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Autophagy restricts Chlamydia trachomatis
growth in human macrophages via
IFNG-inducible guanylate binding proteins
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Interferon vy (IFNG) is a key host response regulator of intracellular pathogen replication, including that of Chlamydia
spp. The antichlamydial functions of IFNG manifest in a strictly host, cell-type and chlamydial strain dependent manner.
It has been recently shown that the IFNG-inducible family of immunity-related GTPases (IRG) proteins plays a key role in
the defense against nonhost adapted chlamydia strains in murine epithelial cells. In humans, IFN-inducible guanylate
binding proteins (hGBPs) have been shown to potentiate the antichlamydial effect of IFNG; however, how hGBPs
regulate this property of IFNG is unknown. In this study, we identified hGBP1/2 as important resistance factors against
C. trachomatis infection in IFNG-stimulated human macrophages. Exogenous IFNG reduced chlamydial infectivity by 50
percent in wild-type cells, whereas shRNA hGBP1/2 knockdown macrophages fully supported chlamydial growth in the
presence of exogenous IFNG. hGBP1/2 were recruited to bacterial inclusions in human macrophages upon stimulation
with IFNG, which triggered rerouting of the typically nonfusogenic bacterial inclusions for lysosomal degradation.
Inhibition of lysosomal activity and autophagy impaired the IFNG-mediated elimination of inclusions. Thus, hGBP1/2 are
critical effectors of antichlamydial IFNG responses in human macrophages. Through their capacity to remodel classically
nonfusogenic chlamydial inclusions and stimulate fusion with autophagosomes, hGBP1/2 disable a major chlamydial

virulence mechanism and contribute to IFNG-mediated pathogen clearance.

Introduction

Chlamydia spp are clinically important intracellular bacterial
pathogens that are responsible for highly prevalent diseases,
such as blinding trachoma and sexually transmitted infections.
Chlamydia bacteria complete their infection cycles within an
intracellular niche referred to as the inclusion. IFNG mediated
host cell immune defenses are important for infection clearance
both in vitro and in vivo;'® however, many of the IFNG-effector
mechanisms involved in the clearance of chlamydia infections are
largely unelucidated.

The inhibitory effects of IFNG on chlamydial replication
have been extensively studied; the outcome of IFNG responses
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for Chlamydia spp survival is highly variable in regards to chla-
mydial strain susceptibilities and antichlamydial effector mecha-
nisms, which vary according to host species (e.g., murine and
human) and cell type (e.g., epithelial cell and monocyte/mac-
rophage).*¢ Subinhibitory concentrations of IFNG in vitro can
induce chlamydia infections into a reversible state of persistence
characterized by aberrant, but viable and metabolically active,
inclusions, as assessed by analysis of rRNA transcripts.”

In human epithelial cells, IFNG contributes to the clearance
of nonhost adapted chlamydia strains predominantly through
the induction of indoleamine 2,3-dioxygenase (IDO), which
depletes intracellular tryptophan (Trp) pools.® Supplementing
infected cell culture medium with excess Trp is sufficient to
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completely reverse IENG growth inhibitory effects;>® C. tracho-
matis, however, evades IDO-specific IENG growth inhibitory
effects through the production of Trp synthase. Although Trp
depletion is a major IFNG antichlamydial effector, other work
suggests that additional IFN-effector mechanisms are likely to
be important in epithelial cells,” for example the upregulation of
IFN-inducible GTPases.>!

Chlamydia spp can also infect macrophages.'""® The mecha-
nisms responsible for the control and regulation of chlamydial
intracellular development in macrophages are diverse and include
IFNG responses. Supplementing growth medium with excess
Trp only partially reverses the growth inhibitory effects of IFNG
in macrophages, which suggests that unlike in epithelial cells Trp
depletion is not the major IFNG anti-chlamydial effector mecha-
nism in macrophages.® Similarly, inhibiting production of nitric
oxide, an IFNG-inducible effector, in macrophages only partially
relieves chlamydia growth arrest.® Thus, the mechanisms under-
lying the inhibition of chlamydia growth in human monocytes/
macrophages by IFNG have not been fully elucidated.

IFNG induces the expression of large GTPases (including
Mx), the very large inducible GTPases, the p47 immunity-related
GTPases (IRGs) and guanylate binding proteins (GBPs)."” GBPs
are the most abundant class of proteins induced by type II IFN.*®
Currently, up to 11 murine GBPs (mGBPs) and 5-7 human
GBPs (hGBPs) are known.”* Murine GBP1 and 2 possess a ter-
minal CaaX isoprenylation signal, which plays important roles
in the membrane association and protein-protein interactions of
a number of eukaryotic proteins.?! Isoprenylation causes associa-
2 with
reported roles in cell growth and protective immunity against
bacterial and viral pathogens. IFNG-inducible GTPases are
important for resistance to bacterial infections, for example the

tion of mGBP2 with vesicular cytoplasmic membranes,

IRG, Irga6, was shown to have antimicrobial properties against
a nonhost-adapted strain, C. trachomatis, in murine embryonic
fibroblasts; however, the murine-adapted strain, C. muridarum,
evades this IFNG-induced host response.’® A recent report on the
essential role of mGBPs for defense against intracellular bacteria
shows that mGBP1, 6, 7 and 10 provide broad host protection
and immunity against listeria and mycobacterial infections by
promoting antimicrobial peptide expression, autophagy and oxi-
dative killing of bacteria."” In addition, mGBP5 localizes to struc-
tures formed by invading Salmonella enterica, which is thought to
enhance S. enterica-induced pyroptosis.?> Thus, the role of GBPs
in the IFNG response to intracellular bacteria in murine cells has
been quite well characterized; by contrast, the roles of hGBPs
in immunity have remained elusive for nearly two decades.
Recently, some efforts have been made to address the potential
role(s) of hGBPs in epithelial cell immunity to chlamydia infec-
tions. Carabeo and coworkers suggest a crucial inhibitory role for
hGBP1/2 during C. trachomatis infection from their observations
that ectopically overexpressed hGBP1/2 delays the growth of
C. trachomatis in HeLa cells.’

Here, we demonstrated that the induction of hGBP1/2 is
important for the immunoprotective role of exogenous IFNG in
C. trachomatis infected macrophages. IFNG-inducible hGBP1/2
mediated fusion of bacterial inclusions with autolysosomes to
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eliminate C. trachomatis. Thus, we provided new insights into
macrophage IFNG effector mechanisms, which, through regu-
lation of autophagy, can contribute to innate immunity during
C. trachomatis infection.

