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ABSTRACT Orientia tsutsugamushi is an obligate intracellular bacterium that infects
mononuclear and endothelial cells to cause the emerging global health threat scrub
typhus. The ability of O. tsutsugamushi to survive in monocytes facilitates bacterial
dissemination to endothelial cells, which can subsequently lead to several potentially
fatal sequelae. As a strict intracellular pathogen that lives in the cytoplasm of host
cells, O. tsutsugamushi has evolved to counter adaptive immunity. How the patho-
gen does so and the outcome of this strategy in monocytes versus endothelial cells
are poorly understood. This report demonstrates that O. tsutsugamushi reduces cel-
lular levels of NOD-, LRR-, and CARD-containing 5 (NLRC5), a recently identified spe-
cific transactivator of major histocompatibility complex class I (MHC-I) component
gene expression, to inhibit MHC-I biosynthesis. Importantly, the efficacy of this ap-
proach varies with the host cell type infected. In nonprofessional antigen-presenting
HeLa and primary human aortic endothelial cells, the O. tsutsugamushi-mediated re-
duction of NLRC5 results in lowered MHC-I component transcription and, conse-
quently, lower total and/or surface MHC-I levels throughout 72 h of infection. How-
ever, in infected THP-1 monocytes, which are professional antigen-presenting cells,
the reductions in NLRC5 and MHC-I observed during the first 24 h reverse thereafter.
O. tsutsugamushi is the first example of a microbe that targets NLRC5 to modulate
the MHC-I pathway. The differential ability of O. tsutsugamushi to modulate this
pathway in nonprofessional versus professional antigen-presenting cells could influ-
ence morbidity and mortality from scrub typhus.
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Major histocompatibility complex class I (MHC-I) molecules are essential for adap-
tive immunity. MHC-I complexes are constitutively expressed on nearly all nucle-

ated cells. After being loaded with peptides derived from proteasome processing of
intracellular antigens, they are directed to the cell surface, where they present the
peptide antigens to the T cell receptors of CD8� T cells (1, 2). NOD-, LRR-, and
CARD-containing 5 (NLRC5)/class I transactivator (CITA), a recently identified specific
transactivator of MHC-I genes, plays a prominent role in the adaptive immune response
through the regulation of MHC-I expression (3). NLRC5-deficient mice poorly induce
antigen-specific CD8� T cell activation and are susceptible to infections that require
CD8� T cell responses (4–6). Class II transactivator (CIITA), a master regulator for MHC-II
gene expression, can also contribute to the expression of MHC-I genes in antigen-
presenting cells (APCs) in which both it and NLRC5 are expressed (2). As MHC-I is critical
for adaptive immune responses to intracellular microbes, many of these pathogens
have evolved mechanisms to disrupt various steps in the MHC-I biosynthetic pathway,
including MHC-I retention in the endoplasmic reticulum, inhibition of peptide loading,
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increased MHC-I degradation, and modulation of MHC-I trafficking to the cell surface
(7). However, no pathogen has been shown to alter the MHC-I pathway by specifically
targeting NLRC5.

Orientia tsutsugamushi is a chigger-vectored obligate intracellular bacterium that
causes scrub typhus (8, 9). More than 1 million new cases are diagnosed annually. The
disease occurs primarily in the Asia-Pacific, but also in the Middle East, Africa, and South
America, threatening one-third of the world’s population (9–11). Scrub typhus presents
as an acute febrile illness accompanied by several nonspecific clinical manifestations
and often a maculopapular rash. In the absence of appropriate antibiotic therapy at
disease onset, severe symptoms can result and include lung injury, respiratory distress,
renal failure, hepatitis, myocarditis, encephalitis, and systemic vascular collapse. The
median mortality rate is 7% to 15% but can be as high as 70% (9, 12). At the chigger
inoculation site, O. tsutsugamushi infects dendritic and mononuclear cells (13, 14).
Peripheral blood mononuclear cells obtained from scrub typhus patients and experi-
mentally infected monkeys and dogs harbor O. tsutsugamushi (14–16). The bacterium
replicates in monocytes and monocyte-derived dendritic cells in vitro (16, 17), yet O.
tsutsugamushi replication in monocytes is less efficient than that in other cell types, as
it lags at between 24 h and 72 h and resumes thereafter (16). These observations
support the premise that monocytes are sites of early O. tsutsugamushi replication and
conduits that disseminate the bacterium to endothelial cells via the lymphatics (18).
Endothelial cell damage due to infection and vasculitis lead to rash presentation and
many of the serious sequelae (8). In BALB/c and C57BL/6 mice, CD8� T cells and MHC-I
are essential for protection against lethality following inoculation with a sublethal dose
of O. tsutsugamushi (19, 20). Adaptive immunity in response to the bacterium is
short-lived (11). Whether O. tsutsugamushi counters the adaptive immune response by
modulating MHC-I is unknown.

