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Background.  Chlamydia trachomatis can cause reproductive morbidities after ascending to the upper genital tract of women,
and repeated infection can lead to worse disease. Data related to protective immune responses at the cervical mucosa that could limit
chlamydial infection to the cervix and/or prevent reinfection inform vaccine approaches and biomarkers of risk.

Methods. 'We measured 48 cytokines in cervical secretions from women having chlamydial cervical infection alone (n = 92) or
both cervical and endometrial infection (n = 68). Univariable regression identified cytokines associated with differential odds of en-
dometrial infection and reinfection risk, and multivariable stepwise regression identified cytokine ratios associated with differential
risk.

Results. Elevated interleukin (IL) 15/CXCL10 (odds ratio [OR], 0.55 [95% confidence interval {CI}, .37-.78]), IL-16/tumor ne-
crosis factor-a (OR, 0.66 [95% CI, .45-.93]), and CXCL14/IL-17A (OR, 0.73 [95% CI, .54-.97]) cytokine ratios were significantly
(P <.05) associated with decreased odds of endometrial infection. A higher Flt-3L/IL-14 ratio was significantly (P = .001) associated
with a decreased risk of reinfection (hazard ratio, 0.71 [95% CI, .58-.88]).

Conclusions. Cytokines involved in humoral, type I interferon, and T-helper (Th) 17 responses were associated with suscepti-
bility to C. trachomatis, whereas cytokines involved in Th1 polarization, recruitment, and activation were associated with protection

against ascension and reinfection.
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Chlamydia trachomatis is the most prevalent sexually trans-
mitted bacterium globally. It is an obligate intracellular path-
ogen with a complex developmental cycle that multiplies
within a protective cytosolic vacuole. Replicating reticulate
body progeny redifferentiate to infectious chlamydial elemen-
tary bodies (EBs) that are released to infect neighboring cells or
hosts exposed through sexual contact. In women, chlamydial
infection is initiated at the cervical mucosa, where it may be
contained, but in approximately 50% of women, it ascends from
the cervix to the endometrium and fallopian tubes. Infection
and inflammation of upper genital tract tissues can lead to
symptomatic or subclinical pelvic inflammatory disease (PID)
that may result in chronic pelvic pain, ectopic pregnancy, and
infertility. A better delineation of immune responses at the cer-
vical mucosa associated with infection susceptibility or resist-
ance in women is needed.

Received 21 December 2018; editorial decision 21 February 2019; accepted 26 February 2019 ;
published online March 1, 2019.

Correspondence: X. Zheng, PhD, University of North Carolina at Chapel Hill, 83128 MBRB,
CB# 7509, 111 Mason Farm Road, Chapel Hill, NC 27599-7509 (xiaojinz@email.unc.edu).
The Journal of Infectious Diseases® 2019;220:330-9
© The Author(s) 2019. Published by Oxford University Press for the Infectious Diseases Society

of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/infdis/jiz087

Immunoepidemiologic studies of women infected with C. tra-
chomatis indicate T cells are important in defining susceptibility
to infection [1-4]. In women with human immunodeficiency
virus (HIV), low CD4 counts increased the risk for chlamydial
PID [2]. In contrast, peripheral blood mononuclear cell inter-
feron gamma (IFN-y) responses to a chlamydial heat shock pro-
tein correlated with reduced incident infection in a large cohort
of female sex workers [1]. We observed that frequencies of pe-
ripheral blood CD4 and CD8 T-cell IFN-y responses to specific
chlamydial antigens were associated with reduced incident and
ascending infection, respectively, in a cohort of highly sexually
active young women participating in the longitudinal T Cell
Response Against Chlamydia (TRAC) study [3]. Parallel anal-
yses of the study participants’ antibody responses to chlamydial
EBs revealed that, although serum anti-EB immunoglobulin G
correlated inversely with cervical burden, this was insufficient
to prevent ascension to the upper genital tract [5].

Identifying cervical cytokines associated with reduced or
enhanced susceptibility to chlamydial ascension or reinfection
could provide clues regarding protective and harmful immune
responses that would inform development of novel therapeutics
or vaccines. Cytokine profiling could advance biomarker devel-
opment to provide targeted screening to women at increased
risk for upper reproductive tract pathology, and serve as a
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surrogate marker for induction of protective responses or as a
predictor of upper tract infection in women enrolled in vaccine
trials. Prior studies have analyzed a limited number of cytokines
in cervical secretions and compared their relative abundance
in infected and uninfected women. Arno et al demonstrated
that women who were chlamydial culture positive at the cervix
secreted higher levels of IFN-y than culture-negative patients,
but no correlation was found between IFN-y levels and bac-
terial load [6]. Chlamydial infection was also associated with
lower interleukin (IL) 2 and higher IL-12 levels when compared
to uninfected controls in a predominantly HIV-infected cohort
of adolescent and adult women (N = 396) [7], and IFN-y, IL-12,
IL-1, and IL-10 were increased in cervical secretions obtained
from a small cohort of C. trachomatis-infected Indian women
[8]. However, no study examined the relationship of cervical
cytokines to endometrial ascension or reinfection.

