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ABSTRACT In response to stress, the obligate intracellular pathogen Chlamydia trachoma-
tis stops dividing and halts its biphasic developmental cycle. The infectious, extracellular
form of this bacterium is highly susceptible to killing by the host immune response, and
by pausing development, Chlamydia can survive in an intracellular, “aberrant” state for
extended periods of time. The relevance of these aberrant forms has long been debated,
and many questions remain concerning how they contribute to the persistence and
pathogenesis of the organism. Using reporter cell lines, fluorescence microscopy, and a
dipeptide labeling strategy, we measured the ability of C. trachomatis to synthesize,
assemble, and degrade peptidoglycan under various aberrance-inducing conditions. We
found that all aberrance-inducing conditions affect chlamydial peptidoglycan and that
some actually halt the biosynthesis pathway early enough to prevent the release of an
immunostimulatory peptidoglycan component, muramyl tripeptide. In addition, utilizing
immunofluorescence and electron microscopy, we determined that the induction of aber-
rance can detrimentally affect the development of the microbe’s pathogenic vacuole (the
inclusion). Taken together, our data indicate that aberrant forms of Chlamydia generated
by different environmental stressors can be sorted into two broad categories based on
their ability to continue releasing peptidoglycan-derived, immunostimulatory muropepti-
des and their ability to secrete effector proteins that are normally expressed at the mid-
and late stages of the microbe’s developmental cycle. Our findings reveal a novel, immu-
noevasive feature inherent to a subset of aberrant chlamydial forms and provide clarity
and context to the numerous persistence mechanisms employed by these ancient, geneti-
cally reduced microbes.

KEYWORDS persistence, immune evasion, pathoadaptation, Chlamydia trachomatis,
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hlamydia trachomatis is the leading cause of infectious blindness and bacterial

sexually transmitted infectious disease, with a hundred million individuals infected
worldwide (1). Over 1.7 million new genital tract infections are reported to the CDC
annually (2, 3). Due to the large number of asymptomatic infections that go unre-
ported each year, estimates place the true number of annual infections in the United
States at closer to 3 million (4). The disease burden falls disproportionately on young
women between the ages of 15 and 24 years, and while infections are treatable, untreated
infections can result in pelvic inflammatory disease, ectopic pregnancy, and infertility in
women and epididymitis or urethritis in men (5).

Chlamydia species utilize a distinctive, biphasic developmental cycle (Fig. 1a), alternating
between a small (=0.5-um), extracellular, infectious form (elementary body [EB]) and a
larger (~1-wm), intracellular, replicative form (reticulate body [RB]). Because each develop-
mental form is highly specialized and can carry out only either the infection or replication
process, preventing the development of either form effectively halts the infection cycle. EBs
are rapidly internalized upon attachment to a host cell and utilize a type Ill secretion (T3S)
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FIG 1 C. trachomatis aberrant body formation results in cell division arrest and pausing of the developmental cycle. (a) Diagram of the Chlamydia
developmental cycle. (b) Volume measurements of C. trachomatis present within inclusions at 24 hpi under untreated and aberrance-inducing conditions.
Data were collected by fluorescence microscopy over three independent experiments. Each data point represents the collective total of contiguous, MOMP-

labeled material (~

100 inclusion measurements taken per group). (c to e) Electron micrographs of Hela cells infected with C. trachomatis at 24 hpi that

were either untreated (c) or treated with AMP (d) or the iron chelator DPP (e). Black arrowheads indicate RBs and ABs, and red arrowheads indicate the
much smaller, electron-dense EBs. Bars, ~2 um. (f to h) Inclusion-forming unit (IFU) counts were conducted at 44 h postinfection/posttreatment (f) and after
recovery in the absence of treatment for an additional 24 h (g) and 48 h (h). The dotted lines represent the assay’s limit of detection. C1, T3SS inhibitor
compound C1; MP265, MreB polymerization inhibitor. Each data point plotted represents data from an independent experiment, and error bars represent

the standard deviations from the means.

system (T3SS) to inject over 150 different effector proteins into the cell’s cytosol. These effec-
tors have a number of diverse activities. They permit the Chlamydia-containing vacuole
(inclusion) to escape the cell's endosomal maturation pathway and lysosomal fusion, inhibit
the host cell from triggering apoptosis, alter the dynamics of the infected cell’s cytoskeletal
proteins, and redirect intracellular vesicle trafficking (6). The expression of these effectors is
highly regulated, and the timing of their expression and secretion largely aligns with their
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function and role in the microbe’s developmental process. Inclusion membrane proteins
(Incs) are one class of effectors that are inserted into the outer leaflet of the inclusion mem-
brane and permit Chlamydia to control the vast majority of vesicle fusion events that occur
within the infected cell as the inclusion enlarges. This allows the microbe to control the over-
all composition of the inclusion and direct its localization, as well as that of several organ-
elles, within the host cell. Within ~8 to 12 h of invading a cell, EBs begin differentiating into
RBs, initiate replication, and begin to divide by a process that is dependent on the synthesis
and turnover of septal peptidoglycan (PG) (7, 8). At roughly 24 h postinfection (hpi), RBs
begin asynchronously converting back into EBs. Chlamydia EBs eventually exit their host cell
by one of two pathways: either (i) the inclusion expands enough to lyse the host cell, expel-
ling the newly formed EBs, or (ii) portions of the inclusion begin to bleb off into the extracel-
lular environment in a process termed extrusion (9).

Researchers have long known of the existence of an additional, nonreplicative form
of Chlamydia that is capable of remaining viable within the inclusion vacuole for
extended periods of time. These forms are referred to as “aberrant bodies” (ABs) and
have been classically distinguished by their enlarged size (~2 to 10 um). Chlamydia AB
formation is the result of cell division inhibition while cell growth continues unabated
(Fig. 1a). Because cell division is required for the bacterium to eventually return to its
infectious form, halting the process also inhibits the production of infectious EBs. This
pause in development is reversible; in most cases, upon removal of the stressor, cell division
resumes, and, eventually, infectious progeny are once again observed. This unusual mor-
phology was noted in early studies investigating the effects of the antibiotic penicillin on in-
tracellular Chlamydia species (10). It was originally proposed that this unique morphology
resulted from the inhibition of the Chlamydia penicillin-binding proteins (PBPs) (the target of
all B-lactam-based antibiotics) that are essential for bacterial cell division (11). Subsequent
studies identified additional stressors that induce Chlamydia AB formation in tissue culture
cells. Examples include the addition of the cytokine interferon gamma (IFN-)) (12), trypto-
phan (13) and iron (14) starvation, heat shock (15), amino acid starvation (16, 17), infection
of monocytes (18) and macrophages (19, 20), coinfection with viruses (21, 22), and a number
of other pressures (23). Aberrant forms have also been observed in vivo (24-26), indicating
that they can develop during infection. This phenotype is not unique to members of the
Chlamydiaceae, as prominent members of the Chlamydiales have recently been shown to ex-
hibit the aberrance phenotype under a number of experimental conditions in vitro (27).

Given their appearance under a wide array of culture conditions, it has been pro-
posed that AB formation results from an underlying stress response pathway that pro-
vides Chlamydia species a level of protection during infection (28). In the context of
pathogenic Chlamydia species, “persistence” has generally been defined as (i) the reversible
inhibition of cell division that results in an interruption of the pathogen’s developmental
cycle and (i) a corresponding increase in bacterial cell size. While the mechanisms of cell di-
vision arrest have been previously investigated in great detail for a number of aberrance-
inducing conditions (29), considerably less effort has been spent on investigating the degree
to which these persistent forms differ in their basic physiologies and their interactions with
host cells. While a few studies have characterized the structural (30), transcriptional (31-33),
and translational (34, 35) regulatory mechanisms underlying AB formation, there continues
to be much speculation and debate concerning the relevance of Chlamydia ABs in vivo and
their contribution to the pathogenesis and persistence of these organisms in human and
animal infections (23, 36-38).

