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ABSTRACT Orientia tsutsugamushi, an obligate intracellular bacterium that is auxo-
trophic for the aromatic amino acids and histidine, causes scrub typhus, a potentially
deadly infection that threatens 1 billion people. O. tsutsugamushi growth is minimal
during the first 24 to 48 h of infection but its growth becomes logarithmic thereaf-
ter. How the pathogen modulates cellular functions to support its growth is poorly
understood. The unfolded protein response (UPR) is a cytoprotective pathway that
relieves endoplasmic reticulum (ER) stress by promoting ER-associated degradation
(ERAD) of misfolded proteins. Here, we show that O. tsutsugamushi invokes the UPR
in the first 48 h and benefits from ER stress in an amino acid-dependent manner. O.
tsutsugamushi also impedes ERAD during this time period. By 72 h, ER stress is alle-
viated and ERAD proceeds unhindered. Sustained inhibition of ERAD using RNA in-
terference results in an O. tsutsugamushi growth defect at 72 h that can be rescued
by amino acid supplementation. Thus, O. tsutsugamushi temporally stalls ERAD until
ERAD-derived amino acids are needed to support its growth. The O. tsutsugamushi
effector Ank4 is linked to this phenomenon. Ank4 interacts with Bat3, a eukaryotic
chaperone that is essential for ERAD, and is transiently expressed by O. tsutsuga-
mushi during the infection period when it inhibits ERAD. Ectopically expressed
Ank4 blocks ERAD to phenocopy O. tsutsugamushi infection. Our data reveal a
novel mechanism by which an obligate intracellular bacterial pathogen modu-
lates ERAD to satisfy its nutritional virulence requirements.

KEYWORDS ER stress, ERAD, intracellular bacterium, Orientia, Rickettsia, ankyrin
repeat, bacterial effector, host-pathogen interaction, unfolded protein response

icrobial acquisition of host nutrients is essential for the development of infectious

disease. This is especially true for obligate intracellular bacterial pathogens, which
are auxotrophic for essential metabolites. Scrub typhus is a neglected and potentially
fatal infection caused by the obligate intracellular bacterium Orientia tsutsugamushi.
The disease is endemic throughout areas of southeastern Asia and northern Australia,
where it is a leading cause of nonmalarial febrile iliness and estimated to afflict 1 million
people annually (1). The geographic range of scrub typhus is expanding, with case
reports in Africa (2, 3) and Chile (4, 5), and a new etiologic species, Orientia chuto, has
been identified from the United Arab Emirates (6). Untreated scrub typhus carries a
median mortality rate of 6%, but can reach as high as 70% (7). O. tsutsugamushi infects
and replicates in the cytosol of diverse mammalian cell types (1). The bacterium’s
obligate reliance on host cells derives, in part, from its auxotrophism for histidine and
aromatic amino acids (8). During the first 24 to 48 h following invasion, growth of the
intracellular O. tsutsugamushi population is minimal, followed by a logarithmic repli-
cation phase that persists for days (9). The host cellular processes that the pathogen
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modulates and the effectors it employs to support its expansive growth are poorly
defined.

The endoplasmic reticulum (ER) plays an important role in maintaining cellular
homeostasis by controlling the processing and folding of newly synthesized proteins.
Accumulation of misfolded proteins induces physiologic stress on the ER. The unfolded
protein response (UPR) is an evolutionarily conserved cytoprotective pathway that is
invoked by and relieves ER stress by inhibiting mRNA translation, increasing ER protein
folding capacity, and facilitating ER-associated degradation (ERAD) (10). With ERAD,
newly synthesized proteins that are unsuccessfully targeted to the ER lumen or fail to
attain their native conformation are recognized and trafficked to the 26S proteasome
for degradation (11, 12). The resulting short peptides are rapidly degraded to amino
acids by cytosolic aminopeptidases (13-15). Viruses have long been known to exert
stress on the ER and induce the UPR (16). Recently, a small number of bacterial and
protozoan pathogens, most of which live in vacuoles that interface with the ER, have
been shown to induce or inhibit the UPR (10). The responsible microbial factors and
their associated mechanisms are largely undefined. Even less is known about the
interactions of cytosolic bacteria with the ER and UPR. As ER stress and the UPR also
contribute to the development of other health disorders, including cancer, diabetes,
and inflammatory diseases and have been therapeutically targeted in some of these
contexts (17-25), dissecting the interplay between microbes, the ER, and the UPR is a
burgeoning area of microbial pathogenesis research that could ultimately have an
impact that extends beyond infectious disease.

The ankyrin repeat is one of the most common protein-protein interaction motifs in
nature (26). Ankyrin repeat-containing proteins (Anks) are emerging as key virulence
factors of intracellular bacteria and viruses for interacting with host cell proteins to
coopt cellular processes (27). O. tsutsugamushi encodes one of the largest known Ank
repertoires of any microbe (26). Most O. tsutsugamushi Anks also carry an F-box domain
that is capable of interacting with SKP1 of the SCF1 ubiquitin ligase complex (28, 29),
which normally functions in eukaryotic cells to tag proteins for degradation by the 26S
proteasome (30). The O. tsutsugamushi lkeda strain, originally isolated from a patient in
Japan (31), encodes 20 full-length Ank genes, 12 of which are single copy and 8 of
which exist as 26 identical or nearly identical paralogs (32). The Anks are type 1
secretion system substrates, and their importance to O. tsutsugamushi is underscored
by the fact that the bacterium transcribes all 20 during infection (32). When ectopically
expressed, 14 of the 20 Anks localize to the ER (32). This finding, together with the
bacterium’s intracellular tropism for the ER-proximal perinuclear region and its ability
to inhibit the host cell secretory pathway (33, 34), suggest that O. tsutsugamushi-ER
interactions and Ank modulation of ER-associated processes might be critical aspects of
the organism’s pathobiology.

