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Summary

The hallmark of chlamydial infection is the development of upper genital

pathology in the form of hydrosalpinx and oviduct and/or tubal dilata-

tion. Although molecular events leading to genital tissue presentation and

cellular architectural remodelling are unclear, early-stage host immune

responses are believed to contribute to these long-term sequelae. Recently,

we reported the contribution of selected infection-associated microRNAs

(miRs) in the generation of host immunity at early-stage infection (day 6

after intravaginal Chlamydia muridarum challenge in C57BL/6 mice). In

this report, we describe the contribution of an infection-associated micro-

RNA, i.e. miR-214, to host immunity. Chlamydia muridarum infection in

the C57BL/6 mouse genital tract significantly down-regulated miR-214

while up-regulating intracellular adhesion molecule 1 (ICAM1) gene

expression. These in vivo observations were confirmed by establishing

direct regulation of ICAM-1 by miR-214 in ex vivo genital cell cultures in

the presence of miR-214 mimic and inhibitor. Because, ICAM-1 contrib-

utes to recruitment of neutrophils following infection, we also demon-

strated that alteration of ICAM1 by miR-214 in interleukin-17A-deficient

(IL-17A�/�) mice correlated with reduction of neutrophils infiltrating gen-

ital tissue at day 6 after challenge. Additionally, these early-stage events

resulted in significantly decreased genital pathology in IL-17A�/� mice

compared with C57BL/6 mice. This report provides evidence for early-

stage regulation of ICAM1 by microRNAs, resulting in reduction of geni-

tal pathology associated with chlamydial infection.

Keywords: Chlamydia muridarum; genital pathology; host responses; intra-

cellular adhesion molecule-1; microRNA-214; murine genital tract.

Introduction

Genital Chlamydia trachomatis is the leading cause of

sexually transmitted infections globally, and is the most

commonly reported sexually transmitted infection in

the USA.1 The increase in number of C. trachomatis-

positive individuals has been attributed to unavailability

of a vaccine, lack of organized healthcare programmes,

asymptomatic nature of infection (~ 75% in

women and ~ 50% in men), and significant under-

reporting of symptomatic cases.2 In infected women,

anti-chlamydial immune response results in immunopa-

thology in the uterus and fallopian tube, and subse-

quently as pelvic inflammatory disease, ectopic

pregnancy and infertility.3

Using several genital C. trachomatis animal models

(mice, guinea pigs and non-human primates)1,4 it has

been established that intravaginal infection of epithelial

cells ascends in non-homogeneous fashion to the upper

regions of the genital tract, including the uterine horns

and oviducts. A single inoculation of Chlamydia murida-

rum in mice results in vaginal shedding of viable inclu-

sion-forming units (IFUs) up to approximately

24–30 days after challenge with moderate to severe hy-

drosalpinx formation, and tubal dilatation in uterine

horns and/or oviducts.5 Chlamydial infection in genital

epithelial cells leads to chemokine–cytokine cascades

resulting in targeting of neutrophils, macrophages and T

cells to the mucosa.6 It has been speculated that the dif-

ference in early-stage anti-chlamydial immunity (i.e. cell
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activation, cytokine/chemokine profiles) may significantly

