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Background. Because Mycoplasma genitalium is a prevalent and emerging cause of sexually transmitted infec-
tions, understanding the mechanisms by which M. genitalium elicits mucosal inflammation is an essential compo-
nent to managing lower and upper reproductive tract disease syndromes in women.

Methods. We used a rotating wall vessel bioreactor system to create 3-dimensional (3-D) epithelial cell aggre-
gates to model and assess endocervical infection by M. genitalium.

Results.
immunoelectron microscopy. Bacterial replication was observed from 0 to 72 hours after inoculation, during which

Attachment of M. genitalium to the host cell’s apical surface was observed directly and confirmed using

time host cells underwent ultrastructural changes, including reduction of microvilli, and marked increases in secre-
tory vesicle formation. Using genome-wide transcriptional profiling, we identified a host defense and inflammation
signature activated by M. genitalium during acute infection (48 hours after inoculation) that included cytokine and
chemokine activity and secretion of factors for antimicrobial defense. Multiplex bead-based protein assays con-
firmed secretion of proinflammatory cytokines, several of which are involved in leukocyte recruitment and hypothe-

sized to enhance susceptibility to human immunodeficiency type 1 infection.

Conclusions.

These findings provide insight into key molecules and pathways involved in innate recognition of

M. genitalium and the response to acute infection in the human endocervix.
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Sexually transmitted bacterial infections are among the
most commonly reported notifiable diseases in the
United States [1]. Mycoplasma genitalium is an emerg-
ing cause of male and female urogenital inflammation
and has been implicated in male urethritis [2] and in
several lower and upper reproductive tract syndromes
of women, including cervicitis, pelvic inflammatory
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disease, and tubal-factor infertility [3, 4]. M. genitalium
can persist for extended periods at urogenital sites, in-
cluding the endocervix [5-8]. However, mechanistic ev-
idence for establishment and persistence of infection
remains scarce. Importantly, the host innate and adap-
tive immune responses are largely unknown and serve
as impediments to our understanding of the pathogen-
esis of M. genitalium infection.

Several lines of clinical evidence exist for M. genitalium
as an independent cause of cervical inflammation [3, 4].
First, M. genitalium is a common endocervical infec-
tion, with prevalence values on par with those of other
sexually transmitted infections (STIs), and has been as-
sociated significantly with cervicitis in pooled calcula-
tions of risk from 14 studies of high- and low-risk
populations (odds ratio, 2.2; 95% confidence interval,
1.6-2.9) [4]. In addition, persistent cervical infection
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appears to be common, with an incidence of chronic M. geni-
talium infection of >20% in one longitudinal study [6]. Last,
although the primary site(s) of infection is unknown, the
mechanisms of disease are intriguing because M. genitalium
has the smallest genome of any known human bacterial patho-
gen [9] and, consequently, represents a minimal bacterium to
investigate mucosal pathogenesis.

Experimental evidence also supports the hypothesis that M.
genitalium infection can lead to mucosal inflammation at
female urogenital sites. First, the organism can survive and rep-
licate in cultures of human vaginal, cervical, and endometrial
epithelial cells [10-12], resulting in acute and persistent proin-
flammatory responses [10, 11]. Among lower reproductive tract
sites, human endocervical epithelial cells are most responsive to
M. genitalium infection [11], during which secretion of proin-
flammatory cytokines and chemokines appears to be mediated
in part by activation of Toll-like receptors (TLRs) [13-15]. In-
tracellular localization is hypothesized to be an important strat-
egy for evasion of the host immune response and has been
observed clinically [16]. However, outside of focused evalua-
tions of acute and persistent cytokine responses, the pathologic
consequences of endocervical M. genitalium infection and host
response are almost entirely unknown.