In this study, we report that O. tsutsugamushi temporally modulates the UPR and
stalls ERAD until the amino acids that it yields are needed to support the bacterium’s
growth. The O. tsutsugamushi effector Ank4 is linked to this phenomenon. Ank4 is
expressed only during the UPR induction/ERAD inhibition period in infected cells and,
when ectopically expressed, both interacts with the ERAD chaperone Bat3 and inhibits
ERAD. We reveal a novel mechanism by which a bacterial pathogen manipulates ERAD
to facilitate its intracellular parasitism.

RESULTS

O. tsutsugamushi induces the UPR. In O. tsutsugamushi infected cells, the ER is
slightly distended and protein secretion is inhibited (34, 35). Because these phenomena
can indicate ER stress (36), we examined if O. tsutsugamushi infection invokes the UPR.
ATF4 (activating transcription factor 4) and XBP1 (X-box-binding protein 1) are two
transcription factors that are upregulated in response to ER stress and activate expres-
sion of UPR genes. ATF4 directly drives expression of UPR genes involved in amino acid
transport and oxidative resistance and indirectly promotes expression of genes that
lead to the induction of apoptosis (37, 38). XPB1 induces expression of ER-resident
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FIG 1 O. tsutsugamushi induces and benefits from ER stress in an amino acid-dependent manner. (A) O.
tsutsugamushi infection induces UPR gene expression. Total RNAs isolated from O. tsutsugamushi-
infected Hela cells were subjected to qRT-PCR using primers targeting transcripts of ER stress-regulated
genes. Relative mRNA levels of atf4, xbp1s, and xbpTu in infected samples (I) were normalized to gapdh
gene transcript levels using the 2-22¢T method. These values were normalized to those of mock-infected
(U) samples at each respective time point. Results are representative of at least three separate experi-
ments performed in triplicate. (B) Whole-cell lysates of mock-infected or O. tsutsugamushi-infected cells
were analyzed by Western blotting and screened with antibodies specific for phosphorylated IRE1q,
IRE1q, TSA56, or GADPH. (C and D) Densitometry was performed on blots from six separate experiments.
Statistically significant values are indicated: **, P < 0.01; ***, P < 0.001; n.s., not significant.

chaperones and protein-folding enzymes (39). Upon being transcribed, xbpTu (un-
spliced mRNA) is spliced to yield xbpTs (spliced mRNA), from which active XPB1 is
translated (40). Both ATF4 and XBP1 upregulate factors involved in ERAD (10, 41).
Quantitative reverse transcription-PCR (qRT-PCR) revealed that at 24 h, atf4, xbp1u, and
xbp1s mRNA levels were significantly higher in O. tsutsugamushi-infected cells than in
mock-infected cells (Fig. 1A). At 48 h, atf4 and xbp1s transcript levels were still elevated,
while xbp1u expression had returned to that of control cells. This suggests that while
ER stress and the UPR were still occurring at this time point, XPB1 activity had likely
begun to wane, as the pool of unspliced transcripts available to generate the active
form of the transcription factor was considerably reduced. By 72 h, mRNA levels of atf4,
xbp1u, and xbp1s in mock-infected cells were comparable to or lower than those in
control cells. An early event in the UPR that occurs upstream of the induction of atf4
and xbp1 transcription is phosphorylation of the ER-localized protein IRE1« (inositol-
requiring enzyme Ta) (37). Western blot analysis confirmed that levels of phosphory-
lated IRE1q, but not total IRE1«, were significantly elevated in O. tsutsugamushi-infected
cells at 24 but not 72 h (Fig. 1B to D). Taken together, these results indicate that O.
tsutsugamushi infection temporally invokes the UPR during the first 24 to 48 h of
infection, but that the UPR is no longer activated at 72 h.
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FIG 2 O. tsutsugamushi benefits from ER stress in an amino acid-dependent manner. (A) Whole-cell
lysates of HelLa cells that were mock infected, O. tsutsugamushi infected (Ot), or treated with tunicamycin
(Tunica) or thapsigargin (TG) were analyzed by Western blotting and screened with antibodies specific
for phosphorylated IRE1«, IRETa, or GADPH. (B to D) HeLa cells were treated with tunicamycin (B), TG (C),
TUDCA (D), or vehicle for 1 h prior to and throughout infection with O. tsutsugamushi. Total DNA isolated
at 24, 48, and 72 h was analyzed by qPCR. Relative levels of the O. tsutsugamushi 16S rRNA gene were
normalized to the relative levels of B-actin by using the 2-22¢T method. Resulting relative levels per
treatment were normalized to those of the respective vehicle controls at each time point. (E) The TUDCA
experiment was performed as described for panel D, except that an additional sample was included in
which vehicle- or TUDCA-treated O. tsutsugamushi-infected HelLa cells were grown in medium containing
amino acids (+AA). Statistically significant values are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001;
% P < 0.0001; n.s., not significant. Results are representative of at least three separate experiments
performed in triplicate.