Here, we demonstrate that O. tsutsugamushi decreases NLRC5 levels in MHC-II-
negative HeLa and endothelial cells, which translates to reductions in total and/or
surface MHC-I. In monocytes, which are professional APCs, the bacterium reduces
NLRC5 and MHC-I total and surface levels early during infection, but these trends
reverse thereafter. These data evidence the first example of a pathogen targeting
NLRC5 to inhibit MHC-I expression and establish a link for how the differential ability of
O. tsutsugamushi to modulate this pathway in nonprofessional APCs versus professional
APCs could influence the progression of scrub typhus.

RESULTS
O. tsutsugamushi decreases MHC-I host cell surface levels by reducing the total

amounts of HLA-ABC and �2M. As a first step in determining if O. tsutsugamushi
modulates the MHC-I pathway, the levels of MHC-I molecules on the surfaces of
infected and uninfected HeLa cells were compared. HeLa cells were ideal for this
purpose because they are models for studying O. tsutsugamushi-host cell interactions
and constitutively express MHC-I (21–27). Also, because they are nonprofessional APCs,
HeLa cells express NLRC5 but not CIITA and are therefore useful for analyzing MHC-I
gene expression exclusively in the context of NLRC5 function. Indeed, for this reason,
the use of HeLa cells contributed to the discovery of NLRC5’s role as a transcriptional
regulator of MHC-I genes, and they continue to be utilized in this capacity (2, 3, 28–30).
Classical MHC-I molecules consist of a heavy chain (HLA-A, -B, or -C) and �2-
microglobulin (�2M) (25). Flow cytometric analyses using an HLA-ABC heavy-chain
antibody revealed that MHC-I levels were decreased by 55.6% and 76.5% in O.
tsutsugamushi-infected cells at 24 and 72 h, respectively (Fig. 1A and B). O. tsutsuga-
mushi infection was confirmed via Western blot analysis using antibody against 56-kDa
type-specific antigen (TSA56) (Fig. 1C and E), an outer membrane protein that the
bacterium expresses throughout infection (31–33). The observed loss in MHC-I surface
levels correlated with an overall reduction in MHC-I cellular levels, as confirmed by
Western blotting (Fig. 1C to F). Whereas at 24 h HLA-ABC and �2M chain amounts were
slightly lower in O. tsutsugamushi-infected cells than in uninfected cells, by 72 h they
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had significantly decreased by 74% and 65%, respectively. Gamma interferon (IFN-�), a
cytokine whose levels are elevated during O. tsutsugamushi infection of humans and
mice, can stimulate expression of MHC-I components (1, 34–38). Even in the presence
of IFN-�, the bacterium pronouncedly reduced the cellular levels of HLA-ABC and �2M.
Thus, O. tsutsugamushi decreases the total amounts of MHC-I heavy and �2M chains,
which leads to a reduction in their presentation on the infected cell surface.

O. tsutsugamushi inhibits the transcriptional expression of MHC-I components.
It was next determined if the O. tsutsugamushi-induced loss of MHC-I heavy and �2M
chain cellular levels is linked to transcriptional repression. Total RNA isolated from
infected and uninfected HeLa cells that had been treated with IFN-� or not was
analyzed by quantitative reverse transcription-PCR (qRT-PCR) using primers targeting
B2M and HLA-A, the latter of which is first in the HLA locus (39, 40). At 24 h, HLA-A

