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Plasmid CDS5 Influences Infectivity and Virulence in a Mouse Model
of Chlamydia trachomatis Urogenital Infection
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The native plasmid of both Chlamydia muridarum and Chlamydia trachomatis has been shown to control virulence and infec-
tivity in mice and in lower primates. We recently described the development of a plasmid-based genetic transformation protocol
for Chlamydia trachomatis that for the first time provides a platform for the molecular dissection of the function of the chla-
mydial plasmid and its individual genes or coding sequences (CDS). In the present study, we transformed a plasmid-free lym-
phogranuloma venereum isolate of C. trachomatis, serovar L2, with either the original shuttle vector (pGFP::SW2) or a deriva-
tive of pGFP::SW2 carrying a deletion of the plasmid CDS5 gene (pCDS5KO). Female mice were inoculated with these strains
either intravaginally or transcervically. We found that transformation of the plasmid-free isolate with the intact pGFP::SW2 vec-
tor significantly enhanced infectivity and induction of host inflammatory responses compared to the plasmid-free parental iso-
late. Transformation with pCDS5KO resulted in infection courses and inflammatory responses not significantly different from
those observed in mice infected with the plasmid-free isolate. These results indicate a critical role of plasmid CDS5 in in vivo
fitness and in induction of inflammatory responses. To our knowledge, these are the first in vivo observations ascribing infectiv-

ity and virulence to a specific plasmid gene.

lasmids of Chlamydia spp. are all small (~7.5 kb), nonconju-

gative, nonintegrative, and highly conserved within species
(1-3). The observation that naturally occurring plasmid-deficient
Chlamydia trachomatis strains are exceedingly rare implies a sig-
nificant but noncritical role for in vivo fitness and transmission.
However, until the past few years, a role for the plasmid in C.
trachomatis pathobiology remained to be fully explored.

In vivo studies have shown that the plasmid of C. trachomatis
contributes significantly to fitness and induction of inflammatory
responses (4-8). Cumulatively, these studies were each conducted
using plasmid-deficient [plasmid(—)] or closely matched plas-
mid-bearing [plasmid(+)] isolates from different biovars: uro-
genital isolates, ocular (trachoma) isolates, and lymphogranu-
loma venereum (LGV) isolates. It is assuring that the results of
these studies in mice and lower primates were consistent with
regard to the observation that plasmid(—) isolates of all biovars
exhibit reduced infectivity and virulence compared to plasmid(+)
isolates. However, it should be noted that many observations us-
ing plasmid-deficient strains have been made in suboptimally
controlled experimental conditions, since the comparator plas-
mid-containing strains were not always isogenic; thus, roles for
any putative chromosomal variances could not be completely
ruled out.

Results of the use of plasmid(+) and plasmid(—) isolates in the
commonly utilized mouse model of chlamydial urogenital infec-
tion with the mouse pathogen Chlamydia muridarum have also
been reported. Because a naturally occurring plasmid(—) isolate
of C. muridarum has yet to be reported, the organism was treated
with novobiocin to cure the plasmid (8, 9). Initial reports in this
model indicated that plasmid deficiency caused no severe defect in
infectivity or fitness but significantly reduced inflammatory re-
sponses and related sequelae of infection (8, 10). Recently, others
have evaluated the role of the plasmid in this model and have
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reported somewhat disparate results, with the plasmid(—) C. mu-
ridarum showing reduced infectious burdens in vivo (11). The
reason for these disparate results could be technical/procedural or
may reside in chromosomal differences in the parental C. muri-
darum strains, as has been previously described (12). In summary,
it is clear that the plasmid is, in some way, an important mediator
of Chlamydia-host interactions.

While all of the aforementioned reports point to the chlamyd-
ial plasmid as a mediator of host interactions in some form, scant
evidence is available to assign roles to individual plasmid genes in
these interactions. We recently showed that a naturally occurring
mutant in the C. trachomatis plasmid altered infectivity and viru-
lence in a mouse model (7). However, isolating, identifying, and
describing naturally occurring plasmid mutations will no doubt
prove to be a significant bottleneck in discovery. Historically, a
hindrance to the selective study of the role of chlamydial genes had
been the refractory nature of chlamydial pathogens to commonly
used molecular biological methods of selective and sustained ge-
netic mutation and complementation (13).

