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ABSTRACT Infection with the obligate intracellular bacterium Chlamydia trachomatis is
the most common bacterial sexually transmitted disease worldwide. Since no vaccine is
available to date, antimicrobial therapy is the only alternative in C. trachomatis infection.
However, changes in chlamydial replicative activity and the occurrence of chlamydial
persistence caused by diverse stimuli have been proven to impair treatment effective-
ness. Here, we report the mechanism for C. trachomatis regulating host signaling proc-
esses and mitochondrial function, which can be used for chlamydial metabolic reprog-
ramming during treatment with b-lactam antimicrobials. Activation of signal transducer
and activator of transcription 3 (STAT3) is a well-known host response in various bacte-
rial and viral infections. In C. trachomatis infection, inactivation of STAT3 by host protein
tyrosine phosphatases increased mitochondrial respiration in both the absence and pres-
ence of b-lactam antimicrobials. However, during treatment with b-lactam antimicro-
bials, C. trachomatis increased the production of citrate as well as the activity of host
ATP-citrate lyase involved in fatty acid synthesis. Concomitantly, chlamydial metabolism
switched from the tricarboxylic acid cycle to fatty acid synthesis. This metabolic switch
was a unique response in treatment with b-lactam antimicrobials and was not observed
in gamma interferon (IFN-g)-induced persistent infection. Inhibition of fatty acid synthesis
was able to attenuate b-lactam-induced chlamydial persistence. Our findings highlight
the importance of the mitochondrion-fatty acid interplay for the metabolic reprogram-
ming of C. trachomatis during treatment with b-lactam antimicrobials.

IMPORTANCE The mitochondrion generates most of the ATP in eukaryotic cells, and its
activity is used for controlling the intracellular growth of Chlamydia trachomatis.
Furthermore, mitochondrial activity is tightly connected to host fatty acid synthesis
that is indispensable for chlamydial membrane biogenesis. Phospholipids, which are
composed of fatty acids, are the central components of the bacterial membrane and
play a crucial role in the protection against antimicrobials. Chlamydial persistence that
is induced by various stimuli is clinically relevant. While one of the well-recognized
inducers, b-lactam antimicrobials, has been used to characterize chlamydial persist-
ence, little is known about the role of mitochondria in persistent infection. Here, we
demonstrate how C. trachomatis undergoes metabolic reprogramming to switch from
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the tricarboxylic acid cycle to fatty acid synthesis with promoted host mitochondrial
activity in response to treatment with b-lactam antimicrobials.

KEYWORDS Chlamydia trachomatis, citrate, STAT3, beta-lactams, fatty acids,
metabolism, mitochondria, penicillin, persistence, protein tyrosine phosphatase

Each year, more than 130 million people are infected with the obligate intracellular
bacterium Chlamydia trachomatis worldwide (1). Infections induce inflammatory tis-

sue damage in the upper genital tract that is linked to severe sequelae such as pelvic
inflammatory disease (PID) and infertility in women (1).

Productive C. trachomatis exhibits a unique biphasic life cycle that alternates
between two morphological forms, infectious elementary bodies (EBs) and replicating
reticulate bodies (RBs) (2). However, the chlamydial persistent form containing aber-
rant RBs is induced by several stimuli such as b-lactams or gamma interferon (IFN-g)
(3–10). While penicillin is known for one of the best-characterized in vitro chlamydial
persistence models (3, 7, 11–13), amoxicillin is clinically considered an alternative ther-
apeutic drug for C. trachomatis in pregnant women (14, 15). Although amoxicillin is
not a front-line antimicrobial against C. trachomatis infection, b-lactams are commonly
prescribed for various bacterial infections in the United States (16) and for the treat-
ment of different bacterial sexually transmitted diseases (STDs) (3–7, 14). Acute infec-
tion with C. trachomatis is often asymptomatic (15). Therefore, amoxicillin that may be
used to treat a urinary tract infection, for example, might induce persistence in patients
who are asymptomatically infected with C. trachomatis (7). Importantly, it has been
reported that the efficacy of first-line antimicrobials such as doxycycline and azithro-
mycin against the persistent phenotype of C. trachomatis is reduced (3, 17). b-Lactams
have also been used to uncover chlamydial basic medical science such as the mecha-
nism of cell division (18–20).

Although C. trachomatis is able to generate its own ATP, mitochondrial activity and
various mitochondrion-derived metabolites are essentially needed for its intracellular
development (2, 10, 21). Genome sequencing revealed that C. trachomatis lacks many
metabolic genes (22), including several genes in the chlamydial tricarboxylic acid (TCA)
cycle (23). Therefore, C. trachomatis has to hijack host mitochondrion-derived 2-oxo-
glutarate and glutamine that is further catabolized to glutamate and 2-oxoglutarate in
order to initiate the chlamydial TCA cycle (22–24).

Mitochondrion-derived citrate is an essential metabolite for the synthesis of host
fatty acids (25). It is also known that C. trachomatis depends on host-derived lipids for
its life cycle (26–31). Although C. trachomatis carries genes for fatty acid and chlamydial
membrane synthesis, the pathogen lacks some genes that play a key role in the syn-
thesis of unsaturated fatty acids (22, 26–28). Consequently, C. trachomatis utilizes host-
derived fatty acids and lipids for its own membrane biogenesis to compensate for the
truncated chlamydial lipid metabolic pathway (26–28, 32).

One of the regulators of mitochondrial activity is signal transducer and activator of
transcription 3 (STAT3) (33–37). Tyrosine phosphorylation of STAT3 at position 705
(STAT3 pY705) is important to form active STAT3 that downregulates mitochondrial ac-
tivity in primary mouse embryonic fibroblasts (34–36). Active STAT3 not only reduces
mitochondrial membrane potential but also diminishes protein levels of representative
components of the electron transport chain (ETC), especially complexes IV and V (34,
36). Hence, this downregulation further leads to reductions in respiratory chain activity
and mitochondrial ATP production (34, 36). Furthermore, it is known that serine phos-
phorylation of STAT3 at position 727 (STAT3 pS727) localizes in mitochondria and
enhances mitochondrial functions (37). While STAT3 is phosphorylated at position 705
during various cytokine receptor signaling events, including interleukin-6 (IL-6), it is
negatively regulated by seven different phosphotyrosine phosphatases (PTPs) (38).
Furthermore, negative regulation occurs by suppressor of cytokine signaling 3 (SOCS3)
and protein inhibitor of activated STAT (PIAS) (39).
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Although host mitochondrial activity is crucial for the life cycle of C. trachomatis, lit-
tle is known about how C. trachomatis subverts host signaling processes and utilizes
mitochondrial functions in chlamydial persistence.

In this study, we show a unique response that chlamydial metabolism switched
from the TCA cycle to fatty acid synthesis in b-lactam-induced chlamydial persistence,
which is linked to PTP-STAT3-regulated mitochondrial activity.

