield other PID pathogens (data not shown). It is possible that these women had STI
infection prior to enrollment and had residual endometritis. Six of seven had documented
prior GC or CT infection and two had a history of PID. Consequently, while immune cells
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remained within the endometrial tissue, the systemic response was relatively quiescent.
Thus, pain and/or chronic endometritis were insufficient to induce a distinct blood endotype
in the absence of active GC or CT endometrial infection. Finally, transcriptional response
profiles of asymptomatic women with GC or GC/CT infection limited to their cervix were
indistinguishable from asymptomatic uninfected women, indicating cervical infection alone
does not drive a mRNA response detectable in peripheral blood. Taken together, these data
indicate that both upper tract GC and/or CT infection and histologic evidence of
endometritis are required to elicit a distinct blood transcriptional profile.

Pathways activated in women with GC and/or CT induced PID and chronic endometritis
included multiple innate immune response pathways that lead to migration and activation of
monocytes and neutrophils, e.g., TLRs, NLRs, FcyRs, fMLPR and their downstream
adaptors and transcription factors. Transcription of IL-1f and other genes involved in
inflammasome activation were also increased. Cellular and immune repertoire modular
analysis (39) confirmed genes involved in inflammation were increased in women with PID
and chronic endometritis regardless of infection with GC, CT, or both. Modular analysis also
revealed increased transcription of genes associated with cell death pathways, with intensity
being highest in co-infected women.

These data agree with published results from in vitro and animal model studies of CT and
GC. For example, lipooligosaccharide released from GC in the form of outer membrane
blebs activates both NLRP3-induced IL-1p secretion and pyronecrosis of cells /n vitro (43).
Infection of human fallopian tube organoids ex vivowith CT revealed induction of IL-1 that
led to direct cellular damage (44). The mouse model of CT infection reveals neutrophil
infiltration correlates directly with oviduct tissue damage (45-47), and mouse GC infection
induces Th17 cells that drive a significant influx of neutrophils (48). Although the IL-17
signaling pathway was not one of the top canonical pathways identified, we detected
increased transcription for IL-17 receptor A (IL-17RA) (1.3 fold), which was highest when
GC was present (data not shown). The association of these pathways with disease
pathogenesis in animal models suggests that the models appropriately reflect responses
ongoing in the endometrium of women with GC and/or CT PID that can be detected in the
peripheral blood.

GC and/or CT PID also led to significant down-regulation of TCR/T cell signaling and
protein synthesis pathways. This was confirmed by modular analysis, which revealed
decreased transcription for T cell, B cell, NK cell, cell cycle and protein synthesis genes, all
of which were most decreased in co-infected women. These data are consistent with
observations in humans where active GC infection drives transient reductions in numbers of
peripheral blood T cells (49) and neither GC or CT infection leads to an effective adaptive
immune response, with high rates of reinfection being commonly observed after infection
with either pathogen (50). However, it is possible that the decrease in abundance of genes
associated with lymphocyte proliferation and activation resulted primarily from changes in T
cell numbers in the peripheral blood as revealed previously in a transcriptional response
study of patients with active tuberculosis (51).
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Interferon response pathways are enhanced in the peripheral blood of women infected with
CT alone and ablated in women co-infected with GC. The up-regulation of interferon genes
within M3.4 and M5.12 in women singly infected with CT indicate enhanced transcription
of genes that are induced by either type | or type Il IFNs (40). Interferon-vy is a key
protective mediator during CT infection, inhibiting chlamydial growth and replication, and
IFN-vy activates phagocytic cells to kill GC. Thus, abrogation of this response by GC favors
pathogen survival. Genes involved primarily in type I IFN signaling found in module M1.2
were significantly up-regulated in women with CT PID compared to women with cervical
CT infection only. Additionally, we detected IFN-B mRNA in endometrial tissues of women
with CT-induced chronic endometritis and higher levels of CXCL-10, an IFN-B-induced
protein, in women with endometrial infection. Thus, as previously observed in patients with
Mycobacterium tuberculosis (51) or M. leprae (52), the detection of type | IFNs in women
with CT is associated with a greater extent of infection and disease. Although type I IFNs
are generally beneficial during viral infection, they can play either a beneficial or
detrimental role during bacterial infection (53). High and prolonged levels of type | IFN
decreases the expression of IFNGR1 and IFNGR2 and inhibits IFN-y induced activation of
MHC class |1 expression, oxidative burst, and bactericidal activity in macrophages (54, 55).
Using the mouse model of genital chlamydial infection, we determined that mice deficient in
type I IFN signaling exhibited reduced bacterial burden and pathology, and an accelerated
protective CD4 T cell response (42). This suggests that the type | IFN response suppresses
the development of a protective response in women with CT infection leading to ongoing
infection and enhanced disease.