Eradication of chlamydial infection from the endocervical
epithelium requires T cells at this infected mucosal site [9-11].
Local production of chemokines and cytokines are important for
trafficking of chlamydial-specific T cells from the blood to the
endocervix and for induction of tissue resident memory T cells
[12]. We hypothesized that cytokines shown to play significant
roles in T-cell recruitment and activation would be increased in
women with infection limited to their cervix compared to those
with both cervical and endometrial infection, and that detec-
tion of higher levels of T-cell-promoting cytokines at baseline
during an active infection would be associated with remaining
uninfected after treatment during a year of follow-up.

Analysis of 48 cytokines and chemokines that were quantified
in cervical secretions by bead-based array technology revealed
that elevated IL-15/CXCL10, IL-16/tumor necrosis factor alpha
(TNF-a), and CXCL14/IL-17A ratios were associated with
decreased odds of endometrial infection. Furthermore, a higher
FMS-like tyrosine kinase 3 ligand (Flt-3L)/IL-14 ratio was
found to be significantly associated with reduced reinfection
risk after adjusting for clinical and behavioral covariates previ-
ously identified in this cohort. These data reveal that cytokines
involved in humoral, type I interferon, and T-helper (Th) 17
immune responses are associated with increased susceptibility,
while cytokines involved in Th1 polarization, recruitment, and
activation are associated with protection against endometrial
ascension and reinfection.

METHODS

Study Population

The Institutional Review Boards for Human Subject Research
at the University of Pittsburgh and the University of North
Carolina approved the study and all participants provided writ-
ten informed consent prior to inclusion. A total of 160 cervical
secretion specimens were available for analysis from asymp-
tomatic C. trachomatis-infected women (aged 15-30 years)
participating in the previously described TRAC cohort [5]

recruited from 3 urban sites in Pittsburgh, Pennsylvania, from
2011 to 2015 (Supplementary Table 1). Eligibility criteria for
the TRAC Study included clinical evidence of mucopurulent
cervicitis, diagnosis of chlamydial infection prior to treatment,
or reported sexual contact with a male partner recently diag-
nosed with chlamydial urethritis or nongonococcal urethritis.
Exclusion criteria included PID or pregnancy.

Demographic and clinical data were obtained using stan-
dardized questionnaire and examination at enrollment.
Cervical and endometrial samples were obtained for micro-
biology using nucleic acid amplification tests (NAAT) and
chlamydial cervical burden was estimated via quantitative poly-
merase chain reaction (PCR) [5]. All participants at enrollment
received single-dose agents for gonorrhea (ceftriaxone, 250 mg
intramuscularly) and C. trachomatis (azithromycin, 1 g orally).
No contact tracing or expedited partner therapy was pro-
vided. Participants returned for follow-up visits at 1, 4, 8, and
12 months after enrollment. Microbiologic, clinical, and sexual
exposure data were gathered at each follow-up visit but endo-
metrial samples were not obtained. Women testing positively
for chlamydial infection during follow-up were treated with
azithromycin. Uninfected women tested negatively for C. tra-
chomatis, Neisseria gonorrhoeae, and Mycoplasma genitalium.
Infected women testing positively for C. trachomatis were
assigned to groups according to the extent of their infection at
enrollment: women testing negatively for endometrial infection
were defined as Endo-negative, while those testing positively for
endometrial infection were defined as Endo-positive.