FIG 1 O. tsutsugamushi decreases MHC-I host cell surface levels by reducing the total amounts of
HLA-ABC and �2M. (A and B) HeLa cells were incubated with O. tsutsugamushi (infected [I]) at an MOI of
10 or mock infected (uninfected [U]). At 24 or 72 h, the cells were assessed for MHC-I component surface
levels using flow cytometry. (Left) Representative histograms of uninfected (hatched line) and infected
(solid line) HeLa cells incubated with HLA-ABC antibody or uninfected cells incubated with the isotype
control (filled histogram). (Right) The median fluorescence intensities (MFI) � SD of HLA-ABC surface
signals were calculated from at least four biological replicates at 24 h (A) and 72 h (B). (C to F) Whole-cell
lysates of uninfected and infected HeLa cells that had been treated with IFN-� or not were subjected to
Western blot analyses. (C and E) Blots were probed with antibodies against HLA-ABC (C) or �2M (E). The
blots were stripped and reprobed with TSA56 antibody (C and E), after which they were stripped and
reprobed once more with �-actin (C) or GAPDH (E) antibody. (D and F) Mean normalized ratios � SD of
HLA-ABC/�-actin (D) and �2M/GAPDH (F) from three independent experiments were calculated using
densitometry. Statistically significant values are indicated. *, P � 0.05; **, P � 0.01; ***, P � 0.001; n.s., not
significant.
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transcript levels were comparable between infected and uninfected cells whether or
not they had been exposed to IFN-�, while the levels of B2M were significantly
decreased in untreated infected cells but equivalent in IFN-�-treated cells (Fig. 2A and
B). By 72 h, HLA-A and B2M mRNA levels had decreased by 70% and 81%, respectively.
IFN-� failed to even partially reverse the transcriptional inhibition at 72 h. These results
correlate with the translational inhibition data and indicate that O. tsutsugamushi
ultimately reduces MHC-I surface levels by antagonizing mRNA expression of both
MHC-I heavy-chain and �2M components.

O. tsutsugamushi decreases NLRC5 cellular levels. The genes encoding HLA-A
and �2M are on separate chromosomes (41, 42), yet O. tsutsugamushi reduces the
mRNA levels of both to similar degrees. In nonprofessional APCs, including HeLa cells,
NLRC5 is the sole transactivator of MHC-I component gene expression (1, 43). We
rationalized that the pathogen might transcriptionally repress HLA-A and B2M by

FIG 2 O. tsutsugamushi inhibits transcription of MHC-I components by reducing cellular levels of NLRC5.
(A, B, and E) O. tsutsugamushi inhibits HLA-A and B2M mRNA but not NLRC5 mRNA expression. Total RNA
isolated at 24 or 72 h from triplicate samples of uninfected (U) and infected (I) HeLa cells that had been
treated with IFN-� or not was subjected to qRT-PCR analysis. The 2�ΔΔCT method was used to determine
the relative HLA-A (A), �2M (B), and NLRC5 (E) expression level normalized to that of GAPDH. (C and D)
NLRC5 levels are decreased in O. tsutsugamushi-infected cells. (C) Whole-cell lysates recovered from
uninfected and infected cells treated with IFN-� or not were subjected to Western blot analyses using
NLRC5 antibody. The blots were successively stripped and reprobed with TSA56 and GAPDH antibodies.
(D) Mean normalized densitometric ratios � SD of NLRC5/GAPDH from three separate experiments were
calculated. Statistically significant values are indicated. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001; n.s., not significant.
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targeting NLRC5. Accordingly, NLRC5 protein and mRNA levels were assessed in
uninfected and O. tsutsugamushi-infected cells that had been treated with IFN-� or not.
We continued to use HeLa cells for these studies because MHC-I expression in these
cells can be solely linked to NLRC5 and they express detectable basal levels of NLRC5
compared to other nonprofessional APC immortalized cell lines (44). Similar to the
findings observed for HLA-ABC and �2M, NLRC5 levels were significantly reduced at
72 h but not at 24 h (Fig. 2C and D). As previously reported, IFN-� stimulated higher
NLRC5 expression (3, 45, 46). Nonetheless, O. tsutsugamushi still negatively affected
NLRC5, as the cellular levels of the transactivator were reduced by 64% at 72 h. NLRC5
transcript levels were significantly elevated in all infected samples (Fig. 2E), indicating
that the loss of NLRC5 protein was not attributable to a decrease in NLRC5 mRNA.
Significant reductions in NLRC5, HLA-ABC, and �2M levels were not observed for HeLa
cells that had been incubated with paraformaldehyde-fixed O. tsutsugamushi and
stimulated with IFN-� or for O. tsutsugamushi-infected HeLa cells that had been treated
with tetracycline and IFN-� stimulated (Fig. 3). Thus, in HeLa cells, O. tsutsugamushi