Since cell sorting was not performed in our study, we were unable to identify the source of
the IFN signature. Neutrophils were identified as the source of the IFN signature in persons
with active tuberculosis (51) and these cells are candidates here given both M. tuberculosis
and CT occupy an intracellular niche and because we detected neutrophil pathway
activation. Although CT replicates within an intracellular protective vacuole, CT DNA can
leak into the cytosol and interact with the cytosolic DNA sensor, cyclic GMP-AMP synthase
(cGAS), resulting in the formation of 2’-3’-cGAMP that acts via the downstream signaling
adaptor, Stimulator of IFN Genes (STING), to induce IFN-B production. Furthermore, CT-
induced cyclic GMP-AMP migrates via gap junctions into adjacent uninfected cells to
stimulate their expression of IFN-p (56). Macrophages exposed to gonococci /n vitro are
stimulated to express IFN-B via intracellular interaction of GC DNA with cGAS/STING
post-invasion, and extracellularly via lipooligosaccharide interaction with the TLR4/TRIF
pathway (57). Despite our inability to detect an IFN signature in the peripheral blood of GC
or GC/CT-infected women with endometritis, RNA in-situ hybridization studies confirmed
IFN-p transcription in endometrial tissue biopsies. However, endometrial cells positive for
IFN-p were most consistently observed in microscopic fields of tissues positive for CT
rRNA. The cytotoxicity of GC may prevent IFN-p-producing epithelial or stromal cells in
the endometrium from surviving long enough to be detected in the peripheral blood via
uptake by recirculating neutrophils or monocytes. In addition, neutrophils and monocytes
that traffic to GC-infected endometrium and engulf GC directly, either fail to transcribe
sufficient IFN- or fail to egress into the bloodstream in sufficient numbers to produce a
detectable type | IFN signature.
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It is well recognized that GC impairs the induction of adaptive responses. GC induces
apoptosis of antigen presenting cells (43) and inhibition of dendritic cell-mediated T cell
proliferation (58). GC Opa proteins that bind CEACAM1 down-regulate proliferation of
activated CD4 T cells and B cells (59, 60). We observed that in asymptomatic women with
CT, co-infection with GC is a leading risk factor for ascending and recurrent CT infection
(112). Finally, despite lack of detection of a systemic type | IFN response in GC/CT co-
infected women, IFN-B mRNA was observed in infected endometrial tissues likely further
promoting infection, disease, and hampering the development of adaptive immunity to CT.

To our knowledge, this is the first investigation to utilize a network-based systems biology
approach to investigate the development of human PID due to STI. Balamuth, et al (61)
performed blood transcriptional arrays on adolescent females with clinical PID and
compared them to asymptomatic controls. They failed to identify canonical pathways related
to PID, and identified few differentially expressed genes. Possible explanations for their
observations include a lack of information regarding upper genital tract infection and
inflammation in their PID patients and their use of uninfected healthy girls for controls. Our
study included women with STI limited to their cervix as controls, which allows for
detection of disease-associated changes in gene expression as opposed to infection-
associated gene expression changes. Unique to our study is that clinical, microbiological,
and histological data were available for multi-level in silico analysis from two unique
cohorts comprised of young women at high risk for STI. We are the first to investigate the
distinct molecular endotypes of PID and identify signatures unique to GC and/or CT-induced
PID, indicating the possibility of using blood transcriptomic profiles as biomarkers for STI-
induced PID. Heterogeneous endotypes of PID may confound the identity of biomarkers and
our study provides guidance on how to classify the subject groups for a more powerful
prediction.