Quantification of Cytokines in Cervical Secretions
Cervical secretions collected at enrollment were eluted for mul-
tiplex protein assays as described with slight modifications [13].
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) were equilibrated with 500 pL of blocking buffer (phos-
phate-buffered saline [PBS], 2% bovine serum albumin [BSA],
and 0.05% Tween-20) for 30 minutes at room temperature.
Filters were then washed 3 times with 100 uL of PBS. Sponges
were equilibrated using 300 uL of elution buffer (PBS, 0.5% BSA,
0.05% Tween-20, and protease inhibitor) before being placed in
Spin-X tubes where they were incubated on ice for 10 minutes.
Spin-X tubes containing sponges were centrifuged at 10 000g
for 1 hour at 4°C and eluted secretions were stored at -80°C.
A dilution factor was calculated based on the estimated volume
of the secretion and pre- and postweight of the collection tube:
(x-y + 0.36 g 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 3 dry cryovials.
Cytokine levels were determined using Milliplex Magnetic
Bead Assay Kits (Millipore Sigma) at the Duke Regional
Biocontainment Laboratory Immunology Core Unit, according
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to the manufacturer’s instructions, using a BioPlex 200 Luminex
bead array reader (Bio-Rad). Assay kits included lyophilized
standards that were reconstituted and diluted at 7 serial con-
centrations following manufacturers’ instructions to generate
standard curves (pg/mL). Standards included all cytokines
tested and were used as positive controls for the procedure.
The levels of 96 cytokines in cervical sponge eluates from 160
infected and 85 uninfected women were assayed using 4 specific
kits: (1) Milliplex Map Human Cytokine/Chemokine Magnetic
Bead Panel-Premixed 41 Plex-Immunology Multiplex Assay;
(2) Milliplex Map Human Cytokine/Chemokine Magnetic
Bead Panel II-Immunology Multiplex Assay; (3) Milliplex
Map Human Cytokine/Chemokine Magnetic Bead Panel III-
Immunology Multiplex Assay; and (4) Milliplex Map Human
Cytokine/Chemokine Magnetic Bead Panel IV-Immunology
Multiplex. Panels 1-4 were used to analyze samples from 108
women; 39 cytokines were excluded, because values were
missing for >60% of women. The remaining 137 women were
screened using a customized 57-cytokine panel. An additional
9 cytokines were excluded from statistical analysis because
>10% of participants had undetectable or missing values, leav-
ing 48 for further statistical comparisons (Supplementary Table
2). Samples from women who were uninfected at enrollment
(n = 86) were excluded from statistical analyses.

Cytokine levels above the upper limit of quantification
(ULOQ) were set to the ULOQ, and values below the lower
limit of quantification (LLOQ) were set to half the respective
LLOQ [14]. Cytokine values were log -transformed before
being corrected for batch effect by the ComBat method [15].
Cytokine values that were missing in <10% of participants were
generated by multiple imputation [16].

Statistical Analysis

Relationship Between Cervical Cytokines and Endometrial Infection
Cytokine concentration values were log,-transformed and
chlamydial genome equivalents were log, -transformed, and
Shapiro-Wilk tests were performed to test datasets for normal
distribution. First, the correlation of cytokines with cervical
chlamydial burden was conducted by Pearson correlation test
(Supplementary Table 3). We then determined the association
of individual cytokines with ascending infection (Endo-positive
vs Endo-negative) by univariable logistic regression, which
measured one cytokine at a time with adjustment of covariates
that were previously found to be associated with enhanced odds
of endometrial infection in this cohort (oral contraceptive use,
gonorrhea coinfection, chlamydial burden) [5]. Cytokines with
adjusted P values < .2 by univariable analysis were subsequently
analyzed as relative ratios (Supplementary Table 4). Cytokines
and ratios with P values < .2 from univariable analysis were
advanced to stepwise multivariable logistic regression analysis
with the above 3 covariates. A final multivariable parsimonious
regression model was developed to determine the optimal

subset of cytokines or ratios as risk factors for ascending infec-
tion with P < .05. Statistical analyses were performed in R 3.4.2
software (R Foundation for Statistical Computing).

Relationship Between Cervical Cytokines and Reinfection

To measure the effect of cytokines on the risk of reinfection,
the hazard ratio was determined using a univariable Wei-Lin-
Weissfeld Cox model that accounts for multiple chlamydial
infections per person and adjusts for within-participant cor-
relations [17]. Previously identified clinical and behavioral risk
factors for incident infection (age, gonorrhea, sex with new,
uncircumcised, or infected partners; tissue site of infection,
and chlamydial cervical burden) were included as covariates
[5]. Individual cytokines and their relative ratios with adjusted
P values < .2 in the univariable model (Supplementary Table
5) were advanced to stepwise multivariable Wei-Lin-Weissfeld
Cox regression analysis with the above 7 covariates. A final
multivariable parsimonious regression model was developed to
determine the best subset of cytokines and ratios as risk factors
for reinfection with P < .05. The statistical analyses were per-
formed in SAS version 9.4 software (SAS Institute).

RESULTS

Baseline Characteristics of Participants

Cytokine analysis was performed on cervical secretions from
160 C. trachomatis-infected women; 92 (57%) with cervical
infection only (Endo-negative), and 68 (43%) who had both
cervical and upper genital tract infection (Endo-positive).
Supplementary Table 1 details their sociodemographic char-
acteristics. Most were young (median age, 20 years [range,
18-35 years]), single (91%), and African American (66%). The
majority (54%) reported previous chlamydial infection, and
23% reported =2 prior infections. Participants also reported
past infections with gonorrhea (22%) and/or Trichomonas vag-
inalis (26%). No participants reported HIV infection. A total of
126 (79%) women completed at least 3 follow-up visits, and 92
(58%) completed 4 follow-up visits.