RESULTS
Mitochondrial activity is enhanced in productive C. trachomatis infection. To

investigate mitochondrial responses in C. trachomatis infection, we first measured mi-
tochondrial respiration in the absence of antimicrobials. Mitochondrial activity as
defined by basal respiration, ATP-linked respiration, and maximal respiration was
increased in C. trachomatis-infected cells compared to noninfected control cells at 24 h
postinfection (hpi) (Fig. 1A). In accordance with the upregulation of mitochondrial ac-
tivity, the complex IV and V proteins MT-CO1 (mitochondrially encoded cytochrome
oxidase I) and ATP5A1 (ATP synthase, H1 transporting, mitochondrial F1 complex,
alpha subunit 1, cardiac muscle) in the ETC were upregulated in C. trachomatis-infected
cells at 24 hpi (see Fig. S1A and B in the supplemental material). Furthermore, chlamyd-
ial growth was inhibited when cells were treated with a mitochondrial ETC complex III
inhibitor, antimycin A (Fig. S1C).

Mitochondrial activity is both positively and negatively regulated by STAT3 (33, 34,
37). However, nothing is known about this regulation in C. trachomatis infection as of
now. Therefore, we analyzed the phosphorylation level of STAT3. C. trachomatis infec-
tion strongly reduced STAT3 pY705 but not STAT3 pS727 at 24 hpi (Fig. 1B and Fig. S1D).
To gain insight into the mechanism of reduced STAT3 pY705, we investigated the
expression levels of SOCS3 and PTPs. Although STAT3 pY705 was reduced in C. tracho-
matis-infected cells at 24 hpi, there was no difference in SOCS3 protein amounts
between C. trachomatis-infected cells and noninfected control cells (Fig. S1E). On the
other hand, PTPN2, PTPN9, and PTPRK were significantly upregulated in C. trachomatis-
infected cells compared to noninfected cells at 24 hpi (Fig. S1F). By inhibiting the PTPs
using sodium orthovanadate, the effect of C. trachomatis infection on STAT3 pY705

expression was blocked (Fig. S1G).
To elucidate the role of STAT3 phosphorylation in host mitochondrial activity as

well as chlamydial replication, we silenced STAT3 using RNA interference (RNAi) (small
interfering RNA [siRNA]) (Fig. S1H and J). Inhibition of STAT3 had no impact on the
overall infection rates of C. trachomatis (Fig. S1L). However, mitochondrial respiration
was increased following knockdown of STAT3 in C. trachomatis-infected cells at 24 hpi
compared to control cells (Fig. S1N). Concomitant with this finding, infectious progeny
was increased following the knockdown of STAT3 (Fig. S1P). Similar results were
obtained using another siRNA targeting a different sequence of STAT3 (Fig. S1I, K, M,
O, and Q). These results indicate that STAT3 functions as a regulator of mitochondrial
activity in C. trachomatis infection, thereby controlling infectious progeny of C.
trachomatis.

Regulation of STAT3 and mitochondrial activity in C. trachomatis-infected cells
during treatment with b-lactam antimicrobials. We next assessed whether the
observed regulation of PTPs-STAT3 and mitochondrial respiration was altered during
treatment with b-lactam antimicrobials. Transmission electron microscopy (TEM) and/
or immunofluorescence staining revealed chlamydial persistent morphology indicated
by aberrant RBs in penicillin or a therapeutically relevant serum concentration (7) of
amoxicillin (Fig. S2A to C). Aberrant RBs are known to be in a viable but noncultivable
state, and they can reenter the productive developmental cycle when b-lactam antimi-
crobials are removed (7). Accordingly, a decrease in infectious progeny was observed
in penicillin- or amoxicillin-treated cells, and aberrant RBs were reactivated by the re-
moval of b-lactam antimicrobials (Fig. S2D to F).

During penicillin treatment, basal respiration, ATP-linked respiration, and maximal
respiration were elevated, as seen in productive infection at 24 hpi (Fig. 1A). In line
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FIG 1 Analysis of mitochondrial activities and STAT3 regulation in productive and penicillin (PEN)-induced
chlamydial persistence. (A) Mitochondrial activity was measured by using a Mito stress test kit at 24 hpi.
OCR, oxygen consumption rate; O, oligomycin; F, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP); A & R, antimycin A plus rotenone. I, II, and III indicate basal respiration, ATP-linked respiration, and
maximal respiration, respectively. (B) STAT3 pY705 in productive and penicillin-induced chlamydial
persistence was analyzed by Western blot and densitometric analyses at 24 hpi. STAT3 pY705 was
normalized to total STAT3 proteins. (C) Expression of PTPs in penicillin-induced chlamydial persistence was
analyzed by qRT-PCR at 24 hpi. (D) Maximal respiration of siRNA control cells and STAT3 knockdown cells
(STAT3HSS186130) in penicillin-induced chlamydial persistence. (E) Size of inclusions and representative
images of penicillin-induced chlamydial persistence in 0.2mM antimycin A-treated and nontreated cells at
24 hpi. Bars = 10mm. (F) Section of 1H-NMR spectra expanded between 2 and 2.45 ppm and between 2.5
and 2.7 ppm of deproteinized extracts of control cells (red lines), penicillin-treated cells (magenta lines), C.
trachomatis (Ct)-infected cells (blue lines), and C. trachomatis-infected cells in the presence of penicillin
(black lines). Signals arising from each of these metabolites are marked. Deconvolution of overlapping
signals was achieved using Chenomx software. Glutamate and citrate concentrations are shown on the
right side of each line (n = 12 to 14 from four independent experiments [A], n = 4 [B], n = 6 [C], n = 6 to 8
from two independent experiments [D], n = 57 to 77 [E], and n = 3 to 5 [F]) (means 6 SEM) (*, P# 0.05; **,
P# 0.01; ***, P# 0.001; N.S., not significant [by Sidak’s multiple-comparison test {A and B} and Student’s t
test {C to E}]).
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with this result, STAT3 pY705 was reduced, similar to the observation in productive
infection at 24 hpi (Fig. 1B). Concordant with the downregulation of STAT3 pY705, not
only PTPN2, PTPN9, and PTPRK but also PTPN11 and PTPRD were upregulated by peni-
cillin treatment at 24 hpi (Fig. 1C). To elucidate the link between reduced STAT3 pY705

and enhanced mitochondrial activity in penicillin-induced chlamydial persistence, we
inhibited STAT3 using siRNA (Fig. S1H and J). In penicillin-induced chlamydial persist-
ence, mitochondrial respiration was increased in STAT3 knockdown cells compared to
control cells at 24 hpi (Fig. 1D). Accordingly, the formation of enlarged RBs and chla-
mydial inclusions was inhibited when the mitochondrial ETC was blocked by antimycin
A at 24 hpi (Fig. 1E).