There are several limitations to our study. Sample sizes for histologic evaluation were small
because of the challenges associated with collection of adequate endometrial tissue for
evaluation. Although we did not have access to samples from a second set of women with
documented STI-induced clinical PID and chronic endometritis to use as a validation set, the
availability of whole blood microarray data from women with subclinical PID and
documented CT-induced chronic endometritis provided validation of top disease associated
gene pathways. These results suggest blood transcriptional signatures can be used as
biomarkers to identify STI-infected women at enhanced risk of upper genital tract infection
and disease. Independent cohorts with larger sample size are warranted to confirm our
findings in this study.

These investigations have enhanced our knowledge of the pathogenesis of PID by providing
evidence that women with CT and acute endometritis are in an early stage of disease that
will likely progress to chronic endometritis if the patient remains untreated. Our data support
a role for activation of myeloid inflammatory pathways as contributors to GC and/or CT-
induced chronic endometritis, and a role for type | IFN responses in progression of CT
infection and disease. Finally, GC/CT co-infection may place women at particularly
increased risk through enhanced activation of cell death pathways and inhibition of
responses essential for development of adaptive immunity. Ongoing investigations of
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cervical, endometrial and specific cellular mRNA responses should enhance our
understanding of the local tissue response and provide a comparator to the blood
transcriptional signature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Women with GC and/or CT PID and chronic endometritis exhibit a distinct whole-blood
transcriptional signature

(A) Unsupervised hierarchical clustering reveals expression patterns of 4952 genes in
women with GC and/or CT PID and chronic endometritis as well as six other clinical groups
indicated in the graph key and represented in the colored bars at the top of the heat map.
Heat map rows indicate genes; columns, individual participants. Clinical groups were
determined by symptoms, infection status and endometrial histology. CT*, CT+GC*
indicate infection was localized to the cervix. (B) Principal component (PC) analysis of the
variance in mRNA expression of the participants depicted in 2A, using the same color
scheme with each colored square depicting one subject. The x-axis represents the first
principal component, PC1, which accounts for the largest variance of mMRNA expression,
and the y axis, PC2, explains the second largest variance.
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Fig. 2. Women with GC and/or CT PID and chronic endometritis exhibit significant differences
in gene connectivity and expression when compared to other clinical groups

Scatterplot of differences in connectivity, Diff K'vs. expression level, ¢statistic, for

transcriptional responses of women with GC and/or CT PID and chronic endometritis

versus: (A-B), responses of asymptomatic women who were uninfected with GC and/or CT
with normal histology; (C-D), responses of asymptomatic women with GC and CT, or CT
cervical infection with normal histology; or (E-F), women with clinical PID who were not
infected with GC and/or CT with normal histology. (A, C, and E), observed data; (B, D, and
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F), permuted data. Horizontal lines depict sector boundaries based on #statistic values;
vertical lines depict boundaries based on Diff K. Numbers mark eight sectors. Colors reflect
individual modules. Sectors 2, 3, 5, and 6 were significantly different, P < 0.005 for A versus
B, C versus D, and E versus F. Sectors 1, 4, 7 and 8 were not significantly different for any
group comparison. P value derived after 1000 permutations.

J Immunol. Author manuscript; available in PMC 2019 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zheng et al.