FIG 3 Protein synthesis by viable O. tsutsugamushi is essential for reduction of NLRC5, HLA-ABC, and
�2M. HeLa cells were mock infected (uninfected [U]), infected with O. tsutsugamushi (Live), or incubated
with paraformaldehyde-fixed O. tsutsugamushi (Fixed) at an MOI of 10 or infected (I) with O. tsutsuga-
mushi followed by treatment with tetracycline (Tet) or vehicle control (Ctrl). After treatment with IFN-�,
whole-cell lysates were subjected to Western blot analyses using antibodies against NLRC5, HLA-ABC,
�2M, and TSA56. The blots were stripped and reprobed with GAPDH antibody (A and E). The mean
normalized ratios � SD of NLRC5/GAPDH (B and F), HLA-ABC/GAPDH (C and G), and �2M/GAPDH (D and
H) from three independent experiments were calculated using densitometry. Statistically significant
values are indicated. *, P � 0.05; **, P � 0.01; n.s., not significant.
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promotes the reduction of NLRC5 in a bacterial protein synthesis-dependent manner to
ultimately lessen the cellular levels of total and surface-localized MHC-I.

O. tsutsugamushi modulates NLRC5 and MHC-I levels during infection of en-
dothelial cells. To determine if the O. tsutsugamushi-induced NLRC5 reduction reca-
pitulates in a nonprofessional APC host cell type similar to that which the bacterium
infects during scrub typhus, uninfected and infected primary human aortic endothelial
cells (HAECs) were examined. Unlike O. tsutsugamushi-infected HeLa cells, infected
endothelial cells exhibited NLRC5 levels that were significantly elevated by 5.3-fold at
24 h (Fig. 4A and B). This result correlated with increases in total and surface HLA-ABC

FIG 4 NLRC5 and MHC-I levels in O. tsutsugamushi-infected endothelial cells. HAECs were incubated with
O. tsutsugamushi (infected [I]) at an MOI of 10 or mock infected (uninfected [U]). At 24 or 72 h, the cells
were assessed for MHC-I component total and surface levels via Western blotting and flow cytometry,
respectively. (A to C) Whole-cell lysates of uninfected and infected HAECs were subjected to Western blot
analyses. (A) The Western blot was probed with NLRC5 antibody, after which it was successively stripped
and reprobed with antibodies against HLA-ABC, TSA56, and GAPDH. (B and C) Mean normalized ratios �
SD of NLRC5/GAPDH (B) and HLA-ABC/GAPDH (C) from three separate experiments were calculated using
densitometry. (D to G) The cells were assessed for MHC-I component surface levels using flow cytometry.
(D and F) Representative histograms of uninfected (hatched line) and infected (solid line) HAECs
incubated with HLA-ABC antibody or uninfected cells incubated with the isotype control (filled histo-
gram) at 24 h (D) and 72 h (F) postinfection. (E and G) The median fluorescence intensities � SD of
HLA-ABC cell surface signals were calculated from at least four biological replicates at 24 h (E) and 72 h
(G) postinfection. Statistically significant values are indicated. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001.
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levels of 3.4- and 1.7-fold, respectively (Fig. 4A to E). However, by 72 h O. tsutsugamushi
had quelled this response, reducing NLRC5 by 55% and surface-detectable HLA-ABC by
43%, even though total HLA-ABC levels remained elevated (Fig. 4A to C, F, and G).