Recently, we described the development of a transformation
system for C. trachomatis that has been used by us, and subse-
quently by others, to modify the chlamydial plasmid and to begin
to dissect the role of selected plasmid genes with regard to plasmid

Received 19 March 2014 Returned for modification 6 April 2014
Accepted 19 May 2014

Published ahead of print 27 May 2014

Editor: R. P. Morrison

Address correspondence to K. H. Ramsey, kramse@midwestern.edu.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.01795-14

iai.asm.org 3341


http://dx.doi.org/10.1128/IAI.01795-14
http://iai.asm.org

Ramsey et al.

maintenance, host cell interactions, and in vitro phenotypic ex-
pression (e.g., inclusion morphology and glycogen accumulation)
(14-16). In the present study, we further capitalize upon these
findings and extend the transformation system to an analysis of in
vivo plasmid-mediated pathobiology. We focused our experi-
ments on the product of plasmid gene CDS5 (pgp3). We selected
CDS5 (pgp3) because unlike the other 7 plasmid-encoded pro-
teins, Pgp3 is secreted beyond the inclusion membrane and into
the cytosol of the host cell (17), it has been found to be immuno-
genic in mice and women (18, 19), and DNA vaccination with
CDS5 (pgp3) provides partial protection in a mouse model (20).
Of the remaining plasmid genes, CDSI1 appears to be noncritical
for plasmid maintenance and in vitro phenotypic variation (2),
and CDS2, -3, -4, and -8 (encoding proteins Pgp8, -1, -2, and -6,
respectively) appear to be essential for plasmid maintenance and
replication, whereas CDS6 and -7 (pgp4 and -5, respectively) may
be involved in regulating expression of chromosomal genes (16,
21). Thus, we have hypothesized a role for plasmid CDS5 (pgp3) in
directly affecting virulence, in vivo fitness, and induction of in-
flammatory responses. To test this hypothesis, we infected female
mice in the urogenital tract or respiratory tract with either a nat-
urally occurring plasmid(—) isolate; the same isolate transformed
with a replication-competent vector containing plasmid CDSs
(14), and the isolate transformed with the vector but with a knock-
out in CDS5 (pgp3) (15). Our results support the hypothesis that
the product of the plasmid CDS5 (pgp3) gene plays a direct role in
infectivity, in vivo fitness, and induction of host inflammatory
responses.

MATERIALS AND METHODS

Chlamydial strains and vectors. A clonal plasmid(—) isolate of the C.
trachomatis LGV strain (serovar L2, strain 25667R [22]) was used as the
transformation recipient of the vectors in this study. The genome of L2
strain P~ 25667R has been sequenced and deposited in GenBank (refer-
ence sequence NC_020930) (23). The cloning vector pGFP::SW2 (14) and
plasmid pCDS5KO (15) were described previously. pCDS5KO is a dele-
tion version of plasmid pGFP::SW2, with the CDS5 promoter and ap-
proximately three-quarters of the CDS5 coding sequence deleted but care-
fully designed to retain the promoter of CDS6. The two plasmids were
transformed into C. trachomatis L2P~ 25667R (referred to here as L2P ™)
separately, and the transformants, L2P~.pGFP::SW2 and L2P".
pCDS5KO, were recovered under penicillin selection. The resulting trans-
formed strains are described in Table 1. Quantitative PCR was conducted
to confirm that copy number of the plasmid was comparable between the
L2P~ .pGFP:SW2 and L2P~ .pCDS5KO transformants. It was found that
both transformants had a plasmid-to-genome ratio of approximately 5 as
determined by the method of Pickett et al. (24). In some cases, a wild-type
plasmid(+) serovar L2 isolate, L2 434/Bu, was used (25, 26) (GenBank
reference sequence NC_010287). It should be noted that while closely
matched, this isolate is not fully isogenic with reference to the chromo-
some of L2P ™. Thus, we did not believe this entirely suitable as an isogenic
control, and this strain was used only as a serovar-matched comparator
with a wild-type plasmid for the L2P~.pGFP::SW2 transformant.
Following transformation of L2P~, McCoy cells were used for the
propagation and expansion of C. trachomatis transformants (Clarke lab;
University of Southampton, Southampton, United Kingdom). Aliquots
of the transformants L2P~.pGFP::SW2 and L2P™~.pCDS5KO were pro-
vided at minimal passage number for in vivo applications with further
expansion in HeLa 229 cells (Ramsey lab; Midwestern University, Down-
ers Grove, IL, USA) as previously described (7, 12). L2P~.pCDS5KO
stained for glycogen, but the mature inclusion phenotype was unaffected
by the presence of the deletion compared with the plasmid-free parent.
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TABLE 1 C. trachomatis isolates and transformants used in this study

Strain nomenclature

L2 P~ 25667R

Description

Naturally occurring plasmid-free isolate of C.
trachomatis serovar L2 from a patient with
proctocolitis (22); the genome has been sequenced
and deposited at GenBank (reference sequence
NC_020930) (23); for brevity, we use the
designation L2P™ here