Page 25
A :
o 10 20 30 0 50 &0 70 80 90 100 110 120
Rp— — ® A
Role of Macrophages, Fibroblasts and
by e T 298¢
Fey Receptor-mediated Phagocylosis in 93
Macrophages and Monocyles _
0 Simaig =
Tec Kinase Signaling - " 157
Acute Phase Response Signaling - o 169
IL-6 Signaling - " 116
Role of JAK famiy kinases in 1L-6-voe | [l 25
Cytokine Signaling
MLP Signaling in Neutrophils == L 108
Role of NFAT in Regulation of the 1
Immune Response - m
1] 1 2 3 4 5 [ T 8 9 10 "
“logip-value)
B Pertertage
0 1] 0 L] « S0 L n L] 0 m ue 120
T Cell Recaptor Signaling = 87 "
0SCOSL Signaing n T Helper - 108 »
Phosgholipase ¢ Signaling . w237
Calcium-induced T L [
e ymphacyte =1 64
CCRS Signaling in Macrophages - . 69
Cytetexic T Lymphocyte-mediated [ a2
Apoplosis of Target Cells -
©D28 Signaling in T Helper Cels i " 118
CTLA4 Signaling in Cytetoxic T . (] 88
Lymphocytes
NuriT Signaling in T Lymphaocytes . [ | 57
CdodZ Signaling K . 167

00 05 10 15 20 25 30 35 40 45 50 55 60 65
-log{p-value)

C Percentage

L] 10 20 0 40 S0 &0 7 80 % 100 110 120

EIF2 Signaling == 185 4
Regulation of elF4 and pTOSEK ] " 146
Signaling i
mTOR Signaling - . 188
Onidative Phosghorylation | ] - 109
Mitechandrial Dysfunction [ ] o 171

0 5 10 15 20 25 30 a5

-logip-value)
[ Downreguiated M No change M Upreguiated || Na overiap with dataset | |-#- -log(p-value) |

Fig. 3. Top differentially expressed canonical pathways in women with GC and/or CT PID and
chronic endometritis compared to asymptomatic women with cervical infection only and no
endometritis

IPA showed (A) monocyte and neutrophil signaling pathways were upregulated, while
pathways associated with (B) T cell signaling, (C) protein synthesis, and mitochondrial
respiration were downregulated.
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Fig. 4. Whole-blood transcriptional modular analysis of CT and/or GC PID reveals
overexpression of innate immune response genes and suppression of adaptive immune response
genes

(A) Gene expression of CT and/or GC PID versus cervical infection only and no
endometritis mapped within a pre-defined modular framework (37, 39). Spot intensity (red,
increased; blue, decreased; white, no difference) indicates transcript abundance. (B)
Functional interpretations determined by unbiased literature profiling shown by color-coded
grid.
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Fig. 5. Gene response networks are similar in women with PID and chronic endometritis due to
GC/CT co-infection or GC alone, but differ from women with CT alone

(A-B) Scatterplot of differences in connectivity, DiffK vs. expression level, t statistic, for
transcriptional responses of women with GC and/or CT PID and chronic endometritis versus
women with PID and chronic endometritis infected with GC alone and (C-D) CT alone. (A
and C), observed data; (B and D), permuted data (x1000). Horizontal lines depict sector
boundaries based on t-statistic values, and vertical lines depict boundaries based on DiffK.

Numbers mark eight sectors. Colors reflect individual modules. No sectors were

significantly different for A versus B. Sectors 3 and 6 were significantly different for C
versus D, P = 0.01 for both, with all other sectors being not significantly different. P value
derived after 1000 permutations.
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Fig. 6. Interferon signaling responses in the STI-induced PID transcriptional signature are
driven by CT infection