O. tsutsugamushi reduces NLRC5 and MHC-I levels in THP-1 monocytic cells
during early infection, but these phenomena reverse thereafter. Monocytes are
infected by O. tsutsugamushi in vivo and are hypothesized to contribute to dissemi-
nating the bacterium (13–15, 18). Therefore, it was next examined if O. tsutsugamushi
reduces NLRC5 levels and MHC-I expression in THP-1 monocytic cells. NLRC5 and
HLA-ABC total and surface levels were significantly reduced at 24 h postinfection (Fig.
5A to E), yet by 72 h NLRC5 levels had partially rebounded and both total and surface
HLA-ABC levels had significantly increased (Fig. 5A, C, F, and G). Concomitant with this
observation and in agreement with the report that O. tsutsugamushi replication is

FIG 5 The initial reductions in MHC-I component and NLRC5 levels observed in O. tsutsugamushi-infected
monocytic cells at 24 h are reversed by 72 h. (A to C) O. tsutsugamushi reduces NRLC5 and HLA-ABC total
protein levels in THP-1 cells at 24 h. (A) Whole-cell lysates of mock-infected (uninfected [U]) and infected
(I) THP-1 cells obtained at 24 and 72 h postinfection were subjected to Western blot analyses using
NRLC5 antibody. The blot was successively stripped and reprobed with HLA-ABC, TSA56, and GAPDH
antibodies. Vertical lines separating the samples obtained at 24 h and 72 h indicate where irrelevant lanes
of the blot were cropped. (B and C) Mean normalized ratios � SD of NLRC5/GAPDH (B) and HLA-ABC/
GAPDH (C) from three separate experiments were calculated using densitometry. (D and F) Represen-
tative histograms of uninfected (hatched line) and infected (solid line) THP-1 monocytes incubated with
HLA-ABC antibody at 24 h (D) and 72 h (F) postinfection or uninfected cells incubated with the isotype
control (filled histogram). (E and G) Median fluorescence intensities � SD of HLA-ABC cell surface signals
for infected cells at 24 h (E) and 72 h (G) postinfection were calculated from at least four biological
replicates. Statistically significant values are indicated. *, P � 0.05; **, P � 0.01; ***, P � 0.001; n.s., not
significant.
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stalled during the first 72 h postinfection of monocytes (16), the TSA56 band intensity
was comparable between 24 and 72 h (Fig. 5A), suggesting that bacterial protein
synthesis, replication, and/or overall fitness was compromised.

DISCUSSION

As a strict intracellular pathogen that resides in the cytoplasm of professional and
nonprofessional APCs, O. tsutsugamushi has evolved to counter adaptive immunity
using poorly defined mechanisms. NLRC5, which is induced by IFN-�, associates with
the SXXY promoter as part of an enhanceosome to activate MHC-I component gene
expression (3, 30, 43). This study demonstrates that O. tsutsugamushi utilizes the novel
strategy of reducing host cell NLRC5 levels to modulate the MHC-I pathway. Strikingly,
however, the efficacy of this approach varies with the host cell type that the bacterium
has infected. In HeLa cells, O. tsutsugamushi pronouncedly reduces NLRC5 levels and,
consequently, total and surface levels of MHC-I even in the presence of IFN-�. The
degree of the reduction in NLRC5 and MHC-I levels increases from 24 to 72 h, the timing
of which corresponds to when intracellular bacterial population growth transitions
from lag to log phase (24). Therefore, NLRC5 reduction could be bacterial load depen-
dent or due to the temporal expression of a bacterial effector(s) that orchestrates the
phenomenon.

Compared to HeLa cells, HAECs are more capable of responding to O. tsutsugamushi
infection, as evidenced by robust increases in NLRC5, total HLA-ABC, and cell surface
HLA-ABC protein levels at 24 h. Total MHC-I levels remain elevated at 72 h, even though
the bacterium has pronouncedly reduced NLRC5 levels by this time, likely due to the
initial excess of MHC-I that had been produced. Nonetheless, MHC-I surface levels are
significantly lowered by 72 h. What could account for this discrepancy? O. tsutsuga-
mushi blocks the secretory pathway using its effector, Ank9, and potentially other
endoplasmic reticulum (ER)/Golgi apparatus-tropic effectors (21, 47). Thus, even though
the response of primary endothelial cells to O. tsutsugamushi partially offsets the
infection-induced NLRC5 deficiency, bacterial modulation of the secretory pathway
would retain MHC-I components in the ER, rendering these host cells unable to
replenish surface MHC-I complexes. O. tsutsugamushi therefore potentially uses a
two-pronged approach— depletion of NLRC5 and secretory pathway inhibition—to
reduce the MHC-I antigen presentation capability of host cells.