Results

IFNG attenuated C. trachomatis infection in human macro-
phages. IENG is a critical mediator of the restriction of chlamyd-
ial infection. To assess the effect of IFNG on chlamydial growth
in human THP1-derived macrophages, cells were pretreated for
24 h with 100U IFNG. Twenty-four hours post-treatment cells
were infected with C. trachomatis at a multiplicity of infection
(MOI) of 5 for 2 h. Following 48 h incubation in the presence of
IFNG, cells were immunostained and analyzed by microscopy.
IFNG treatment resulted in substantially smaller and reduced
numbers of C. trachomatis inclusions (Fig. 1A). Furthermore,
IFNG treatment reduced the production of infectious C. tra-
chomatis elementary bodies (EBs) by more than 50% (Fig. 1B).
Thus, our observations show that exogenous IFNG treatment
attenuates C. trachomatis growth in human macrophages.
hGBP1/2 shRNA knockdown restored C. trachomatis
growth in IFNG-treated macrophages. Because IFNG is consid-

9,19

ered a potent inducer of hGBP expression,”” which can delay the
growth of C. trachomatis in human Hela cells,” we determined
the expression levels of hGBP1/2 in THP1-derived macrophages
in response to exogenous IFNG treatment. The addition of exog-
enous IFNG highly upregulated the expression levels of hGBP1/2
(Fig. 2A). To investigate the potential role of hGBP1/2 in IFNG-
mediated inhibition of chlamydial growth, IENG-pretreated (and
untreated control) macrophages were infected with C. trachomatis
(MOI of 50). Two hours post-infection (h p.i.) cells were pro-
cessed for indirect immunofluorescence to analyze colocalization
of chlamydial inclusions with hGBPs (Fig. 2B). Upon IFNG
treatment, greater than 60% and 40% of chlamydial inclusions
colocalized with hGBP2 and -1, respectively (Fig. 2B). To fur-
ther confirm the involvement of hGBPs in the IFNG-mediated
inhibition of chlamydia growth in human macrophages, we con-
ducted short hairpin RNA (shRNA) knockdown of hGBP1/2
in THPI cells. Knockdown levels of hGBP1/2 were determined
and compared with luciferase-specific control knockdown using
western blotting and RT-PCR (Fig. S1). Cell viability was unaf-
fected by knockdown with shRNA (data not shown). We infected
hGBP1/2-deficient cells with C. trachomatis (MOI of 5) for 48 h
in the presence or absence of exogenous IFNG. In contrast with
THPI cells expressing hGBP1/2, IFNG treatment did not inhibit
chlamydial growth in hGBP1/2 knockdown cells, as determined
by inclusion number (Fig. 2C; Fig. S2A). Importantly, the recov-
ery of infectious progeny from hGBP1/2 knockdown cells in
the presence of exogenous IFNG was comparable to that from
IFNG untreated cells (Fig. 2D). Double knockdown of hGBP1/2
provided support to the notion that hGBP1/2 regulated IFNG-
induced chlamydial restriction in a redundant manner (Fig. 2D).

Taken together, growth of C. trachomatis in macrophages was
inhibited by exogenous IFNG treatment, whereas chlamydia
growth was not affected by IFNG in hGBP1/2 knockdown cells.
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This suggests that the antichlamydial function of exogenous
IFNG is partially dependent on hGBP1/2.

IFNG-induced lysosomal fusion with C. trachomatis inclu-
sions was abrogated in hGBP1/-2 deficient cells. We next inves-
tigated whether hGBP1/2-positive C. trachomatis inclusions
were directed to lysosomes for degradation by exogenous IFNG
treatment. To these ends, we used immunofluorescence micros-
copy to determine whether C. trachomatis inclusions fuse with
lysosomes upon IFNG treatment. First, colocalization of inclu-
sions with the lysosomal marker, lysosomal-associated membrane
protein 1 (LAMP1) at 3 h p.i. was monitored (Fig. 3A). In con-
trol, empty untreated macrophages, 17% of inclusions colocal-
ized with LAMP1. The addition of exogenous IFNG increased
colocalization of LAMP1 and inclusions 3-fold (Fig. 3A and
B). Importantly, colocalization of LAMPI and inclusions in
hGBP1/2 knockdown THP1 cells was reduced to basal levels and
this was refractory to the effects of exogenous IFNG (Fig. 3A
and B), which was consistent with our observation that IFNG
had no inhibitory effect on chlamydia growth in knockdown
cells. These findings clearly indicated that the fusion of bacte-
rial inclusions with lysosomes was induced by IFNG in human
macrophages and this process is hGBP1/2 dependent. To con-
firm that IFNG-induced inclusion-lysosome fusion eliminates
C. trachomatis, we studied the effects of bafilomycin A, (BafAl),
a specific vacuolar H*-ATPase inhibitor, which inhibits lyso-
somal activity. BafAl treatment rescued chlamydial growth and
the production of infectious EBs in IFNG treated macrophages
(Fig. 3C). These data clearly indicated that the fusion of
C. trachomatis inclusions with lysosomes can be elicited by [FNG,
which serves to eliminate chlamydia from host macrophages. To
further characterize the nature of chlamydial early inclusions
after exogenous IFNG stimulation, we examined whether early
chlamydial inclusions are acidic using LysoTracker, an acidotropic
fluorescent dye that accumulates in acidic cellular compartments
(Fig. 4). In wild-type macrophages treated with IFNG, 45% of
bacterial phagosomes colocalized with LysoIracker, compared
with 20% in control untreated cells. However, in hGBP1/2
knockdown macrophages, colocalization was minimal and com-
parable to that in untreated wild-type macrophages. This sug-
gested that IFNG treatment in human macrophages rendered
chlamydial early inclusions vulnerable to acidification, by a pro-
cess dependent on hGBP1/2.