We used a well-characterized and physiologically relevant
model of human endocervical epithelial cells [17] to study inter-
actions of M. genitalium with the host cell. This organotypic
model effectively recapitulates physical structural and barrier
properties necessary for studying host-microbe interactions [18].
Previously, microbial products have been shown to elicit a
specific endocervical innate immune signature that included
antimicrobial peptide and mucin expression [19]. Using next-
generation sequencing and human transcriptome analysis, we
report key cellular pathways that are activated during acute
M. genitalium infection. Comparative analyses provide unique
insight into the mechanisms of reproductive tract inflamma-
tion induced by M. genitalium.

METHODS

Generation of 3-Dimensional (3-D) Endocervical Aggregates

and Cellular Response Assays

Human endocervical epithelial cells (A2EN) were isolated from
clinically obtained tissues and immortalized as described previ-
ously [20]. A2EN cells were cultured in the rotating wall vessel
bioreactor with collagen-coated dextran microcarrier beads to
form aggregates (Figure 1A) in a single layer with a cobblestone
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Figure 1.

Mycoplasma genitalium replication and immunoelectron microscopy. A and B, Immortalized human endocervical epithelial cells were cultivat-

ed in the rotating wall vessel bioreactor on collagen-coated microcarrier beads, ultimately forming tissue-like epithelial aggregates. The dotted circle indi-
cates a single microcarrier bead (A); most beads were covered completely with A2EN cells, forming differentiated endocervical aggregates. An individual
bead covered with a single layer of A2EN cells with a cobblestone-like appearance is pictured (B). C, The growth kinetics of viable M. genitalium organ-
isms was quantified from 0 to 72 hours after inoculation, using a modified color-changing unit (CCU) assay. D—G, Shown are results from an empirically
optimized protocol that was based on an immunoelectron microscopy procedure we developed. M. genitalium strain G37 was first grown axenically to mid-
log phase in Friis medium and then processed for immunoelectron microscopy (D and £). Arrows indicate individual M. genitalium organisms after immu-
noelectron microscopy; the double-arrow denotes the M. genitalium tip organelle. To assess nonspecific binding of the secondary antibody, M. genitalium
organisms were processed identically but without primary P1B labeling (F). Nonspecific binding of the P1B antibody to host cellular components was as-
sessed by probing mock-inoculated aggregates, followed by secondary gold labeling (G).
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appearance (Figure 1B), as described previously [17]. Differen-
tiated 3-D endocervical aggregates were distributed evenly into
24-well plates for infection and experimental manipulation (6-
8 x 10° cells/mL). Secreted cytokines were quantified from
culture supernatants, using the Milliplex MAP cytometric bead
array assay (human premixed 14-plex panel of cytokine/
chemokine targets; Millipore, Billerica, MA). Epithelial cell cy-
totoxicity was determined using the Cytotoxicity Detection
Kit"™® (Roche Applied Science, Indianapolis, IN) in accor-
dance with the manufacturer’s suggested protocol, as described
previously [10]. Reverse transcription polymerase chain reac-
tion quantification of antimicrobial peptide gene expression
was performed as described previously [19].

M. genitalium Strain Information, Culture Conditions, and
Bacterial Titration

The G37 type strain of M. genitalium was obtained from the
American Type Culture Collection (reference no. 33530) and
cultured in modified Friis FB medium [21] at 37°C without
CO,. Mid-log phase organisms were harvested, washed 3 times
with PBS, and used to inoculate the 3-D endocervical aggre-
gates. Viable M. genitalium organisms were quantified from en-
docervical aggregate cultures, using a modified 96-well color
changing unit assay as described previously [11]. Heat inactiva-
tion was accomplished by incubation of high-titer log-phase or-
ganisms at 80°C for 5 minutes. The absence of viability
following heat treatment was verified by a lack of bacterial
growth in Friis medium at 37°C for 14 days.