Since C. trachomatis needs mitochondrion-derived metabolites for its intracellular
survival, we performed a targeted analysis of the 2-oxoglutarate family, including glu-
tamine, glutamate, and 2-oxoglutarate, as well as citrate using nuclear magnetic reso-
nance (NMR) spectroscopy. Each of these metabolites can be detected in NMR spectra
of cell extracts by simulating the signals of each spin system using Chenomx software.
This software also allows one to calculate the concentration of the metabolite based
on signal intensities compared to the deuterated TMSP [3-(trimethylsilyl)-2,2,3,3-tetra-
deuteropropionic acid] reference. This analysis revealed that glutamate, which can be
catabolized to 2-oxoglutarate, was increased in C. trachomatis infection compared to
control cells, and this elevation was not suppressed by penicillin treatment at 24 hpi
(Fig. 1F). Moreover, we detected a 5-fold higher concentration of citrate in penicillin-
induced persistent infection than in productive infection (Fig. 1F).

We showed a similar trend of PTP-STAT3 regulation and mitochondrial activation in
amoxicillin treatment at 24 hpi (Fig. S3A to C), indicating that mitochondrial activity
plays a pivotal role not only in productive infection but also in penicillin- and amoxicil-
lin-induced chlamydial persistence.

Fluorescence lifetime imaging microscopy of reduced NAD(P)H in productive C.
trachomatis and penicillin-induced chlamydial persistence. Mitochondrial respira-
tion was activated in both productive and b-lactam-induced persistent infection. Thus,
we next investigated the chlamydial metabolism that could be linked to mitochondrial
activity in productive and persistent infection. Fluorescence lifetime imaging micros-
copy (FLIM) of NAD(P)H has been demonstrated as a suitable tool for real-time analysis
of chlamydial metabolism in living cells (10, 40). Chlamydial metabolism was compara-
ble between productive and penicillin-induced persistent infection at 24 hpi (Fig. 2A
and B). In productive infection, however, the fluorescence lifetime of protein-bound
NAD(P)H [t2-NAD(P)H] values inside the chlamydial inclusions were reduced at 36 hpi
compared to those at 24 hpi (Fig. 2A and B). This finding indicates an increase in meta-
bolically less active EBs at 36 hpi (Fig. 2C), whereas t 2-NAD(P)H did not change in aber-
rant RBs induced by penicillin at between 24 and 36 hpi, suggesting that aberrant RBs
remain metabolically active over a longer period (Fig. 2A and B).

Interconnection of host mitochondrial activity and differentially expressed
chlamydial metabolic genes in b-lactam-induced chlamydial persistence. NAD(P)H
detected by FLIM might originate from the oxidative pentose phosphate pathway
(PPP) or other energy-rich metabolic pathways, including the TCA cycle, of C. tracho-
matis (40). However, it is still unclear where NAD(P)H is generated from and how host
mitochondrial activity is utilized by b-lactam-induced persistent C. trachomatis.
Therefore, we subsequently performed chlamydial transcriptome analysis to identify
which chlamydial metabolic pathways are up- or downregulated in penicillin treatment
at 24 hpi.

Chlamydial growth curve and TEM analyses revealed that 24 hpi is the mid-log
phase of the RB-to-EB transition in productive infection (Fig. S2A and Fig. S4A). When
we analyzed gene expression in penicillin-induced persistence compared to productive
C. trachomatis, the substrate-specific porin PorB (porB) as well as chlamydial TCA cycle-
related genes were downregulated in penicillin-induced persistent infection (Fig. 3 and
Table S1). Flagellar-type ATPases were downregulated in penicillin-induced persistent
infection (Fig. 3 and Table S1). Chlamydial glucose-6-phosphate (G-6-P) isomerase (pgi),
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which is the key enzyme to catalyze G-6-P to fructose-6-phosphate, was also downregulated
in penicillin-induced persistent infection (Fig. 3 and Table S1), whereas the rate-limiting
enzyme G-6-P dehydrogenase (zwf) in the chlamydial PPP was upregulated in penicillin-
induced persistent infection, indicating that G-6-P could be mainly used for the chlamydial
oxidative PPP but not for glycolysis in penicillin-induced persistent infection (Fig. 3 and
Table S1). In addition, chlamydial acetyl-CoA production and fatty acid synthesis-associated
genes, including enoyl-acyl carrier protein reductase (fabI) and V-ATPase, were upregulated
in penicillin-induced chlamydial persistence (Fig. 3 and Table S1).

To validate transcriptome analysis in penicillin-induced persistent infection, a sub-
set of chlamydial TCA cycle and other metabolism-related genes were also analyzed by
quantitative real-time PCR (qRT-PCR) at 24 hpi. Thus, we could confirm the correlation
of gene expressions between RNA sequencing (RNA-seq) and quantitative PCR (qPCR)
data (Fig. S4B). We also confirmed a similar trend of expression patterns in a subset of
metabolic genes during amoxicillin-induced persistent infection at 24 hpi (Fig. S4C).

In the analysis of RNA-seq, some of the differentially expressed genes in fatty acid bio-
synthesis were changed ,2-fold between productive and penicillin-induced persistent
infection. Therefore, we investigated whether these differences are biologically relevant.
To examine the correlation between gene expression and chlamydial fatty acid/phospho-
lipid synthesis, we inhibited chlamydial FabI, which is required for the synthesis of fatty
acids, influencing the permeability of various molecules and the functions of membrane
proteins. While subinhibitory concentrations of 0.4 or 0.6mM FabI inhibitor (AFN-1252) did
not attenuate inclusion formation in productive infection, the same concentrations of the
inhibitor significantly reduced the sizes of inclusions and aberrant RBs in penicillin-induced
chlamydial persistence, indicating the biological relevance of differentially expressed fatty
acid biosynthetic genes in penicillin-induced persistence (Fig. 4A to C).

Comparison of differentially expressed chlamydial metabolic genes between
b-lactam- and IFN-c-induced chlamydial persistence. In persistence models, IFN-
g-induced chlamydial persistence is clinically relevant (9, 41–44). In our previous study, we
showed that IFN-g significantly reduced C. trachomatis-induced upregulation of mitochondrial

FIG 2 FLIM of NAD(P)H in productive C. trachomatis (Ct) and penicillin (PEN)-induced chlamydial persistence. t 2-NAD(P)H in
chlamydial inclusions was analyzed by two-photon microscopy. This enabled real-time imaging of chlamydial metabolic
changes. (A and B) Color-coded images of t 2-NAD(P)H (A) and the corresponding quantitative analysis (B) of chlamydial
inclusions. Inside the red dots are chlamydial inclusions. Bars=10mm. (C) Numbers of EBs shown by recovery assays at 24
and 36 hpi. (n=51 to 57 from three independent experiments [A and B] and n=3 to 4 [C]) (means 6 SEM) (*, P# 0.05; ***,
P# 0.001; N.S., not significant [by Sidak’s multiple-comparison test]).
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FIG 3 Schematic representation of the metabolic pathways of C. trachomatis during treatment with penicillin. Genes marked in green were
significantly upregulated, while genes marked in red were downregulated, in penicillin-induced chlamydial persistence compared to productive

(Continued on next page)
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respiration. Thus, this cytokine influences mitochondrial respiration differently than that
observed with penicillin-induced persistence (10). Since chlamydial metabolism is strongly
influenced by host metabolic activity, we investigated whether the expression pattern of chla-
mydial metabolic genes also differs in IFN-g-induced chlamydial persistence.