IFNG-induced autophagy was required for the elimination
of C. trachomatis. IFNG can induce autophagy to eliminate
intracellular pathogens.!” We hypothesized that IFNG-induced
autophagy reroutes C. trachomatis inclusions to the autophagic
compartment for destruction in macrophages. To investigate this
further, THP1 cells were infected with C. trachomatis in the pres-
ence or absence of exogenous IFNG. Cells were then fixed and
stained for endogenous microtubule-associated protein 1 light
chain 3 (LC3) using an anti-LC3 antibody. In contrast to IFNG-
untreated cells, LC3 exhibited vesicular staining colocalized to
C. trachomatis inclusions (53%) in IFNG-treated cells (Fig. 5A
and B). A GFP fusion of LC3 and an autophagosomal marker
also colocalized with C. trachomatis inclusions in IFNG-treated
cells (40%) (Fig. S3). Taken together with our LAMPI data,
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Figure 1. IFNG inhibited C. trachomatis growth in human macrophages.
THP1 macrophages were treated with 100 U/ml IFNG prior to infection,
then infected for 48 h with C. trachomatis (MOI 5) and simultaneously
treated with 100 U/ml IFNG or left untreated (control). (A) Immunofluo-
rescence micrographs of macrophages infected with C. trachomatis
(green) and DNA (blue). Cytokine treatment resulted in a low number
of detectable inclusions in C. trachomatis infected cells. Images are rep-
resentative of at least three independent experiments (B) Influence of
IFNG on development of infectious progeny. The yield of C. trachomatis
infectious progeny decreased by 50% upon IFNG stimulation. Infectiv-
ity percentages were calculated following infection of HeLa cells: IFU/
ml estimated for each treated monolayer / IFU/ml of control cells x 100.
Infectivity expressed as a percentage of control cells + standard devia-
tion (SD) from three independent experiments (n = 3). Ctr, C. trachoma-
tis. Scale bars: 30 pm.

these findings clearly suggested that the nature of C. rrachomatis
inclusions upon IFNG stimulation was autolysosomal. To fur-
ther support our hypothesis, immunoblotting was used to moni-
tor the formation of early autophagosomal precursors and newly
formed autophagosomes by following changes in endogenous
LC3-1I formation.!®® LC3-II levels increased in response to
IFNG stimulation (Fig. 5C). Notably, LC3-II levels were higher
in IFNG-treated cells compared with untreated cells (Fig. 5C,
lane 1 and 2). Further, C. trachomatis infection also increased
levels of LC3-I1 even in the absence of exogenous IFNG (Fig. 5C,
lane 3). In addition to LC3, SQSTM1/p62 can also be used as a
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Figure 2. Early interactions of hGBP1 and GBP2 with chlamydial inclusions mediated IFNG-induced C. trachomatis growth inhibition. (A) Anti-hGBP1
and -GBP2 immunoblot analysis of total lysates from uninfected macrophages, and uninfected macrophages exposed to 100 U/ml IFNG for 24 h. Other
monolayers were pretreated with IFNG for 24 h prior to infection and then infected in the presence of IFNG. Host ACTB was used as loading control.
(A) hGBP1/2 expression is induced by IFNG, while infection alone had minimal stimulatory effect on hGBP2 expression. Only very low amounts of
cellular hGBP2 can be detected in control cells, compared with treated cells. Blot is representative of two independent experiments (B) Double immu-
nofluorescence labeling of hGBP1, hGBP2 and C. trachomatis in macrophages stimulated for 24 h with 100 U/ml IFNG and then infected for 2 h with

C. trachomatis (MOI 50). IFNG untreated cells were similarly infected. Upon IFNG induction hGBP1/2 localized to inclusions. For quantification, approxi-
mately 100 cells were examined for hGBP1/2-C. trachomatis colocalization in cytokine-treated or untreated cells. Colocalization calculated as a mean
percentage: for each treatment, number of hGBP1/2 positive inclusions/total number of inclusions x 100 from two independent experiments (C and
D) Deletion of either hGBP1, hGBP2 or both promotes intracellular growth of the bacterial inclusion. Unstimulated and IFNG-stimulated THP1-derived
macrophages were infected with C. trachomatis for 48 h (MOI 5). IFNG stimulation did not inhibit chlamydial growth in hGBP1, hGBP2 or double knock-
down deficient cells compared with THP1- and control (empty)-derived macrophages. (C) Analysis of inclusion numbers in cells infected (MOI 5) for

48 h was performed by counting inclusions in 100 cells. (D) Infectivity of bacteria in hGBP1 or hGBP2 deficient cells, as well as double knockdown cells is

2-fold higher than in control (empty)- or THP1-derived macrophages. Results depicted as mean percentage normalized to control. Results shown in

(Cand D) are from three independent experiments. Error bars + SD. Statistical significance was analyzed by Student’s t-test; *p < 0.01. Scale bars: 10 pm.
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Figure 3. For figure legend, see page 55.

readout of autophagic activity.?*** SQSTMI1 is itself degraded by
autophagy and, thus, increased levels of SQSTMI correlate with
inhibition of autophagic activity. Exogenous IFNG reduced lev-
els of SQSTM1 compared with untreated, uninfected cells, dem-
onstrating that IFNG stimulated autophagic function, or flux

Lentivirus LAMP1 Ctr Inset

o Y 0 No IFNG
B IFNG

. Jmi

THP1  Empty  hGBP1  hGBP2
knockdown knockdown

Empty

Colocalization (%)

c
3
o)
ke
P
3]
o)
[ =
=4
o
m
)
=
130 o B-BafAl
— 1 m+BafAl
X
5 1004
=
©
c | & 507
= | 5
o)
ke
= 0 :
g No IFNG 100 U IFNG
P54
o
o
m
)
=

(Fig. 5C). Levels of SQSTMI in infected cells in the absence of
exogenous IFNG were higher compared with IFNG-treated cells.
In context with the increased induction of autophagy observed in
both IFNG-treated and infected macrophages, IFNG relieved a
block to autophagic flux that was evident during infection in the
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Figure 3 (See opposite page). IFNG-induced lysosomal interaction with early chlamydial inclusions was abrogated in hGBP1 and hGBP2 knockdown
macrophages. (A) Empty (control), hGBP1 and hGBP2-stable knockdown THP1-derived macrophage monolayers were prestimulated for 24 h with