Median expression levels of interferon signaling genes among women with PID and chronic
endometritis due to CT+GC, GC only, and CT only; and women without PID or
endometritis with cervical infection due to CT or CT+GC, and asymptomatic uninfected
women. Dots represent the median expression value for each individual transcript (log2
transformed expression) in all five subject groups in interferon modules (M1.2, M3.4, and
M5.12) while the black bar indicates the group mean. Pairwise comparisons followed
significant ANOVA after Bonferroni correction for all three modules. Genes related to
interferon were significantly overexpressed in women with PID and chronic endometritis
induced by CT alone compared to women with cervical infection due to GC or CT+GC; (p<
0.001 for M1.2, p=0.004 for M3.4, p=0.045 for M5.12); whereas expression levels for
women with PID and chronic endometritis due to CT+GC or GC alone were not different
than infected cases or uninfected controls. *, p < 0.05; **, p< 0.01; ***, p< 0.001.
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(A). Different median expression of genes within cell death, cell cycle, inflammation and
mitochondrial respiration modules among indicated clinical subgroups. (B) Different median
expression of genes within T cell, B cell, plasma cell, NK cell, monocyte and neutrophil
modules. Dots represent the median expression value for each individual transcript (log2

transformed expression) while the black bar indicates the group mean. (A) and (B)

subgroups include women with chronic endometritis and CT/GC co-infection, GC only, CT
only, asymptomatic cervical CT+ GC infection, and no infection. ANOVA p< 0.05 after
Bonferroni correction for cell death, inflammation, mitochondrial respiration, T cells, B
cells, and NK cells modules. Pairwise comparisons after ANOVA were conducted via

Student’s t-Test in these 6 modules. *, p < 0.05, ** p < 0.01, *** p < 0.005.
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Fig. 8. Conservation of PID-associated disease modules were detected in the mRNA transcript
profiles of women with CT-induced subclinical PID

(A) Zsummary statistic was computed for each module as an overall measure of its
preservation with regards to density and connectivity. Circles, (colors corresponding with the
previously characterized co-expression modules identified via WGCNA) denote Zsummary
preservation scores. A Zsummary score < 2 indicates no preservation, a score > 10 (green
dotted line) indicates strong preservation and scores of 2-10 indicate weak to moderate
evidence of preservation. Observed (B) and permuted (C) scatterplots of differences in
connectivity, DiffK vs. expression level, t statistic, for transcriptional responses of women
with subclinical PID associated with CT infection compared to women with cervical STI
and and normal histology. p = 0.01 for sector 2; p = 0.02 for sector 3; p = 0.04 for sector 5;
and p = 0.02 for sector 6. All other sectors were not significant. P value derived after 1000
permutations.
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Fig. 9. Endometrial tissues from women with GC and/or CT contain epithelial and stromal cells
expressing IFN-B mRNA

Representative images of endometrial tissue sections obtained from patients with
endometritis due to GC/CT (first column); CT (2nd column); or from uninfected patients
without endometritis (3rd column) are pictured. Tissue sections cut from the same
endometrial biopsy were used for hematoxylin & eosin staining (top row); RNAScope for
CT rs16 rRNA (green) and IFN-B mRNA (red indicated by black arrows) (middle row); or
RNAScope for CT rs16 rRNA (green) and CXCL-1 mRNA (red indicated by black arrows)
(bottom row).
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Fig. 10. Interferon inducible protein-10 (IP-10/CXCL-10) is increased in cervical secretions of
women with endometrial infection and IL-12 is higher in women with cervical infection only

Box and whisker plots were used to display the distribution of I1P-10, IL-12p40, 1L-12p70,
IL-17, TNFa, and IL-1p levels in cervical secretions of women enrolled in TRAC. The
boundaries of the box indicate the 25th and 75th percentiles; the line within the box marks
indicates the median; whiskers indicate the 10th and 90th percentiles. Data were log2
transformed prior to logistic regression analysis. Endo+ = PCR detection of CT in the
endometrium. Cervix+ = PCR detection of CT only in the cervix. High CT => 104 CT
copies/swab; Low CT = < 104 CT copies/swab; Uninfected = no detection of CT copies/
swab. Cervical CT burden was estimated by qPCR for CT 16s rDNA. Group means for each
cytokine were analyzed using ANOVA. All cytokines with the exception of IL-1p were
significant via ANOVA p < 0.05. Pairwise comparisons after ANOVA were conducted via

Student’s t-Test. *** p < 0.005.
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