contribute to genital pathology and reproductive sequelae

in infected mice.7,8

Recently, we reported alteration of host microRNA

(miR) profiles during the early stage (day 6) of C. muri-

darum infection.9 These short, non-coding RNA species

modulate gene function post-transcriptionally by direct

binding to target gene mRNA,10–12 influencing biological

processes including immune function13–15 and reproduc-

tion,16–19 and constitute potential biomarkers for genital

C. trachomatis infection in humans.20 In an attempt to

identify potential immune molecule targets for chlamydial

pathogenesis-associated miRs,9 in silico bioinformatics

yielded several gene targets including possible regulation

of intracellular adhesion molecule 1 (ICAM1) gene

expression by miR-214. The miR-214 has been reported

to be important in cardiac hypertrophy,21 and in cancer

progression by inhibiting apoptosis.22 However, the role

of miR-214 in infectious diseases has not been estab-

lished. The putative miR-214 target gene, i.e. ICAM1 is

an immunoglobulin-like cell adhesion molecule and

involves transmigration of leucocytes into inflamed tissues

and initiation of host immunity.23,24 ICAM1 gene expres-

sion was significantly elevated in genital tract tissues as

early as day 7 after C. muridarum challenge, peaking at

day 21, and gradually decreasing while the host continued

to clear infection.25 Up-regulation of ICAM-1 on genital

endothelial, stromal and epithelial cells facilitated recruit-

ment of circulating memory T cells to the infection site.26

Increased ICAM1 mRNA levels also correlated with mas-

sive infiltration of neutrophils to the lung following intra-

nasal inoculation with C. muridarum.27 Furthermore,

ICAM-1-mediated interaction of chlamydial antigen-spe-

cific CD4+ and CD8+ T cells in Chlamydia-infected epi-

thelial and fibroblast cell lines enhanced bacterial killing

through activation of the inducible nitric oxide synthase

pathway28 and cytolysis,29 respectively. In this study, we

extend our previous findings on C. muridarum-associated

murine miR-214,9 and demonstrate regulation of ICAM1

expression in the infected genital tract. To the best of our

knowledge, this is the first report on regulation of ICAM1

through miR-214 in the C. muridarum-infected genital

tract, suggesting a role for miRs in early immunological

events following infection.

Materials and methods

Chlamydia muridarum stocks

Seed stocks of C. muridarum were propagated in HeLa

229 carcinoma cells. At 24 hr after C. muridarum chal-

lenge, HeLa cells were mechanically dislodged using glass

beads. Cells were collected in a 50-ml Falcon tube con-

taining five or six glass beads, vortexed for 10 min while

on ice, and the cellular lysate was centrifuged for 10 min

at 900 g at 4°. The resulting supernatant was decanted

and subjected to centrifugation at 27 000 g for 1 hr at 4°,
and the bacterial pellet material was further purified on a

Renografin gradient as previously described.30

Mice

All procedures were carried out in compliance with the

University of Texas at San Antonio Institutional Animal

Care and Use Committee guidelines. Female, 4- to 6-

week-old wild-type C57BL/6 (WT) mice were purchased

from Jackson Laboratory (Bar Harbor, ME). Interleukin-

17A-deficient (IL-17A�/�) mice31 (C57BL/6 genetic back-

ground) were kindly provided by Dr Yoichiro Iwakura of

the University of Tokyo, and bred at the University of

Texas at San Antonio.

Intravaginal challenge

To render mice anoestrous and more receptive to the

genital infection, animals were injected subcutaneously.

with 2�5 mg Depo progesterone (Depo-Provera; Pharma-

cia & Upjohn Co., New York, NY) 5 days before chal-

lenge. Animals were intravaginally infected with purified

C. muridarum stock diluted in 15 ll sucrose/phosphate/
glutamate buffer at a dose of 5 9 104 IFU. Cervical–vagi-
nal bacterial shedding was monitored every 3 days after

challenge.

RNA extraction and real-time PCR

Total RNA was extracted from snap-frozen genital tract

samples at days 6 and 15 post challenge. Frozen lower

genital tract tissue was crushed using a sterile mortar

and pestle on liquid nitrogen. RNA was obtained using

an miRNeasy RNA extraction Kit (Qiagen Valencia, CA)

according to the manufacturer’s instructions. Total RNA

was assessed using a Nanodrop Spectrophotometer

(ThermoScientific, Asheville, NC). RNA samples exhibit-

ing A260/280 ffi 2�0 and A260/230 ffi 1�8 were converted to

cDNA using an RT2 First strand cDNA Kit (Qiagen)

according to the manufacturer’s instructions. RNA

(1 lg) was used in all miR PCR amplifications and they

were performed using custom-designed miScript Primers

(Qiagen) according to manufacturer’s instructions. All

miR expression analyses were normalized to RNU6-2_1

or SNORD68 expression values.9 For differential gene

expression using the T- and B-cell activation RT2 Profil-

er PCR Array (Qiagen), RNA (160 ng) was extracted

from genital tract tissue samples of WT and IL-17�/�

mice using an RNeasy RNA extraction kit (Qiagen), and

converted to cDNA using the RT2 First strand kit per

the manufacturer’s instructions and a DNA Engine Opti-

con 2 continuous fluorescence detection system. For

ICAM1, CXCL1, and CXCL2 expression, RNA (1 lg)
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was converted to cDNA using an iScriptTM cDNA Syn-

thesis Kit followed by real-time PCR and the SsoAd-

vancedTM Universal SYBR� Green Supermix (Bio-Rad,

Hercules, CA) with gene-specific primer pair (Prime-

PCRTM SYBR� Green Assay, BioRad, UniqueAssay ID:

ICAM1 qMmuCID0005575; CXCL-1 qMmuCED0047655;

CXCL-2 qMmuCED0003897) on a CFX 96 instrument

(Bio-Rad). All miR and mRNA expression levels were

normalized to the housekeeping gene RNU6-2_19 and

heat-shock protein 90, respectively, and expressed relative

to the level in the mock sample as indicated in the

Results and figure legends using the comparative cycle

threshold method.32

Primary culture of mouse genital cells

Thin collagen (collagen I, rat tail; BD, San Jose, CA)

coating was prepared in 24-well plates 2–3 hr before

genital tract tissue isolation per the manufacturer’s

instruction. Upper regions of the cervix, and lower

regions of the uterine horns were excised from mock-

infected mice, and cut into small pieces using fine scis-

sors and forceps. The cut tissue sections were treated

with 2 ml Collagenase XI (1 mg/ml in Hanks’ balanced

salt solution (HBSS; Sigma, St. Louis, MO) for 35 min

at 37° while stirring. Collagenase containing HBSS was

decanted, and tissues were subsequently immersed in

D-10 (Dulbecco’s modification Eagle’s medium supple-

mented with 10% heat-inactivated fetal bovine serum),

and crushed using a 70-lm nylon cell strainer for single

cell isolation. Cells were centrifuged (900 g at 4° for

10 min), and resuspended in enriched D-10 medium

(10% L929 supernatant, 1 mM sodium pyruvate, 2 mM

L-glutamine, 1% penicillin/streptomycin and 100 lM
non-essential amino acids). Viable cells were counted

using trypan blue dye, seeded at a density of 5 9 105

per well on collagen-coated wells, and incubated for

15 hr.

In vitro transfection of microRNA mimic and inhibitor

Mouse genital cells were seeded at a density of 5 9 105

per well, and miR-214 agomiR (MiScript miRNA Mimics;

Qiagen), and antagomiR (MiScript miRNA Inhibitor)

were transfected using Attractene as transfection reagent

at a concentration of 20 lM by fast forward transfection

per the manufacturer’s recommendation (Qiagen). Trans-

fection was carried out for 18 hr followed by C. murida-

rum challenge (multiplicity of infection of 1). To test the

direct effects of IL-17A on miR-214 expression, endotoxin-

free murine recombinant IL-17A (10 ng/ml; Peprotech,

Rocky Hill, NJ) was added to cells 2 hr before C. murida-

rum challenge.33 Cells were harvested using Qiazol 24 hr

post challenge, and RNA was extracted per the manufac-

turer’s instructions (Qiagen).

Flow cytomtery analysis

WT and IL-17A�/� genital tract tissues, i.e. vagina/cervix

(lower genital tract), and uterus/uterine horns (upper

genital tract) were removed at designated time-points as

previously described.34 Cells were stained with fluoro-

chrome-conjugated CD4, F4/80 and Gr-1-labelled anti-

bodies (Biolegend, San Diego, CA), and flow cytometry

analysis was performed using an LSR II instrument (BD

Biosciences, San Jose, CA).34

Assessment of gross pathology in the upper genital tract
and histopathology

Mice were sacrificed at day 80 post-challenge, genital tract

tissues were collected, and the presence of gross hydrosal-

pinx was noted. Tissues were photographed at a fixed dis-

tance (six mega-pixels using a Fuji F10 camera, Fujifilm,

Tokyo, Japan). Images were stored at high resolution and

printed (A4 size). The cross-sectional diameter of the ovi-

duct was measured in individual mice, and the

mean � standard deviation (SD) for each group was

determined as previously described.34

In silico and statistical analyses

Bioinformatic analysis for putative binding sites in

ICAM1 observed to be modulated by miR-214 was per-

formed using miR target predictive algorithms:

www.microRNA.org (Memorial Sloan-Kettering Cancer

Center, New York, NY), and www.targetscan.org (White-

head Institute for Biomedical Research, Cambridge, MA).