L2P~ 25667R transformed with a recombinant
chlamydial plasmid (pGFP::SW2) derived from
Swedish new variant C. trachomatis serovar E (14);
this plasmid (pGFP::SW2) possesses an Escherichia
coli origin of replication, bla, cat, and a red-shifted
green fluorescent protein gene; the latter two are
under the control of a Neisseria meningitidis
promoter

L2P~ 25667R transformed with pGFP::SW2 with a
functional deletion in plasmid CDS5 which
encodes the putative virulence effector pgp3; the
creation of this recombinant plasmid was
described in detail previously (15)

Commonly referenced laboratory strain of C.
trachomatis serovar L2 cultured from a bubo of a
patient with LGV (25); the genome of this isolate
has been sequenced and published elsewhere (26)
(GenBank reference sequence NC_010287); in the
present study, this isolate was used only as a
comparator for L2P~.pGFP::SW2

L2 P~ .pGFP:SW2

L2 P~.pCDS5KO

L2 434/Bu

This was in contrast to our previous observations with the same plasmid
in a urogenital tract background (27).

Mice, infections, and infection monitoring. The use of animals in
these studies was approved by the Midwestern University Institutional
Animal Care and Use Committee. Outbred female Swiss Webster mice
(Harlan Sprague Dawley, Indianapolis, IN) were purchased at 5 to 6 weeks
of age and allowed to acclimate in the Animal Resources Facility at Mid-
western University for a minimum of 10 days. Prior to urogenital infec-
tion, mice were treated with medroxyprogesterone acetate (Greenstone
LLGC, Peapack, NJ) at 2.5 mg subcutaneously as has been described previ-
ously (28). Seven days later, groups of 10 mice were infected with graded
log,, doses of each strain either intravaginally (29) in 10 pl or in experi-
ments using transcervical inoculation, i.e., a single dose of 10° inclusion-
forming units (IFU) given transcervically in 4 pl using a nonsurgical em-
bryo transfer (NSET) device (30). Following intravaginal inoculation,
infection course and infectious burden were assessed by the collection of
cervical-vaginal swabs at 4, 7, 10, 14, and 21 days postinfection. C. tracho-
matis was isolated from sucrose-potassium glutamate buffer (SPG, pH
7.2) swab fluid in HeLa 229 cell monolayers. Following transcervical in-
oculation, we confirmed infection by cervical-vaginal swabs at day 4
postinfection. In some experiments, swabs and upper genital tract tissues
(UGT; uterine horns and oviducts, sans ovaries) were collected, and tis-
sues were homogenized in 1 ml SPG as described previously (31). Inclu-
sions isolated from swabs and from UGT were visualized by indirect im-
munofluorescence microscopy and quantitated as IFU as previously
described (32).

For respiratory infection, mice were anesthetized and inoculated in-
tranasally exactly as described previously (7, 12). We used inocula of ei-
ther 10* or 10° IFU for each strain and transformant tested. These doses
were chosen because they mirrored breakpoint doses for significant dif-
ferences in weight change over time in previous studies (7, 12). Mice were
weighed daily, and weight change from baseline was recorded as a mea-
sure of morbidity (7, 12).

Antibody responses. Heparinized blood was collected at day 0, just
prior to inoculation, and day 35 postinoculation. Chlamydia-specific
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plasma immunoglobulin G (IgG) antibody responses were assessed using
enzyme-linked immunosorbent assay (ELISA) as described previously
with minor modifications (33). Gradient-purified, UV light-inactivated
elementary bodies (EBs) of the LGV isolate L2 434/Bu were used as the
capture antigen. For quantitative comparison of antibody responses, titers
were converted to log, ,, and the arithmetic mean of all seropositive ani-
mals was determined as described elsewhere (7, 12, 33).

Histopathological assessments. Following transcervical inoculation,
five excised genital tract samples from each experimental group on day 7
postinfection were preserved in buffered 10% formalin at neutral pH,
then embedded in paraffin, and serially sectioned (5 pwm) longitudinally.
Attempts were made to include the cervix, both uterine horns, and both
oviducts and to include the lumenal structures of each tissue in each
section (AML Labs, Rosedale, MD). The tissues were stained with hema-
toxylin and eosin (H&E) (34). Each H&E-stained tissue section was as-
sessed by a pathologist (B.C.J.) who was blinded to the animal numbers,
treatments, and groupings in the experiment. Uninfected mouse urogen-
ital tract tissues were included for reference to normal tissue. Histopatho-
logical assessment was scored in the cervix, uterus (considering both left
and right uterine horns), and oviducts relative to normal, uninfected uro-
genital tract tissue. Parameters assessed were acute (neutrophil) and
chronic (mononuclear cell) infiltrates. Each parameter was scored on a
scale of 0 to 4 using a modification of the methods of Rank et al. (35) as
follows: 0 = normal/no presence of parameter; 1 = rare or slight presence
of parameter; 2 = scattered/mild or diffuse presence of parameter; 3 =
consistent/numerous/frequent presence of parameter; 4 = confluent or
severe presence of parameter. To control for variances in parameter foci
according to cutting depth within the same tissue, we included 3 separate
but roughly serial sections from each tissue in each assessment. Scoring
was done on each section, but the mean score for each serial section was
used for calculating means and for data reporting.