Currently, the defining features of Chlamydia's “persistent state” are (i) the inhibition of
cell division, (ji) cell size enlargement, (jii) the inhibition of EB production, and (iv) the revers-
ibility of the process. In this study, we set out to explore the physiological underpinnings
that define these aberrant forms of Chlamydia and delineate how their structural and func-
tional differences impact the microbe’s interaction with its host cell. We found that two
prominent factors differ between Chlamydia's aberrant forms: (i) the synthesis and turnover
of immunostimulatory peptidoglycan and (i) the presentation of effector proteins on the
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inclusion surface that are associated with the mid- and late stages of the pathogen'’s devel-
opmental cycle.

RESULTS

C. trachomatis aberrant body formation results in cell division arrest and temporarily
pauses the developmental cycle. We began by testing a panel of aberrance-inducing
conditions to determine if the ABs produced met the classical criteria for chlamydial persist-
ence. Seven aberrance-inducing conditions were compared: B-lactam antibiotics (ampicillin
[AMP]), nonionic osmotic stress (induced by sucrose supplementation), MreB inhibition
(induced by the polymerization inhibitor MP265), T3SS inhibition (induced by the T3S inhibi-
tor compound C1), iron depletion (induced by 2,2"-bipyridyl [DPP]), and tryptophan starva-
tion (induced by interferon gamma [IFN-]). At 24 hpi, we fixed and labeled the outer surface
of Chlamydia trachomatis L2 strain 434/Bu under different treatment conditions and con-
ducted an imaging analysis to assess the average volume of microbial material present
within individual inclusions. By 24 h, C. trachomatis inclusions are filled with hundreds of RBs
and EBs and therefore do not provide sufficient resolution for delineating individual RB cell
boundaries by fluorescence microscopy (Fig. 1b, control). Azithromycin inhibits protein syn-
thesis in Chlamydia spp., preventing RB growth and division. The RB volume and diameter in
infected cells treated with azithromycin at 8 hpi were ~0.9 um3 and ~1.2 um, respectively.
These measurements align well with what has been reported previously regarding the aver-
age RB size early in chlamydial development (39), and we used this condition to serve as a
positive control representing the normal RB size in our subsequent analysis. All aberrance-
inducing conditions tested halted or severely limited cell division in C. trachomatis within
24 h; however, we found that the resultant ABs differed dramatically in size (Fig. 1b to e).
AMP induction resulted in the largest AB volumes and average diameters (~50 um?3 and
~5 um, respectively), with the rest of the conditions resulting in ABs with much smaller vol-
umes and average diameters (~5 to 10 um3 and ~1.5 to 3 um, respectively). Examination
of inclusions under different aberrance-inducing conditions by electron microscopy
revealed that small ABs were generally found within small inclusions compared to both
untreated and AMP-treated controls (Fig. 1c to e).

Because cell division and differentiation are linked in Chlamydia species, the inhibi-
tion of cell division results in the halting of the developmental cycle and prevents the
formation of Chlamydia's infectious form. In order to validate that our AB induction
conditions successfully halted EB formation, we lysed infected cells at 44 hpi and
infected new cell monolayers with these lysates. After 24 h, we counted the resultant
inclusions and used them as a readout for the number of infectious EBs resulting from
the previous infection. The majority of aberrance-inducing conditions tested effectively
halted EB production, and few, if any, infectious forms were recoverable after 44 h (Fig. 1f).

While “aberrance” is defined by the absence of cell division and a corresponding increase
in chlamydial cell size, for this morphotype to be defined as “persistence,” the phenotype
must also be reversible. To assess this, we removed the aberrance-inducing medium from
each treatment group and allowed the cells to recover (as described in Materials and
Methods). Under most conditions, we observed a partial recovery of infectious progeny pro-
duction after 24 h (Fig. 1g) and nearly full recovery after 48 h (Fig. 1h). Only C. trachomatis
treated with compound C1 failed to recover to within one log of the untreated control group
within 48 h. Previous studies have found that compounds similar to C1 used as T3SS inhibi-
tors may also function as iron chelators (40, 41), and we hypothesized that this dual function-
ality might explain why C. trachomatis was unable to recover as efficiently under this treat-
ment condition. When exogenous iron sulfate was added to the infection medium
containing compound C1, we observed a partial recovery of infectious progeny, indicating
that C1 may also act as an iron chelator (see Fig. S1 in the supplemental material). Overall,
our observations were largely consistent with those of previous studies (8, 10, 14, 31, 42), and
we concluded that our testing conditions were suitable for inducing persistence in C. tracho-
matis L2 strain 434/Bu.
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FIG 2 Aberrant Chlamydia forms differ in their abilities to synthesize peptidoglycan. (a) The Park nucleotide biosynthesis pathway in Gram-negative
bacteria. Peptidoglycan can be labeled utilizing modified ethynyl-p-alanyl-p-alanine (EDA-DA) (green), which is subsequently incorporated into newly
synthesized stem peptides (7). Alr, alanine racemase; Ddl, p-alanine-p-alanine ligase; MurE, UDP-N-acetylmuramoyl-L-alanyl-p-glutamate-diaminopimelate
ligase; MurF, UDP-N-acetylmuramoyl-tripeptide-p-alanyl-p-alanine ligase. (b and c) Chlamydia-infected cells were grown under a variety of aberrance-
inducing conditions. Peptidoglycan was labeled via click chemistry, and Chlamydia RBs and ABs were visualized utilizing a monoclonal antibody to the
major outer membrane protein (MVOMP) (red). Images are representative of 20 to 30 viewing planes over three independent experiments. ***, P <0.001; ns,

not significant. Bars, ~1 um.

Persistent forms of Chlamydia differ in their capacity to assemble septal
peptidoglycan. Peptidoglycan (PG) is a principal component of the bacterial cell wall
and is essential for maintaining cell shape, regulating osmotic pressure, and constricting
the septum during the last stage of the bacterial division process (43). Recent technical
advances have allowed us to label PG in Chlamydia spp. utilizing a novel dipeptide incor-
poration strategy (7, 44). This labeling is specific for newly synthesized PG (Fig. 2a) as the
incorporation of the probes occurs in living microbes during the initial synthesis of mur-
amyl-pentapeptide in the bacterial cell cytoplasm (45). Previously, we determined that
members of the Chlamydiaceae (pathogenic Chlamydiae) possess PG (7) (Fig. 2b, row 1,
column 1). Whereas other bacterial species, including other members of the Chlamydiales
(46), synthesize PG as a major component of their cell wall, pathogenic Chlamydia species
limit PG to their septum (8), representing a significant reduction in PG abundance in these
microbes and highlighting its importance for chlamydial cell division. As aberrant forms of
Chlamydia no longer divide, we hypothesized that this deficiency was likely due to the in-
hibition of either PG synthesis or assembly.