100 U/ml IFNG and then infected with C. trachomatis as described in Figure 2. IFNG untreated control cells were similarly infected. (A) Double im-
munofluorescence labeling 3 h p.i. revealed that IFNG stimulated the association of the lysosomal marker LAMP1 (red) with C. trachomatis (blue)
inclusions in control cells. While IFNG stimulation demonstrated no recruitment of lysosomes to inclusions in cells deficient of either hGBP1 or hGBP2.
Images are representative of two independent experiments. (B) Percentage colocalization Ctr inclusions with LAMP1. Quantification of LAMP1-positive
chlamydial inclusions revealed nonsignificant colocalization in cells lacking hGBP1 or hGBP2. Approximately 100 cells per sample were examined.
Colocalization expressed as a mean percentage: for each treatment, number of LAMP1 inclusions / total number of inclusions x 100. (C) Inhibition of
lysosomal acidification by 100 nM BafA1 abrogated the IFNG-mediated inhibition of C. trachomatis inclusion growth. Infectivity assays were performed
as in Figure 1B. BafA1 led to an increase in the yield of infectious progeny in IFNG-treated cells Results shown in (B and C) are from three independent
experiments. Error bars + SD. Statistical significance was analyzed by Student’s t-test; **p < 0.01, *p < 0.05. Scale bars: 5 wm.

absence of exogenous IFNG (Fig. 5C). Interestingly, wild-type
and hGBP1/2 knockdown cells treated with rapamycin, a conven-
tional inducer of autophagy, did not restrict chlamydial growth
as determined by infectivity titration (Fig. S4). Moreover, the
IFNG-induced chlamydial restrictive properties were not poten-
tiated in the presence of rapamycin.

In order to provide further evidence for autophagy-dependent
elimination of C. trachomatis in human macrophages, we used
shRNA to knock down the key autophagy protein, ATG5. The
knockdown level of ATG5 was determined and compared with
luciferase-specific control knockdown by western blot (Fig. S5).
ATGS knockdown THP1 cells were infected with C. trachomatis
in the presence or absence of exogenous IFNG. Two days p.i., per-
centage infectivity was assessed using infectivity titration assays.
Interestingly, ATG5 knockdown increased infectious progeny
production 2.5-fold (Fig. 5D) compared with wild-type cells and
the addition of exogenous IFNG did not inhibit the enhanced
infectivity of C. trachomatis in cells depleted of ATGS5 (Fig. 5D).
Further, the ectopic overexpression of hGBP1 was unable to con-
fer a restrictive phenotype on ATG5 knockdown cells, indicating
that hGBPs mediate their antichlamydial activity via autophagy
(Fig. 5E; Fig. S6). Thus, these data, in tandem with our LAMP1
colocalization studies, clearly suggested that IFNG mediates the
fusion of C. trachomatis inclusions with lysosomes and the activa-
tion of autophagic flux in order to eliminate chlamydial infection
from host macrophages.

To further characterize the nature of chlamydial early inclusions
upon IFNG treatment, we used transmission electron microscopy
(TEM) to study the ultrastructural features of chlamydial inclu-
sions. In IFNG-untreated cells (Fig. 6A) small EBs were present
after 6 h of infection (arrows). IFNG treatment induced the for-
mation of autophagosomes around EBs as characterized by the
presence of a double membrane around EBs as shown in (Fig. 6B).
Further, IENG treatment induced vesicles and vacuoles which
accumulated around the morphologically abnormal chlamydial
EBs; creating a spacious bacterial vacuole (Fig. 6C). By contrast,
C. trachomatis early inclusion morphology was normal in control
untreated cells, with no double membranes, nonspacious vacuoles,
or vesicles surrounding the early inclusion (Fig. 6A).

hGBP1/2 were important for autophagy-mediated C. tra-
chomatis elimination. Next, we determined whether IFNG-
inducible hGBP1/2 were required for autophagy induction
by following changes in LC3-II formation in cells depleted of
hGBP1/2 using immunoblotting. LC3-II levels increased in
response to IFNG stimulation in control cells (Fig. 7A). Infection
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with C. trachomatis for 4 to 12 h slightly induced LC3-II expres-
sion (Fig. 7A); however, exogenous IFNG treatment of infected
cells further upregulated LC3-1I expression. In general, levels of
LC3-II were substantially higher in infected, [IFNG-treated cells
compared with untreated cells (Fig. 7A; Fig S7). Interestingly,
in IFNG-treated cells, infection with C. trachomatis stimulated
autophagy as the levels of SQSTMI in these cells were reduced
compared with control cells (Fig. 7A). In hGBP2-deficient cells,
SQSTML levels in uninfected and untreated cells were higher
compared with control cells (Fig. 7B). Moreover, IFNG treat-
ment had a minimal stimulatory effect on SQSTM1 degrada-
tion, and therefore on autophagy, in cells depleted of hGBP2
after chlamydia infection (Fig. 7B). IFNG treatment also had a
minimal stimulatory effect on LC3-II expression, and therefore
on autophagy, in comparison to untreated hGBP2-depleted cells
(Fig. 7B). Similarly, IFNG treatment and C. trachomatis infec-
tion had a minimal stimulatory effect on LC3-II expression levels
in hGBP1-impaired cells, although to a lesser extent than hGBP2
(Fig. 7C). By contrast, rapamycin-induced autophagy had a simi-
lar stimulatory effect on SQSTMI degradation in wild-type and
hGBP1/2 knockdown cells after chlamydial infection (Fig. S8).
This autophagic activity, induced by rapamycin, did not inhibit
chlamydial growth in macrophages (Fig. S4), in contrast to
IFNG-induced autophagy. Taken together, these data suggested
a role for hGBP2, and possibly hGBP1, in the regulation of the
IFNG-induced autophagic pathway.