Statistics. Infection course as assessed by shedding of viable organisms
from the lower genital tract was compared at each inoculating dose by a
two-factor analysis of variance (ANOVA) (plasmid type group and time)
with repeated measures on the main effect of time and applying Tukey’s
post hoc analysis to compare plasmid type groups. Immunoglobulin G
antibody titers and quantitative infection burdens in upper genital tract
tissues were compared using a two-tailed t test. Histopathological scores
were compared using a Kruskal-Wallis test. Statistical significance for all
assessments was set at a P value of <0.05. The incidence of viable chla-
mydial shedding and seroconversion was used to determine the infectious
dose that resulted in infection in 50% of mice (IDs,), as estimated by the
method of Reed and Muench (36).

RESULTS

A deletion mutation in the plasmid gene CDS5 (pgp3) results in
reduced infectivity and attenuated fitness following intravagi-
nal inoculation. The establishment of an ID5 is commonly used
to estimate infectivity in models of infectious diseases. To estab-
lish an 1D, with the subject chlamydial strains, we inoculated
groups of 10 mice intravaginally with log, , graded doses of each of
the isolates in Table 1. Subsequent to inoculation, and to verify
infection, we collected cervical-vaginal swabs at 4,7, 10, 14, and 21
days postinfection. In addition, we have found that seroconver-
sion postinfection can detect infection at levels below the sensitiv-
ity of our culture methods that are sometimes observed with low-
dose inocula (7, 12). Thus, at day 35 postinoculation, we assessed
plasma IgG antibody responses in an ELISA that uses gradient-
purified UV-inactivated L2 434/Bu as the capture antigen. The
results of these assessments are shown in Table 2. By both culture
and serology, comparable ID,,s were obtained for the L2P™ iso-
late, with estimates of 3.2 X 10° IFU and 2.5 X 10° IFU, respec-
tively. This is comparable to the results reported by Olivares-Za-
valeta et al. for this isolate (5). When the strain was transformed
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TABLE 2 ID;,, determination for strains in urogenital tract infections

No. of positive mice (n = 10)
inoculated with dose (IFU) of*:

Strain and method 10° 10* 10° 10° ID,, (IFU)?
L2P~
Culture 1 2 3 7 316,227
Seroconversion 2 4 9 251,116
L2P~ .pGFP::SW2
Culture 5 9 10 10 1,000
Seroconversion 7 9 10 10 <1,000
L2P~.pCDS5KO
Culture 1 2 5 9 26,827
Seroconversion 3 4 5 7 21,258

“ For culture, data are numbers of mice that were culture positive at any time point
postinfection. Culture detection of infection was attempted on swabs collected at 4, 7,
10, 14, and 21 days postinfection (Fig. 1). For seroconversion, data are numbers of mice
displaying seroconversion for plasma IgG antibody (day 35 postinfection; positive
seroconversion was empirically set at a titer of 20).

b Calculated dose that will achieve a 50% infection rate. Data were calculated by the
method of Reed and Muench (36).

with the recombinant vector pGFP::SW2, the infectivity of the
resultant transformant was greatly enhanced, with L2P~ .pGFP::
SW2 yielding an IDs, approximately 3 log,, lower at 10° IFU by
culture. By serology, the ID5, for L2P™.pGFP::SW2 could not be
determined but was less than the lowest dose of 10° TFU. The
results of inoculation with the L2P~.pGFP::SW2 transformant
were comparable to those obtained with a nonisogenic but sero-
var-matched isolate, C. trachomatis L2 434/Bu, containing a wild-
type plasmid (IDs, estimated at 3.1 X 10 for culture and 5.6 X 10°
for seroconversion; data not shown). Interestingly, transforma-
tion with the pCDS5KO vector yielded an estimated 1D+, approx-
imately 1 log,, unit lower than that of the plasmid-deficient isolate
L2P" and 1.4 log,, units higher than that of the L2P~ .pGFP::SW2
transformant. These results were consistent regardless of whether
culture or seroconversion was used to determine ID5,. From these
observations, we conclude that plasmid deficiency represents a
significant infectivity defect in the mouse urogenital infection
model and that transformation with a vector containing a full
complement of chlamydial plasmid genes restores infectivity. Sec-
ond, we conclude that deficiency in that CDS5 (pgp3) similarly
and significantly degrades infectivity.