ER stress benefits O. tsutsugamushi growth in an amino acid-dependent man-
ner. To examine if the UPR benefits O. tsutsugamushi intracellular replication, HeLa cells
were infected in the presence of the ER stress inducers tunicamycin and thapsigargin
or the ER stress inhibitor tauroursodeoxycholic acid (TUDCA). Tunicamycin promotes
the accumulation of misfolded proteins by inhibiting N-linked glycosylation (42), while
thapsigargin blocks sarco-ER calcium ATPases to deplete ER calcium stores (43). Treat-
ment with either tunicamycin or thapsigargin activates the UPR pronouncedly more
than O. tsutsugamushi, as indicated by phosphorylated IRE1a Western blotting (Fig. 2A).
TUDCA is a chemical chaperone that enhances the ER folding capacity to alleviate ER
stress and block the UPR (44-46). Bacterial DNA loads in chemical-treated cells, deter-
mined using gPCR, were normalized to those of vehicle control-treated cells per
time point. The O. tsutsugamushi load was significantly higher in tunicamycin- and
thapsigargin-treated cells at 48 h and 3- to 4-fold higher by 72 h (Fig. 2B and C). TUDCA
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FIG 3 ERAD is impeded in O. tsutsugamushi-infected cells. HEK-293T cells expressing YFP-TCRa were
infected with O. tsutsugamushi (Ot) for 24 (A and B) or 72 h (C and D). The cells were treated with
cycloheximide for 0 or 3 h, lysed, analyzed by Western blotting, and screened with antibodies against
GFP (detecting YFP), B-actin, and O. tsutsugamushi OmpA. Densitometry was performed on blots
resulting from two separate experiments (B and D). Statistically significant values are indicated: * P <
0.05; n.s., not significant.

reduced the bacterial load by approximately two-thirds at 24 h and prevented any
increase at subsequent time points (Fig. 2D).

O. tsutsugamushi is a cytosolic pathogen that is auxotrophic for histidine and the
aromatic amino acids (8), which necessitates that it parasitize them from its host cell.
The bacterium also induces and benefits from the UPR, a cellular process that ultimately
leads to the dispersal of ERAD-derived amino acids into the cytosol (8, 10, 13-15).
Therefore, to determine if the UPR favors O. tsutsugamushi growth by providing amino
acids, the TUDCA experiment was repeated, except that the host cells were cultivated
in medium containing essential and nonessential amino acids beginning at time zero
of infection. Amino acid supplementation partially rescued the TUDCA-induced bacte-
rial growth defect but did not do so until 72 h (Fig. 2E). These data suggest that the UPR
benefits O. tsutsugamushi intracellular replication in an amino acid-dependent manner
and, conspicuously, the bacterium does not utilize amino acids for growth until 72 h.

O. tsutsugamushi temporally impedes ERAD. The UPR leads to ERAD, which in
turn yields amino acids in the cytosol (11, 12). Because O. tsutsugamushi induces and
benefits from the UPR in an amino acid-dependent manner, the ability of cells infected
with the pathogen to perform ERAD was examined. The T-cell antigen receptor (TCR),
a hetero-oligomeric membrane complex composed of several transmembrane poly-
peptide chains, is a model for the assembly and degradation of integral membrane
proteins in the ER (47). Unassembled TCRa chains are rapidly degraded by ERAD and
are therefore model substrates for its study (48). HEK-293T cells, which do not naturally
express the TCR, have proven useful for TCRa-based ERAD assays (49). HEK-293T cells
stably expressing yellow fluorescent protein (YFP)-tagged TCRa chain (YFP-TCRa) were
infected with O. tsutsugamushi for 24 or 72 h and treated with the eukaryotic protein
synthesis inhibitor cycloheximide for 3 h prior to being assayed. Cycloheximide, which
has no effect on bacterial protein synthesis, was used to verify whether ERAD was
inhibited. Cells in which ERAD proceeded normally would have lower YFP-TCR«
amounts post-cycloheximide treatment, because the resulting lack of translation would
not replenish that which had been degraded. YFP-TCRa was efficiently degraded in
mock-infected control cells, as the amount of the substrate was reduced by 63 to 82%
following cycloheximide treatment (Fig. 3). Strikingly, YFP-TCR« levels were relatively
unchanged in cells that had been infected for 24 h and cycloheximide treated but were
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reduced 3-fold in cells that had been infected for 72 h and treated with cycloheximide.
These results indicate that O. tsutsugamushi impairs ERAD at 24 h but not at 72 h.

The timing of O. tsutsugamushi-mediated ERAD inhibition is critical for bacte-
rial growth. O. tsutsugamushi population growth during the first 24 to 48 h of infection
is minimal, but this is followed by logarithmic expansion (9). It is reasonable to presume
that the bacterial demand for amino acids is initially low during the first 24 h but
increases when the pathogen population prepares for/enters log-phase growth that
initiates at or after 48 h. Coincident with such timing, O. tsutsugamushi induces the UPR
and simultaneously inhibits ERAD during the first 48 h, which would stall production of
ERAD-derived amino acids. By 72 h, when ERAD is no longer inhibited and amino acids
generated by the degradative process would be present, the bacterium grows expan-
sively (9). Moreover, amino acid supplementation restores O. tsutsugamushi growth in
TUDCA-treated cells, but this complementation effect does not occur until 72 h. We
therefore hypothesized that O. tsutsugamushi transiently inhibits ERAD during the first
24 h, when the pathogen does not require a large pool of amino acids, but it utilizes
ERAD-derived amino acids to benefit its growth beginning between 48 and 72 h.

To test this hypothesis, we examined if sustaining ERAD inhibition beyond 48 h
hindered O. tsutsugamushi growth. RNA interference was used to target Bat3 (HLA-B-
associated transcript 3), also known as BAG6 or Scythe, a cytosolic chaperone that
is essential for ERAD. Bat3 binds and mediates the translocation of misfolded/
aggregation-prone transmembrane proteins and newly synthesized polypeptides with
exposed hydrophobic stretches from ER exit sites to the 26S proteasome (11, 50).
First, it was confirmed by Western blotting that Bat3 levels are unchanged in O.
tsutsugamushi-infected Hela cells (Fig. 4A and B). Next, the relative amounts of bacterial
DNA were measured in Hela cells that had been treated with Bat3 or nontargeting
small interfering RNA (siRNA). Bat3 knockdown was confirmed by Western blotting (Fig.
4Q). The O. tsutsugamushi DNA load in Bat3 knockdown cells was reduced by approx-
imately 22, 46, and 53% at 24, 48, and 72 h, respectively (Fig. 4D). In support of our
hypothesis, free amino acid supplementation restored bacterial growth in Bat3 knock-
down cells at 48 h and 72 h but not at 24 h.