To further confirm the importance of hGBP1/2 in IFNG-
induced autophagy, we monitored the expression of ATG5 and
ATGI12, key regulators of autophagy, by immunoblot. ATG12-
ATGS5 conjugation has been used in some studies to measure
autophagy.”* Further, the amount of free ATG5 and ATG12
might be a useful method for following autophagy induction.
Here, empty (control), hGBP1/2-depleted cells were pretreated
with IENG for 24 h. Cells were infected with C. trachomatis
(MOI of 10) in the presence or absence of IFNG. ATG12-ATG5
conjugate formation was slightly increased in IFNG treated cells
(Fig. 7D). No monomeric ATG5 or ATG12 was detected in
empty control cells (Fig. 7D, lanes 1 and 2), suggesting that
autophagy is not impaired in these cells. By contrast, monomeric
ATGI12 and ATGS were detected in cells depleted of hGBP2
and to lesser extent hGBP1 (Fig. 7D, lanes 4 and 6). The data
indicated that given similar knockdown levels, hGBP2 exerted
a greater influence over autophagy regulation. However, our
findings implicated both hGBP1/2 in the regulation of the auto-
phagic process during C. trachomatis infection of macrophages.
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Figure 4. IFNG stimulation increased acidification of
chlamydial early inclusions, but not in hGBP1 or

2 knockdown macrophages. Empty (control), hGBP1
and hGBP2-stable knockdown THP1-derived macro-
phage monolayers were prestimulated for 24 h with
100 U/ml IFNG and then infected with C. trachomatis
MOI 100 for 2 h. Confocal microscopy images of
acidotropic dye LysoTracker (Red) and C. trachomatis
(Blue) revealed that IFNG stimulated the acidification
of chlamydial early inclusions in WT macrophages. By
contrast, the acidification process is impaired in cells
deficient in either hGBP1 or -2, in response to IFNG
stimulation. Scale bars: 10 pm.

Discussion

IFNG is a key immune effector that contrib-
utes to the clearance of chlamydia infections
in vitro and in vivo.*?” Here we elucidated the
mechanisms underlying IFNG-induced immu-
nity to C. trachomatis in human macrophages.
We showed that the human strain C. trachoma-
tis LGV serovar L2 is highly susceptible to the
growth inhibitory effects of exogenous IFNG in
human macrophages. Inhibition of chlamydia
growth was dependent on the IFNG-inducible
proteins hGBP1/2. Exogenous IENG triggered
classically nonfusogenic C. trachomatis inclusions
to fuse with autolysosomes, leading ultimately to
pathogen elimination. Impairment of autophagy
and lysosomal function restored chlamydia
growth during IFNG treatment. Strikingly,
hGBP1/2-deficient macrophages, in which chla-
mydia growth was enhanced compared with con-
trol cells, showed no IFNG-mediated chlamydia
elimination. Thus, we have now shown that
through the upregulation of its effector proteins,
hGBP1/2, IFNG disrupted an important C. tra-
chomatis virulence mechanism in human macro-
phages, i.e., the maintenance of a nonfusogenic
intracellular niche, and targeted inclusions for
lysosomal degradation.

There is considerable diversity in the replica-
tive microenvironments established by intracel-
lular pathogens to optimize their survival, i.e.,
to ensure continuous nutrient and energy sup-
plies and to avoid detection by host immune
systems. The chlamydial inclusion is specialized
and nonfusogenic in nature;**%
contributes to the survival of Chlamydia spp in
host cells as chlamydial inclusions are maintained

nonfusogenicity

as distinct entities that do not come into contact
with lysosomal degradative enzymes.!*** While
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it was shown in one study that lysosomal activity promotes chla-  of murine embryonic fibroblasts has previously been suggested to

mydia growth through the provision of essential nutrients,** we  determine Chlamydia spp host tropism and similar to our obser-

found here that in the context of lysosomal-inclusion fusion, lyso-  vations, growth of a nonmurine strain, C. trachomatis, in murine
somal activity inhibited chlamydia growth. A block to lysosomal  cells was shown elsewhere to be promoted by BafA1.>* However,
degradation of Chlamydia muridarum inclusions during infection ~ Yasir et al., report that the inhibition of nonhost adapted strain
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Figure 5. Autophagy-induced chlamydial growth arrest in response to IFNG stimulation was abrogated in cells with impaired autophagy. IFNG induces
localization of autophagosomes to inclusions. Macrophages were exposed to 100 U/ml IFNG for 24 h. Cells were then infected with C. trachomatis (MOI
100) for 3 h. IFNG-untreated control cells were similarly infected. LC3 (red) localized to bacterial inclusions (green) in response to IFNG stimulation (A).
(B) Quantification of LC3-positive C. trachomatis inclusions in the presence or absence of IFNG. Approximately 30 host cells were examined for LC3-C.
trachomatis sequestration per sample. Quantification results shown as mean percentage normalized to control from two independent experiments.
Error bars £ SD (C) Anti-LC3 immunoblot analysis of total lysates from uninfected and chlamydia infected macrophages; in the presence or absence of
IFNG pre-treatment for 24 h. Host ACTB was used to control equal loading of proteins. Autophagy is induced by IFNG treatment and to a lesser extent
after chlamydial infection, as indicated by the amount of LC3-II. IFNG treatment activated autophagic flux as indicated by reduced levels of SQSTM1.
Blot is representative of two independent experiments. (D) Normal development of chlamydia in cells with impaired autophagy. ATG5 stable knock-
down cells or control (empty) cells were IFNG treated and infected, as in Figure 1. Infectivity of bacteria from macrophages lacking ATG5 was 2-fold
higher than that in control cells. Further, IFNG treatment had minimal activity against bacteria in cells with impaired autophagy. Infectivity expressed
as a ratio between infected IFNG-treated and infected-untreated cells from three independent experiments. (E) Influence of ectopic overexpression
of hGBP1 on development of infectious progeny in cells lacking ATG5. Infectivity of bacteria in ATG5 deficient cells or ATG5 KD-overexpressing hGBP1
cells is comparable. Results depicted as mean percentage normalized to control. Error bars + SD. Scale bars: 10 pm.

growth by vATPase-bearing vacuoles occurs independently of intracellular pathogen, Toxoplasma gondii, is also nonfusogenic
colocalization with inclusions, whereas we showed that inclusions ~ with lysosomes® and IFNG has been found to trigger autoph-
colocalized with LAMPI in IFNG-treated macrophages. The agy-dependent elimination of 7. gondii in macrophages.*>? It has
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Figure 6. IFNG treatment induced rerouting of chlamydial early inclusions to autophagosomes. Transmission electron microscopy displays ultrastruc-
tural features of early C. trachomatis inclusions in infected THP1-derived macrophages. Host cells were exposed to medium containing 100 U/ml IFNG
for 24 h or left untreated as a control. (A) Micrograph of infected untreated host cells shows normal chlamydial EBs (arrows) within the early inclusion.
(B and C) Micrograph of infected cells exposed to IFNG demonstrates the presence of 1 EB (early inclusion) surrounded by a double membrane (B) or
vesicles surrounding a morphologically abnormal chlamydial early inclusion (arrow) (C).

also been suggested that mycobacterial phagosomes are arrested
in autolysosomes in activated macrophages.’”* It is worth not
ing that despite the propensities of some pathogens to avoid con-
tact with lysosomes, fusion with the lysosomal compartment is
not universally detrimental to intracellular pathogen survival.
Coxiella burnetti, for example, has evolved mechanisms to survive
inside phagolysosomes.”® Coxiella bacteria translocate several
proteins from the acidic compartment and delayed phagosome
maturation facilitates bacterial survival, a process that is, interest-
ingly, autophagy mediated.”!