Association Between Cervical Cytokines and Endometrial Infection

Cytokines that were detected in cervical secretions of >90% of
infected TRAC participants are listed in Supplementary Table
2. Cytokines involved in neutrophil chemotaxis, survival, and
activation (YKL40, CXCL5, CXCL1, granulocyte-colony stim-
ulating factor, IL-8, CXCL6) were highly abundant. Linear re-
gression analysis was used to determine if chlamydial burden
influenced cytokine levels and revealed that the concentrations
of 38 of 48 (79%) cytokines detected in cervical secretions were
positively correlated with burden (Supplementary Table 3).
No cytokine displayed a significantly negative correlation with
pathogen load. We previously demonstrated that oral contracep-
tive use, gonorrhea coinfection, and chlamydial cervical burden
are associated with endometrial chlamydial infection [5].
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Table 1. Association of Cytokines With Endometrial Chlamydial Infection by Univariable Regression Analysis

Cytokine Unadjusted OR (95% ClI) PValue Adjusted OR? (95% ClI) PValue

Increased infection odds
CXCL10 (IP-10) 1.8 (1.40-2.38) <.0001 1.49 (1.12-2.02) .008
TNF-o 1.69 (1.25-2.06) <.0001 1.32 (1.00-1.77) .053
IL17A 1.68 (1.27-2.27) <.0001 1.37 (.99-1.94) .062
CXCL9 1.62 (1.30-2.07) <.0001 1.29 (.99-1.71) .065
CXCcLnm 1.48 (1.20-1.86) < .0001 12 (.94-1.54) 147
CCL4 (MIP-1B) 1.64 (1.21-2.28) .002 1.28 (.90-1.86) 177
CXCL13 (BCAT) 1.47 (1.20-1.82) .000 1.17 (.93-1.49) 183
G-CSF 1.49 (1.00-2.30) .058 1.26 (.79-2.04) .336
YKL40 (CHI3L1) 1.39 (1.02-1.94) .044 1.15 (.79-1.69) .466
CCL3 (MIP-1a1) 1.27 (.95-1.71) A1 1.09 (.76-1.55) 617
MPIF-1 1.27 (.97-1.69) .088 1.03 (.75-1.43) .838
CXCL5 1.43 (.93-2.26) 110 1.03 (.61-1.75) .903
sCD40L 124 (.89-1.74) 214 1 (.67-1.51) .997

Decreased infection odds
PDGFAA 0.88 (.73-1.07) .203 0.78 (.61-0.97) .034
115 0.97 (.71-1.34) .858 0.69 (.46-1.01) .059
CXCL14 (BRAK) 0.98 (.79-1.23) .877 0.77 (.57-1.01) .067
PDGF-BB 0.97 (.79-1.17) 720 0.81 (.64-1.03) .088
114 1.05 (.81-1.34) 726 0.79 (.68-1.07) 133
-4 0.75 (.46-1.19) 225 0.66 (.37-1.14) 144
116 1.08 (.84-1.39) .558 0.81 (.569-1.09) 173
CCL5 (RANTES) 1.02 (.88-1.18) .821 0.9 (.75-1.07) 247
IL1a 0.95 (.77-1.17) .636 0.87 (.67-1.10) 254
FGF2 1.04 (.82-1.32) 724 0.85 (.63-1.13) 276
CX3CL1 (Fractalkine) 1.01 (.64-1.57) .980 0.74 (.43-1.27) 284
GM-CSF 0.93 (.66-1.31) .698 0.81 (.62-1.21) 322
I1-7 0.74 (.40-1.35) .330 0.71 (.35-1.44) .347
MDC 1 (.71-1.41) .996 0.84 (.65-1.25) 412
EGF 1.06 (.76-1.50) 726 0.85 (.66-1.27) 420
1-12p40 1.16 (.74-1.82) 516 0.81 (.48-1.35) 421
CCL11 (Eotaxin) 1.09 (.73-1.63) .660 0.81 (.47-1.33) 425
1:12p70 1 (.63-1.58) .986 0.81 (.46-1.38) 436
IL13 0.88 (.567-1.33) .546 0.84 (.51-1.35) 471
-6 1.08 (.90-1.30) .385 0.92 (.72-1.16) 472
TNFSF13 (APRIL) 1.1 (.79-1.54) .567 0.87 (.58-1.30) 607
MCP-1 1.02 (.81-1.28) .892 0.91 (.69-1.19) 514
TGFa 1.21 (.82-1.81) .342 0.86 (.54-1.37) 517
MCP-3 112 (.72-1.75) .606 0.84 (.47-1.43) 534
GRO 1.37 (.74-2.63) .328 0.8 (.38-1.68) 544
IL1RA 1.08 (.76-1.56) .686 0.89 (.69-1.33) .551
IFN-a 1.1 (.64-1.89) 728 0.82 (.42-1.61) .563
FIt-3L 1 (.64-1.54) .982 0.87 (.51-1.45) .590
TNFSF10 (TRAIL) 1.21 (.94-1.57) 148 0.93 (.69-1.27) .656
IFN-y 113 (.84-1.53) 414 0.93 (.64-1.34) .679
VEGF 119 (.75-1.92) 464 0.88 (.49-1.59) .682
1-8 1.02 (.80-1.30) .854 0.94 (.70-1.26) .693
16 1.09 (.90-1.31) .386 0.96 (.76-1.20) 746
CXCL6 177 (.89-3.68) 113 0.94 (.41-2.14) .877
110 1.4 (.99-2.02) .063 0.97 (.64-1.49) .900
1-23 1.06 (.81-1.38) .678 0.99 (.72-1.37) .970