Our labeling studies revealed that C. trachomatis is still capable of synthesizing PG glycan
chains when subjected to B-lactam antibiotics that induce AB formation; however, PG local-
ization is no longer restricted to a single division septum (Fig. 2b, row 1, column 2) (7, 8). In
contrast, when PG assembly is completely prevented by inhibiting MreB, the major orga-
nizer of the microbe’s division complex (47), no PG labeling is discernible (Fig. 2c, row 1, col-
umn 1) (8). We hypothesized that different inducers of persistence may similarly differ in
whether they cause cell division arrest as a result of deficiencies in either PG assembly or PG
synthesis. To distinguish between these two possibilities, we tested our panel of aberrance-
inducing conditions in conjunction with our PG labeling assay. We found that sucrose-
induced aberrance produced ABs that contained labeled PG in an irregular arrangement
(Fig. 2b, row 1, column 3; Fig. S5), similar to that observed in B-lactam-induced aberrance.
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Conversely, inhibition of the microbe’s T3SS, iron depletion, and tryptophan depletion all
resulted in ABs that lacked detectable PG (Fig. 2¢, row 1, columns 2 to 4). As the mechanism
of action by which this second category of stressors induces aberrance involves the down-
regulation of transcription or posttranscriptional regulation (31-35), we also examined the
effect of azithromycin on the chlamydial PG ring when added at 8 hpi, a time point immedi-
ately following to the EB-to-RB transition (7, 48). This treatment resulted in normal-sized RBs
(~1 to 1.5 um) that completely lacked discernible PG (Fig. 2b, row 1, column 4). Taken to-
gether, these results indicate that all chlamydial ABs examined exhibited alterations in their
PG but that they diverged in terms of whether those changes were in PG localization or
abundance.

Aberrant Chlamydia forms differ in their ability to release PG-derived, immunostim-
ulatory muropeptides. While PG is continuously synthesized during bacterial cell
growth and division, changes in cell size and shape and the constriction of the division plane
also require localized PG degradation. This process results in replicating microbes shedding
PG-derived muropeptides into the environment. In the case of invading pathogens, these
muropeptides are recognizable by a host’s innate immune system, specifically the nucleo-
tide oligomerization domain (NOD) receptors (43). NOD1 recognizes peptides containing a
meso-diaminopimelic acid (mDAP), which is normally present at the third position of the PG
stem peptide in Gram-negative bacteria. NOD1 signaling triggers the production of a num-
ber of host cell cytokines via an NF-kB-dependent pathway, and both NOD1 and NOD2 rec-
ognize intracellular Chlamydia pneumoniae and play an essential role in bacterial clearance
in vivo (49).

As a number of chlamydial ABs appeared to lack detectable PG labeling, we wanted
to eliminate the possibility that PG biosynthesis was still occurring but was simply
being degraded too rapidly to be visualized. We utilized a human NOD?1 reporter cell
line to determine the abundance of PG-derived muropeptides released by C. trachomatis
under three aberrance-inducing conditions thought to be most physiologically relevant to
human infections: B-lactam antibiotics, iron restriction, and IFN-y. As we failed to detect PG
labeling under our iron restriction and IFN-y-induced conditions, we hypothesized that the
block of PG biosynthesis must be earlier in the synthesis pathway than the addition of the
dipeptide probes to the PG stem peptide by the UDP-N-acetylmuramoyl-tripeptide-p-alanyl-
p-alanine ligase (MurF) (Fig. 2a). We found that under AMP-induced aberrance, significant
amounts of NOD1 ligand continued to be released by C. trachomatis at 24 hpi (Fig. 3a),
whereas under iron-depleted conditions (Fig. 3b) and in the presence of IFN-y (Fig. 3c),
NOD1 signaling was significantly reduced. This reduction was specific for Chlamydia-infected
cells, as interferon and iron depletion had no discernible effect on NOD1 signaling induced
by the NOD-stimulatory ligand -Ala-y-p-Glu-mDAP (TriDAP). No significant signal was
observed in the Null1 cell line (which contains an empty expression vector) under any of the
conditions tested (Fig. 3a to ¢), indicating that NF-kB expression was NOD1 specific. When
combined with PG-targeting antibiotics (AMP), iron depletion continued to exhibit a com-
plete loss of NOD1 signaling (Fig. 3a), indicating that the PG synthesis inhibition phenotype
is dominant under the conditions tested. This result indicates that the block on PG biosyn-
thesis under iron/tryptophan depletion conditions occurs prior to the synthesis of muramyl
tripeptide. Taken together, these results indicate that chlamydial ABs induced by penicillin-
derived antibiotics and iron/tryptophan starvation differ in their capacities to synthesize,
assemble, and subsequently shed immunostimulatory, PG-derived muropeptides. The inabil-
ity to detect muramyl tripeptide in infected cells under iron/tryptophan depletion conditions
also indicates that PG biosynthesis is inhibited prior to the addition of mDAP to the PG stem
peptide by the chlamydial UDP-N-acetylmuramoyl-L-alanyl-p-glutamate-diaminopimelate
ligase, MurE (50).

The timing of persistence induction directly affects Chlamydia morphology and
PG-derived muropeptide release. During active infections, C. trachomatis develops
asynchronously, with infected cells in close proximity often containing bacteria in completely
different stages of the pathogen’s developmental cycle. The ability of C. trachomatis to form
enlarged, aberrant bodies is largely dependent on when induction conditions are intro-
duced during the chlamydial developmental cycle. Previous studies have used fast-acting,
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FIG 3 Aberrant Chlamydia forms differ in their abilities to synthesize immunostimulatory peptidoglycan.
A HEK hNOD?1 SEAP reporter cell line was utilized to quantify the relative abundances of PG shed when
cells were infected with C. trachomatis in the presence of ampicillin (AMP) (a), the iron chelator DPP (a
and b), and interferon gamma (IFN) (c). TriDAP was used in each experiment as a positive control for
NOD1 signaling, and the Null1 cell line was used as a negative control. Data presented are the means
from three independent biological replicates, and error bars represent standard deviations from the
means. **, P < 0.005; ns, not significant.

aberrance-inducing compounds to investigate how persistence induction affects C. trachoma-
tis at different stages of its development. For example, when MreB is inhibited prior to the EB-
to-RB transition, development completely halts, and very few EBs successfully transition to RBs
(8). Similar results have been reported when protein synthesis is inhibited prior to the EB-to-RB
transition, and protein synthesis is known to be globally affected by aberrance induction
under iron restriction (35). To determine whether this is the case for other aberrance-inducing
conditions, we examined the effect that individual aberrance inducers had on chlamydial mor-
phology when added at different time points in the developmental cycle. We added the fast-
acting T3SS inhibitor C1 at key points throughout the developmental cycle of C. trachomatis: 2
hpi (immediately after invasion), 8 hpi (EB-to-RB transition), and 22 hpi (RBs undergoing active
cell division). We found that compound C1 exhibited a phenotype similar to those of the
MreB-inhibiting compounds A22 and MP265: when it was added prior to the EB-to-RB transi-
tion (at 2 hpi), only PG-negative, EB-sized particles were observable in infected cell monolayers
at 24 hpi (Fig. 4b), and when it was added just after the EB-to-RB transition (8 hpi), enlarged
ABs that lacked discernible PG were observed (Fig. 4c).

Unlike a PG sacculus that largely retains its form when PG synthesis is inhibited, septal
PG in Chlamydia species is more transient and begins to degrade within minutes of
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FIG 4 The presence of PG and differences in cell/inclusion size are dependent on the timing of persistence induction. (a) Chlamydia-infected Hela cells
were grown in the presence of the PG-labeling reagent EDA-DA for 24 h. (b to d) Persistence was induced with the T3SS inhibitor compound C1 at 2 hpi
(b), 8 hpi (c), and 22 hpi (d). (e to g) Enhanced/magnified regions of interest from panel d. Arrowheads indicate discernible breaks in the RB PG rings.