Electron Microscopy

Human endocervical aggregates were fixed, processed for elec-
tron microscopy, and imaged as described previously [17, 22].
For immunoelectron microscopy, fixed specimens were dehy-
drated by sequential exposure to 40%-80% ethanol (10 minutes
each), followed by three 1-minute washes with 100% ethanol.
Samples were embedded into gel capsules, using LR White
resin (Electron Microscopy Sciences, Hatfield, PA) and poly-
merized by use of UV light for 24 hours at 4°C. Next, the sec-
tions were blocked and exposed to a 1:250 dilution of P1B
polyclonal rabbit antiserum (provided by Dr Jorgen S. Jensen,
Statens Serum Institut, Copenhagen, Denmark) for 15 minutes
at room temperature, followed by overnight incubation at 4°C.
The secondary gold-conjugated antibody was diluted 1:50 in
1% bovine serum albumin solution (goat anti-rabbit immuno-
globulin G 10 nm conjugate; MP Biomedical, Solon, OH) and
applied to the sections for 1 hour at room temperature. Last,
sections were stained with 2% aqueous uranyl acetate and air-
dried for imaging.

RNA Preparation and Sequencing

From 3 independent studies, RNA was isolated from 3-D endo-
cervical aggregates 48 hours after inoculation, using the RNeasy
MIDI kit (Qiagen, Valencia, CA) in accordance with the

manufacturer’s protocol, with optional DNAse treatment. The
efficacy of DNAse treatment was verified by quantitative PCR
analysis of GAPDH DNA levels [23], whereby <10 copies were
detected per eluted RNA sample. The purity of extracted RNA
was verified by UV spectrophotometry on the NanoDrop 1000
(Thermo Fisher Scientific, Waltham, MA). RNA integrity was
assessed using the Agilent Bioanalyzer 2100 (Agilent, Foster
City, CA). Equal 1-pg quantities of RNA were pooled from each
experiment and used for library preparation (truSeq RNA
Sample Prep Kit v2), cluster generation (TruSeq Single Read
Cluster generation Kit v3-cBot-HS), and messenger RNA se-
quencing (mRNA-Seq; TruSeq SBS Kit v3-HS) on the Illumina
HiSeq 2000 (Illumina, San Diego, CA). mRNA-Seq was con-
ducted by SeqWright according to the manufacturer’s protocol.

Pathway Analysis and Bioinformatics

Raw sequencing reads were mapped to the annotated human
genome hgl9 assembly (Genome Reference Consortium
Human Build 37), using CLC Genomics Workbench, version
5.5 (CLC bio, Aarhus, Denmark). Fold-change values using
normalized fragments per kilobase of exon per million frag-
ments mapped (FPKM) were generated for all annotated genes
by calculating the sum of the expression values in each sample,
dividing the input values by the expression value sum within
each sample, and multiplying by the factor 1 x 10°. Normalized
FPKM values were used for comprehensive pathway analysis by
MetaCore, version 6.0 (GeneGo, Carlsbad, CA). Genes that
were not expressed in either group (FPKM =0) and/or genes
that were not found in the Consensus CDS database (available
at: http://www.ncbi.nlm.nih.gov/CCDS) were excluded prior to
pathway analysis. A FPKM pseudocount of 0.01 was added to
all genes to allow log,-fold calculations between M. genitalium
and mock-inoculated groups (log,-fold cutoff, 1.5). Pathways
were identified and retained on the basis of functional relation-
ships among the most differentially expressed genes between
the groups (false-discovery rate-adjusted P <.05). The most
common functional groups among the top 200 GeneGO pro-
cesses and GeneGO molecular functions were then manually
identified. Host defense and inflammation-related pathways
were explored in more detail, using a log,-fold cutoff of +0.85,
followed by exclusion of genes with a FPKM value of <0.5 in
either the mock-inoculated or M. genitalium-inoculated group.
Heat maps were generated in Mac OS X, using R, version
2.15.1.