The miR analysis was performed using the RT2 Profiler

PCR Array Data Analysis (version 3.5; Qiagen). All exper-

imental results were calculated on the mean � SD of

independent experiments. Student’s t-test was used for

comparison between two groups. Differences were consid-

ered statistically significant if P values were < 0�05. These
statistical analyses were conducted using the GRAPHPAD

PRISM 5 software package (La Jolla, CA).

Results

Regulation of murine miR-214 and ICAM1 expression
in C. muridarum-infected genital tract

Previously, we demonstrated that miR-214 is significantly

down-regulated in C. muridarum-infected C57BL/6 (WT)

genital tract tissue at day 6 post challenge.9 In this report,

we further identify potential miR-214 targets by in silico

screening of perspective host gene binding sites previously

reported to be critical in the immune response to initial

genital chlamydial infection.6 One of the putative gene tar-

gets for miR-214 is ICAM1, as shown in Fig. 1(a). Typi-

cally, C57BL/6 mice resolve genital C. muridarum infection
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by day 30 post challenge.35 Real-time PCR analyses during

the course of infection revealed significant down-regulation

(> 50% reduction) of miR-214 in C. muridarum-infected

WT genital tract tissue excised at 6 and 15 days post chal-

lenge (Fig. 1b, upper panel). In contrast, ICAM1 expression

was observed significantly up-regulated (more than twofold

and fourfold at days 6 and 15, respectively) compared with

mock-infected mice (Fig. 1b, lower panel) suggesting an

inverse correlation between miR-214 and ICAM1 expres-

sion (down-regulation of miR-214 and up-regulation of

ICAM1 in C. muridarum-infected genital tract tissue).

Genital tract tissue excised from mice at 30 (Fig. 1b), 55

and 80 (not shown) days post challenge (representative

time-points for chlamydial clearance and pathological stage

presentation in mice5,36,37) revealed a similar but not statis-

tically significant trend.

To demonstrate a ‘cause and effect’ relationship, ICAM1

gene expression was determined in ex vivo cultured genital

cells transfected with miR-214 mimics and inhibitors

(Fig. 2). ICAM1 expression was significantly up-regulated

(approximately 40% increase) in untransfected genital cells

24 hr after C. muridarum inoculation, similar to in vivo

infection (Fig. 1b). Transfection with miR-214 inhibitors

that compete with endogenous miR-214 in genital cells

resulted in higher ICAM1 expression (Fig. 2). In contrast,

genital cells transfected with miR-214 mimics exhibited a

small (15%), but statistically significant (P < 0�05) reduc-
tion of ICAM1 mRNA. Genital cells transfected with con-

trols, i.e. scrambled-miRs, exhibited similar ICAM-1

mRNA levels compared with untransfected and non-

infected cells. Collectively, these in vivo and ex vivo results

demonstrate that genital tract ICAM1 expression is regu-

lated by miR-214 following genital C. muridarum infection.

Regulation of miR-214/ICAM-1 contributes to
neutrophil infiltration and upper genital pathology in
C. muridarum-infected mice

To further characterize the plausible effect of miR-214-

mediated ICAM1 expression on chlamydial pathogenesis,
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Figure 1. Increased intercellular adhesion mol-

ecule 1 (ICAM1) gene expression is correlated

with down-regulation of microRNA-214 (miR-

214) in Chlamydia muridarum-infected mice.