Images are representative of 20 to 30 viewing planes over three separate and independent experiments. Bars, ~1 um.

inhibiting PG synthesis (8). Given the absence of PG in the majority of ABs examined (Fig. 2)
and the lack of immunostimulatory muropeptides released into host cells (Fig. 3), we postu-
lated that induction of aberrance in Chlamydia likely affects PG biosynthesis. We sought to
test this by inducing aberrance with compound C1 for a short, 2-h duration later in the de-
velopmental cycle (at 22 hpi) and subsequently examined the effects on PG localization. We
found that 2-h-treated RBs appeared large and exhibited a swollen morphology compared
to untreated controls (Fig. 4d). PG was discernible, but the labeling intensity appeared to be
significantly reduced. A closer examination of individual ABs revealed the presence of
incomplete PG rings that appeared to be undergoing degradation (Fig. 4e to g), matching
previous observations with the MreB inhibitors (8). These data largely support our previous
conclusion that PG synthesis and degradation pathways are decoupled in C. trachomatis
and also indicate that during persistence induced by T3S inhibition, PG degradation contin-
ues despite a halt in PG biosynthesis.

We hypothesized that if chlamydial persistence halts new PG biosynthesis but does
not stop PG degradation, then RBs that transition to aberrant forms later in develop-
ment will actively degrade and shed their PG in a time-dependent manner. Inhibition
of protein synthesis has been previously shown to prevent PG biosynthesis in C. tracho-
matis (51), and iron sequestration has previously been linked to a general reduction of
translation in C. trachomatis (35). Therefore, we hypothesized that iron restriction likely
prevents PG biosynthesis in C. trachomatis. To examine the temporal kinetics of PG
muropeptide release under aberrance-inducing conditions, we compared NOD1 signal-
ing in Chlamydia-infected cells in which persistence via iron depletion was induced at
different time points throughout the developmental cycle. We found that the earlier in
the developmental cycle that DPP was added to the infected cells, the greater the
decrease in Chlamydia-specific NOD1 signaling (Fig. S2). No discernible difference was
observed between untreated cells and those treated at 12 and 16 hpi, indicating that
the abundance of immunostimulatory peptides present at 12 hpi was sufficient to
effectively saturate the assay’s upper detection limit. In comparison, the timing of ex-
posure with the immunostimulatory ligand for cells treated with exogenous TriDAP
appeared to have no effect on NOD1 signaling (Fig. S2). Taken together, these results
indicate that some persistence induction conditions inhibit the synthesis of chlamydial
PG in a time-dependent manner but do not inhibit PG degradation.
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Persistent forms of Chlamydia differ in the presentation of mid- and late-stage
effector proteins. Chlamydia maturation is temporally regulated, and Inc proteins are
secreted and integrate into the inclusion membrane at different time points during the
pathogen’s development. Secreted effectors are categorized into three general groups
that fit into different phases of the developmental cycle: early, mid, and late (31, 52).
As an inclusion “matures,” it gradually accumulates newly secreted Inc proteins, which
results in a change of the overall composition of the inclusion membrane. Many of these
early- and mid-stage Inc proteins are involved in redirecting exocytic vesicles to the inclu-
sion, enabling it to steadily enlarge over time (6). We reasoned that an interruption in the
inclusion maturation pathway could explain the reduction in the inclusion size that we previ-
ously observed under various persistence-inducing conditions (Fig. 1b to e). To test this hy-
pothesis, we selected four Inc proteins that are expressed and secreted at different times
during inclusion development (52). ct229 and incG are expressed early in development, with
peak expression at 2 and 12 hpi, respectively. incA is expressed closer to the midway point
in the inclusion maturation pathway, with peak expression at ~20 hpi, and ct873 is a late-
stage effector whose expression peaks at ~30 hpi. Using polyclonal antibodies to each of
these four Inc proteins, we examined whether they were present or absent on the inclusion
membranes in Chlamydia-infected cells under different aberrance-inducing conditions. We
found that CT229 was present under all conditions tested (Fig. S3a), whereas IncG was pres-
ent on AMP- and sucrose-treated cells and, to a lesser degree, on cells treated with the iron
chelator DPP (Fig. S3b). IncA and CT813 were present on inclusions only in the control and
AMP- and sucrose-treated groups, and all other conditions resulted in no discernible labeling
(Fig. S4a and b). When combined with our inclusion size (Fig. 1b) and PG labeling (Fig. 2b
and ¢) data, imaging analysis suggests that a strong correlation exists between inclusion
maturation and size and PG biosynthesis in persistent forms of C. trachomatis.

Persistent forms of Chlamydia exhibit differences in their abilities to undergo
homotypic fusion and induce actin cage formation. Given the differences in Inc pre-
sentation that we observed on the inclusion membranes of different persistent forms
of C. trachomatis, we hypothesized that persistent forms also differ in their interactions
with host cells, particularly interactions that occur at later stages of development. A
Chlamydia inclusion will traffic to the microtubule-organizing center (MTOC) of a host
cell relatively early in development (within 4 to 5 hpi) in a process dependent on
dynein and chlamydial protein synthesis (53). As this process occurs early in development,
we predicted that it would not be adversely affected by the induction of aberrance because
the relevant effector proteins would have already been generated and secreted. Supporting
this premise, we found that under all of the aberrance-inducing conditions tested, all inclu-
sions were capable of successfully trafficking to the cell nucleus (Fig. S5a).

In contrast to trafficking to the MTOC, homotypic vesicle fusion of C. trachomatis
inclusions within a single cell occurs later in the developmental cycle and is mediated
by the secreted effector protein IncA (54). Therefore, we hypothesized that in cells
infected at an increased multiplicity of infection (MOI), inclusions exposed to aber-
rance-inducing conditions with discernible labeling of IncA (Fig. 5a) should successfully
undergo homotypic fusion, resulting in fewer inclusions per cell, while those lacking
discernible labeling of IncA should exhibit higher numbers of inclusions per cell. We
found that in cells infected at an MOI of 10:1, DPP-treated cells contained higher num-
bers of inclusions per cell than untreated and AMP-treated cells (Fig. 5b). We also
noted that despite containing more inclusions per cell, these inclusions still appeared
to congregate in the same area of the cell (Fig. 5¢), further supporting the premise that
early developmental processes such as inclusion trafficking to the MTOC are retained
by these persistent forms. Despite being in proximity, inclusions in DPP-treated cells
appeared to be incapable of fusion, in line with the observed absence of IncA (Fig. 5a).