RESULTS

Ultrastructural Alterations Following Acute M. genitalium
Infection of 3-D Endocervical Aggregates

Prior to M. genitalium inoculation, scanning electron micros-
copy revealed a single layer of epithelial cells on the collagen-
coated microcarrier beads (Figure 1A), forming differentiated
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aggregates (Figure 1B) with a cobblestone-like appearance. This
was consistent with the simple endocervical epithelium in vivo.
Among 3 independent experiments, we observed >10-fold in-
creases in viable bacterial titers from 0 to 72 hours after infec-
tion (Figure 1C), indicating robust replication of the organism
in cultures of 3-D endocervical aggregates. To more specifically
characterize the interactions of M. genitalium with the host epi-
thelial cell, we first investigated the P1B rabbit antiserum (gen-
erated against whole M. genitalium lysates) for its usefulness in
immunoelectron microscopy. When we probed axenically
grown M. genitalium G37 organisms, the P1B antiserum (gen-
erated against whole M. genitalium lysates) showed concentrat-
ed immunolabeling of the bacterial cells and few gold particles
seen in extracellular spaces (Figure 1D and 1E). Gold particles
appeared to be concentrated on the tip organelle for some but
not all organisms. No gold particles were observed in sections
of axenically grown organisms when the primary antiserum
was withheld (Figure 1F) or when mock-inoculated aggregates
were probed using P1B followed by secondary gold labeling
(Figure 1G).

Prior to bacterial inoculation, microvilli were abundant 24
hours (Figure 2A) and 48 hours (Figure 2B and 2C) after
harvest from the rotating wall vessel bioreactor. Hemidesmo-
somes, asymmetrical membrane complexes involved in cell-cell

adhesion in epithelial membranes, were observed at cell-cell

junctions throughout the endocervical aggregates (Figure 2D).
Together, the 3-D endocervical aggregates exhibited several
characteristics of the in vivo epithelium, as described previous-
ly [19]. Secretory vesicle formation appeared to be minimal in
mock-inoculated cells 48 hours after inoculation (Figure 2B
and 2C), but marked increases in vesicle formation were ob-
served after M. genitalium inoculation (MOI 20; Figure 2G).
Using the optimized immunoelectron microscopy procedure,
we observed that when 3-D endocervical aggregates were
exposed to M. genitalium (the multiplicity of infection [MOI]
was 500, for the purpose of electron microscopy), bacterial at-
tachment to the apical cellular surface was extensive (Figure 2E
and 2F), with specific localization of gold particles to the tip or-
ganelle or at the junction of cellular attachment (Figure 2F). Ev-
idence of intracellular localization was sparse and observed in
<5% of examined cells, a finding also observed at the lower
MOI of 20 (data not shown). The P1B antiserum appeared to
be highly specific for M. genitalium, whereby very few gold par-
ticles were bound to host cell structures in sections of infected
3-D endocervical aggregates.

Genome-Wide Host Transcriptional Response to Acute

M. genitalium Infection of 3-D Endocervical Aggregates

Using [llumina sequencing and bioinformatics tools, we detect-
ed a total of 524 Consensus CDS-annotated genes upregulated

Figure 2.

Ultrastructural characteristics of acute Mycoplasma genitalium infection of 3-dimensional (3-D) endocervical aggregates. Prior to M. genita-

lium inoculation, electron microscopy of mature 3-D endocervical aggregates revealed abundant microvilli on the apical cell surface (4—C; arrows) and, to-
gether with abundant desmosomes (D), served as markers of cell polarization. Endocervical aggregates were inoculated first with a high inoculum of M.
genitalium (multiplicity of infection, 500) to facilitate visualization of bacterium-host cell interactions 48 hours after inoculation (£ attached M. genitalium
organisms are marked with arrowheads). Confirmation of pleomorphic M. genitalium organisms at the apical cell surface was accomplished with immu-
noelectron microscopy, whereby gold particles were concentrated on the tip organelle or at the junction of cell attachment (F; arrows). Increased secretory
activity (arrows) and absence of abundant microvilli in response to acute M. genitalium infection were visualized by electron microscopy 48 hours after

inoculation (G).
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Table 1.