(a) Bioinformatic analysis using algorithms by

www.microRNA.org and www.targetscan.org

revealed miR-214 putative binding sites in the

ICAM1 gene. (b) C57BL/6 (wild-type; WT)

mice were challenged intravaginally with

5 9 104 inclusion-forming units (IFU) or trea-

ted with sucrose/phosphate/glutamate buffer

(mock). Genital tract tissue was excised at days

6, 15 and 30 post challenge. RNA was

extracted, converted to cDNA, and real-time

PCR was performed to determine relative

miR-214 and ICAM1 mRNA levels to D6 mock

control. *P < 0�05 (Student’s t-test) for

C. muridarum-infected group compared with

mock group. Data are representative of two

individual experiments.
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we used IL-17A-deficient mice, a cytokine known to regu-

late ICAM-1 production in primary lung epithelial38 and

heart endothelial39 cells. Additionally, IL-17A has been

reported to play a role in development of upper genital

pathology following primary C. muridarum infection.40

We analysed miR-214 and ICAM1 gene expression in

genital tract tissues of IL-17A�/�, and WT mice at day 6

post challenge. As shown in Fig. 3(a), under non-infec-

tion conditions (mock), miR-214 transcription was signif-

icantly higher, whereas ICAM1 transcription in IL-17A�/�

animals was lower than that observed in WT animals,

indicating an intrinsic difference in gene expression

between these two mouse strains. However, the inverse

correlation of miR-214 and ICAM-1 was still evident.

Infection-induced miR-214 down-regulation, and con-

comitant ICAM1 up-regulation were observed in WT

mice 6 days post C. muridarum challenge. However, this

inverse relationship was noticeably absent in IL-17A-defi-

cient animals suggesting that miR-214-regulated ICAM1

expression may be mediated by IL-17A during chlamydial

infection. In contrast, increased transcription of CXCL-1

and CXCL-2 (two important chemokines for neutrophil

and monocyte/macrophage recruitment) reported in mur-

ine oviduct epithelial cells following C. muridarum infec-

tion by Johnson41 and observed by our laboratory as well

was independent of IL-17A (Fig. 3b). To further charac-

terize genital Chlamydia pathogenesis germane to recipro-

cal miR-214/ICAM1 levels, i.e. WT versus IL-17A�/�

mice, we analysed populations of immune cells known to

be recruited/retained by ICAM-1 at the infection sites.

Chlamydial shedding kinetics in IL-17A�/� animals was

similar to WT (Fig. 4a). However, flow cytometry analysis

of lower and upper regions of C. muridarum-infected IL-

17A�/� and WT genital tract tissue revealed a lower

(P < 0�05) population of Gr-1+ cells (neutrophils) in IL-

17A�/� genital tract tissue compared with WT at days 7

and 14 but not 35 post challenge (Fig. 4b). In contrast,
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infected murine genital cells. Genital tract tissue from naive C57BL/6

(wild-type; WT) mice was excised and cultured ex vivo. Cells were

seeded at a density of 2�5 9 105 and transfected with miR-214

inhibitor, mimic, or scrambled miRs (control). Untransfected genital

cells were infected with multiplicity of infection 1 of C. muridarum

elementary bodies (resuspended in medium) or incubated with med-

ium alone (mock). ICAM1 expression was assessed by real-time PCR

at 24 hr post challenge and expressed as relative value to untrans-

fected mock group. *P < 0�05, **P < 0�01 (Student’s t-test) com-

pared with untransfected mock group. Data are representative of

three individual experiments.
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Figure 3. Interleukin-17A (IL-17A) contributes to microRNA (miR) -214 and intercellular adhesion molecule 1 (ICAM1) gene modulation in

Chlamydia muridarum-infected genital tract tissue. C57BL/6 wild-type (WT) and IL-17A-deficient (IL17A�/�) mice (n = 3) were infected intrava-

ginally with 5 9 104 inclusion-forming units (IFU) or were treated with sucrose/phosphate/glutamate buffer (mock). Respective reproductive

tracts were excised at day 6 post challenge and sectioned. RNA from lower genital tract tissue was extracted, converted to cDNA, and real-time

PCR was performed to determine (a) relative miR-214 and ICAM1, and (b) CXCL1 and CXCL2 mRNA levels compared with WT mock control.

Student’s t-test was used for statistical analyses between two tested groups. *P < 0�05, comparison of mock and infected groups. §P < 0�05, com-

parison between WT and IL-17A�/� with respective treated groups (i.e. mock versus mock, C. mur versus C. mur). Data are representative of

two individual experiments.