0. tsutsugamushi Ank4 interacts with host Bat3. Simultaneous with our studies
that revealed that O. tsutsugamushi modulates ERAD, we performed a series of yeast
two-hybrid screens to identify potential interacting partners of various ER-tropic Anks,
one of which was Ank4. The O. tsutsugamushi strain lkeda Ank4 is a 45-kDa protein that
is 392-amino acids in length, carries 7 ankyrin repeats arranged in tandem and a
C-terminal F-box domain that we confirmed to interact with SKP1 and nucleate the
SCF1 ubiquitin ligase complex (28, 51). The lkeda strain genome carries two identical
ank4 copies (51). As determined using the BLASTP algorithm, lkeda Ank4 is conserved
among O. tsutsugamushi strains Boryong, Gilliam, and Woods which were isolated from
scrub typhus patients in Korea, Burma, and Australia, respectively (Table 1) (52-54).
Several prey proteins in the Ank4 screen had high predicted biological (PDB) scores, an
indication of the probability that the interaction was valid (Table 2) (55). One such
candidate was SKP1, which, given our previous study results (28, 51), further strength-
ened confidence in the validity of the interactions. Notable among the other high-PDB-
scoring candidates was Bat3. Because genetic manipulation of O. tsutsugamushi at a
specific locus is not possible, the putative Ank4-Bat3 interaction was validated by
coimmunoprecipitation. Immunoprecipitating Flag-tagged versions of Ank4, Ank4 lack-
ing the F-box (Ank4AF-box), and the negative control, bacterial alkaline phosphatase
(BAP), from transfected Hela cells and screening the resulting Western blots with Bat3
antibody demonstrated that Flag-Ank4 and Flag-Ank4AF-box coimmunoprecipitated
Bat3 (Fig. 5A). Despite having an F-box, Ank4 did not appear to alter the electrophoretic
mobility or promote degradation of Bat3, as no difference in the apparent molecular
weight or band intensity level of Bat3 coimmunoprecipitated by Flag-Ank4 versus
Flag-Ank4AF-box was apparent. Quantifying Bat3 levels in Hela cells expressing Flag-
BAP, Flag-Ank4, and Flag-Ank4AF-box by using Western blotting and densitometry
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FIG 4 The timing of O. tsutsugamushi-mediated ERAD inhibition is important for bacterial growth. (A and
B) O. tsutsugamushi infection does not alter Bat3 cellular levels. (A) Whole-cell lysates of O. tsutsugamushi
infected (I) or uninfected (U) HelLa cells were subjected to Western blotting using Bat3, TSA56, and
B-actin antibodies. (B) Densitometry was performed on blots from three separate experiments. (C and D)
Inhibition of O. tsutsugamushi growth resulting from siRNA-mediated knockdown of Bat3 can be rescued
by free amino acid supplementation. Hela cells were treated with Bat3-targeting (Bat3) or nontargeting
(NT) siRNA for 48 h, followed by infection with O. tsutsugamushi. Bat3-targeting siRNA-treated cells were
cultivated in media that were either supplemented with amino acids (+AA) or not, while nontargeting
siRNA-treated infected cultures were grown in medium alone. At 24, 48, and 72 h postinfection, total
DNA was isolated or whole-cell lysate was generated from each sample. (C) Western blotting of
whole-cell lysates of treated and control cells were screened with antibody against Bat3 or host B-actin
to confirm knockdown. (D) Relative levels of the O. tsutsugamushi 16S rRNA gene were normalized to
levels of B-actin by using the 2—22¢T method. Resulting relative levels per treatment were normalized to
those of the respective vehicle control at each time point. Statistically significant values are indicated: *,
P < 0.05; **, P < 0.01; n.s., not significant. Results are representative of at least three separate
experiments performed in triplicate.

confirmed that its levels were similar in all three transfected cell populations (Fig. 5B
and Q). Thus, Ank4 interacts with Bat3 in an F-box-independent manner but does not
alter its cellular levels or electrophoretic mobility.

O. tsutsugamushi temporally expresses Ank4 early during infection. In our
previous report, ank4 transcript was detected by RT-PCR in L929 cells that had been
infected with O. tsutsugamushi strain lkeda for several days and in which the infection
had become asynchronous (32). Whether the bacterium temporally expresses ank4,
particularly within the 72-h window examined for infection experiments here, was
unknown. To fill this knowledge gap, total RNA isolated at 2, 4, 8, 12, 24, 48, and 72 h
from infected Hela cells was analyzed by qRT-PCR for ank4 expression normalized to

TABLE 1 Ank4 sequence conservation in O. tsutsugamushi strains

Conservation with Ikeda Ank4

% nucleotide % amino acid

Strain Ank4 homologue % coverage identity identity
Boryong  WP_011944711.1 100 90.4 81.7
WP_011944257.1 100 74.6 62.5
Gilliam WP_047220544.1 100 84.9 72.2
WP_047220972.1 100 63
Woods Genome annotation not published  75.6 84.9 74.2
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TABLE 2 Ank4 candidate interacting partners identified via yeast two-hybrid analysis

No. of positive

Candidate Name and function PBS? clones/total XX
SKP1 S-phase kinase-associated protein 1; binds F-box in the SCF1 ubiquitin ligase complex A 22/197
Bat3 HLA-B-associated transcript 3 (also known as Bag6 and Scythe); ERAD chaperone, regulator of C 2/197
p53, HSP70, and apoptosis
HSP90AB1 Heat shock protein 90-kDa alpha (cytosolic), class B member 1; role in protein folding and A 28/197
signal transduction
HIFTAN Hypoxia-inducible factor 1 alpha subunit inhibitor; functions as oxygen sensor A 6/197
VCPIP Valosin-containing protein p97/p47 complete interacting protein 1; deubiquitinating enzyme, C 2/197

involved in postmitosis Golgi complex reassembly

aThe predicted biological score (PBS) was calculated for each candidate protein to assess the reliability of each interaction, ranging from the highest probability of
specificity (score of A) to the lowest probability of specificity (score of E) between two proteins.

that of O. tsutsugamushi 16S rRNA. Whereas 16S rRNA expression was detected at all
time points (Fig. 6A), ank4 expression was detected only at 8 and 12 h, the latter time
point being when it was in the greatest abundance (Fig. 6B). Thus, O. tsutsugamushi
expresses ank4 only during the initial hours of infection.