Results of MetaCore Pathway Analysis Showing Functional Grouping of GeneGO Processes Modulated Significantly 48 Hours

After M. genitalium Inoculation of Human 3-Dimensional Endocervical Aggregates

GeneGO Processes

Functional Group® Upregulated, No. P, Mean Downregulated, No. P, Mean

Defense and inflammation 28 2.83x1077 7 433x107°
Phospholipase and lipase activity 20 2.70x 107" 6 8.22x 1078
cAMP and adenylate cyclase activity 15 1.51%x 1072 13 1.68x 1077
lon homeostasis and transporter activity 7 6.97 x 1078 29 2.93x 1077

Abbreviation: cAMP, cyclic adenosine monophosphate.

@ The most common functional groups were compiled from the top 200 GeneGO processes identified during MetaCore pathway analysis.

(logy-fold >1.5) and 803 genes downregulated (log,-fold less
than or equal to —1.5) in response to M. genitalium 48 hours
after inoculation (Supplementary Materials). MetaCore pathway
analysis indicated that 1256 GeneGO processes and 73 GeneGO
molecular function pathways were upregulated significantly
(false-discovery rate-adjusted P <.05) 48 hours after M. genita-
lium inoculation. Considering all downregulated genes, 802
GeneGO processes and 75 GeneGO molecular function path-
ways differed significantly between treatment groups. The most
common functional groups of activated cellular pathways identi-
fied from GeneGO processes and GeneGO molecular function
pathways are presented in Tables 1 and 2, respectively.

Detailed exploration of host defense and inflammation-related
pathways yielded 3 groups of genes upregulated or downregu-
lated in response to M. genitalium infection (Figure 3). Expres-
sion of >30 genes increased in response to infection, including
those encoding proinflammatory cytokines/chemokines and as-
sociated receptors, or molecules involved in cytokine/chemokine
signaling pathways (Figure 3A). In addition, 51 genes associated
with pathways related to pattern binding and response to exter-
nal stimuli, antimicrobial peptides, and the nucleotide-binding
oligomerization domain containing 2 (NOD2) receptor were up-
regulated in M. genitalium-infected 3-D endocervical aggregates
(Figure 3B). Genes significantly upregulated or downregulated
from the third functional group, consisting of defense and in-
flammation-related genes, are presented in Figure 3C.

Expression of 3 human B defensin genes (hBDI, hBD2, and
hBD4) was significantly increased (P <.05, by the Student ¢
test) in 3-D endocervical aggregates after M. genitalium infec-
tion as compared to mock-inoculated aggregates (Figure 4).
Expression of the secreted leukocyte peptidase inhibitor gene
(SLPI), which encodes an important antimicrobial peptide of
the reproductive tract, was also moderately increased in
M. genitalium-infected cells (P < .05; Figure 4).

M. genitalium Elicited Proinflammatory Cytokine and
Chemokine Secretion, but High Organism Loads Were Required
for Cytotoxicity

Compared with mock-inoculated endocervical aggregates, sig-
nificant secretion of interleukin 6 (IL-6), interleukin 7 (IL-7),
interleukin 8 (IL-8), monocyte chemotactic protein 1 (MCP-1),
and granulocyte-macrophage colony-stimulating factor (GM-
CSF) was observed 48 hours after inoculation, at inocula of
1 x 107-1 x 10° genome equivalents/mL (P < .05, by analysis of
variance; data for IL-8 are shown in Figure 5A), indicating that
the threshold for innate stimulation in this model system was
1x10°-1x 107 mycoplasmas/mL (MOIs, 5-50). After heat
treatment of the bacterial inoculum, the inflammatory capacity
of M. genitalium was almost completely ablated (data for IL-8
are shown in Figure 5B). By using an MOI of 20, significant
secretion of IL-6, IL-7, IL-8, MCP-1, and GM-CSF into cul-
ture supernatants was observed 24, 48, and 72 hours after

Table 2.