We report here that autophagy was required for mediating
the anti-C. trachomatis effects of exogenous IFNG in human
macrophages. Autophagy, originally identified as an intracellular
homeostatic mechanism, reroutes cytoplasmic material and dam-
aged organelles to autophagosomes, and subsequently lysosomes,
culminating in the formation of autolysosomes for degradation
of their cargo. Alongside its important roles in development and
programmed cell death, autophagy is being increasingly recog-
nized for its importance in immunity.*> When autophagy was
impaired, macrophages supported C. trachomatis infection, even
in the presence of exogenous IFNG. IFN-inducible GTPases are,
in part, responsible for permissiveness to chlamydia infections in
murine epithelial cells.’ Other studies, besides our latest report,
have implicated the IFN-inducible GBP protein family, in growth
regulation of various intracellular pathogens.”'”*#44 A possible
role for mGBP1 and 7 in the induction of LC3-positive structures
has also been suggested.” Here we report that hGBP1/2 remod-
eled the autophagosomal membrane in human macrophages dur-
ing C. trachomatis infection, which inhibited chlamydia growth
by ~-50%. hGBP1/2-depleted cells exhibited reduced levels of
LC3II and impairment in autophagy flux; furthermore, mono-
meric ATG5 and ATGI2 species were detected in hGBP1/2
knockdown cells. This suggested a role for hGBPs in regulating
autophagy in human macrophages as previously demonstrated,®
although the mechanism underlying this process needs further
investigation.
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It is likely that effectors such as hGBP1/2, which are induced
by IENG, can stimulate remodeling of the bacterial phagosomal
membrane. Similarly, Irga6 enhances resistance to C. trachomatis
in an autophagy-dependent manner in murine fibroblasts and
IFNG stimulates autophagy and the recruitment of LC3 and
LAMP1 to the M. tuberculosis compartment, which inhibits
M. tuberculosis growth.'** In contrast to IFNG-induced auto-
phagy, rapamycin-induced autophagy did not confer resistance
to C. trachomatis in wild-type human macrophages, supporting
previous observations in epithelial cells.** Rapamycin-induced
autophagy is responsible for increasing acidification of myco-
bacterial phagosomes in macrophages, removing the block to
phagosome maturation (a prosurvival strategy of this intracel-
lular pathogen).’® Thus, pharmacologically induced autophagy
has apparently different antimicrobial capacities for these two
intracellular pathogens with differing intracellular niches. In
macrophages lacking hGBP1/2, rapamycin-induced autophagy
was not impaired, unlike IFNG-induced autophagy. This dif-
ference could possibly arise from the different signaling regula-
tion of mammalian autophagy activated by rapamycin compared
with [FNG.¥48

We found that both exogenous IFNG and chlamydia infec-
tion upregulated autophagy. Crucially, however, IFNG relieved
the cellular block to autophagic flux present during infection
alone, as determined by decreased levels of SQSTM1; an appar-
ent block to autophagic flux during chlamydia infection has been
reported elsewhere.®® We also observed that IFNG stimulated
the colocalization of the autophagy protein, LC3, and the lyso-
somal marker, LAMP1, with C. trachomatis inclusions in human
macrophages. Furthermore, we showed how IFNG perturbed
ultrastructural features of early chlamydial EBs, e.g., EBs exhib-
ited abnormal morphology, characterized by double-membrane
structures, and also recruited vacuoles and vesicles in response to
IFNG treatment. This further strengthens the existing observa-
tions that Chlamydia bacteria are rerouted to autophagosomes for
degradation upon stimulation with exogenous IFNG.
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Figure 7. hGBP1 and hGBP2 played a role in the regulation of the host autophagic machinery. (A-C) Anti-LC3 and SQSTM1 immunoblot analysis of
total lysates from uninfected control (empty), hGBP1- and hGBP2-stable knockdown macrophages or from cultures infected for the indicated time
points in the presence or absence of 100 U/ml IFNG for 24 h. Other monolayers were pretreated with IFNG for 24 h prior to infection and then infected
in the presence of IFNG. Host ACTB was used as loading control. IFNG induced autophagy in control THP1-derived macrophages; similarly treated
cells infected with C. trachomatis induced autophagy as indicated by the higher amount of LC3Il and reduced amount of SQSTM1. (B and C) hGBP1

or hGBP2 knockdown impaired autophagy induction. Only very low amounts of cellular LC3II, but increasing amounts of SQSTM1 can be detected

in hGBP2-knockdown cells, compared with those in control THP1-derived macrophages, while hGBP1 knockdown had a minimal stimulatory effect
on autophagy. (D) Anti-ATG5 and ATG12 immunoblots of total lysates from control (empty), hGBP1- and hGBP2-stable knockdown macrophages.
Monolayers were pretreated with IFNG for 24 h prior to infection and then infected with C. trachomatis (MOI 10) in the presence of IFNG or left without
treatment. Host ACTB was used as loading control. IFNG induced ATG12-ATG5 conjugate formation in all cells. h\GBP2, and to a lesser extent hGBP1,
knockdown impaired autophagy induction. Monomeric ATG5 and ATG12 were detected in cells lacking hGBP2, and to lesser extents in cells lacking
hGBP1, but were absent in control THP1-derived macrophages. Blot shown in (A) is representative of three independent experiments and blots in

(B-D) are representatives from two independent experiments.