Abbreviations: Cl, confidence interval; EGF, epidermal growth factor; FGF-2, fibroblast growth factor 2; FIt-3L, FMS-like tyrosine kinase 3 ligand; G-CSF, granulocyte-colony stimulating factor;
GM-CSF, granulocyte-macrophage colony-stimulating factor; GRO, growth related oncogene-alpha; IFN, interferon; IL, interleukin; I interferon-y-inducible protein; MCE monocyte chemo-
attractant protein; MDC, macrophage-derived chemokine; MIR macrophage inflammatory proteins; MPIF, myeloid progenitor inhibitory factor; OR, odds ratio; PDGF, platelet-derived growth
factors; RANTES, regulated on activation, normal T cell expressed and secreted; sCD40L, soluble CD40L; TGF, transforming growth factor; TNF, tumor necrosis factor; TNFSF, tumor necrosis
factor superfamily; TRAIL, NF-related apoptosis-inducing ligand; VEGF, vascular endothelial growth factor.

#Adjusted for oral contraceptive use, gonorrhea coinfection, and cervical chlamydial load.
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Consequently, we adjusted for these 3 factors in a univariable lo-
gistic regression analysis and determined that CXCL10, TNF-a,
IL-17A, CXCL9, CXCL11, CCL4, and CXCL13 were positively
associated with endometrial infection, whereas Platelet-derived
growth factor (PDGF)-AA, IL-15, CXCL14, PDGF-BB, IL-14,
IL-4, and IL-16 were negatively associated with endometrial in-
fection (adjusted P < .2) (Table 1). These cytokines were entered
individually and as ratios (Supplementary Table 4) into stepwise
regression analysis with chlamydial burden, oral contraceptive
use, and gonorrhea coinfection to determine the least parsimo-
nious final model for individual cytokines or relative ratios as-
sociated with endometrial infection. Elevated IL-15/CXCL10
(odds ratio [OR], 0.55 [95% confidence interval {CI}, .37-.78),
IL-16/TNF-a (OR, 0.66 [95% CI, .45-.93]), and CXCL14/
IL-17A (OR, 0.73 [95% CI, .54-.97]) ratios remained in the final
multivariable model (adjusted P < .05) and were associated with
decreased odds of endometrial infection (Table 2).

Association Between Cervical Cytokines and Reinfection

We used univariable analysis to identify cytokines that were
associated with reinfection, while adjusting for age, gonorrhea
infection, sex with new/uncircumcised/infected partners, site of
chlamydial infection, and chlamydial burden (Table 3). IL-14,
CXCL11, CXCL9, and CXCL10 were associated with increased
risk, whereas vascular endothelial growth factor (VEGF), Flt-3L,
and TNF (ligand) superfamily, member 10 (TNF-related apop-
tosis-inducing ligand [TRAIL]) were associated with decreased
risk of reinfection (adjusted P < .2). These cytokines and their
relative ratios (Supplementary Table 5) were entered into mul-
tivariable analysis. An elevated Flt-3L/IL-14 ratio remained in
the final multivariable model and was significantly associated
(P =.001) with a decreased risk of reinfection after adjusting for
other covariates (hazard ratio, 0.71 [95% CI, .58-.88]; Table 4).

DISCUSSION

Chlamydial ascension to the endometrium inherently increases
the risk for PID and chronic complications, and repeated chla-
mydial infections are associated with heightened risk for disease
[18]. This study revealed that cytokines involved in humoral,
type I interferon, and Th17 responses were associated with sus-
ceptibility to C. trachomatis, whereas cytokines involved in Th1
polarization, recruitment, and activation were associated with
protection against ascension and reinfection. Previous analyses
of messenger RNA transcriptional profiles revealed that women
with endometrial chlamydial infection and endometritis express
elevated levels of type I and type I IFN genes in their peripheral
blood compared to women with cervical infection only, while
increased levels of the type I IFN-induced chemokine CXCL10
were detected in cervical secretions of women with endometrial
infection [19]. These findings prompted an expanded analysis
of cervical cytokines to identify whether they were associated
with endometrial ascension, and to investigate if cytokine levels