In THP-1 monocytic cells, yet a different scenario plays out. At 24 h, O. tsutsugamushi
has reduced NLRC5, total HLA-ABC, and cell surface HLA-ABC levels, but by 72 h NLRC5
levels partially recover and total and surface MHC-I levels escalate. Conspicuously,
TSA56 levels exhibit no to little increase from 24 to 72 h of infection in THP-1 cells,
which agrees with a report that O. tsutsugamushi growth in monocytic cells stalls during
this time period (16) and which is in contrast to the pronounced TSA56 level increase
that occurs during infection in HeLa cells and HAECs. This observation suggests that
bacterial replication, fitness, or, at the very least, protein synthesis is compromised
during the first 72 h of infection of THP-1 cells, any of which could contribute to the
bacterium’s inability to sustain NLRC5 reduction and inhibit the secretory pathway,
especially given that these mechanisms likely require the energy-costly synthesis of
bacterial effectors. The induction of MHC-I in infected THP-1 monocytes at 72 h is
considerable, given that NLRC5 levels have been only partially restored at this time.
NLRC5-independent activation of MHC-I component gene expression by CIITA, which is
exclusively present in APCs (2), may contribute to the observed boost in MHC-I levels.

These results emphasize the value of using multiple host cell types, including those
reflective of what O. tsutsugamushi infects in vivo. Together with the following points,
this report provides insight that the differential outcome between monocytic and
endothelial cell infection influences scrub typhus progression. First, fatal/severe scrub
typhus is associated with inadequate early control of bacterial growth, higher bacterial
loads, and endothelial cell colonization (11, 48, 49). Second, the disease can become
chronic, lasting for months in patients and experimentally infected animals; and it has
been suggested that impaired T cell effector responses are causally linked to persistent
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infections (49, 50). Third, MHC-I and CD8� T cells are essential for preventing fatal/
severe infections (19, 20). Fourth, the degree to which O. tsutsugamushi downregulates
MHC-I is comparable to the reduction levels observed for virus-infected cells that are
attenuated for recognition by CD8� T cells (51–53). Thus, monocytes, which are among
the first cells infected at the chigger feeding site (13), play an important role in early
scrub typhus because they partially restrict O. tsutsugamushi growth and overcome the
NLRC5 reduction to retain the ability to present MHC-I complexes on their surfaces and
contribute to the adaptive immune response. However, because monocytes are also
key for disseminating O. tsutsugamushi (18), once organisms have egressed from
infected monocytes to colonize endothelial cells, their fitness is no longer compro-
mised. Moreover, the bacteria now reside in a host cell type that activates MHC-I
expression exclusively using NLRC5 (2), which enables them to effectively lower NLRC5
levels and impair MHC-I complex delivery to/antigen presentation at the endothelial
cell surface. This would allow the bacteria to replicate intracellularly relatively unde-
tected, resulting in the high bacterial burdens observed in some organs during late
infection. The differential ability of O. tsutsugamushi to modulate NLRC5 and MHC-I cell
surface levels in these two host cell types is expected to contribute to immune system
dysregulation and the severe sequelae associated with the disseminated form of scrub
typhus.

Overall, we present the first example of a pathogen that reduces host cell MHC-I
levels by specifically targeting NLRC5. We also provide direct evidence that the host cell
type and the ability to respond to infection influence the tug-of-war between O.
tsutsugamushi and adaptive immunity, which, in turn, has implications for disease
outcome.

MATERIALS AND METHODS
Cultivation of cell lines and O. tsutsugamushi infections. Uninfected and O. tsutsugamushi-