To determine a role for the plasmid and for CDS5 (pgp3) with
regard to in vivo fitness, we measured infectious burden over time
at each of the inoculating doses. Figure 1 depicts the results of the
infection course over time in mice inoculated with the plas-
mid(—) L2P" isolate and the transformants L2P~ .pGFP::SW2
and L2P~.pCDS5KO. Because evidence of infection by either cul-
ture or by seroconversion was seen only in very low numbers of
mice inoculated with the L2P™ isolate and the L2P~.pCDS5KO
transformant at the 10°> and 10* inoculating doses (1 or 2 mice
culture positive and 2 to 4 seropositive), valid statistical compar-
isons could not be garnered from these groups. However, a dis-
tinct trend toward abbreviated infection courses and lower infec-
tious burden can be observed at these doses compared to the
results for the L2P~.pGFP::SW2-inoculated mice. Nonetheless, at
doses of 10° and 10° IFU, mice inoculated with the L2P~.pGFP::
SW2 transformant displayed significantly greater infectious bur-
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dens and more protracted infection courses than those inoculated
with L2P~ and the L2P.pCDS5KO transformant. The latter
(pCDS5KO transformant and host) were not significantly differ-
ent from each other at any dose tested. Similarly, when the infec-
tion course in mice inoculated with L2P~.pGFP::SW2 was com-
pared to that seen with the nonisogenic L2 434/Bu isolate (with
wild-type plasmid), there were no statistical differences at any
dose (data not shown).

Lastly, we inoculated groups of 10 mice intranasally with each
of the subject strains at doses of 10* and 10° IFU, and the weight
change from baseline was monitored daily for 21 days as previ-
ously described (7). No differences were seen between the groups
and doses, with the exception of a trend toward more weight gain
over time in the group inoculated with L2P ™ that did not prove to
be significantly different from the gain in the L2P~.pGFP:SW2-
inoculated group (data not shown.).

In summary, a deletion in CDS5 (pgp3) resulted in reduced
infectivity and fitness in vivo following urogenital inoculation and
thereby establishes a role for a specific plasmid-based virulence
effector gene in this model.

A deletion mutation in the plasmid gene CDS5 (pgp3) results
in reduced antibody responses following intravaginal inocula-
tion. Plasma samples collected at day 35 postinoculation in the
aforementioned experiments (Table 2 and Fig. 1) and plasma IgG
antibody responses in mice that seroconverted were quantitated
by ELISA (12, 33). Figure 2 shows that for each of the inoculating
doses, mice infected with the plasmid(+) transformant L2P".
pGFP:SW2 induced a significantly more robust antibody re-
sponse than mice infected with either the plasmid(—) L2P "~ isolate
or the transformant L2P ™~ .pCDS5KO. Thus, in light of the data in
Table 2, the data in Fig. 1 further data support and serve to con-
firm the assertion that the infectivity defect is conveyed by the
absence of a functional CDS5 gene and additionally shows that the
plasmid(—) isolate and the CDS5 deletion mutant may have com-
parable defects in the induction of adaptive immunity. An alter-
native explanation could be that the lower infectious burden re-
sulted in lower antibody responses vis-a-vis a lower antigenic
burden. However, a comparison of the lowest dose (10° IFU) of
L2P~.pGFP::SW2 and the highest doses (10° to 10° IFU) of plas-
mid(—) L2P~ isolate or the transformant L2P~.pCDS5KO does
not seem to support this interpretation, since the higher doses did
not result in higher antibody responses (Fig. 2) despite higher
infectious burdens (Fig. 1).

Deletion mutation in the plasmid gene CDS5 (pgp3) reduces
infectivity in upper genital tract tissues following transcervical
inoculation. It is a common observation that, unlike with C. mu-
ridarum, intravaginal inoculation of human C. trachomatis strains
into mice yields minimal upper genital tract infection and thus
induces scant pathological changes. We confirmed this observa-
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FIG 2 Immunoglobulin G antibody responses in mice inoculated intravagi-
nally with plasmid(—), plasmid(+), and plasmid CDS5 deletion mutant of C.
trachomatis serovar L2. Plasma collected at day 35 after intravaginal inocula-
tion was assessed by ELISA as previously described (33) but using gradient
purified UV-inactivated EBs of strain L2 434/Bu as the capture antigen. The
arithmetic mean of the log,, antibody responses in mice that seroconverted
(titer = 20) is shown (error bars show standard deviations). Numbers of mice
seroconverting are shown in Table 2. Significant differences (asterisks) be-
tween L2P~.pGFP:SW2-infected mice and L2P™ - and L2P~.pCDS5KO-in-
fected mice were observed at each inoculating dose: 10° IFU, P < 0.04 and P <
0.04, respectively; 10* IFU, P < 0.002 and P < 0.004, respectively; 10° IFU, P <
0.0008 and P < 0.0009, respectively; and 10° IFU, P < 0.002 and P < 0.0001,
respectively. The antibody responses were not significantly different at any
inoculating dose for mice inoculated with L2P~ compared to mice inoculated
L2P~.pCDS5KO.