detected during infection were associated with a decreased or
increased risk of subsequent reinfection. Previously determined
clinical and behavioral factors associated with increased ascen-
sion and risk of incident infection in this cohort were adjusted
for using multivariable parsimonious regression analyses [5].
We observed that chlamydial burden positively correlated
with levels of most detectable cytokines. This was unsurpris-
ing, because greater bacterial abundance will lead to increased
activation of pathogen recognition receptors and promote
enhanced cytokine production. Our prior multivariable anal-
ysis of clinical and behavioral variables also revealed that gon-
orrhea coinfection and oral contraceptive pills were associated
with increased risk of endometrial infection [5]. Consequently,
all 3 variables were included as candidate cofactors in a multi-
variable analysis of cervical cytokines. Elevated IL-15/CXCL10,
IL-16/TNF-a, and CXCL14/IL-17A cytokine ratios were nega-
tively associated with endometrial infection, whereas cervical
chlamydial load remained positively associated with increased
odds of endometrial infection after adjustment of all other vari-
ables. Oral contraceptive pills and gonorrhea coinfection were
not retained in the final model, likely because of their collinear-
ity with cytokines and burden. We also adjusted for chlamydial
load and previously identified cofactors for incident infection
determined in the entire cohort that included age, gonorrhea
infection, endometrial chlamydial infection, and sex with new,
uncircumcised, or infected partners. Older age and an elevated
Flt-3L/IL-14 ratio was associated with a significantly reduced
risk of reinfection, whereas gonorrhea infection and sex with
new, uncircumcised, or infected partners remained positively
associated with reinfection in the multivariable model.
CXCL10, TNF-a, and IL-17A were cytokines associated
with increased odds of endometrial infection. We previously
demonstrated that type I IFN signaling in mice drives CXCL10
production, prolonged chlamydial infection, and increased
oviduct pathology [20]. This is consistent with the type I IFN
blood transcriptional signature observed in women with endo-
metrial chlamydial infection and endometritis [19]. TNF-a has
been shown to cause oviduct pathology in mice after Chlamydia

Table 2. Multivariable Stepwise Regression Analysis of Cytokines,
Cytokine Ratios, and Clinical and Behavioral Factors Associated With
Chlamydial Endometrial Infection

Factor OR (95% ClI) PValue
IL:15/CXCL10 (IP-10) 0.55 (.37-.78) .002
IL16/TNF-a 0.66 (.45-.93) .023
CXCL14/IL-17A 0.73 (.64-.97) .036
Gonorrhea® 2.02 (.61-6.75) 244
Oral contraceptive pills® 1.07 (.22-5.58) .936
Cervical chlamydial load 2.29 (1.60-3.46) <.001

Abbreviations: Cl, confidence interval; IL, interleukin; IP-10, interferon-y-inducible protein
10; OR, odds ratio; TNF-a, tumor necrosis factor alpha.

#Previously identified risk factors for chlamydial endometrial infection [5]
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Table 3. Association of Cytokines With Chlamydial Reinfection During 1 Year Of Follow-up by Univariable Regression Analysis

Cytokine® HR (95% ClI) PValue Adjusted HR? (95% CI) PValue

Increased risk of reinfection
14 1.1 (.91-1.33) .333 1.19 (.97-1.45) .093
CXCLM 1.01 (.86-1.19) .860 1.14 (.96-1.34) 138
CXCL9 1.04 (.91-1.2) .635 112 (.96-1.31) 147
CXCL10 (IP-10) 1.01 (.84-1.2) 1949 1.12 (.95-1.31) 74
MCP-3 1.14 (.79-1.63) 486 1.18 (.83-1.68) .356
CCL11 (Eotaxin) 1.07 (.79-1.45) 662 1.17 (.83-1.64) .375
CCL5 (RANTES) 1.07 (.96-1.2) 220 1.05 (.93-1.19) .396
MDC 1.04 (.78-1.38) .788 1.09 (.84-1.44) 512
CXCL13 (BCA1) 1.01 (.87-1.18) .870 1.04 (.91-1.2) 540
113 1.08 (.71-1.66) 715 1.12 (.77-1.63) 542
PDGF-BB 1.03 (.88-1.2) 724 1.04 (.88-1.23) .625
FGF2 1.1 (.92-1.32) 285 1.05 (.85-1.29) 674
110 0.99 (.75-1.3) 1938 1.04 (.83-1.32) 717
IL17A 0.96 (.78-1.17) .659 1.03 (.85-1.24) .786
-4 0.9 (.6-1.34) .596 1.03 (.68-1.57) .885
PDGFAA 1.01 (.87-1.18) .869 1.01 (.87-1.16) .910
IL1RA 1.15 (.86-1.54) .350 1 (.76-1.33) 979