Ectopically expressed Ank4 phenocopies O. tsutsugamushi infection by impair-
ing ERAD. Because O. tsutsugamushi temporally blocks ERAD and transcriptionally
expresses Ank4 in the period when it does so, Ank4 itself was directly assessed for the
ability to impede ERAD. HEK-293T cells stably expressing YFP-TCRa were transfected to
also express Flag-tagged Ank4, Ank4AF-box, or BAP. YFP-TCRa levels in cells expressing
Flag-Ank4 were approximately 50% higher than in cells expressing Flag-BAP (Fig. 7A
and B). The difference in YFP-TCR« levels in cells expressing Flag-Ank4AF-box was not
statistically significantly different from levels in cells expressing either Flag-BAP or
Flag-Ank4. These data confirm that Ank4 impairs ERAD, and they imply a possible
contributory role of its F-box motif in its ability to do so.

DISCUSSION

Microbial acquisition of host nutrients is essential for the development of infectious
disease. This is especially true for obligate intracellular bacteria, which are auxotrophic
for essential metabolites. Bacterial, viral, and protozoan pathogens induce ER stress,
and for some the ensuing UPR supports their intracellular replication. Until this report,
however, the molecular events downstream of the UPR that these organisms orches-
trate to enable their growth were undefined. We identified O. tsutsugamushi as the first
example of an intracellular pathogen that modulates ERAD to time the availability of
ERAD-derived amino acids it parasitizes for growth. By inducing the UPR and inhibiting
ERAD in the first 24 to 48 h of infection, O. tsutsugamushi creates a stockpile of
misfolded proteins in the ER that is not degraded until 48 to 72 h, when the bacterium
allows for ERAD to proceed. This model is supported by the following observations.
Tunicamycin and thapsigargin, which induce the UPR by distinct mechanisms (42, 43),
enhance O. tsutsugamushi replication, while TUDCA inhibits it. The TUDCA-associated
growth defect is partially rescued by the addition of amino acids at 0 h, but the
complementation does not occur until 72 h. O. tsutsugamushi infection inhibits ERAD of
YFP-TCRa« at 24 h, but not 72 h. Sustained inhibition of ERAD via knockdown of Bat3 at
72 h reduces O. tsutsugamushi replication, and this growth defect is also rescued by free
amino acid supplementation.

Sustained Bat3 knockdown does not abolish O. tsutsugamushi growth, which could
be due to compensatory actions of uncharacterized mechanisms that the pathogen
utilizes to meet its nutritional virulence requirements. O. tsutsugamushi elicits but is not
cleared by autophagy (56, 57), autophagy is induced by and decreases ER stress (58),
and amino acids resulting from autophagy benefit the intracellular growth of Ana-
plasma phagocytophilum and Ehrlichia chaffeensis (59, 60), which are obligate intracel-
lular bacteria that are in the order Rickettsiales with O. tsutsugamushi. Amino acids
resulting from the autophagy response to O. tsutsugamushi-induced ER stress might
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FIG 5 Ectopically expressed Ank4 precipitates endogenous Bat3 but does not alter Bat3 cellular levels.
(A) Flag-Ank4 precipitates Bat3 in an F-box-independent manner. Whole-cell lysates of transfected HelLa
cells expressing Flag-tagged BAP, Ank4, or Ank4AF-box were incubated with Flag affinity resin to
precipitate Flag-tagged proteins and coprecipitate interacting proteins. Eluted proteins were ana-
lyzed by Western blotting and screened with Bat3 antibody. Input samples corresponding to 3% of
each lysate used for precipitation were also probed. Vertical lines between the lanes in the input
samples indicate that irrelevant lanes of the blot were removed. Flag protein expression and
pulldown were confirmed by stripping and reprobing the blots with Flag antibody. (B and Q)
Flag-Ank4 does not alter endogenous Bat3 cellular levels. Whole-cell lysates of HelLa cells transfected
to express Flag-BAP, Flag-Ank4, or Flag-Ank4AF-box were subjected to Western blotting using Bat3,
Flag tag, and GADPH antibodies (B). The means =+ standard deviations of the ratios of Bat3 to GADPH
densitometric signals from three separate experiments were determined (C). Data are representative
of three experiments with similar results.

January 2018 Volume 86 Issue 1 e00596-17

Infection and Immunity

iai.asm.org 9


http://iai.asm.org

Rodino et al.

w
Relative ank4 expression
(ank4:0t 16s)
O

—
(=]

W

(Ot 16S:B-actin)
o B o o O

Relative expression 0

24§ 12472 7T 8 LIBRD
Hours post infection Hours post infection

FIG 6 Ank4 is expressed early in infection. HelLa cells were infected with O. tsutsugamushi. At the
postinfection time points indicated, total RNA was isolated and subjected to gqRT-PCR analysis using
primers targeting O. tsutsugamushi ank4 and 16S rRNA and human B-actin. The 2-22¢7 method was used
to determine the relative 16S rRNA expression level normalized to that of B-actin (A), and the relative
ank4 expression level was normalized to that of 165 rRNA (B). Results shown are representative of three
experiments with similar results.

enable the bacterium to grow, albeit less efficiently, when ERAD is inhibited in Bat3
knockdown cells.