tion for all of the isolates used in this study (data not shown).
Thus, to induce a significant upper genital tract infection, we em-
ployed a method of transcervical intrauterine inoculation using an
NSET device as described by Gondek et al. (30). A preliminary
experiment was then conducted by using plasmid(+) L2 434/Bu
and assessing infectious burden in UGT homogenates at 4, 7, 10,
and 14 days after transcervical inoculation. It was determined in
this experiment that day 7 postinfection represents the optimal
time for assessment in this model, a time frame roughly mirroring
that reported by Gondek et al. using the same strain (30). We then
applied the same technique but used the subject plasmid variants
described in Table 1. Figure 3 shows that transcervical inoculation
with L2P~ .pGFP::SW2 induces a greater infectious burden in the
upper genital tract than does inoculation with L2P~ or with
L2P~.pCDS5KO. Though there was a trend toward higher IFU
counts in UGT tissues in the mice inoculated with L2P~.pCDS5KO
than in those given the plasmidless parental isolate, L2P ", the differ-
ence did not prove to be significantly different.

FIG 1 Urogenital infection course in female mice inoculated intravaginally with the plasmid(—), plasmid(+), and plasmid CDS5 deletion strains of C.
trachomatis serovar L2. The graphs on the left depict the mean infectious burden over time in mice inoculated with L2P ™ (open circles), L2P~.pGFP:SW2 (filled
squares), and the derivative of L2P™.pGFP::SW2 but with a deletion mutation in CDS5 (pgp3), L2P~.pCDS5KO (open squares). The graphs on the right depict
the percentage of mice that were culture positive at the same time points. Results are for doses of 10°, 10%, 10°, and 10° IFU per mouse (top to bottom; n = 10 mice
inoculated per group). There were significant differences between the infectious burden (IFU) over time at the 10° dose in the L2P - pGFP:SW2 group and that
in the L2P™ or the L2P~.pCDS5KO group (P < 0.001 and P = 0.004 by two-way ANOVA), but there was no difference between groups receiving L2P~ and
L2P~.pCDS5KO (P = 0.663). Similarly, there were significant differences between the infection courses in the 10° dose group receiving L2P~ pGFP:SW2 and
the group receiving L2P~ or L2P~.pCDS5KO (P < 0.001 for both groups), and there was no difference between the L2P™ and L2P~.pCDS5KO groups at this
dose (P = 0.956). Statistical analyses were not conducted on the 10* and 10* IFU doses due to low numbers of mice sustaining infection, as assessed either by
culture or by seroconversion, in the groups inoculated with L2P~ and L2P~.pCDS5KO.
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FIG 3 Infectious burden in mice following transcervical inoculation. At day 7
after transcervical inoculation, mice were euthanized, and UGT tissues (uterus
and oviduct) were extracted for chlamydial culture. Data are the mean IFU
counts for mice (n = 8) from each group, and error bars show standard devi-
ations. Asterisks indicated significant differences compared to L2P.pGFP::
SW2 as assessed by a two-tailed # test (P < 0.005 for L2P~.pCDS5KO, and P <
0.004 for L2P ). The L2P~.pCDS5KO and L2P ™~ groups were not significantly
different (P = 0.12).

In summary, and in consideration of the results of intravaginal
ID;, determination, infection course, quantitative antibody re-
sponses, and direct transcervical inoculation into the upper geni-
tal tract, we conclude that the plasmid is a critical mediator of in
vivo fitness and infectivity and that pCDS5 (pgp3) plays a neces-
sary role in this regard.

A deletion mutation in plasmid gene CDS5 (pgp3) reduces
inflammatory infiltrates in upper genital tract tissues. In the ex-
periment whose results are presented in Fig. 3, we harvested UGT
tissues from parallel groups of mice following transcervical inoc-
ulation and assessed H&E-stained sections of these tissues for
pathological changes. As before, we chose the day 7 postinocula-
tion time point as optimal for these assessments, as framed by
results of preliminary experiments. The main features assessed
and scored were acute (mostly neutrophil) and chronic (mono-
cytic and lymphocytic) infiltrates. We also made note of tissue
changes potentially attributable to the inflammatory response,
such as edema and mucosal erosion. Figure 4A and B show exam-
ples of the observations noted, whereas Fig. 4C and D graphically
depict the semiquantitative pathological scores assessed by a pa-
thologist (B.C.J.) who was blinded to the study groups and exper-
imental design.