Decreased risk of reinfection
VEGF 0.77 (.66-1.05) .099 0.71 (.49-1.03) .069
Flt-3L 0.9 (.66-1.23) 526 0.8 (.6-1.07) 128
TNFSF10 (TRAIL) 0.92 (.76-1.13) 441 0.89 (.76-1.05) 154
-8 0.81 (.66-.99) .042 0.88 (.71-1.08) 228
17 0.64 (.4-1.01) .056 0.79 (.62-1.21) 279
MCP-1 0.89 (.75-1.05) 177 0.92 (.77-1.09) .320
sCD40L 0.93 (.73-1.19) 574 0.88 (.69-1.13) .328
IFN-y 0.92 (.72-1.17) .501 0.9 (.73-1.12) §855
TGFa 1.04 (.77-1.41) 796 0.87 (.63-1.19) .388
1o 0.93 (.79-1.09) .358 0.93 (.79-1.1) .400
CCL4 (MIP-1B) 0.81 (.64-1.03) .085 0.92 (.73-1.15) 439
G-CSF 0.84 (.63-1.12) 236 0.88 (.64-1.22) 457
-6 0.91 (.78-1.06) 233 0.94 (.79-1.12) 464
GM-CSF 0.87 (.62-1.21) A1 0.89 (.63-1.27) 534
1-23 0.98 (.78-1.24) .880 0.94 (.75-1.16) .549
IL1B 0.91 (.8-1.04) 74 0.96 (.84-1.11) .608
CXCL14 (BRAK) 0.98 (.82-1.17) .790 0.95 (.78-1.16) 627
MPIF-1 0.85 (.68-1.05) 138 0.95 (.75-1.2) .654
CXCL6 0.96 (.59-1.54) .851 0.92 (.56-1.49) 724
YKL40 (CHI3L1) 0.85 (.67-1.08) 193 0.96 (.77-1.21) .753
115 0.97 (.78-1.2) 777 0.98 (.77-1.25) .882
1:12p40 0.96 (.68-1.36) .834 0.98 (.7-1.37) .907
EGF 1.01 (.75-1.36) .944 0.98 (.71-1.36) 9N
16 1.02 (.84-1.24) .867 0.99 (.8-1.23) 922
CCL3 (MIP-1a) 0.9 (.73-1.11) 316 0.99 (.8-1.23) 926
TNFSF13 (APRIL) 0.95 (.76-1.2) .668 0.99 (.79-1.25) .946
I:12p70 0.9 (.61-1.32) 576 0.99 (.68-1.43) .957
GRO 0.76 (.51-1.13) A7 0.99 (.54-1.81) .968
CX3CL1 (Fractalkine) 0.93 (.65-1.32) .676 0.99 (.67-1.48) .976
CXCL5 0.89 (.62-1.28) 524 0.99 (.68-1.47) 979
TNFa 0.91 (.78-1.06) 209 1 (.84-1.19) .980

Abbreviations: Cl, confidence interval; OR, odds ratio.
“Please see the Table 1 footnote for cytokine names.

bAdjusted for cervical chlamydial load, age, gonorrhea coinfection, chlamydial infection sites at enrollment, and sex with new, uncircumcised, or infected partners.
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Table 4. Multivariable Stepwise Regression Analysis of Cytokines, Cytokine Ratios, and Clinical and Behavioral Factors Associated With Incident

Chlamydial Infection

Factor HR (95% CI) PValue
Fit-3L/1L-14 0.71 (.568-.88) .001
Age® 0.91 (.83-.99) .038
Gonorrhea infection during follow-up® 3.88 (1.92-7.87) <.001
Site of chlamydial infection at enrollment?

Endometrial infection negative Reference Reference

Endometrial infection positive 0.70 (.45-1.10) 21
Chlamydial infection diagnosis received by partner during follow-up® 746 (3.53-15.76) <.001
Sex exposure?

Sex with uncircumcised male in last 3 mo 3.36 (1.560-7.51) .003

New male partner(s) since last visit 1.83 (1.06-3.17) .031
Cervical chlamydial load 0.97 (.8-1.17) 745

Abbreviations: Cl, confidence interval; FIt-3L, FMS-like tyrosine kinase 3 ligand; HR, hazard ratio; Il-14, interleukin 14.

“Previously identified risk factors for incident chlamydial infection [5].

muridarum infection [21], and studies have linked TNF-a to in-
fertility in C. trachomatis—infected women [8, 22]. The suscep-
tibility associated with IL-17A may represent the development
of a nonprotective Th17 response. IL-17A has been shown to be
either expendable or pathological during chlamydial infection
in mice [23, 24].