We observed that the inhibition of C. trachomatis growth by
IFNG in human macrophages was completely reversed upon
GBPI and GBP2 knockdown. Others have reported that in epi-
thelial cells, h\GBP1/2 are not IFNG effectors per se during infec-
tion, but rather potentiate the antichlamydial activity of IFNG.’
Tietzel et al., speculate that colocalization of chlamydial inclu-
sions and ectopically-expressed hGBP1/2 can induce interactions
between bacterial inclusions and degradative lysosomal com-
partments of the host cells, although they did not confirm this
empirically. Our observations here suggested a role for hGBPs
in targeting hGBP1/2-positive cargo to autolysosomes, similar to
the role postulated for mGBPs.* We have previously shown that
the IFNG-antichlamydial response to C. trachomatis infection

www.landesbioscience.com

in murine fibroblasts is determined in large part by the murine
specific IFNG-inducible protein, Irga6,"® which colocalizes to the
inclusion and is essential for IENG growth arrest through the
generation of autolysosomes and lysosomal elimination of bac-
teria. Irga6 also inhibits the growth of C. trachomatis in murine
oviduct epithelial cells;> however, the authors of that report con-
clude that an association between Irga6 expression and inhibi-
tion of sphingomyelin transport to the chlamydial inclusions is
responsible for growth inhibition, without indication of a role for
Irga6 in autophagosomal fusion with lysosomes. Similarly, others
have suggested that chlamydial growth inhibition by hGBP1/2
could be due to disruption of signaling, or depletion of intracel-
lular guanine nucleotide pools in epithelial cells.’
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In summary, hGBP1/2 can contribute to IFNG-mediated
protective immunity against chlamydial infection through
their potential to mediate fusion of chlamydial inclusions with
autolysosomes as a mechanism to eliminate C. trachomatis in
human macrophages. Our findings provided new insights into
the role of hGBPs for innate immunity to a major clinical patho-
gen and suggested that manipulation of the host interferon
response could be a possible future approach for antichlamydial
interventions.

Materials and Methods

Chemicals and antibodies. RPMI-1640 medium (52400) and
Dulbecco’s minimal essential medium (DMEM) were pur-
chased from Gibco-Invitrogen (10938) supplemented with 10%
fetal bovine serum (FBS; Biochrom AG, S0115). Cycloheximide
was obtained from Sigma-Aldrich (01810). IFNG was pur-
chased from Sigma-Aldrich (13265). BafAl was purchased from
Calbiochem (196000). Rapamycin was obtained from Sirolimus
LC Laboratories (SILA 9268A). LysoTracker Red DND-99 was
purchased from Molecular Probes (L-7528). Phorbol myristate
acetate (PMA) was purchased from Sigma-Aldrich (P1585).
Goat antibodies raised against human GBP1 (sc-10579), GBP2
(sc-10581) were purchased from Santa Cruz Biotechnology,
Inc. Other serological reagents used were: mouse anti-human
CD107a/lysosomal associated membrane protein 1 (LAMP1)
(clone H4A3; Southern Biotech, 9835-01); monoclonal antibody
to microtubule-associated protein 1 light chain 3 (LC3) (clone
5F10; nanoTools, 0231-100/LC3-5F10); rabbit anti-LC3A/B
(Cell Signaling, 4108); mouse monoclonal anti-SQSTM1/p62
(Abcam, ab56416); rabbit anti-ATGS5L (Abgent, AP1812b);
rabbit polyclonal anti-ATG12 (Zymed Laboratories, 36-6400);
mouse monoclonal anti-human ACTB (clone AC-15, Sigma-
Aldrich, A5441); rabbit polyclonal anti-Chlamydia genus-specific
antibody (Milan Analytica AG, 3-090); and mouse monoclonal
anti-C. trachomatis hsp60 (Alexis, ALX-804-072-R100) and
LPS (clone CF6J12, Abcam, ab62708-500). The nucleic acid
dye, DRAQS5, was obtained from Biostatus Limited (DR50050).
Secondary labeled antibodies for immunofluorescence and west-
ern blot analyses were purchased from Jackson ImmunoResearch
Laboratories (705-165-147, 715-095-151, 715-165-151, 711-165-
152, 711-095-152, 703-165-155) and Amersham (NA935).

Cell culture and chlamydial strain. For the generation of mac-
rophages, THP1 cells were seeded in 6-well plates using RPMI
supplemented with 10% FBS at a density of 1 x 10° cells/well in
the presence of 100 nM PMA. Twenty-four hours post-treatment
cells were incubated at 37°C and 5% CO, in a humidified tissue
culture chamber for a further 48 h without PMA, to allow the
cells to rest. C. trachomatis serovar L2 was routinely, cultured,
prepared, and propagated in HeLa cells (American Type Culture
Collection CCL-2.1) as previously described.'

Host infection and infectivity titration assay. Host cells
were seeded in 6-well plates, treated as above then infected with
C. trachomatis diluted in infectious medium at an MOI 5 and
incubated at 35°C and 5% CO,. Two hours post infection (p.i.)

cells were washed and loaded with fresh medium containing
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100 U/ml IFNG. Control infected cells were not treated with
the cytokine. Cell cultures were then incubated as above for
48 h. The formation of infectious C. trachomatis progeny in a
secondary infection was assessed by infectivity titration assay
as described elsewhere.!” Briefly, infected cells were mechani-
cally destructed using glass beads. Resulting, lysates were serially
diluted in infectious medium and then used to inoculate Hela
cells for 2 h. Cells were then washed and further incubated for
24 h in RPMI medium with 5% FBS and 1 pg/ml cyclohexi-
mide. One day later, inclusions were manually counted (from
each dilution) at 400x magnification in ten randomly selected
microscopic fields using phase contrast microscopy. The area
of one 400x microscopic field was then estimated using a stage
micrometer slide, which could then be used to calculate the total
microscopic fields per well by dividing the area of one well by the
area of one microscopic field. The infectivity titer is expressed
as a number of inclusions (IFU/ml) IFU/ml = no. inclusions in
10 fields/10 x no. fields in a well x dilution factor.

Generation of stable knockdown cells. shRNA knock-
down cells were generated as follows: shRNA oligonucle-
otides (Metabion) were annealed and cloned into the lentiviral
pLVTHM vector carrying a GFP cassette for monitoring virus
production and infection.’® The following sequences were tar-
geted to silence GBPI, GBP2 and ATG5 by shRNA expression:
GGA GTA GGA ATT GAG TGA TAA, GCA ACT TCA GAG
TGT CAA ACA, and GCT AGC TGG CTG TCC ATATTG
respectively. Viruses carrying GBPI shRNAs, GBP2 shRNAs,
GBP1/2 shRNAs or ATG5 shRNAs were produced by transfect-
ing 293T cells with corresponding pLVTHM constructs together
with viral packaging vectors (psPAX2 and pMD2G) by calcium
phosphate transfection. GBPI shRNA, GBP2 shRNAs, GBPI-
GBP2 shRNAs- or ATG5 shRNA-containing viruses were har-
vested from the supernatant 48 h post transfection and applied
to THP1 cells for lentiviral infection in the presence of polybrene
(5 wg/ml). At 7 d p.i., cells expressing GFP were lysed in sample
buffer. The efficiency of gene silencing was determined using
western blotting or ¢-PCR. Empty vector transfected cells were
used as a control.