Actin rearrangement is important for maintaining the integrity of the chlamydial
inclusion (55) as well as enabling Chlamydia to eventually exit the host cell (56). During
normal chlamydial development, actin recruitment around the chlamydial inclusion is
directly mediated by the late-stage effector protein CT813 (57). The recruitment of actin to
the inclusion begins at around 20 hpi and continues to increase as the chlamydial inclusion
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FIG 5 Chlamydia ABs differ in their presentation of the mid-stage inclusion membrane protein IncA. Hela cells were infected
at an MOI of 1. Cells were either left untreated or treated with various aberrance inducers, and cells under all conditions were
fixed at 24 hpi. Immunolabeling was conducted for IncA as well as MOMP. (a) Ampicillin (AMP) and DPP treatments. See Fig.
S4 in the supplemental material for the rest of the conditions. Images are representative of between 10 and 20 inclusions
observed under each condition, and the experiment was carried out three times. (b) To assess the fusogenic potential of
inclusions under aberrance induction, HelLa cells were infected at an MOI of 10, fixed at 24 hpi, and labeled for CT229.
Inclusions present per cell were measured by counting cell and inclusion numbers across 10 random imaging planes under
each condition (untreated, AMP treatment, and DPP treatment). Data points represent average values of the numbers of
inclusions per cell per imaging plane examined with 10 imaging planes under each condition. The assay was carried out at
least twice under each condition tested. Lines represent mean values for all data points under each condition, and error bars
represent standard deviations. **, P < 0.005; ns, not significant. (c) Representative images from the analysis of fusogenic and
nonfusogenic inclusions. The rightmost panels are magnifications of the boxed areas. Bars, ~2 um.
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FIG 6 Chlamydia ABs differ in their presentations of the late-stage inclusion membrane protein CT813. Hela cells were
infected at an MOI of 1. At 2 hpi, cells were either left untreated or treated with various aberrance inducers, and cells under
all conditions were fixed at 24 hpi. Immunolabeling was conducted for the inclusion membrane protein CT813 as well as
MOMP. (a) Ampicillin (AMP) and DPP treatments. See Fig. S4 in the supplemental material for the rest of the conditions. Bars,
~2 um. Images are representative of between 10 and 20 inclusions observed under each condition over the course of three
separate experiments. To assess actin cage formation, HeLa cells were infected at an MOI of 1, fixed at 46 hpi, and labeled for
MOMP and phalloidin. (b) AMP and DPP treatments. The rightmost panels are magnifications of the boxed areas. The
remaining aberrance-inducing conditions are presented in Fig. S5 in the supplemental material. Images are representative of
20 fields of view under each condition examined over three separate experiments. Bars, ~5um.

matures (56). As we observed an absence of CT813 labeling in a number of chlamydial ABs,
we hypothesized that these inclusions should be defective in their ability to recruit actin. We
found that actin cage formation roughly corresponded to that in our CT813 imaging study
(Fig. 6a; Fig. S5b) in that actin cages were observed only in untreated and AMP-treated cells
(Fig. 6b; Fig. S5b). Taken together, these results indicate that while all Chlamydia ABs are
effectively paused in the developmental cycle, only a subset of ABs also paused the matura-
tion of the chlamydial inclusion.
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FIG 7 Iron-depletion-induced persistence enhances the susceptibility of C. trachomatis to azithromycin
treatment. Subinhibitory doses of azithromycin (AZM) were added to Chlamydia-infected cells (18 hpi)
either alone or following the addition of 10 xg/ml ampicillin (AMP) or 100 uM the iron chelator DPP at
the time of infection. EBs were harvested at 44 hpi from treated cells, or cells were washed and
Chlamydia cells were allowed to recover for an additional 48h. Inclusion-forming units (IFU) were then
calculated by conducting serial dilutions, infecting fresh monolayers, and counting new inclusions at 24
hpi. The dotted line represents the limit of detection for the assay. Data were gathered over three
separate experiments, the data plotted represent the results of three independent biological replicates,
and error bars represent the standard deviations from the means. **, P< 0.01.

Iron-depletion-induced persistence enhances the susceptibility of C. trachomatis to
azithromycin treatment. “Persistence” is often used to describe a general survival mecha-
nism by which pathogens avoid clearance by a host, but it is also frequently used to describe
a mechanism to avoid killing by antibiotic treatment. We sought to determine whether C. tra-
chomatis ABs are protected against treatment with azithromycin, a frontline antibiotic com-
monly used to treat human chlamydial infections (58). We found that viable EBs were recover-
able from the subinhibitory azithromycin treatment group, while treatment with AMP or DPP
induced aberrance and prevented EB formation (Fig. 7). Interestingly, we successfully recov-
ered EBs in the AMP/azithromycin-treated group after recovery but were unable to detect via-
ble EBs in the DPP/azithromycin-treated group after recovery (Fig. 7). These results indicate
that iron-depletion-induced persistence enhances the susceptibility of C. trachomatis to killing
by azithromycin, while AMP-induced persistence does not.

DISCUSSION

For decades, researchers have debated whether aberrant forms of Chlamydia play
any role during active infections. Because these forms have been defined solely by
their enlarged size and inability to divide and produce infectious progeny, discussion
concerning how they could potentially benefit the pathogen in vivo has been largely
restricted to these phenotypes. Recent studies have demonstrated that aberrant
Chlamydia bacteria differ in their transcriptional (31, 32) and translational (34) profiles.
The investigation of aberrance in Chlamydia-related bacteria has also provided evi-
dence that this phenotype transcends the human and zoonotic pathogens (the
Chlamydiales) and likely is important for many other members of the Chlamydiae phy-
lum (27). However, very little is known about the underlying physiology of chlamydial
ABs and the degree to which they differ in their interactions with the microbe’s intra-
cellular niche. Our results indicate that persistent forms of C. trachomatis differ
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FIG 8 Persistence halts the Chlamydia developmental cycle while simultaneously altering bacteria-host cell interactions. The induction of persistence in response to
a cell's innate response to infection results in C. trachomatis significantly reducing the synthesis and shedding of immunostimulatory peptidoglycan (green) while
concurrently minimizing the deleterious reorganization of host cell processes. This is not the case when C. trachomatis-infected cells are treated with peptidoglycan-
targeting antibiotics or exposed to osmotic shock. We propose that inducing persistence prior to mid-stage development (dotted line) allows C. trachomatis to
remain intracellular and escape clearance by the cell-mediated immune response for extended periods of time.

significantly in their interactions with host cells as a result of disparities in PG biosyn-
thesis and the secretion of mid- and late-stage effector proteins (Fig. 8). In addition,
our data also challenge the notion that bacterial cell enlargement is a prerequisite for
persistence in C. trachomatis, as many of our treatment conditions did not result in a
statistically significant increase in the average size of intracellular C. trachomatis.

In the presence of B-lactam antibiotics, actively growing bacterial cells are highly
susceptible to cell lysis as a result of the weakening of their cell walls and the inherent
osmotic pressure differential across their cell membranes (59). Chlamydia species re-
side within an osmotically stable intracellular environment that protects them from the
bactericidal effects of PG-targeting antibiotics. Inhibitors of MreB, a cytoskeletal protein
that is the major organizer of the chlamydial division complex and directs septal PG
synthesis, also induces aberrance in C. trachomatis (47). Iron depletion via chelators
such as DPP induced aberrance in Chlamydia species through the downregulation of
translation and T3SS function (35). In primate-derived cell lines, IFN-y induction in
response to intracellular pathogens results in the expression of the enzyme indole-
amine deoxygenase (IDO), which effectively depletes cellular pools of tryptophan (60).
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Numerous studies have demonstrated the importance of IFN-y in fighting/clearing
Chlamydia infections (61-64). Tryptophan depletion significantly alters protein expres-
sion in a number of Chlamydia spp. and also results in the induction of aberrant bodies
(31). It has also been suggested that these aberrant forms may also lower Chlamydia's
sensitivity to frontline antibiotics. There are numerous reports of Chlamydia-infected
patients exhibiting antibiotic treatment failures despite the demonstrated absence of
any known resistance genes being carried by the pathogen (65, 66).