IL-16, IL-15, and CXCL14 were cytokines associated with a
decreased susceptibility to endometrial infection. IL-16 is a po-
tent chemoattractant that has been directly correlated with the
abundance of infiltrating CD4 T cells in asthmatic lung epithe-
lium [25] and pleural effusions in tuberculosis patients [26].
IL-16 can also prime recruited Th1 cells for IL-2 and IL-15 re-
sponsiveness [27]. Since Th1 cells are a well-characterized corre-
late of immune protection against chlamydial infection [28, 29],
cervical IL-16 may reflect infiltration of effector Th1 cells capable
of eliminating infection at the cervix and preventing endome-
trial infection. After tissue infiltration, IL-15 may help promote
T-cell survival [30] and effector function by upregulating IFN-y
production [31] and decreasing IL-17A expression [32]. Priming
of these effector Th1 responses may be aided by CXCL14 that is
chemotactic for dendritic cells [33] and transports CpG oligode-
oxynucleotides into endosomes for Toll-like receptor 9 stimula-
tion [34], which subsequently leads to the development of Th1
responses [35]. This is consistent with the increased frequency of
effector memory Th1 cells reported in CXCL14-transgenic mice
[36]. Furthermore, multiple studies have demonstrated that
CXCL14 has direct antimicrobial activity via bacterial mem-
brane depolarization and rupture [37, 38].

Higher VEGF/IL-14 and Flt-3L/IL-14 ratios were significantly
associated with a decreased risk of reinfection by univariable
analysis, but only the Flt-3L/IL-14 ratio was maintained in the
final multivariable model. VEGF is secreted by T cells after stim-
ulation by cognate antigen or IL-2 in rats [39]. VEGF increased
IFN-y and inhibited IL-10 production by T cells during antigen
stimulation, suggesting VEGF can enhance a Thl phenotype.

VEGEF has also been shown to enhance IFN-y production and
chemotaxis of human memory CD4 T cells [40]. In mice, VEGF
amplifies effector T-cell recruitment and activation via Notch
signaling [41] and T-cell VEGF receptor (KDR) expression [42].
Flt-3L is a dendritic cell hematopoietin that regulates dendritic
cell levels in tissues and draining lymph nodes [43]. It is secreted
during active infection, where it can activate natural killer cell
[44] and T-cell responses [45]. Flt-3L dendritic cell activation is
important for IL-12 and IFN-y production [46], and enhances
protein vaccine efficacy through global T-cell and B-cell im-
munity [47]. In contrast, the association of the B-cell growth
factor IL-14 with an increased risk of reinfection may repre-
sent a nonprotective humoral response. IL-14-transgenic mice
demonstrated increased numbers of B1, B2, and germinal center
B cells, along with enhanced antibody responses to T-dependent
and T-independent antigens, compared with littermate controls
[48]. Figure 1 depicts these cervical immune response data in a
model that relates mechanisms for their potential roles in pro-
tection from ascension and repeated infection.

Limitations of our study include the inability to determine if
cytokine responses change with infection duration, how long
after infection acquisition the sample was obtained in each par-
ticipant, or their relationship to potential changes in bacterial
burden that might occur over time. Additionally, since cytokine
levels were measured in cervical sponge eluates, we were not
able to determine their cellular sources. Commercial NAATs
are highly sensitive but nonquantitative, while the quantita-
tive PCR assay used here to determine chlamydial abundance
is precise but relatively insensitive because of the small fraction
of clinical sample analyzed. Neither assay discriminates infec-
tious chlamydiae from dead and/or degraded bacteria, which
have no potential for ascension or transmission. Quantitation of
infectious chlamydiae as a reflection of active bacterial replica-
tion would be useful to help confirm the association of cervical
burden with endometrial infection.
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Figure 1.

Potential roles for protective cytokines against chlamydial ascension and reinfection. (1) Dendritic cells are recruited and activated by CXCL14 and FMS-like tyro-

sine kinase 3 ligand (FIt-3L) in the cervix. (2) Activated dendritic cells migrate to the draining lymph node where they release interleukin (IL) 12 and present chlamydial antigen
to cognate CD4 T cells promoting differentiation of antigen-specific CD4 T-helper (Th) 1 cells. (3) Th1 cells egress from the lymph node into the blood and are chemotactically
recruited to the infected cervix by IL-16. (4) IL-16 enhances Th1 responsiveness to IL-2 and IL-15, which promote T-cell survival and accelerate vascular endothelial growth
factor (VEGF)-mediated Th1 activation; IL-15 and VEGF costimulation leads to enhanced production of interferon gamma (IFN-y) by Th1 cells and targeting of chlamydia-in-

fected epithelial cells.

The cytokine ratios determined to be associated with chla-
mydial susceptibility can be prospectively examined in an
independent cohort to test their ability to predict endometrial
infection. Incorporation of host gene expression signatures [19,
49], and other potential factors associated with chlamydial sus-
ceptibility such as the vaginal microbiome [50] could improve
the predictive accuracy and may also allow for prediction of risk
for repeat infection. In addition, our determination of protec-
tive responses that are detectable at the cervical mucosa during
natural infection have provided important information for vac-
cine development, regarding specific chemokines and cytokines
that might be incorporated as adjuvants to drive Th1 responses
necessary for protection against this highly prevalent intracel-
lular pathogen.
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