In line with a previous report (9), we observed persistent morphology and a massive
upregulation of the trpRBA operon, which was consistent with the deprivation of host
L-tryptophan, as well as euo, which functions as a regulator of late gene expression in
IFN-g-induced persistent infection compared to productive infection (Table S2 and
Fig. S5A) (9). When we analyzed the gene expression patterns of penicillin- and IFN-
g-induced persistent C. trachomatis, only 26% and 38% of up- or downregulated genes
were correlated between the two persistent infections, signifying diverse gene expres-
sion patterns (Fig. S5B and C). While we showed the upregulation of fatty acid biosyn-
thesis-related genes in b-lactam-induced persistent infection compared to productive
infection, this result was not observed in IFN-g-induced persistent infection (Tables S1
and S2). An interesting similarity is that both inducers cause downregulation of chla-
mydial TCA cycle-related gene expression (Fig. S5D).

Impact of host cell fatty acid metabolism on penicillin-induced chlamydial
persistence. Since continued mitochondrial respiration is a unique response in b-lactam-
induced persistent infection, we further investigated the role of mitochondria in b-lactam-
induced persistent infection. Citrate can be exported from the mitochondrial TCA cycle to
the cytosol and becomes a substrate for fatty acid synthesis (25, 45). We showed a higher
concentration of citrate in penicillin-induced persistent infection, in accordance with
increased host mitochondrial respiration (Fig. 1A and F). Therefore, we determined
whether ATP-citrate lyase (ACL), the primary enzyme responsible for the synthesis of ace-
tyl-CoA from citrate for fatty acid synthesis, is activated during penicillin treatment.

Although the protein amount of ACL was not altered, higher catabolic activity of
ACL shown by the level of ACL pS455 was observed in penicillin-treated cultures at 24
hpi (Fig. 4D). Significant increases in other fatty acid metabolism-associated enzymes
such as cytoplasmic acetyl-CoA synthase (AceCS1) and mammalian long-chain acyl-
CoA synthetase (ACSL1) were detected during penicillin treatment (Fig. 4E and F).
Since higher catabolic activity of ACL was observed in penicillin treatment, we investi-
gated the impact of host fatty acid synthesis on the size of aberrant RBs and inclusion
formation in penicillin-induced chlamydial persistence. The fatty acid synthase inhibi-
tor C75 significantly attenuated the sizes of aberrant RBs and inclusions in penicillin-
induced chlamydial persistence (Fig. 4G). Furthermore, this inhibitor reduced the num-
ber of aberrant RBs in each inclusion, indicating a block of the residual division of aber-
rant RBs. While we cannot totally exclude the possibility that some of the observed
effects of C75 could be due to the inhibition of chlamydial fatty acid synthesis, bacte-
rial and human fatty acid synthases share very little sequence homology (46).
Therefore, we argue that activated host mitochondria play a key role in ATP production
as well as in the supply of citrate to synthesize host fatty acids, which can be utilized in
chlamydial persistence during treatment with b-lactam antimicrobials.

DISCUSSION

Mitochondria play a pivotal role in different cellular processes such as ATP genera-
tion, fatty acid synthesis, redox balance, as well as Ca21 homeostasis (47). It is known

FIG 3 Legend (Continued)
infection (Padj # 0.05). Chlamydial energy production-associated genes are downregulated in penicillin-induced chlamydial persistence. The
chlamydial substrate-specific porin PorB (porB), TCA cycle-related genes, and flagellar-type ATPase are downregulated in penicillin-induced
chlamydial persistence. Hexokinase of mammalian cells requires mitochondrial ATP to catalyze the conversion of glucose into G-6-P, an essential
substrate for chlamydial glycolysis. While chlamydial G-6-P isomerase (pgi) is downregulated, the rate-limiting enzyme G-6-P dehydrogenase (zwf) in
the chlamydial PPP is upregulated in penicillin-induced chlamydial persistence, indicating that G-6-P could be mainly used for the chlamydial PPP.
Furthermore, chlamydial fatty acid/phospholipid synthesis as well as acetyl-CoA synthesis are upregulated in penicillin-induced chlamydial
persistence. This upregulation is linked to chlamydial phospholipid synthesis. Both acetyl-CoA and oxidative PPP-derived specific NADPH are
essential for fatty acid synthesis. FAD, flavin adenine dinucleotide; FADH2, reduced flavin adenine dinucleotide; ACP, acyl carrier protein; CoA,
coenzyme A.
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FIG 4 Role of host-pathogen fatty acid synthesis in penicillin (PEN)-induced chlamydial persistence. (A to C)
Effect of the bacterial FabI inhibitor. (A) Representative images of productive and penicillin-induced persistent
infection in the presence or absence of the FabI inhibitor AFN-1252 at 24 hpi. Green, immunofluorescence
staining with FITC-labeled monoclonal chlamydial LOS antibodies; red, Evans blue counterstaining of host cells.
Bars=10mm. (B) Size of chlamydial inclusions with or without AFN-1252 in productive infection at 24 hpi. (C)
Sizes of chlamydial inclusions and aberrant RBs as well as numbers of aberrant RBs inside inclusions with or
without AFN-1252 in penicillin-induced chlamydial persistence at 24 hpi. (D to G) Impact of host fatty acid
metabolism on penicillin-induced chlamydial persistence. ACL pS455 (D) as well as AceCS1 (E) and ACSL1 (F)
protein amounts were analyzed by Western blot and densitometric analyses at 24 hpi. ACL pS455 was
normalized to total ACL, and AceCS1 and ACSL1 protein amounts were normalized to GAPDH. (G)
Representative images of penicillin-induced persistent infection in the presence or absence of the host fatty
acid synthetic inhibitor C75 at 24 hpi. Green, immunofluorescence staining with FITC-labeled monoclonal
chlamydial LOS antibodies; red, Evans blue counterstaining of host cells. Bars =10mm. The sizes of chlamydial
inclusions and aberrant RBs as well as the numbers of aberrant RBs inside inclusions were analyzed in the
presence or absence of C75. Ct, C. trachomatis (n=30 from three independent experiments [B and C]; n=5 [D];
n=4 [E]; n=5 [F]; and n=72 to 140 for the size of inclusions, n=31 for the size of aberrant RBs, and n=29 for
aberrant RB numbers inside inclusions, from three independent experiments [G]) (means 6 SEM) (*, P# 0.05;
**, P# 0.01; ***, P# 0.001; N.S., not significant [by Sidak’s multiple-comparison test {B and C} and Student’s t
test {D to G}]).
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that various kinds of proteins such as STAT3, mitochondrial transcription factor A
(TFAM), mitofusin (MFN), and dynamin-related protein 1 (DRP1) are associated with
biogenesis, fusion, and fission of mitochondria (21, 34, 47). In this study, we demon-
strated a chlamydial metabolic switch that is linked to PTP-STAT3 pY705-regulated mito-
chondrial activity in b-lactam-induced persistent infection.