When Chlamydia species are exposed to PG-targeting antibiotics such as B-lactams,
p-cycloserine, and fosmidomycin, the synthesis of PG precursors continues, but the
completion of PG assembly is inhibited (7, 8, 51, 67). This counterintuitive result was
clarified when researchers determined that bacteria respond to PG-induced stress by
continuing to degrade and resynthesize peptidoglycan (68). We now report that non-
ionic osmotic stress also appears to inhibit chlamydial cell division in a similar fashion.
However, the greater novelty inherent to this work is that for all of the other aber-
rance-inducing conditions that we examined, both PG assembly and synthesis
appeared to be inhibited, while PG degradation continued unabated. PG degradation
is largely carried out by two major enzymatic activities, amidase activity and lytic trans-
glycosylase activity, and both have been successfully characterized in Chlamydia spe-
cies (69, 70). Changes in the transcription of PG-processing enzymes, such as the chla-
mydial amidase (encoded by amiA) and the PG synthase (encoded by ftsW), have been
shown to occur during IFN-y-induced persistence (31), hinting at one potential regula-
tory pathway underlying this phenotype. However, given previous studies linking per-
sistence to a global downregulation of genes essential for protein synthesis (35) and
our data indicating that (i) persistence enhances susceptibility to protein synthesis
inhibitors and (ii) protein synthesis inhibition directly results in the disappearance of
the PG ring, PG degradation in aberrant C. trachomatis may occur as a result of a reduc-
tion in protein synthesis. Future studies comparing the relative half-lives and activities
of PG biosynthesis and degradation enzymes in Chlamydia species will bring some
clarity on this point. Another possibility is that differences in the ability to replicate
DNA between aberrance-inducing conditions could account for the observed differen-
ces in PG synthesis and release. A recent study established that a breakdown in ge-
nome replication in C. trachomatis results in the disruption of PG biosynthesis (71).
While genome replication has been shown to proceed under some persistence-induc-
ing conditions (72, 73), it is frequently delayed compared to untreated controls (32,
74). PG-dependent septum formation is regulated by nucleoid occlusion in a number
of bacterial species (75-78), and the inability of C. trachomatis to properly complete
replication or the segregation of its chromosomes during persistence could potentially
explain the absence of a PG septum during persistence.

We previously hypothesized that reduced utilization of PG in Chlamydia spp. also
reduces the generation of immunostimulatory, PG-derived muropeptides, conferring a
pathoadaptive advantage (7). In support of this theory, a rudimentary PG-recycling
pathway has recently been characterized in C. trachomatis, which the microbe utilizes
to limit the shedding of PG-derived immunostimulatory peptides (79). Our finding that
persistence induction results in the inhibition of PG synthesis also supports this basic
premise, as limiting the production and release of immunostimulatory muropeptides
during active infection would likely be beneficial to these organisms. PG signaling
through NOD1 is a large contributor to the overall interleukin-8 (IL-8) response to C.
trachomatis (80). IL-8 is the most highly induced inflammatory cytokine and a major
driver of inflammation during C. trachomatis, C. muridarum, and C. pneumoniae infec-
tions (81, 82). IL-8 transcript levels are significantly upregulated at ~15 hpi, and this
upregulation is dependent on chlamydial protein synthesis (83). Interestingly, this tim-
ing roughly correlates with the time points at which we see PG-induced NODT1 signal-
ing peak in our in vitro experiments, suggesting that PG production by C. trachomatis
is likely driving this signaling cascade. Although DPP-induced iron starvation can affect
host cell processes (35), it does not appear to significantly alter NOD1 signaling activity
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(as indicated by our positive control in Fig. 3b). It is also possible that additional altera-
tions in cell-microbe interactions are affected, which may indirectly affect Chlamydia
growth and, thereby, peptidoglycan biosynthesis.

We found that a number of aberrance-inducing conditions resulted in inclusions
lacking mid- and late-stage Inc proteins on their membranes and that this appeared to
correlate with the above-described PG synthesis phenotype. PG-positive ABs were
present in larger, mature inclusions containing all four Inc proteins, and PG-negative
ABs were housed in smaller, immature inclusions that lacked mid- and late-stage Incs
in their inclusion membranes. These data strongly suggest that these mid- and late-
stage T3S effectors are either not being produced or are not being secreted, under
these aberrance-inducing conditions. Previous studies have reported that inhibitors of
the chlamydial T3SS prevent the presentation of various inclusion membrane proteins
(such as IncA and CT813) on the inclusion surface and result in Chlamydia exhibiting a
swollen, aberrant-like morphology (42, 84). These inclusions were also significantly
smaller than those of untreated controls, indicating that they fail to undergo the nor-
mal maturation process associated with chlamydial development (8).

Our observations take on additional significance when the functions of the Inc pro-
teins examined in this study are fully considered. CT229 is expressed early in chlamyd-
ial development and aids in the formation and maintenance of the inclusion by recruit-
ing and binding several Rab GTPases that alter host vesicular trafficking, thus enabling
C. trachomatis to avoid the host cell surveillance and suicide programs (85-88).
Chlamydia inclusions that lack CT229 lyse prematurely during development, resulting
in host cell death (89). IncG functions by binding with the 14-3-3 8 protein (90) and is
thought to interact directly with lipid droplets and recruit them to the growing chla-
mydial inclusion (6). IncA enables homotypic vesicle fusion of adjoining Chlamydia
inclusions, an event that significantly enhances chlamydial development (54). Actin
recruitment to the inclusion is mediated directly by CT813; CT813 recruits ARF1 and
ARF4 to the inclusion membrane, which are essential for repositioning Golgi complex
fragments around the inclusion (91, 92). As CT813 is not present on inclusions whose
maturation processes have been paused early in development, it is likely that host cell
actin and Golgi complexes remain in their original, unaltered states. It is currently
unclear whether the absence of CT813 on inclusions is beneficial to infected host cells
or provides additional immunoevasive benefit to persistent chlamydial forms. While
only four inclusion membrane proteins were examined in this study, we suspect that
our results are representative of T3S effectors as a whole and that aberrance induction
halts inclusion maturation.

Assuming that Chlamydia's aberrant forms enhance persistence in vivo by lowering
its immunogenic profile, it follows that the timing of persistence induction is likely criti-
cal. Chlamydia begins synthesizing PG upon transitioning to the replicative form. The
longer the microbe’s developmental cycle proceeds, the greater the number of RBs
produced and the higher the concentration of muropeptides that will accumulate in
infected cells. As chlamydial development is not synchronized between cells during
active infections, aberrance induction likely occurs at various stages of the develop-
mental cycle (Fig. 9). We postulate that the time at which C. trachomatis pauses its de-
velopmental cycle is likely what determines an individual bacterium’s fate. Because
persistence induction pauses T3S (either directly or indirectly), halting the develop-
mental cycle too early would prevent the secretion of early effector proteins essential
for host cell invasion, resulting in either apoptosis or targeting of immature inclusions
to lysosomes, where they are subsequently destroyed. Conversely, if persistence is
induced late in infection, RB replication and shedding of PG prior to AB formation will
have already resulted in NOD1 signaling, IL-8 secretion, and targeting of infected cells
by the cell-mediated immune response. Under this principle, if development is instead
halted at a midway point in development, between 8 and 12 hpi, theoretically, the
inclusion would be relatively stable within a host cell and sufficiently removed from
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FIG 9 Modeling chlamydial persistence in the context of infection. For stress conditions that do not affect PG synthesis and inclusion maturation (AMP and
sucrose), C. trachomatis benefits from remaining intracellular but eventually will be targeted by cell-mediated killing mechanisms. Under stress conditions
that halt PG synthesis and inclusion maturation (DPP, C1, and IFN-y), the timing of induction directly affects the pathogen’s survival. If aberrance is induced
early, prior to the establishment of the inclusion and the secretion of antiapoptotic factors, the microbe will be eradicated by either lysosomal fusion or
host cell apoptosis. If aberrance is induced late in development, host cell processes such as chromosomal segregation and actin remodeling will be
irreversibly affected, and immunostimulatory PG release will result in cytokine production, leading to cell-mediated killing. In this persistence model,
Chlamydia survival is maximized when aberrance is induced subsequent to the host cell’s intracellular defenses being overcome but prior to the initiation

of a cytokine-induced, innate immune response.

the endocytic pathway while also limiting the release of immunostimulatory PG muro-
peptides and the subsequent targeting of the host cell for cell-mediated killing.