Results of MetaCore Pathway Analysis Showing Functional Grouping of GeneGO Molecular Functions Modulated Significantly

48 Hours After Mycoplasma genitalium Inoculation of Human 3-Dimensional Endocervical Aggregates

GeneGO Molecular Functions

Functional Group® Upregulated, No. P, Mean Downregulated, No. P, Mean

lon homeostasis and transporter activity 12 9.11x10™ 29 246x 107
Defense and inflammation 8 1.22%x107 6 1.62%x107°
Melanocortin and GPCR binding 5 3.30x107%? 2 1.85x 107

Abbreviation: GPCR, G-protein coupled receptor.

@ The most common functional groups were compiled from all GeneGO molecular functions identified during MetaCore pathway analysis (n = 73).
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Figure 3. Human genome-wide transcriptional response to Mycoplasma genitalium infection by 3-dimensional (3-D) endocervical aggregates. Forty-
eight hours after inoculation with M. genitalium G37 (multiplicity of infection, 20), host transcriptome analysis of 3-D endocervical aggregates was
assessed using next-generation sequencing and bioinformatics tools. MetaCore pathway analysis (log,-fold cutoff, 1.5) revealed that host defense and in-
flammation-related genes were most commonly activated and comprised 3 functional groups: cytokine and chemokine activity, pattern binding and external
stimulus, and other defense and inflammation.
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inoculation relative to mock-inoculated cells (P <.05, by the interleukin 4, interleukin 5, interleukin 10, interleukin 12(p70),

Student ¢ test; data at 48 hours are shown in Figure 5C-5G). interleukin 13, and tumor necrosis factor o.

Cytokines that were tested for but not found to change signifi- Cytotoxicity, as measured by cellular lactate dehydroge-
cantly relative to mock-inoculated cells (P > .05, by the Student nase leakage into supernatants of 3-D endocervical aggregate
t test) included interferon v, interleukin 1B, interleukin 2,  cultures, was significant at the highest inoculum of 1x 10°
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mycoplasmas/mL (P <.05, by analysis of variance). Similar effect was ablated after heat killing of the
to the capacity to elicit cytokine secretion, the cytotoxic (Figure 5H).

organism
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Figure 4. Transcriptional modulation of select antimicrobial peptide
genes in 3-dimensional endocervical aggregates. Differences in messen-
ger RNA expression for 3 human B defensins (HBD-1, HBD-2, and HBD-4)
and the secreted leukocyte peptidase inhibitor (SLPI) were evaluated by
quantitative reverse transcription polymerase chain reaction in human en-
docervical aggregates inoculated 48 hours earlier with Mycoplasma geni-
talium G37. To account for differences in cell numbers between treatment
groups, samples from replicate experiments were normalized to mean
GAPDH expression levels. Data are expressed as normalized mean fold-
changes relative to mock-inoculated cells (+ standard error of the mean).
*P<.05, by the Student ¢ test, in normalized copies of each gene as com-
pared to mock-inoculated control cells.

DISCUSSION

Models that most accurately recapitulate the in vivo environ-
ment are crucial to gathering meaningful experimental data,
and ultimately provide enhanced value to managing disease in
the clinical setting. The rotating wall vessel bioreactor generates
differentiated 3-D epithelial aggregates that are structurally and
functionally different from 2-dimensional (monolayer) cell cul-
tures that lack directionality and the architecture characteristic
of mucosal tissues in vivo. Apical-basolateral polarity was illus-
trated in our 3-D endocervical aggregates, with evidence of
hemidesmosomes and tight junction formation, as well as
prominent microvilli on the apical surface of the cells
(Figure 2). Replication of M. genitalium in this system was
robust and on par with other models of epithelial infection [10,
11], thereby validating this challenge model of acute infection.
The observed interaction of M. genitalium with the apical cell
surface highlights the importance of the tip organelle [24] for
attachment to human epithelial cells, since virtually all attached
organisms showed gold particles concentrated on the tip struc-
ture (Figure 2). Localization of anti-M. genitalium antibodies
to the tip organelle is explained by the fact that the MgPa
protein is not only an important functional component of the
tip organelle [25], but also the most potent immunogen in men
and women [26-29] and experimentally inoculated laboratory