Activation of STAT3 is a common host immune response caused by not only various bac-
teria such as Salmonella enterica serovar Typhimurium, Mycobacterium tuberculosis, and
Helicobacter pylori (48–50) but also viruses, including hepatitis B, hepatitis C, herpes, and
human immunodeficiency viruses (51). In contrast, here, we demonstrated that C. trachoma-
tis causes inactivation of STAT3, which is observed in limited viral infections such as severe
acute respiratory syndrome (SARS) coronavirus and human papillomavirus type 6 or type 11
(51–53). Importantly, similar PTP-STAT3 regulation was also observed in C. trachomatis-
infected primary cells (see Fig. S1R to S1T in the supplemental material).

The protein tyrosine kinases activate STAT3, while PTPs play a key role in hydrolyzing the
phosphotyrosine of STAT3. In total, 81 PTPs are active in human cells (54), of which 7 PTPs
have been shown to inactivate STAT3 (38). In our study, we showed that mitochondrial activ-
ity was significantly enhanced by the inactivation of STAT3 in C. trachomatis infection.

In host cells, 2-oxoglutarate is an important intermediate in the mitochondrial TCA
cycle, and glutamine is one of the important carbon sources to be catabolized to 2-
oxoglutarate (22–24). The first process of glutamine metabolism involves its conversion
to glutamate by the mitochondrial matrix-localized phosphate-dependent glutaminase
(55). Glutamate is further catabolized to 2-oxoglutarate, which can be used in the mito-
chondrial TCA cycle. In C. trachomatis infection, glutamine is rapidly utilized via gluta-
minolysis and the TCA cycle in order to generate glutamate and other metabolites
such as 2-oxoglutarate (24). Since citrate synthase, aconitate hydratase, and isocitrate
dehydrogenase are lacking in the chlamydial TCA cycle (22, 23), C. trachomatis has to
acquire host cell-derived 2-oxoglutarate using the porin PorB or glutamine/glutamate
that can be catabolized to 2-oxoglutarate to fuel its own TCA cycle (23, 24, 56).
Therefore, we suggest that mitochondrial activation via PTPs-STAT3 plays a key role in
the generation of ATP as well as the enhancement of glutamine metabolism to com-
pensate for the truncated chlamydial TCA cycle in productive C. trachomatis infection.

Chlamydial persistence is induced under treatment with b-lactam antimicrobials
(3–7). In line with a previous study (7), we observed aberrant RBs during treatment
with penicillin and amoxicillin. Importantly, this phenotype can also activate mitochon-
dria concordant with increased PTPs and reduced STAT3 pY705. Since b-lactam antimi-
crobial treatment could not attenuate host mitochondrial activity, we speculated that
bacterial metabolic activity is also sustained under b-lactam antimicrobial treatment.
In previous studies, we demonstrated that changes in the fluorescence lifetime of t 2-
NAD(P)H inside the chlamydial inclusion indicate chlamydial metabolic activity (10, 40).
NAD(P)H binds to at least 334 known proteins such as lactate dehydrogenase (LDH)
and pyruvate dehydrogenase (PDH) (57). This interaction causes different NAD(P)H flu-
orescence lifetimes, which are linked to diverse physiological functions (40, 58).
Although inclusion morphology is altered in productive and penicillin-induced chla-
mydial persistence, we documented that chlamydial metabolic activities as defined by
the fluorescence lifetime of t 2-NAD(P)H were similar in both chlamydial forms at the
mid-log phase but not the late log phase of the organism’s developmental cycle.

Because NAD(P)H is generated by different metabolic pathways, we analyzed gene
expression using transcriptome analysis and qPCR. To perform this assay, we selected a
mid-log phase of the RB-to-EB transition at 24 hpi (Fig. S4A) since we assumed that
aberrant RBs are induced from RBs in the developmental cycle. While we morphologi-
cally observed a large number of RBs in productive infection at 24 hpi (Fig. S2A),
expression of late genes that function in RB-to-EB differentiation was observed at 24
hpi (9, 59). Therefore, we are aware that the interpretation of the observed changes in
gene expression could be influenced by the stage of chlamydial development.

In b-lactam-induced chlamydial persistence, PorB (porB) and chlamydial TCA cycle-
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related genes were downregulated compared to productive C. trachomatis at 24 hpi.
This downregulation was already observed at 18 hpi before the RB-to-EB transition
(Fig. S4A and D). However, the transcriptome analysis revealed that the expression lev-
els of npt1 (Ct_495) encoding the chlamydial ATP/ADP translocase are similar between
productive and penicillin-induced chlamydial persistence (log2 fold change of 20.2;
adjusted P value [Padj] of 0.06), and V-ATPases were upregulated in penicillin-induced
chlamydial persistence. Although it remains to be experimentally proven whether V-
ATPase functions as an ATP synthase, these gene expressions might be involved in the
acquisition and production of ATP in penicillin-induced chlamydial persistence (22, 60).

Interestingly, fatty acid synthesis as well as oxidative PPP and acetyl-CoA synthesis were
upregulated in b-lactam-induced chlamydial persistence compared to productive C. tra-
chomatis. This activation of metabolic pathways is in line with the mechanism of fatty acid
synthesis in mammalian cells. NADPH derived from the oxidative PPP as well as acetyl-CoA
is essential for fatty acid synthesis (61). As we hypothesized that fatty acid synthesis plays a
key role in chlamydial persistence, we could show that the expression of FabI had a stron-
ger impact on chlamydial persistence than productive C. trachomatis. Since the FabI inhibi-
tor does not induce persistence, we suggest that blocking fatty acid synthesis could be an
effective treatment for general chlamydial infection.