Given the proximity of O. tsutsugamushi to the ER, Ank4 translocated by the
bacterium'’s type 1 secretion system during infection would have easy access to Bat3,
which is recruited to the cytosolic face of the ER membrane during the UPR (11).
Moreover, the ability of O. tsutsugamushi to modulate ERAD is linked, at least in part,
to Ank4 interacting with Bat3. In addition to the Ank4-Bat3 interaction identified via
yeast two-hybrid analysis, ectopically expressed Ank4 pulls down endogenous Bat3,
and the bacterium expresses ank4 only during the period when it inhibits ERAD. During
the first 24 to 48 h of O. tsutsugamushi infection, when ERAD is inhibited, xbp7 and
xbp1s mRNA levels are increased, but not at 72 h when ERAD is no longer hindered.
Ank9, an O. tsutsugamushi effector that traffics in the retrograde direction from the
Golgi complex to the ER, invokes the UPR and inhibits the secretory pathway (34).
Therefore, the pathogen minimally employs Ank9 to invoke ER stress while also utilizing
Ank4 to modulate the ensuing UPR and ERAD to bolster its growth. Other intracellular
bacterial effectors, including Brucella species TcpB and Listeria monocytogenes listerio-
lysin O, and extracellular bacterial toxins, such as Vibrio cholerae cholera toxin and
Escherichia coli subtilase and Shiga toxin 1, induce the UPR and/or ER morphological
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FIG 7 ERAD is impeded in cells ectopically expressing Ank4. (A) Western blots of lysates from HEK-293T
cells stably expressing YFP-TCRa transfected to also express Flag-tagged BAP, Ank4, or Ank4AF-box were
screened with antibodies that recognize YFP, B-actin, and the Flag tag. Vertical lines between the lanes
indicate that irrelevant lanes of the blot were removed. (B) Densitometry was performed on blots
resulting from three separate experiments. Statistically significant values are indicated: * P < 0.05; n.s.,
not significant.
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changes (10, 61-71). To our knowledge, Ank4 stands unique as the only bacterial
protein identified thus far that modulates ERAD.

Ank4 is not the only bacterial protein that interacts with Bat3. Effectors LegU1 and
Lpg2160 of the facultative intracellular bacterial pathogen Legionella pneumophila
nonexclusively associate with Bat3. Like LegU1, Ank4 is an F-box-containing protein
that binds Bat3 in an F-box-independent manner (72). Unlike LegU1, Ank4 likely does
not polyubiquitinate Bat3, as the apparent molecular weight and cellular level of Bat3
are unchanged in cells infected with O. tsutsugamushi compared to uninfected cells and
in cells ectopically expressing Ank4 versus Ank4-AFbox. Rather than stimulate the UPR,
L. pneumophila suppresses the UPR by multiple mechanisms, including blocking xbp1u
splicing and inhibiting translation of BiP and CHOP (73, 74). In addition to being a
chaperone for ERAD, Bat3 regulates apoptosis, Hsp70 stability, and p53-related expres-
sion (75-78). Thus, even though O. tsutsugamushi and L. pneumophila both target Bat3,
they might do so for different purposes.

The abilities of Ank4 and LegU1 to bind both Bat3 and SKP1 reflect an emerging
theme of individual bacterial effectors interacting with two distinct host cell proteins to
interface with two distinct cellular processes. O. tsutsugamushi Ank9, like Ank4 and
LegU1, bears a C-terminal F-box (28, 72). In addition to binding SKP1 and nucleating the
SCF complex in an F-box-dependent manner, Ank9 binds COPB2, which directs in the
retrograde direction from the Golgi complex to the ER (28, 34). Yet another F-box-
containing Ank is L. pneumophila AnkX, which exploits SKP1 to mediate ubiquitination
and subsequent proteosomal degradation of unknown host cell protein substrates to
ultimately yield free amino acids that are essential for the bacterium'’s intracellular
growth (79, 80). AnkX exploits another eukaryotic process, farnesylation, to mediate its
association with the Legionella-containing vacuole (81). Finally, Coxiella burnetii AnkG
binds both host p32 and importin-a1 in order to traffic into the nucleus and inhibit
apoptosis (82, 83).

Deciphering themes in the nutritional virulence strategies of intracellular pathogens
will not only advance understanding of microbial pathogenesis, but also may lead to
novel treatments for infectious diseases. TUDCA is being evaluated in humans as a
treatment for UPR-related metabolic syndromes (84, 85). Here, we demonstrated that
TUDCA inhibits O. tsutsugamushi growth, a result that phenocopies the inhibition
achieved by extended Bat3 knockdown and thereby supports our model that the
bacterium nutritionally benefits from temporally modulating the UPR and ERAD. Like-
wise, TUDCA prevents intracellular replication of B. abortus, B. suis vaccine strain 2,
tick-borne encephalitis virus, and influenza A virus, each of which invoke and benefit
from the UPR (61, 63, 86, 87). Perhaps like O. tsutsugamushi these pathogens stimulate
the UPR to support their growth in an ERAD-dependent manner. Due to its excellent
safety profile and low cost, TUDCA has been recommended as a possible therapeutic
treatment against brucellosis (61). TUDCA could be considered a potential nonantibi-
otic treatment of scrub typhus, especially because the intracellular lifestyle of O.
tsutsugamushi makes it naturally resistant to many antibiotics, and tetracycline- and
chloramphenicol-resistant cases of scrub typhus have been reported (88, 89).

In summary, we identified a novel strategy used by an obligate intracellular bacte-
rium to finely modulate cellular homeostatic processes to facilitate its replication. This
may be a common strategy employed by diverse intracellular pathogens and for the
first time offers an explanation as to why such bacteria benefit from invoking the UPR:
the amino acids generated by ERAD support their growth. Finally, this study identified
the UPR and ERAD pathways that O. tsutsugamushi modulates as possible pharmaco-
logic targets for treating scrub typhus.