As expected, of the tissues assessed, the uterus (site of NSET
device inoculation) was the tissue most affected. Endometritis was
noted in most mice that had been inoculated. The predominant
infiltrate in all infected tissues was mononuclear. Mice infected
with L2P™ or L2P~.pCDS5KO displayed somewhat sparsely dis-
tributed subepithelial aggregates of lymphoid and mononuclear
uterine infiltrates (a typical aggregate is pictured in Fig. 4A).
Infiltrates were rarely seen in the lumen of the uterus in these mice.
The mucosae remained intact, and no erosion or epithelial
sloughing was observed. In contrast, in mice infected with
L2P~.pGFP::SW2, the mononuclear infiltrate tended to be less
aggregated but was distributed throughout large sections of the
subepithelial layers. The related pathological scores for chronic
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infiltrates were blunted in mice infected with L2P~ and
L2P" .pCDS5KO compared to mice infected with L2P~ .pGFP::
SW2. Mucosal erosion with lumenal infiltrates was commonly
observed in mice inoculated with L2P~.pGFP::SW2 (a typical sec-
tion is shown in Fig. 4B). In addition, we observed a trend toward
the presence of more acute infiltrates in tissues from L2P~ .pGFP::
SW2 infected mice, but the trend did not prove significant. Also of
note was the observation that some mice in all of the groups ex-
hibited modest infiltrates in the submucosae of the oviduct but
intraluminal mononuclear infiltrates were observed in one ovi-
duct in the group infected with L2P~.pGFP::SW2. These data in-
dicate that deletion of CDS5 (pgp3) results in less severe histo-
pathological changes and reduced inflammatory infiltration in the
UGT in this model.

DISCUSSION

For years it has been known that many chlamydial pathogens,
including all biovars of C. trachomatis, routinely carry a highly
conserved plasmid. However, the exact function of the plasmid
was unknown. It was assumed that it conveyed some criticality of
function, since it is exceedingly rare for live, naturally occurring
plasmid(—) isolates of C. trachomatis to be found. Some roles for
the plasmid have been identified in vitro, such as controlling the
expression of certain chromosomal genes and inducing glycogen
accumulation within inclusions, while other reports indicated
that the plasmid variously contributes to infectivity and pathoge-
nicity in selected hosts in vivo (5, 6, 8, 10, 37, 38). However, no
critical in vivo role has been assigned to the plasmid in Chlamydia
psittaci intraperitoneal infections of mice (38) or Chlamydia
caviae urogenital infections of guinea pigs (37). Thus, one can
reasonably conclude that whatever role the plasmid plays, it is
likely specific to the chlamydial species, the host, and possibly the
anatomical site of infection.

The molecular basis of plasmid-mediated in vivo fitness and
pathogenicity is still not understood but has been the impetus
behind the growing interest in understanding plasmid function in
chlamydial pathobiology. The recent elaboration of a system of
transformation via the plasmid and the fact that selected plasmid
genes can undergo deletion mutation has allowed investigators to
begin to dissect in vitro roles for each gene (14-16, 21, 27). For
example, it is accepted that plasmid effectors enhance expression
of selected chromosomal genes which also likely affect inclusion
morphology and glycogen accumulation and thereby mimic the
phenotype of naturally occurring plasmid(—) isolates (10, 16, 27).

In the present study, we further capitalized upon this transfor-
mation system to explore the role of a specific plasmid gene, CDS5
(pgp3) in vivo, using a specific deletion mutation designed to in-
activate this gene alone, although deletion of CDS5 might have
impacts that are not solely related to the deletion. We focused on
CDSS5 because this gene and its protein product, Pgp3, are associ-
ated with intriguing properties that imply a role in virulence. For
example, Pgp3, unlike other plasmid gene products, appears to be
secreted beyond the inclusion into the host cell cytosol (17). The
cytosolic nature of this protein makes it a likely target for endog-
enous antigen processing, but so far, this has not been explored.
However, Pgp3 is immunogenic in that antibodies are routinely
made against it in the context of infection in humans and animals
(18, 39) and DNA immunization provides at least partial protec-
tion (20). All of these qualities led us to hypothesize that this gene
encodes an in vivo virulence effector.
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FIG 4 Histopathology in mice following transcervical inoculation. (A) Typi-
cal H&E-stained tissues from mice inoculated with either L2P~ or
L2P™.pCDS5KO. Scattered subepithelial mononuclear aggregates were ob-
served (white M) in the uterine horns. (B) Typical results from a mouse inoc-
ulated with L2P™.pGFP::SW2. While substantial amounts of subepithelial
mononuclear cells (white M) were also observed, they tended not to be found
in aggregates but were dispersed throughout the endometrium. Also, in several
mice, mononuclear inflammatory cells could be seen filling or nearly filling the
lumen (black M). Variable amounts of acute infiltrates could also be seen in