ª 2015 John Wiley & Sons Ltd, Immunology, 145, 534–542538

T. Arkatkar et al.



composition of F4/80+ (macrophages) and CD4+ (T cells)

populations was comparable between WT and IL-17A�/�

mice at all time-points examined (days 7, 14 and 35 post

challenge; (Fig. 4b). Additionally, we observed reduced

upper genital pathology in IL-17A�/� mice with less ovi-

duct dilatation (Fig. 4c), and hydrosalpinx formation

(Fig. 4d) at day 80 post challenge. Taken together, these

data suggest genital chlamydial infection down-regulation

of miR-214 results in higher ICAM1 expression leading to

enhanced neutrophil infiltration and pathology. This

associated miR-214-mediated response was further sup-

ported by the IL-17A�/� chlamydial infection model

demonstrating when infection failed to down-regulate

miR-214, fewer viable ICAM1 transcripts were available

to WT mice (Fig. 3a), possibly due to miR-214-mediated

degradation resulting in decreased neutrophil infiltration

and reduced pathology.

Discussion

Overall, this study provides an association between a spe-

cific miR (miR-214), and its target gene (ICAM1) in early

stage C. muridarum infection. This study not only pro-

vides evidence of miR-214-dependent regulation of

ICAM1, which probably contributes to infiltration of neu-

trophils and pathology, but also augments the body of

evidence supporting the regulatory role of miRs in Chla-

mydia pathogenesis.9,20,42–44 Possible ICAM1 regulation

by miR-214 was first suggested in C. muridarum-infected

genital tract tissues (Fig. 1b), but later confirmed in miR-

214-modulated primary genital cells (Fig. 2). Cultured

primary genital cells (Fig. 2) were used to investigate a

‘regulatory’ relationship between miR-214 and ICAM1.

Primary genital cell cultures are comprised mainly of epi-

thelial cells, in addition to macrophages, neutrophils and

T cells. Epithelial cells are the primary target cells for

C. muridarum infection in vivo. The ex vivo model

described here mimicked the natural infection site of gen-

ital C. muridarum and would provide information on the

contribution of miR-214 to chlamydial pathogenesis

in vivo. Although several putative miR-214 binding sites,

i.e. in the 30 untranslated region of ICAM1 mRNA, were

identified by in silico prediction, specific binding assays

such as those described by Wu et al.45 are needed to
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Figure 4. Chlamydia muridarum-associated upper genital pathology is reduced in interleukin-17A-deficient (IL17A�/�) mice. Groups (n = 6) of

C57BL/6 (wild-type; WT) and IL17A�/� mice were challenged with 5 9 104 inclusion-forming units (IFU) of C. muridarum on day 0. (a) Bacte-

rial shedding was assessed at designated time-points. (b) Neutrophils CD4+ T cell, and macrophage frequency in lower (Lo) and upper (Up) gen-

ital tract tissue of WT and IL17A�/� mice was analysed by flow cytometry at designated time-points. Infection-induced pathology was assessed at

day 80 post challenge by (c) measurement of oviduct diameter (dilatation) and (d) documentation of gross pathology (hydrosalpinx formation

circled in WT). *P < 0�05 (Student’s t-test) between C. muridarum infected WT and IL-17A�/� mice.
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verify that ICAM1 mRNA degradation arises from miR-

214 binding. Regardless of the underlying mechanisms,

i.e. by direct miR-214 ICAM1 binding or indirect inhibi-

tion, data reported here clearly demonstrate that increase

of miR-214 leads to reduced ICAM1 gene expression

(Fig. 2).

The IL-17�/� mice were used instead of miR-214�/� to

decipher the effect of miR-214-mediated ICAM1 expres-

sion on chlamydial pathogenesis. Not using the existing

miR-214-deficient mouse46 was premised on the fact that

C. muridarum infection would be miR-214 down-regu-

lated (not up-regulated). Hence miR-214 knockout

mouse is of less value to this specific study because the

phenotype of the knockout and WT would probably be

comparable, if not identical. following challenge.