animals [30-35]. Interestingly, despite clearly established inter-
actions of M. genitalium with the epithelial membrane, NOD2
was the only pattern recognition receptor gene activated in re-
sponse to acute infection. This is somewhat surprising consid-
ering the significant lipoprotein composition of mycoplasmas
and the previous reports of M. genitalium’s ability to bind
TLR1, TLR2, and TLR6 [13-15]. However, TLR2 and TLR6 are
highly expressed in these endocervical epithelial cells in the
absence of infection [20], suggesting that increased transcrip-
tion may not be necessary for their functional response to acute
infection. The ability of MD-2 to enhance TLR2-mediated rec-
ognition of bacteria [36] might be an important component of
the response to M. genitalium infection, since we observed a
>4-fold increase in expression in our studies.

Of significant interest is the approximately 200-fold in-
duction of secreted peptidoglycan recognition receptor 4
(PGLYRP4) expression during M. genitalium infection. All my-
coplasma species lack a peptidoglycan-containing cell wall, and
therefore it is hypothesized that increased PGLYRP4 expression
is part of the innate host defense initiated by TLR2 and NOD2
binding. However, whether PGLYRP4 has a role in controlling
M. genitalium infection or a secondary effect on other repro-
ductive tract microbes is unclear. Expression of SLPI, which
encodes a peptide that is essential to antimicrobial activity in
the reproductive mucosae and a common component of cervi-
cal mucus [37, 38], was moderately increased following M. geni-
talium inoculation. Microbial products such as polyinosinic:
cytidylic acid and outer membrane components such as diacy-
lated and triacylated lipoproteins have been shown to induce
expression of antimicrobial peptides, including SLPI, in 3-D
endocervical aggregates [19]. Additionally, it has been shown
that HBD proteins are produced in 3-D endocervical aggregates
and that HBD1 and HBD2 expression is induced following ex-
posure to TLR agonists [19]. The observed pattern of hBDI,
hBD2, and hBD4 upregulation appears to be unique to M. geni-
talium, since it has not been previously observed following ex-
posure of 3-D endocervical aggregates to other bacterial and
viral components. In addition, increased expression of genes
encoding the macrophage receptor with collagenous structure
and the liver-expressed antimicrobial peptide 2 is, to our
knowledge, novel and not a previously described component of
the mucosal response to mycoplasmas. Together, although a
clear-cut mechanism for innate activation by M. genitalium
remains absent, antibacterial factors, including antimicrobial
peptides, are likely components of the host response and
induced through specific extracellular pattern recognition re-
ceptor activation.

Intracellular survival of M. genitalium could provide a pro-
tected niche for bacterial persistence, since intracellular organ-
isms have been observed in cultured epithelial cells of the
vagina, endocervix and ectocervix, and endometrium [11, 12,
39-41]. In contrast to 2-D cultures of the same A2EN cells [11],
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Figure 5. Cytokine secretion and cellular cytotoxicity elicited by Mycoplasma genitalium infection. Human 3-dimensional endocervical aggregates were
inoculated with M. genitalium G37 (multiplicity of infection, 20), and cytokine/chemokine secretion was measured from culture supernatants 48 hours
after inoculation. Deescalating doses (A) and heat-killing of M. genitalium (B) organisms were first used to characterize basic innate responses in the
novel 3-D model system (interleukin 8 [IL-8] is shown as a representative chemokine). The profile of cytokine and chemokine response is represented by in-
terleukin 6 (IL-6; C), interleukin 7 (IL-7; D), interleukin 8 (IL-8; £), monocyte chemotactic protein 1 (MCP-1; A, and granulocyte-macrophage colony-stimulating
factor (GM-CSF; G). Cytotoxicity engendered by acute M. genitalium infection was evaluated using deescalating doses combined with heat-killing of the
inoculum (H). Cytotoxicity data are expressed as percentage cytotoxicity as described in Methods. Data for all panels represent the mean + standard
error of the mean from 3 independent studies (each performed in triplicate wells) normalized to the mean determined from replicate studies. *P< .05, by
analysis of variance (A, B, and H) or the Student t test (C—G), for differences in cytokine secretion or cytotoxicity as compared to mock-inoculated
control cells.