August 2014 Volume 82 Number 8

Chlamydial Plasmid CDS5 Influences In Vivo Fitness

We used a genomically sequenced naturally occurring plas-
mid(—) isolate of C. trachomatis, L2P~, as the transformation
recipient of the intact vector pGFP:SW2, as well as a derivative of
the vector with a deletion mutation in CDS5 (pgp3), to infect
female mice in the urogenital tract. This system is ideal from the
standpoint of starting experimentation with a known transforma-
tion recipient that will be isogenic to all subsequent transfor-
mants. We observed that transformation with C. trachomatis car-
rying the intact vector greatly enhanced infectivity by decreasing
the ID5, by approximately 3 log,, IFU, which results in an infec-
tivity within the range of, if not greater than, the infectivity of a
wild-type plasmid(+) isolate. By IDs, estimation, the transfor-
mant with the vector containing a deletion mutation in CDS5
incrementally but substantially reduced infectivity compared to
the L2P~.pGFP::SW2 transformant with the intact vector (Table
2). Several additional observations led us to conclude that, in this
model, deletion of CDS5 (pgp3) is tantamount, or nearly so, to
absolute plasmid deficiency. These observations include compa-
rable infection courses at all inoculating doses (Fig. 1), compara-
ble induction of adaptive immune responses (Fig. 2), and similar
patterns of histopathological changes (Fig. 4). All of these param-
eters were indistinguishable between mice inoculated with plas-
mid(—) L2P™ and the L2P~.pCDS5KO and were significantly at-
tenuated compared to infection in mice with the L2P~ .pGFP::
SW2 transformants containing the intact vector. In summary, it is
reasonable to conclude that CDS5 (pgp3) contributes to infectiv-
ity, heightens in vivo fitness, and enhances virulence in this model.
The data support our hypothesis that plasmid CDS5 indeed en-
codes a virulence effector (Pgp3) and validates the use of chlamyd-
ial transformants in vivo to assess chlamydial plasmid-based
pathobiology.

It is also interesting that we did not find a strict plasmid tro-
pism in C. trachomatis species between biovars, since the plasmid
backbone for these experiments was derived from a disparate bio-
var (serovar E) isolate but was readily accepted by the serovar L2
host. This has proved to ably restore all in vitro and in vivo char-
acteristics associated with wild-type nonrecombinant plasmid(+)
C. trachomatisisolates (14). Considering the homogeneous nature
of the plasmid and our present results, C. trachomatis plasmids
appear to be functionally interchangeable within the species.
However, there may be subtle differences that need to be explored
more in depth (40).

These findings should be carried forward to determine if the
same or similar observations can be garnered in other mouse
models (e.g., C. muridarum) and anatomical sites of inoculation
and to assess other putative plasmid-based virulence effectors
such as CDS6 (pgp4) and CDS7 (pgp5) (16, 41). The former ap-
pears to regulate the expression of chromosomal genes and, inter-
estingly, the CDS5 (pgp3) virulence effector we have identified in
the present study. In this regard, we would hypothesize that the
presence of CDS6 (pgp4) would be necessary for virulence in this
model through regulating the expression of CDS5 (pgp3). One

these tissues. Arrows point to areas of mucosal erosion. E, epithelium; L, lumen
of the uterus. (C and D) Mean scores for the parameters of chronic infiltrates
(monocytes and lymphocytes) (C) and acute infiltrates (mostly polymorpho-
nuclear leukocytes) (D) in the cervix, uterus, and oviduct. Asterisks represent
significant differences compared to mice inoculated with L2P~.pGFP:SW2
(P < 0.008; Kruskal-Wallis ANOVA on ranks). No significant difference was
observed between the mice infected with L2P~ and L2P~.pCDS5KO.
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could also envision a scenario in which the accumulation of gly-
cogen, while associated with virulence phenotype, is merely an
association and thus a red herring or, at best, a surrogate marker of
pathogenicity. This assertion is supported by the observation that
although L2P~.pCDS5KO has no such defect in glycogen accu-
mulation (but does have a subtle change in mature inclusion mor-
phology), it was certainly attenuated for infectivity and virulence
in vivo.

As with most technological breakthroughs, the advent of the
chlamydial transformation system has opened a window of op-
portunity and simultaneously generated many more questions
than it has answered. It will be only through carefully planned and
executed experimentation that a detailed dissection of the roles of
plasmid genes can be conducted.
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