Host cell transfection. Cultured THP1-derived macro-
phages on coverslips in 12-well-plates were washed once and
then transfected with 1 pg/ml plasmid DNA encoding pEGFDP-
rat LC3 (a kind gift from Tamotsu Yoshimori, Department of
Cellular Regulation, Research Institute for Microbial Diseases,
Osaka University, Osaka, Japan), using Lipofectamine 2000
(Gibco-Invitrogen, 11668-027) according to manufacturer’s
instructions. One day post-transfection, cells were stimulated
for 24 h with 100 U/ml IFNG or left without stimulation and
incubated as above. Next, transfected cells were infected with
C. trachomatis at an MOI of 20 and incubated for the indicated
time points at 35°C and 5% CO,, before processing for confocal
microscopy.

Confocal microscopy. For fluorescent labeling, cell monolay-
ers were fixed and permeabilized for 5 min with ice-cold 100%
methanol at indicated time points p.i. or fixed for 25 min using
4% paraformaldehyde at room temperature (for hGBDPs), then
permeabilized with Triton X-100 0.3%. For fluorescent labeling
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for endogenous LC3, cell monolayers were fixed for 25 min using
4% paraformaldehyde followed by methanol fixation for 5 min,
then cell monolayers were permeabilized with Triton X-100
(0.3%). Fixed cells were washed three times in PBS and then
incubated with 2.5% bovine serum albumin (BSA) in PBS as
a blocking reagent. Cells were sequentially incubated for 1 h at
room temperature (or overnight at 4°C) with primary antibodies
and 1 h at room temperature with secondary antibodies. Then,
coverslips were mounted onto glass slides using Mowiol and
examined with a Leica TCS-SP laser scanning confocal micro-
scope equipped with a krypton/argon laser (Wetzlar, Germany).
Photomicrographs were processed using Adobe Photoshop 6.0
(Adobe Systems) and Microsoft Power-Point.

Immunoblotting. Cell monolayers were washed with cold
PBS, and lysed for 30 min on ice in Triton X-100 lysis buffer
(20 mM TRIS-HCI; pH 7.6, 150 mM NaCl, 1% Triton X-100),
containing 2 mM PMSF and complete protease inhibitor cock-
tail (Roche, 11836145001). Cell lysates were then centrifuged at
8,000 x g for 10 min. Equal amounts of proteins were subjected
to SDS-PAGE and resulting protein bands were transferred
electrophoretically onto Immobilon-P polyvinylidene difluo-
ride membranes (Millipore, IPVH00010). The membranes
were blocked with 5% fat-skim milk in TBS (Tris-buffered
saline; pH 7.5), containing 0.05% Tween-20 for 1 h at room
temperature. Next, membranes were incubated with the pri-
mary antibodies (overnight, at 4°C) or anti-ACTB (1 h at room
temperature) diluted in TBS-0.05% Tween-20. Membranes
were washed and then incubated with secondary antibod-
ies conjugated with horseradish peroxidase. Signal detection
was performed with the enhanced chemiluminescence system
(Amersham, 95038-560).

Staining with acidotropic dye. Labeling of acidic cellu-
lar compartments was performed using the pH-sensitive probe
LysoTracker Red DND-99. The staining procedure was per-
formed according to the manufacturer’s protocol. Cell monolay-
ers were inoculated with C. trachomatis MOI 100 for 2 h in the
presence or absence of IFNG. Cells were then incubated for 30
min with the probe (75 nM), followed by washing with warm
PBS. Cell monolayers were then fixed with 4% paraformalde-
hyde and stained for bacteria as detailed previously.

Inhibition of lysosomal acidification. To examine the effect
of the acidification inhibition on chlamydial growth, cell mono-
layers were inoculated with C. trachomatis (MOI of 5) for 2 h in
the presence or absence of IFNG. Cells were then treated with
100 nM BafAl throughout the experiment period. Control cell
monolayers were treated with dimethylsulfoxide, in which BafAl
was dissolved. Two days p.i., cells were assessed for the formation

of infectious C. trachomatis by infectivity titration assays on fresh
HeLa cell cultures.

Transmission electron microscopy. Control and IFNG-
treated cells were seeded into 6-well plates and infected with
C. trachomatis for 6 h at MOI 100. Cells were washed with cold
PBS and fixed in 2.5% gluteraldehyde. Samples were then incu-
bated with 0.5% osmiumtetroxide and 2% uranylacetate, con-
trasted with 0.1% tannin acid, dehydrated with graded ethanol
and epoxy resin-embedded. Analysis was performed using a Leo
912AB Transmission electron microscope.

Knockdown validation by q-PCR. Total RNA was isolated
from host cells using the RNeasy kit (Qiagen, 74104) accord-
ing to the manufactureris protocol. The OneStep RT-PCR kit
(Qiagen, 210210) was used for cDNA preparation and amplifi-
cation. Primer sequences were as follow: GBPI forward 5-AGG
AGT TCC TTC AAA GAT GTG GA-3', GBPI reverse 5-TTC
TGA ACA AAG AGA CGA TAG CC-3', GBP2 forward 5'-CTA
TCT GCAATT ACG CAG CCT-3', GBP2 reverse 5-GCC TAG
AGA GAA GCC GTT TTT-3', GAPDH forward 5-GGT ATC
GTG GAA GGA CTC ATG AC-3', GAPDH reverse 5-ATG
CCA GTGAGC TTC CCG TTC AG-3'.

Plasmid construction. The coding region of human GBP1
was amplified from total cDNA of the THP1 cell line. The con-
struct was constructed by PCR amplification. The PCR product
was cloned into the EcoRlI sites of the mammalian expression in-
house vector pLenti-pEZ149. This lentiviral plasmid was used to
generate stable cell line overexpressing GBP1 as mentioned before.

Statistical analysis. For statistical analyses, Student’s t-tests
were performed.
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