MATERIALS AND METHODS

Cultivation of uninfected and O. tsutsugamushi-infected host cells. Hela cells (CCL-2; American
Type Culture Collection, Manassas, VA) were maintained as previously described (15). HEK-293T cells
expressing YFP-TCRa (88), kindly provided by Yihong Ye (National Institutes of Health, Bethesda, MD)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (Gemini Bio-Products), 2 mM L-glutamine, 1X MEM nonessential amino
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TABLE 3 Oligonucleotides used in this study

Designation? Sequence (5'-3’)

B-Actin F AGAGGGAAATCGTGCGTGAC

B-Actin R CAATAGTGATGACCTGGCCGT

Ot 165-911F GTGGAGCATGCGGTTTAATTCGATGATC
Ot 7165-1096R TAAGAATAAGGGTTGCGCTCGTTGC
ank4-1F AATAACGGTAATTTATTACAT

ank4-122F CATGAGGGTGGCTTTAGTCTTGCTG
ank4-287F ATGCAAATATGGTCATGCTTTTGTT
ank4-349R CGTCTGTACATGGTACATTGACATTAGCTCC
ank4-1176R GAGATAATAGTGGTAAAATTCCTGCACAT
atf4 F CAACAACAGCAAGGAGGATG

atf4 R AATTGGGTTCACCGTCTGG

xbpls F TCCGCAGCAGGTGCAGGC

xbpls R GAAAGGGAGGCTGGTAAGG

xbplu F TCCGCAGCACTCAGACTAC

xbplu R TCCAAGTTGTCCAGAATGCC

gapdh F ACATCATCCCTGCCTCTACTGG

gapdh R TCCGACGCCTGCTTCACC

aF and R refer to primers that bind to the sense or antisense strand, respectively.

acids (Invitrogen), and 15 mM HEPES and maintained at 37°C in a humidified incubator with 5% CO,.
Infection with the O. tsutsugamushi lkeda strain was maintained in Hela cells by the addition of O.
tsutsugamushi organisms recovered from heavily infected cells that had been mechanically disrupted
using glass beads and incubated at 35°C in a humidified incubator with 5% CO,. Mock infections
corresponded to the addition of mechanically disrupted uninfected host cells to recipient cells.

Plasmid constructs. The p3XFLAG-CMV-7-BAP control plasmid was purchased from Sigma-Alrich (St.
Louis, MO). pFlag-Ank4, previously designated pFlag-Ank4_01, has been described elsewhere (15).
pFlag-Ank4AF-box was generated as described previously (11).

Antibodies. Antibodies used were sera from a scrub typhus patient (a kind gift from Wei-Mei Ching,
Naval Medical Research Center, Silver Spring, MD), rat anti-O. tsutsugamushi OmpA serum (11), rabbit
anti-TSA56 (34), rabbit anti-reticulon 4 (LifeSpan Biosciences, Seattle, WA), mouse anti-Bat3 (Abcam,
Cambridge, UK), rabbit anti-phospho-IRE1« (Abcam), goat anti-IRE1« (Abcam), mouse anti-B-actin (Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-green fluorescent protein (anti-GFP; Santa Cruz Biotech-
nology), mouse anti-glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH; Santa Cruz Biotechnol-
ogy), fluorescein-conjugated rat anti-human IgG (a kind gift from Wei-Mei Ching, Naval Medical Research
Center, Silver Spring, MD), Alexa Fluor 594-conjugated goat anti-rabbit IgG (Invitrogen), Alexa Fluor
488-conjugated goat anti-rabbit IgG (Invitrogen), Alexa Fluor 405-conjugated goat anti-mouse IgG (Invitro-
gen), horseradish peroxidase (HRP)-conjugated horse anti-rabbit IgG (Cell Signaling Technology), HRP-
conjugated horse anti-mouse IgG (Cell Signaling Technology), HRP-conjugated goat anti-rat IgG (Thermo
Scientific, Rockford, IL), and HRP-conjugated rabbit anti-goat IgG (Millipore Sigma, Burlington, MA).

Immunofluorescence microscopy. Hela cells grown on coverslips were incubated with O. tsutsug-
amushi organisms at a multiplicity of infection (MOI) of 10 for 2 h, followed by washing, and replacement
of the medium. An MOI of 10 was selected because it is reflective of the number of O. tsutsugamushi
organisms observed within leukocytes in the eschars of human scrub typhus patients (90). At various time
points postinfection, the cells were fixed and screened with TSA56 antibody, followed by incubation with
Alexa Fluor 488-conjugated goat anti-rabbit IgG and staining with 4’,6-diamidino-2-phenylindole (DAPI).