Since C. trachomatis lacks some genes for fatty acid synthesis, it has to hijack host-
derived fatty acids and lipids for chlamydial membrane biogenesis (26–28). In host
cells, citrate is exported from the mitochondrial TCA cycle to the cytosol and becomes
a substrate for host fatty acid synthesis (25), which is catalyzed by ATP-dependent ACL.
Furthermore, reductive glutamine metabolism involves the conversion of 2-oxogluta-
rate to citrate, which is used as a carbon source to fuel fatty acid synthesis (62). In fact,
we observed a higher concentration of citrate and increased catabolic activity of ACL
shown by the level of ACL pS455 in penicillin treatment at 24 hpi. Besides, we confirmed
the higher protein levels of host AceCS1 and ACSL1, which function to produce acetyl-
CoA in penicillin-treated cells.

While b-lactam antimicrobials cause dysregulation of peptidoglycan organization
and cell division (18–20, 63), IFN-g depletes tryptophan via the induction of the enzyme
indoleamine 2,3-dioxygenase, resulting in the formation of aberrant RBs (41–44).
Transcriptome analysis revealed very little overlap of differentially expressed genes
between b-lactam- and IFN-g-induced persistence. While 632 genes were differentially
expressed in penicillin-induced persistence, only 357 genes were up- or downregu-
lated in IFN-g-induced persistence (Fig. S5B and C). Since a large number of differen-
tially expressed transcription-associated genes were also detected in penicillin-induced
persistent infection and IFN-g-induced persistence, this finding highlights the differen-
ces in gene expression in the two persistence models.

For reactivation assays, reports show that IFN-g-induced chlamydial aberrant RBs
were reversible and that nearly 100% of aberrant RBs were reactivated after the re-
moval of IFN-g (9, 17). On the other hand, our results show that the levels of reactivated
C. trachomatis in penicillin- and amoxicillin-induced persistence were approximately 3
logs and 1 log lower than in the untreated control, respectively. In line with a previous
study (9), our transcriptome analysis revealed that the expression levels of cell division-asso-
ciated genes, including CT_739, are similar between productive infection and IFN-g-induced
persistence (log2 fold change of20.19; Padj of 0.7). However, this expression was significantly
suppressed in penicillin-induced persistence (Table S1). Therefore, we suggest that stress
induced by b-lactams exerts a stronger impact on reactivation than IFN-g.

Finally, plasmids are known as a chlamydial virulence factor and impact persistence
in vivo in a mouse model (64–67). Since we observed that plasmid replication- and
maintenance-associated genes were significantly upregulated in both penicillin- and
IFN-g-induced persistence compared to productive infection, their functional relevance
and impact on mitochondrial and chlamydial metabolism have to be further elucidated.

In conclusion, the regulation of PTPs-STAT3 and ACL activity leads to an enhance-
ment of the mitochondrion-fatty acid synthetic axis; thereby, C. trachomatis can
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undergo metabolic reprogramming to persist in the presence of b-lactam antimicro-
bials (Fig. 5).

MATERIALS ANDMETHODS
Chemicals and antibodies. Chemicals were purchased from either Sigma-Aldrich (Deisenhofen,

Germany), New England BioLabs GmbH (Frankfurt am Main, Germany), or MedKoo Biosciences, Inc.
(Morrisville, NC). Rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), rabbit anti-phospho-
Stat3 (Y705), rabbit anti-phospho-Stat3 (S727), rabbit anti-SOCS3, rabbit anti-ACL, rabbit anti-phospho-ACL
(S455), rabbit anti-ACSL1, rabbit anti-AceCS1, horseradish peroxidase (HRP)-horse anti-mouse IgG, and
HRP-goat anti-rabbit IgG were purchased from Cell Signaling Technology (Frankfurt am Main, Germany).
A total oxidative phosphorylation (OXPHOS) rodent Western blot (WB) antibody cocktail was purchased
from Abcam (Cambridge, UK). Rabbit anti-STAT3 was purchased from Proteintech Group (Chicago, IL).
Two different Stealth RNAi siRNAs for STAT3 (STAT3HSS186130 and STAT3HSS186131) were purchased
from Invitrogen (Karlsruhe, Germany).

FIG 5 Impact of mitochondrial activity on chlamydial metabolism in b-lactam-induced persistent
infection. (I) b-Lactam-induced persistent C. trachomatis inactivates STAT3 by increased host PTPs in
epithelial cells. (II) Reduced STAT3 activity functions to accelerate mitochondrial respiration. (III)
Activated mitochondria and glutamine metabolism can enhance the production of citrate that can be
utilized for host and chlamydial fatty acid/phospholipid synthesis in penicillin-induced chlamydial
persistence. (IV) Chlamydial metabolism switched from the tricarboxylic acid cycle to fatty acid
synthesis in b-lactam-induced persistent infection. Green arrows indicate upregulation, and red
arrows indicate downregulation. Metabolites denoted in blue in the mitochondrial TCA cycle cannot
be synthesized in the chlamydial TCA cycle because C. trachomatis lacks metabolic genes encoding
citrate synthase, aconitate hydratase, and isocitrate dehydrogenase.
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Bacterial strains and host cells. Since the prevalence of urogenital C. trachomatis is caused by sero-
vars D to F, we performed our experiments using C. trachomatis serovar D (ATCC VR885) in this study.
HeLa cells (ATCC CCL-2) and primary fibroblasts isolated from C57BL/6J mice (kindly provided from
Saleh M. Ibrahim, Lübeck Institute of Experimental Dermatology, University of Lübeck) were used as
host cells.

Cell culture. All experiments except for the experiment using primary fibroblasts were performed
with RPMI 1640 medium supplemented with 5% fetal bovine serum (FBS) (Invitrogen), nonessential
amino acids (Gibco/Thermo Fisher Scientific, Waltham, MA), and 2mM glutamine (Lonza, Walkersville,
MD). Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and 2mM glutamine was used
for the culture of primary fibroblast cells. Penicillin G (1 U/ml) or a therapeutically relevant serum con-
centration of amoxicillin (11mg/ml) (7) (Sigma-Aldrich) was added at the time of infection to induce
chlamydial persistence. For IFN-g-induced persistence, 50 U/ml IFN-gwas added to the cells 24 h prior to
infection.

XF Cell Mito stress test. A total of 1.5� 104 HeLa cells were infected with C. trachomatis (0.7 inclu-
sion-forming units [IFU]/cell) in 24-well XF plates (Seahorse Bioscience, Copenhagen, Denmark). The cells
were centrifuged at 700� g for 1 h at 35°C and incubated for 24 h. Afterwards, the Mito stress test kit
(Seahorse Bioscience) was used according to the manufacturer’s instructions with the chemicals oligo-
mycin (0.5mM), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (0.2mM), and antimycin
A (1mM) plus rotenone (1mM). In the preliminary experiment, we confirmed that the oligomycin con-
centration that was used for the XF Cell Mito stress assay had no effect on chlamydial progeny. After the
assay, cells from productive infection and chlamydial persistence were fixed with methanol for 10min
at 220°C. Cells were then incubated for 20min with fluorescein isothiocyanate (FITC)-labeled monoclo-
nal chlamydial lipooligosaccharide (LOS) antibodies (Dako, Glostrup, Denmark). Evans blue counterstain-
ing of host cells was used for better characterization of intracellular inclusions. Staining was confirmed
by using a Keyence (Osaka, Japan) BZ-9000 instrument.