Although, the IL-17A�/� mouse is not the only infection

model applicable to this study, we consider it to be the

most suitable alternative to miR-214�/� based upon two

important factors: IL-17A regulates ICAM-1,38,39 and has

been shown to play a role in Chlamydia pathogenesis.40

Importantly, decreased ICAM1 transcripts in infected IL-

17A�/� genital tract tissues coincided with higher miR-

214 copies. Hence, IL-17A deficiency alters miR-214

expression following C. muridarum infection, which

provides important insight into the effect of miR-214-

mediated ICAM1 expression by identifying differences in

the immune response(s) and disease between the knock-

out and WT mice. Regulation of miR-214 in human

autoimmune diseases such as multiple sclerosis and sys-

temic lupus erythematosus and associated mouse models

has been reported.47–49 Given that IL-17A and its family

members contribute to inflammation and pathogenesis in

these disease models,50 and that molecules like CD47 and

nuclear factor-jB are regulated by miR-214,48,49,51 further

investigation into the role of these molecules to chlamyd-

ial pathogenesis is warranted. Importantly, the regulatory

role of IL-17A in CD47-mediated neutrophil migration

has been established.52

The influence of IL-17 in inflammation-associated neu-

trophil recruitment has been well documented.53 The sig-

nificant decrease of neutrophil population in

C. muridarum-infected IL-17A�/� (C57BL/6 background)

genital tissues is consistent with similar findings in IL-17

receptor A-deficient mice54 and IL-17A�/� in BALB/c

background.40 Along with the report of increased neutro-

phil infiltration associated with ICAM-1 expression fol-

lowing C. muridarum respiratory infection,27 we now

propose a novel mechanism that IL-17 down-regulation

of miR-214 leads to ICAM1 up-regulation, subsequently

enhancing neutrophil infiltration to the infection site. To

this end, we found significant down-regulation of miR-

214 and up-regulation of ICAM1 in WT genital cells

supplemented with murine recombinant IL-17A and

subsequently infected with C. muridarum compared with

C. muridarum infection alone (see Supplementary mate-

rial, Fig. S1), corroborating regulation of miR-214/ICAM1

in WT and IL-17A�/� mice (Fig. 3a). Despite these find-

ings, further investigation using luciferase reporter assays

in genital cell cultures, or HeLa or HEK cell lines is

required to determine the direct role(s) of IL-17A, miR-

214 in regulating ICAM1. Although not the focus in this

study, to further establish the direct link between IL-17

and miR-214, e.g. to compare and contrast the miR-214

expression in recombinant IL-17A-activated IL-17RA suf-

ficient and deficient T cells. Overall, data reported here

strongly suggest that miR-214/ICAM1 mediates neutro-

phil infiltration in the early stages of genital chlamydial

infection.

Reduction in upper genital pathology has been attrib-

uted to reduced infiltration of neutrophils.40,55 Release of

matrix metalloproteinases during movement of neutroph-

ils results in epithelial layer disruption, architectural

remodelling, and upper genital pathology in WT55–57 and

IL-17A�/� mice.40 We observed significantly reduced neu-

trophil infiltration (Fig. 4b), and upper genital pathology

(Fig. 4c,d) in IL-17A�/� mice compared with WT mice at

day 6 post challenge similar to findings reported by

Andrew et al.40 In contrast, no differences in bacterial

shedding (Fig. 4a) or CD4+ T-cell and macrophage popu-

lations (Fig. 4b) were observed using C57BL/6 mice back-

ground knockou and WT mice (in this study) compared

with BALB/c mice in the published report.40 We speculate

that these differences could to be the result of differential

susceptibility and host responses of murine strains

infected with C. muridarum.7,58 Collectively, miR-214/

ICAM1-mediated early neutrophil infiltration may be a

critically needed event for subsequent development of

genital pathology in Chlamydia infection.

Pathological sequelae in Chlamydia-infected mice arise

from orchestrated interaction between several early-stage

molecules. Using a predesigned panel comprising 84

genes involved in cellular migration, B-cell and T-cell

activation, we observed significant up-regulation of

Thy1.1, and down-regulation of IL1b, IL12b, SOCS1,

TLR4 and ICAM1 in IL-17A�/� mice when compared

with WT mice following C. muridarum infection. The

contribution of IL-1b, IL-12b and Toll-like receptor-4

in causation of genital pathology has been previously

reported.59–62 Current investigation on miRs regulating

these genes in IL-17A�/� mice (data not shown) will

provide needed additional insight into miR–gene
interaction(s) and their contribution to chlamydial

pathogenesis.
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