qRT-PCR and qPCR. Hela cells were infected with O. tsutsugamushi, and the inoculum was removed
at 1 h. At 2, 4, 8, 12, 24, 48, and 72 h postinfection, total RNA was isolated using the RNeasy minikit
(Qiagen, Germantown, MD). Genomic DNA was removed by treatment with amplification-grade DNase
(Invitrogen). cDNA synthesis was performed with 1 g of each RNA sample by using the iScript Supermix
cDNA synthesis kit (Bio-Rad). Oligonucleotide primers used in these studies are listed in Table 3. RNA was
confirmed to be free of contaminating DNA by PCR using O. tsutsugamushi 16S rRNA gene-specific and
B-actin gene-specific primers. gRT-PCR analysis of each sample was performed using SsoFast EvaGreen
supermix (Bio-Rad). Relative O. tsutsugamushi 16S rRNA gene levels were normalized to the those of
B-actin by using the 2-24¢T method (90). Relative ank4 levels were normalized to the transcript levels of
the O. tsutsugamushi 16S rRNA gene by using the 2-22¢T method. To determine the effect of ER stress
on the O. tsutsugamushi DNA load, confluent Hela cell cultures in 6-well plates were treated with
500 wg/ml TUDCA (Sigma-Aldrich), 2.5 ug/ml tunicamycin (Sigma-Aldrich), 1 uM thapsigargin (Sigma-
Aldrich), or vehicle for 1 h. The cells were then incubated with O. tsutsugamushi organisms at an MOI of
10 for 2 h. The inoculum was removed, the cells were washed with phosphate-buffered saline, and fresh
medium containing each ER stress modulator or vehicle was added. Medium containing drug or vehicle
was replaced every 24 h. DNA was isolated at 24, 48, and 72 h by using the DNeasy blood and tissue kit
(Qiagen). One hundred nanograms of each DNA sample was analyzed in triplicate with primers specific
for O. tsutsugamushi 16S rRNA and host cell B-actin genes. In some cases, TUDCA-treated cultures were
cultivated in media containing essential and nonessential amino acids (Sigma-Aldrich).

Analysis of ank4 conservation among O. tsutsugamushi strains. Genomic DNAs from O. tsutsug-
amushi strain Gilliam and strain Woods were used as the templates for PCR, using O. tsutsugamushi strain
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lkeda ank4 gene-specific primers (Table 3). Primer pair ank4-1F and ank4-1176R, which targets lkeda ank4
nucleotides 1 to 1176, was used to generate an amplicon from Gilliam DNA. Primer pair ank4-287F and
ank4-1176R, which targets lkeda ank4 nucleotides 287 to 1176 of ank4, was used to generate an
amplicon from strain Woods DNA, as PCR using ank4-1F did not amplify DNA. The PCR products were
purified using a QIAquick gel extraction kit (Qiagen, Germantown, MD) and cloned into pcDNA3.1
(Invitrogen) as instructed by the manufacturer. Insert integrity was verified by nucleotide sequence
analysis. Alignments of the nucleotide and translated protein sequences with those of strain lkeda were
performed using Clustal W (http://www.ch.embnet.org/software/ClustalW.html). The sequences were
then searched against the nucleotide collection and nonredundant protein sequences databases by
using nucleotide and protein BLAST analysis (Basic Local Alignment Search Tool) (http://blast.ncbi.nlm
.nih.gov/Blast.cgi).

Yeast two-hybrid analysis. ULTImate yeast two-hybrid analysis was performed by Hybrigenics
Services (Paris, France). The coding sequence for mammalian codon-optimized O. tsutsugamushi strain
lkeda ank4 (amino acids 4 to 392) was PCR amplified and cloned into the pB27 construct as an N-terminal
fusion with LexA (N-LexA-Ank4-C). After confirming sequence fidelity, the construct was introduced into
yeast as bait and screened by mating with yeast bearing a randomly primed human placental cDNA
library (prey). Because O. tsutsugamushi infects multiple mammalian host cell types, the placental library
offered the best representation of the human proteome for identifying potential Ank4 interactions.
Positively selected clones were isolated, and the corresponding prey fragments were PCR amplified,
sequenced, and identified using the NCBI GenBank Database with BLASTP. A predicted biological score
(PBS) was calculated for each candidate to assess the reliability of each interaction, ranging from the
highest probability of specificity (score of A) to the lowest probability of specificity (score of E) between
two proteins (53).

Flag pulldown assays. Precipitation of Flag-tagged proteins and Western blot analyses of the
resulting eluates were performed exactly as described previously (34).

Analysis of Bat3 protein levels in Ank4-expressing and O. tsutsugamushi-infected cells. Hela
cells in 25-cm? flasks were transfected with 4 ug of plasmid to express Flag-BAP, Flag-Ank4, or
Flag-Ank4AF-box for 18 to 24 h. Cells were collected and lysed in radioimmunoprecipitation assay buffer,
and 15 pg of each cell lysate was analyzed by Western blotting using Bat3 and GAPDH antibodies for
protein-level analysis or Flag antibody to confirm the expression of the Flag-tagged proteins of interest.
In some cases, mock- or O. tsutsugamushi-infected HeLa cells were assessed via Western blotting at 24,
48, or 72 h postinfection using Bat3, B-actin, and O. tsutsugamushi TSA56 antibodies.

Bat3 siRNA knockdown. Hela cells were transfected with Bat3 or nontargeting ON-TARGETplus
SMARTpool siRNA (GE Dharmacon, Lafayette, CO). After 48 h, the medium was replaced and the cells
were infected with O. tsutsugamushi at an MOI of 10. In some experiments, infected cells were cultivated
in medium containing amino acids. Isolated DNA was subjected to qPCR to assess the bacterial DNA load,
and whole-cell lysates were subjected to Western blotting to confirm knockdown.

ERAD assay. HEK-293T cells expressing YFP-TCRa were transfected with pFlag-BAP, pFlag-Ank4, or
pFlag-Ank4AF-box for 18 h. Mock- or O. tsutsugamushi-infected HEK-293T cells expressing YFP-TCRa
were incubated for 24 or 72 h. Duplicate samples were treated with 50 ug/ml cycloheximide or ethanol
vehicle control for 3 h, followed by Western blotting.

Statistical analyses. Statistical analyses were performed using the Prism 5.0 software package
(GraphPad, San Diego, CA). One-way analysis of variance (ANOVA) with Tukey’s post hoc test was used
to test for significant differences among groups. For the experiment in which the O. tsutsugamushi DNA
load was assessed in infected Hela cells treated with TUDCA with or without amino acid supplemen-
tation, relative bacterial loads were log transformed and then subjected to ANOVA with a Tukey’s HSD
post hoc analysis. The Student t test was used to test for a significant difference among pairs. Statistical
significance was set at a P value of < 0.05.
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