There has been much debate as to whether Chlamydia’s aberrant state provides a
level of protection against antibiotic treatment. Treatment failures have continued to
increase over the last 2 decades (93), and genetic analysis of the genomes from clinical
samples indicates that the acquisition of canonical antibiotic resistance mechanisms is
not occurring (94). We found that the susceptibility of C. trachomatis to azithromycin
was enhanced by iron depletion, indicating that this aberrance mechanism does not
appear to confer protection. A major mechanism for persistence induction is thought
to be the downregulation of protein synthesis (35), and it logically follows that the
effect of a subinhibitory dose of a protein synthesis inhibitor (azithromycin) under
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these conditions would be additive, resulting in a lethal phenotype. Our findings are
consistent with those of a previous study that examined the effects of subinhibitory
concentrations of azithromycin on chlamydial development. Researchers found that C.
trachomatis is more resistant to killing by low doses of azithromycin if it is allowed to
first enter the mid-stage of its developmental cycle (95). These data largely fit our time-
dependent model, which illustrates how mid-stage persistence may be selectively ad-
vantageous in vivo, with C. trachomatis exhibiting the highest tolerance to aberrance-
inducing conditions at a midway point in its development.

As only a few observational studies have reported the presence of ABs in vivo, these
reports have been viewed with a healthy degree of skepticism. The consensus within
the field has been that chlamydial ABs represent rare, dead-end morphotypes that are
likely cleared rapidly by the cell's natural defenses or by the host’s innate immune
response. However, our results offer alternative propositions: (i) that ABs exist in much
smaller inclusions, making them more difficult to identify by conventional screening
approaches in vivo; (i) that ABs resist killing by host cell apoptosis and the endosomal
maturation pathway because they retain early Inc proteins in their inclusion mem-
brane; and (iii) that ABs inhibit PG biosynthesis prior to incorporating mDAP into the
PG stem peptide and subsequently fail to release NOD1-stimulating muropeptides into
the host cell, thus limiting the recruitment of innate and cellular defenses. As NOD1/
NF-kB-mediated IL-8 signaling is a hallmark of the immune response to chlamydial
infections, the prevention of this signaling pathway by persistent forms of Chlamydia
inhibiting PG synthesis likely enables the pathogen to mask itself from the host's
response to infection. We propose that these findings offer a significant, biologically
relevant purpose for ABs during Chlamydia infections and link the persistent state with
enhanced evasion of both extracellular and intracellular host defenses. Future exami-
nations of PG and Inc protein abundance and localization in tissue specimens will be
needed to definitively demonstrate the importance of persistent forms in the pathoge-
nesis of Chlamydia species.

MATERIALS AND METHODS

Bacterial strains and cell lines. C. trachomatis serovar L2 strain 434/Bu was provided by Anthony
Maurelli (University of Florida). Chlamydial infections were carried out in Hela cells (also provided by
Anthony Maurelli) unless otherwise noted. HEK-Blue-hNOD1 and -Null1 cells were purchased from
InvivoGen and propagated according to the manufacturer’s instructions. Cell lines were passaged in
high-glucose Dulbecco’s modified Eagle medium (DMEM; Gibco) and 10% fetal bovine serum (FBS;
HyClone).

Chlamydial infections. Hela cells were plated on a glass coverslip in 24-well tissue culture-treated
plate wells (Costar) at a confluence of ~70 to 80%. Cells were infected with C. trachomatis L2 434/Bu in
cold DMEM (Gibco) (250 ul per well) and placed on a rocker in a 37°C tissue culture for 2h.
Subsequently, DMEM was removed and replaced with DMEM supplemented with 10% FBS (HyClone)
and 1x minimal essential medium (MEM) nonessential amino acid solution (Sigma) (250 ul per well).
The following aberrance-inducing conditions were tested in this study: 50 U IFN-y, 100 «M DPP (iron che-
lator), 10 uM ampicillin, 6 to 8% sucrose, 50 uM C1 (T3SS inhibitor), and 125 M MP265 (polymerization
inhibitor of the bacterial cytoskeletal protein MreB). The concentration of azithromycin used was 3 ug/
ml. IFN-yand DPP were added at the time of infection. Ampicillin and sucrose were added at 2 hpi, while
C1, azithromycin, or MP265 was added at 8 hpi, following the EB-to-RB conversion.

Analysis of the total bacterial volume within individual inclusions. Volumetric measurements
were performed by utilizing an immunolabeling/fluorescence approach. Infected cells were either left
untreated or subjected to aberrance-inducing conditions for 24 h. Cells were fixed and permeabilized
with methanol for 5 min, gently washed three times with 1x phosphate-buffered saline (PBS), further
permeabilized with 0.5% Triton X-100 for an additional 5 min, and subsequently washed three times
with 1x PBS. To prevent nonspecific binding, cells were blocked for 1 h with 3% bovine serum albumin
(BSA) (Sigma), subsequently labeled with goat anti-major outer membrane protein (MOMP) (1:500 dilu-
tion in 3% BSA) for 1h, washed with 3% BSA, and incubated with donkey anti-goat Alexa Fluor 594
(1:2,000 in 3% BSA). Cells were washed with a solution containing 3% BSA and 1x PBS, and coverslips
were subsequently mounted on slides with ProLong gold antifade mounting medium and stored in the
dark at 4°C until imaged via confocal microscopy. All confocal imaging was conducted with a Zeiss 710
laser scanning microscope, confocal z-stacks were taken using the 40x objective, and all processing was
conducted using Zen 2012 software (Carl Zeiss). Settings were fixed at the beginning of image acquisi-
tion, and the same parameters were applied for collection and postprocessing of all images taken.
Image) was used for all subsequent image analyses utilizing the Fiji add-on “3D Objects Counter” to
identify the 3-dimensional spatial constraints of individual Chlamydia inclusions based on positive
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MOMP labeling and calculate their corresponding volumes in cubic micrometers. Statistical significance
values were calculated utilizing one-way analysis of variance (ANOVA) coupled with a multiple-compari-
son test, with each condition being compared with the azithromycin treatment group. RB diameters
were calculated using radius values derived from the RB volumes, with the assumption that C. trachoma-
tis RBs and ABs are spherical: d=2r=2[3(V/47)"?)].

Quantification of inclusion-forming units (IFU). Chlamydia EBs were mechanically harvested at 44 hpi
with glass beads at the indicated time points, suspended in 200 ul of 1x sucrose-phosphate-glutamate (SPG),
and stored at —80°C. For recovery assays, at 44 hpi, cells were washed with cold DMEM and replaced with
DMEM supplemented with 10% FBS (HyClone) and 1x MEM nonessential amino acid solution (Sigma) for an
additional 24 or 48 h prior to EB harvests. To ascertain infectious titers, EBs were serially diluted and used to
infect Hela cells that had been plated 24 h prior (200 | of 200,000 cells/ml per well seeded in a 96-well plate)
in technical duplicates. Plates were centrifuged for 1h at 2,000 x g at 35°C to enhance synchronous infection.
At 24 hpi, cells were fixed and permeabilized with methanol for 10 min, incubated with a Pathfinder direct
flourescent antigen (DFA) kit (Bio-Rad) for 30 min, and washed twice with 1x PBS. Ninety-five-percent glycerol
was placed in each well, and inclusions were subsequently counted via epifluorescence microscopy. Twenty
fields of view were counted in duplicate under each treatment condition.