very few intracellular mycoplasmas were observed in the 3-D or- functional barrier properties (eg, mucins and select antimicrobi-
ganotypic endocervical aggregates. This could be attributed to al peptides) that are present in 3-D but not 2-D epithelial
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cultures [19, 22] and likely impact adherence and invasion of M.
genitalium. In endocervical aggregates, MUCI expression was
upregulated 1.9-fold in response to M. genitalium, but consider-
ing that 16 other related mucins were not upregulated, induction
of mucin expression does not seem to be a significant compo-
nent of the acute-phase response. Importantly, mucin expres-
sion has been readily observed in uninfected 3-D endocervical
aggregates and has been induced following exposure to specific
microbial products [19]. These findings further highlight that
unique innate immune responses are generated by endocervical
epithelia and can be linked to specific pathogens or microbial
products.

Together with previous observations [10, 11], an acute im-
munologic response signature by endocervical epithelial cells
infected with M. genitalium has been identified and includes
secretion of IL-6, IL-7, IL-8, GM-CSF, and MCP-1. This proin-
flammatory component of the signature includes cytokines and
chemokines involved in recruitment of leukocytes and/or
activation and differentiation of monocytes and macrophages.
In the current work, genome-wide transcriptional profiling
indicated that host defense and inflammation-related path-
ways were most commonly activated during acute infection
(Figure 3). Of these, 11 chemokines or molecules involved in
leukocyte recruitment were upregulated in response to M. geni-
talium infection, with 8 known to be chemotactic for T lym-
phocytes and 5 known to attract peripheral monocytes.
Collectively, the finding that M. genitalium activates inflamma-
tion and host defense pathways not only paralleled results from
previous protein-based studies [10, 11, 14], but specific analysis
of genes within these pathways also served to highlight novel
aspects of the immune response to this organism and support
the role of M. genitalium in female reproductive tract disease.

One such novel response observed in these studies of 3-D en-
docervical aggregates was the significant secretion of IL-7 after
M. genitalium infection. IL-7 has been shown to enhance human
immunodeficiency virus (HIV) entry into thymocytes through
CXCR4 [42] and to stimulate HIV replication in vitro [43, 44].
Virtually all peripheral T lymphocytes express the IL-7 recep-
tor [45], and therefore IL-7 signaling in the context of STIs is
of great interest because CD4" T lymphocytes and macro-
phages are most commonly targeted by HIV type 1. Recruit-
ment of susceptible cells to the lower reproductive tract
mucosa is a plausible mechanism for the enhanced susceptibil-
ity of M. genitalium-infected subjects to HIV infection [46].
Interestingly, IL-7 also is detected more often in vaginal secre-
tions from women with other STTs, relative to subjects without
infection [47]. The prominent clinical link between M. genita-
lium and HIV infection status [48], combined with the strong
association with cervicitis, provide a compelling rationale for
further investigation of HIV-M. genitalium coinfection.

In conclusion, our data demonstrate that key cellular re-
sponses are elicited by M. genitalium in human endocervical

epithelial cells; we define these responses as an innate immune
signature characteristic of acute infection. The 3-D endocervi-
cal model provides an excellent tool for investigation of
mucosal pathogenesis, and results from our study provide a
strong rationale for evaluating endocervical responses to M.
genitalium infection in the clinical research setting. Continued
examination of M. genitalium as a STI is imperative to our
overall understanding of reproductive tract disease syndromes
of women.
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