Western blot analysis. To determine the amount of STAT3 pY705, 0.2� 105 to 5.3� 105 HeLa or pri-
mary fibroblast cells were seeded in 6- or 96-well plates (Greiner Bio-One, Frickenhausen, Germany) and
infected with C. trachomatis (0.7 IFU/cell). C. trachomatis-infected cells were lysed with 8 M urea supple-
mented with 325 U/ml Benzonase nuclease (Sigma-Aldrich) at the indicated times. Cell lysates were
diluted into Laemmli buffer (50mM Tris-HCl [pH 6.8], 2% SDS, 1% 2-mercaptoethanol, 10% glycerol,
0.1% bromophenol blue). On the other hand, we used lysis buffer with bromophenol blue (125mM Tris-
HCl [pH 7.8], 4% SDS, 0.1 M dithiothreitol [DTT], 20% glycerol) to check STAT3 knockdown efficacy.
Samples were analyzed by Western blot analysis (Bio-Rad, Hercules, CA) and visualized using enhanced
chemiluminescence (ECL) reagent (Millipore and Thermo Fisher Scientific). Images were acquired by
using the Fusion FX7 system (Vilber Lourmat, Eberhardzell, Germany), and the density of each band was
measured by using Bio-1D software (Vilber Lourmat).

Electron microscopy. A total of 5.3� 105 cells were infected with C. trachomatis (0.7 IFU/cell). C. tra-
chomatis-infected cells were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodyl-
ate buffer for 1 h. Postfixation was performed with 1% OsO4 in 0.1 M cacodylate buffer for 2 h. Samples
were dehydrated with a graded ethanol series and embedded in Araldite (Fluka, Buchs, Switzerland).
Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a JEOL 1011
transmission electron microscope (JEOL, Tokyo, Japan).

Recovery and reactivation assays of b-lactam-induced persistent C. trachomatis infection. A
total of 1� 105 HeLa cells were infected with 0.7 IFU/cell of C. trachomatis. C. trachomatis-infected cells
were treated with or without 1 U/ml penicillin or 11mg/ml amoxicillin at the time of infection to induce
chlamydial persistence (see Fig. S2D in the supplemental material). The plate was further centrifuged at
700� g for 1 h at 35°C and incubated for 24 h. For reactivation of persistent C. trachomatis, medium was
changed to fresh medium in the absence of antimicrobials, and cells were incubated for another 48 h.
Afterwards, C. trachomatis-infected cells were harvested, disrupted with glass beads, and inoculated
onto 3� 105 HEp-2 cells (ATCC CCL-23). C. trachomatis infection was visualized by immunofluorescence
staining with a mouse anti-chlamydial LOS antibody (kindly provided by Helmut Brade, Borstel,
Germany). Chlamydial inclusions were visualized with a Keyence (Osaka, Japan) BZ9000 instrument.

RNA interference. Transfection was performed according to the manufacturer’s guidelines
(Invitrogen), and STAT3 was transiently silenced by transfection of specific siRNA.

In brief, 2.5� 104 HeLa cells were seeded into 96-well plates. A mixture of 5 ml Opti-MEM
(Invitrogen), 0.2 ml Lipofectamine 2000 (Invitrogen), and 30 nM siRNA was added to cells. The same
amount of the negative-control low-GC-content duplex (Invitrogen) was used for the control. After 4 h
of incubation, 150ml RPMI 1640 medium including 5% FBS was added.

Infection rate and recovery assays in STAT3 knockdown cells. A total of 5.3� 105 HeLa cells were
infected with C. trachomatis (0.7 IFU/cell) at posttransfection. The plate was further centrifuged at
700� g for 1 h at 35°C and incubated at 37°C under a 5% CO2 atmosphere. Afterwards, C. trachomatis
infection was analyzed by immunofluorescence staining with mouse anti-chlamydial LOS antibody
(green), which was used to visualize chlamydial inclusions (BZ9000; Keyence, Osaka, Japan). Evans blue
counterstaining of host cells (red) was used for counting cell numbers. The numbers of recoverable C.
trachomatis cells in STAT3 knockdown cells were normalized to those of siRNA control cells.

Two-photon microscopy. NAD(P)H autofluorescence was imaged with the DermaInspect two-pho-
ton laser scanning microscope (Jen-Lab GmbH, Jena, Germany) (40). In brief, cells were infected with C.
trachomatis (0.7 IFU/cell) on cover glass in 50-mm culture dishes with or without penicillin. The cover
glass was transferred into a MiniCem chamber before the assay. In each cell, the fluorescence lifetime of
protein-bound NADP(H) [t 2-NAD(P)H] was measured at 24 and 36 hpi. A 40�/1.3 Plan-Apochromat oil
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immersion objective was used for visualization. An excitation source at 730 nm was used to measure the
fluorescence lifetime of NAD(P)H. The fluorescence lifetime was detected over a period of 49.7 s per
image using a time-correlated single-photon counting (TCSPC) system. Afterwards, the data were ana-
lyzed by using SPCImage software version 2.9.5.2996 (Becker & Hickl GmbH, Berlin, Germany). In every
picture, three inclusions were analyzed from 10 visual fields per chamber in three independent measure-
ments. A region of interest (ROI) was selected inside the whole chlamydial inclusions. Mean values of t 2-
NAD(P)H of all pixels inside the ROI were calculated.

NMR analysis. HeLa cells were infected with C. trachomatis (0.7 IFU/cell) in 6-well plates and cul-
tured in RPMI 1640 medium supplemented with 5% fetal bovine serum with or without 1 U/ml penicillin.
The plate was incubated for 24 h at 37°C under a 5% CO2 atmosphere. Afterwards, the cells were washed
with phosphate-buffered saline (PBS) twice and harvested. For each sample, 5� 106 cells were used for
NMR analysis. Cell extracts were dissolved in pH 7 phosphate buffer with 0.5mM deuterated TMSP [3-
(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid] as a chemical shift and concentration reference, as
described previously (68). Samples were analyzed using a Bruker Avance III 600-MHz nuclear magnetic
resonance spectrometer with a room-temperature HCN probe (Bruker). One-dimensional (1D) spectra
were acquired using a 1D nuclear Overhauser effect spectroscopy (1D-NOESY) pulse sequence with
water presaturation (noesygppr1d), using 1,024 scans, a recycle delay of 4 s, a sweep width of 12 ppm,
and 32,768 data points for acquisition. Metabolite concentrations were measured using Chenomx soft-
ware (version 8.5) and MetaboLab/NMRLab (69, 70). In addition, reference spectra of 2-oxoglutarate, glu-
tamine, glutamate, as well as citrate were acquired in the same buffer.