Fluorescence labeling of PG, cell nuclei, actin filaments, and inclusion membrane proteins. PG
labeling was carried out as previously described (7, 8). Briefly, HeLa cells were infected with C. trachoma-
tis L2 434/Bu as described above, with T mM EDA-DA probe added to the infection medium at 2 hpi. At
24 hpi, infection medium was removed, and cells were washed three times with 1x PBS. Cells were fixed
and permeabilized with methanol for 5 min and gently washed three times with 1x PBS. Cells were
then further permeabilized and blocked as described above. A click chemistry reaction was then per-
formed utilizing the Click-iT cell reaction buffer kit (Invitrogen) and Alexa Fluor 488-azide (10 wM).
Subsequent MOMP labeling was then conducted, as described above. For labeling inclusion membrane
proteins, fixed/permeabilized cells were incubated for 1 h with polyclonal mouse or rabbit serum raised
against the inclusion membrane protein IncA, CT229, CT813, or IncG. Cells were then washed with 3%
BSA and incubated with donkey anti-mouse or donkey anti-rabbit Alexa Fluor 488 (1:1,000 in 3% BSA).
For visualizing cell nuclei, methanol-fixed and permeabilized cells were incubated with Hoechst stain for
3 min and then washed with 3% BSA and 1x PBS. For labeling host cell actin, at 46 hpi, cells were fixed
with 3.7% paraformaldehyde for 15 min at room temperature and subsequently washed with 1x PBS.
Cells were then permeabilized with 0.01% Triton X-100 for 25 min and subsequently washed twice with
1x PBS. Cells were then blocked for 1 h with 1% BSA and incubated with Alexa Fluor 488 phalloidin (cat-
alog number A12379; Thermo Fisher Scientific) that was prepared in methanol as described by the man-
ufacturer to a final concentration of 1x for 1h, before washing labeled cells with 1% BSA and PBS. All
coverslips were mounted on slides with ProLong gold antifade mounting medium and stored in the
dark at 4°C prior to imaging via confocal (Zeiss 710) or structured-illumination (Elyra PS.1) microscopy.

Homotypic fusion assay. Hela cells were infected with C. trachomatis L2 434/Bu at an MOI of 10,
and infections were allowed to proceed normally or in the presence of either AMP or DPP. At 24 hpi, infection
medium was removed, and cells were washed, fixed, and labeled, as described above. Cells were incubated
with goat anti-MOMP and polyclonal rabbit anti-CT229 for 1 h, washed with 3% BSA, and coincubated with
chicken anti-goat Alexa Fluor 594 and donkey anti-rabbit Alexa Fluor 488 before being washed, and coverslips
were mounted on slides with ProLong gold antifade mounting medium. An analysis of inclusions present per
cell was conducted by counting cell and inclusion numbers across 10 random imaging planes under each con-
dition examined (untreated, AMP treated, and DPP treated). Data points represent average values of the num-
ber of inclusions per cell per imaging plane examined (10 under each condition). Lines represent mean values
of all data points under each condition, and error bars represent standard deviations. Statistical significance val-
ues were calculated utilizing one-way ANOVA coupled with a multiple-comparison test (**, P < 0.005; ns, not
significant).

Infection of HEK-Blue-hNOD1 and -Null1 cells with C. trachomatis and NF-kB reporter assay.
HEK-Blue cells expressing the hNOD1 receptor and carrying the NF-kB SEAP (secreted embryonic alkaline
phosphatase) reporter gene (InvivoGen) were used according to the manufacturer’s instructions and
adapted to assess NOD1-specific NF-kB activity during infection with C. trachomatis. Briefly, 3 x 10° cells/ml of
HEK-Blue-hNOD1 or -Null1 cells were plated in 96-well plates (total reaction volume of 200wl per well
[~6.0 x 10* cells per well]) and allowed to settle/adhere for 6 h at 37°C. These cells were infected with C. tracho-
matis L2 434/Bu at an MOI of 1. To enhance the synchronization of the infections, plates were centrifuged for 1h
at 2,000 x g. Plates were then incubated in a CO, incubator at 37°C, and supernatants were collected for subse-
quent analysis of SEAP activity at the indicated time points. A colorimetric reporter assay was then utilized in
order to quantify the abundance of SEAP in cell supernatants, providing an estimate of the relative abundance of
residual stimulatory ligand (MurNAc-L-Ala-p-Glu-mDAP) in experimental and control cells. Twenty microliters of
the supernatants collected from infected cells was added to 180 wl of the SEAP detection solution (InvivoGen),
followed by incubation at 37°C for ~8h. SEAP enzymatic activity was then quantified using a plate reader set to
650 nm. Infected cells were compared to uninfected controls as well as infected cells that had been treated with
either the iron chelator DPP or IFN-y. Uninfected cells treated with the known NOD1 signaling ligand TriDAP
(1 mg/ml) were used as a positive control. Additionally, to ensure that changes in alkaline phosphatase activity
were NOD1 dependent under each of the experimental conditions tested, all experiments were carried out in
parallel in the HEK-Blue-Null1 cell line, which contains the empty expression vector but lacks hNOD1. HEK-Blue
NOD1 SEAP reporter assays were carried out in three separate experiments, statistical analysis was conducted by
2-way ANOVA, and significance values were analyzed by utilizing Sidak’s multiple-comparison test. Values plotted
are means of the raw optical density at 650 nm (OD,,) measurements.
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Azithromycin study. Hela cells were plated at a confluence of ~70 to 80% in 24-well tissue cul-
ture-treated plate wells (Costar). Cells were infected with C. trachomatis L2 434/Bu in cold DMEM
and placed on a rocker in a 37°C tissue culture for 2 h. Subsequently, DMEM was removed and
replaced with DMEM supplemented with 10% FBS (HyClone) and 1x MEM nonessential amino acid
solution (Sigma). DPP was added at the time of infection, while AMP was added at 2 hpi. At 18 hpi,
3 ug/ml azithromycin was added to infected cells. Infections were allowed to proceed for an addi-
tional 24 h, and the monolayers were then gently washed with 1x PBS. Half of the wells were then
mechanically harvested with glass beads and 200 ul of 1x sucrose-phosphate-glutamate buffer and
stored at —80°C. In the other half of the wells, the medium was replaced with DMEM supplemented
with 10% FBS (HyClone) and 1x MEM nonessential amino acid solution (Sigma) for an additional 48
h, at which point they were also lysed, and EBs were harvested. IFU were then quantified under both
treatment and recovery conditions, as described above. The assay was conducted three separate
times. Statistical significance values were calculated by utilizing Student t tests comparing the
groups indicated.

Investigation of compound C1 effects under high-iron conditions. Hela cells were plated at a
confluence of ~70 to 80% in 24-well tissue culture-treated plate wells (Costar). Cells were infected with
C. trachomatis L2 434/Bu in cold DMEM and placed on a rocker in a 37°C tissue culture for 2h.
Subsequently, DMEM was removed and replaced with DMEM supplemented with 10% FBS (HyClone)
and 1x MEM nonessential amino acid solution (Sigma). DPP was added at the time of infection, while
C1 was added at 8 hpi. A total of 0 or 250 uM FeSO, was added at the time of infection. At 44 hpi,
monolayers were washed with 1x PBS, and Chlamydia EBs were mechanically harvested with glass
beads at the indicated time points, suspended in 200 ul of 1x SPG, and stored at —80°C. Inclusion-
forming units were quantified as described above. The assay was conducted three separate times.
Statistical significance values were calculated by utilizing one-way ANOVA coupled with a multiple-
comparison test.
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