Transcriptome analysis. A total of 2.5� 105 cells were seeded into 6-well plates and infected with
C. trachomatis. Total RNA isolation was performed with the NucleoSpin RNA kit (Macherey-Nagel GmbH
& Co. KG, Düren, Germany). Human rRNA was depleted from each sample using Ribo-Zero rRNA removal
(human/mouse/rat) kits (Epicentre, Chicago, IL). Afterwards, the obtained human rRNA-depleted RNA
was purified with the NucleoSpin RNA kit (Macherey-Nagel) according to the RNA purification protocol.
rRNA depletion was checked by Bioanalyzer RNA6000 Pico chip analyses (Agilent Technologies).
Depleted RNA preparations were quantified by fluorometric Qubit RNA assays (Life Technologies).

Syntheses of cDNA libraries were performed according to the manufacturer’s protocol (TruSeq RNA
sample prep kit; Illumina, Inc.), with minor modifications. Briefly, 45 to 100 ng of human rRNA-depleted
RNA was used for cDNA synthesis, followed by adapter ligation and PCR amplification. The resulting
cDNA libraries were validated by Agilent DNA 1000 chip analysis (Agilent Technologies), quantified by
fluorometric measurement (Qubit high-sensitivity double-stranded DNA [dsDNA HS] assay kit; Life
Technologies), and adjusted to 10 nM.

Clonal amplification of cDNA on Illumina v3 flow cells was done using the appropriate cBot recipe
(version 8) at a final library concentration of 10 pM. Sequencing was carried out on a HiSeq2500 system
according to the manufacturer’s protocol (HiSeq2500 system user guide; Illumina, Inc.) using TruSeq SBS
v3 chemistry (Illumina, Inc.). The resulting 100-bp sequence reads were converted to fastq format by
using CASAVA 1.8.2.

The sequenced cDNA reads of each sample were analyzed via Babraham Bioinformatics FastQC, a
quality control tool for high-throughput sequence data (version 0.11.4; https://www.bioinformatics
.babraham.ac.uk/projects/fastqc/). Quality trimming and filtering as well as length filtering were done
with PRINSEQ-lite (version 0.20.4). The remaining high-quality sequence reads were mapped against the
human reference genome (Genome Reference Consortium human build 38 patch release 2 [GRCh38.p2]
[accession number GCF_000001405.28]) and the C. trachomatis D/UW-3/CX reference genome (accession
number GCF_000008725.1) combined with the sequence of C. trachomatis D/SotonD1 plasmid pSotonD1
(NCBI reference sequence accession number NC_020986.1) using BWA (version 0.7.17) (71). The mapped
reads per Chlamydia gene were extracted with featureCounts (version 1.6.0) (72). Normalization and differ-
ential expression analysis were done with DESeq2 (71), and as a threshold for differentially expressed
genes, an adjusted P value of#0.05 was used.

qPCR for analysis of chlamydial gene expression. A total of 2.5� 105 cells were seeded in 6-well
plates and cultured for 24 h or 18 h. Extraction of total RNA and reverse transcription to cDNA were per-
formed. A LightCycler detection system (Roche Molecular Biochemicals, Mannheim, Germany) was used
to perform qPCR. The relative quantification of chlamydial target mRNA expression levels was normal-
ized by chlamydial 16S using the threshold cycle (2DDCT) method. The primer sequences are listed in
Table S3. Statistics were performed with paired Student’s t test.

Expression of PTPs. A total of 0.3� 105 to 5.3� 105 HeLa or primary fibroblast cells were seeded in
6- or 96-well plates. Cells were infected with C. trachomatis (0.7 IFU/cell). PTP expression levels were
determined by qPCR as described above. PTP expression levels were normalized by the endogenous
control b-actin gene. Primers for PTPN2, PTPN9, PTPN11, PTPN6, PTPRK, PTPRD, and PTPRT were pur-
chased from Bio-Rad Laboratories GmbH (Feldkirchen, Germany).

Effect of the PTP inhibitor on the phosphorylation of STAT3. A total of 5.3� 105 cells were
seeded in 6-well plates and cultured for 24 h. Cells were infected with C. trachomatis (0.7 IFU/cell) and
centrifuged at 700� g for 1 h at 35°C. Infected cells were incubated at 37°C under a 5% CO2 atmosphere
for 24 h. Afterwards, they were treated with or without 25mM sodium orthovanadate (New England
BioLabs GmbH) for 3 h.

Effect of chlamydial FabI and host fatty acid synthetic inhibitors. A total of 1� 105 cells were
infected with C. trachomatis (0.7 IFU/cell) in the presence or absence of AFN-1252 (MedKoo Biosciences,
Inc.). The plate was centrifuged at 700� g for 1 h at 35°C and incubated at 37°C under a 5% CO2 atmos-
phere. The host fatty acid synthetic inhibitor C75 (20mg/ml) (Sigma-Aldrich) was added at 12 hpi and
further incubated for 12 h. Afterwards, C. trachomatis-infected cells were used for immunofluorescence
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staining with FITC-labeled monoclonal chlamydial LOS antibodies (Dako). A Keyence BZ9000 instrument
was used to measure the diameter of chlamydial inclusions.

Determination of protein concentrations. A micro-bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific) was used according to the manufacturer’s instructions. In brief, cells were har-
vested and washed twice in PBS. After centrifugation for 5min at 300� g, the cell pellet was resus-
pended in lysis buffer (20mM HEPES, 150mM NaCl, 1% Triton X-100, 10% glycerol, protein inhibitor
cocktail) and sonicated 3 times for 5 s. After sonication, another centrifugation step followed at
15,000� g for 15min at 4°C. When the supernatant was collected and used for spectrophotometric anal-
ysis to determine the total protein concentration, we confirmed no significant difference in the protein
concentrations in C75-treated cells (n= 4; mean 6 standard error of the mean [SEM]; Sidak’s multiple-
comparison test).

Statistics. Data are indicated as means6 SEM. Statistical analysis was performed by using GraphPad
Prism 7 statistical software. When three or more groups were compared in the experiment, Sidak’s multi-
ple-comparison test was used in cases where one-way analysis of variance showed statistically signifi-
cant differences (P values of #0.05). Data between two groups were evaluated using Student’s t test. In
Sidak’s multiple-comparison and Student’s t tests, P values of #0.05 were considered statistically
significant.

Data availability. All raw RNA-seq data sets were deposited in the National Center for Biotechnology
(NCBI) Sequence Read Archive (SRA) under BioProject accession number PRJNA378340 with SRA accession
numbers SRR5834399 and SRR5834397 (productive infection), SRR5834400 and SRR5834398 (penicillin-
induced persistence), and SRR13189638 and SRR13189738 (IFN-g-induced persistence).
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