infected HeLa cells were propagated as previously described (27). THP-1 cells (TIB-202; American Type
Culture Collection [ATCC], Manassas, VA) were maintained in RPMI 1640 with L-glutamine (Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Gemini Bio-Products,
Sacramento, CA, USA) at 37°C in a humidified incubator with 5% CO2. Primary human aortic endothelial
cells (PCS-100-011; ATCC) were cultured in vascular cell basal medium (ATCC) supplemented with an
endothelial cell growth kit-vascular endothelial growth factor (ATCC) at 37°C in a humidified incubator
with 5% CO2. Host cell-free O. tsutsugamushi organisms were obtained for experimental use from highly
infected HeLa cells and incubated with naive HeLa cells to initiate synchronous infections as described
previously (27). In some experiments, O. tsutsugamushi organisms were treated with 2% paraformalde-
hyde for 30 min prior to incubation with host cells, or 10 �g ml�1 of oxytetracycline hydrochloride
(Sigma-Aldrich) in 70% ethanol or the vehicle control was added at 4, 24, and 48 postinfection. In some
cases, HeLa cells were treated with 20 ng ml�1 human IFN-� (PeproTech, Rock Hill, NJ) at 2 h postinfec-
tion or postaddition of fixed bacteria. THP-1 cells were incubated with O. tsutsugamushi for 2 h with
gentle shaking every 15 to 30 min. The inoculum was removed by centrifugation of the sample at
250 � g for 5 min, after which the supernatant was decanted. The pellet of infected THP-1 cells was
resuspended in medium to a density of 1 � 106 ml�1. Host cell-free O. tsutsugamushi bacteria were
incubated with HAECs for 2 h, at which point the inoculum was removed and replaced with fresh
medium. All infected samples were processed and analyzed in parallel with mock-infected controls,
which were prepared as previously described (27), to verify that any observed effect was not due to host
cellular debris.

Immunofluorescence microscopy. All infections were performed to achieve a multiplicity of infec-
tion (MOI) of 10, which was verified for infected HeLa cells or HAECs using immunofluorescence
microscopy as previously described (27). To confirm the MOI for THP-1 cells, aliquots of 250,000 infected
cells were removed from each sample per experiment and pipetted onto glass coverslips in 24-well
plates. The plates were spun at 750 � g for 5 min. Following gentle removal of the supernatant, the
coverslip was washed with phosphate-buffered saline, fixed with ice-cold methanol, and examined by
immunofluorescence microscopy as described previously (27). Immunofluorescent images of the MOI
coverslips and synchronously infected THP-1 cells were acquired by spinning disc confocal microscopy
using a BX51 microscope (Olympus, Center Valley, PA) affixed with an Olympus disk spinning unit and
an ORCA-R2 charge-coupled-device camera (Hamamatsu, Japan) or a Zeiss LSM 700 laser-scanning
confocal microscope, the latter of which was located in the Virginia Commonwealth University School of
Medicine Microscopy Core Facility.

Flow cytometry. Cells were incubated with Fc block (Miltenyi Biotec, Bergusch Gladbach, Germany),
followed by labeling with mouse anti-human HLA-ABC W6/32 (Invitrogen, Carlsbad, CA) or the isotype
control (BioLegend, San Diego, CA) and allophycocyanin anti-mouse immunoglobulin secondary anti-
body (BioLegend). Cells were fixed with fixation buffer (BioLegend), and flow cytometry was performed
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as previously described (54). Data were captured on a BD LSRFortessa II flow cytometer (BD Biosciences,
Franklin Lakes, NJ) and analyzed with FlowJo (version 10.4.2) software (BD Biosciences).

Western blotting. SDS-PAGE was performed as described previously, except that the gels used to
generate Western blots to be probed with �2M antibody were 4% to 20% mini-Protean TGX gradient gels
(Bio-Rad) to achieve better resolution (47). Western blot analyses were performed as described previously
(27) using mouse anti-HLA-ABC heavy chain (Abcam, Cambridge, UK) at 1:1,000, rabbit anti-�2M (Life
Technologies, Carlsbad, CA) at 1:1,000, rat anti-NLRC5 (EMD Millipore, Burlington, MA) at 1:1,000, TSA56
antiserum at 1:1,000 (21), mouse anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase; Santa
Cruz Biotechnology, Santa Cruz, CA) at 1:2,500, mouse anti-�-actin (Santa Cruz) at 1:2,500, horseradish
peroxidase (HRP)-conjugated horse anti-mouse IgG (Cell Signaling Technology, Danvers, MA) at 1:10,000,
HRP-conjugated horse anti-rabbit IgG (Cell Signaling Technology) at 1:10,000, and HRP-conjugated horse
anti-rat IgG (Cell Signaling Technology) at 1:10,000.

RNA isolation and qRT-PCR. RNA isolation and qRT-PCR were performed as previously described
(22) using primers NLRC5 forward (fwd), NLRC5 reverse (rev), HLA-A fwd, HLA-A rev, B2M fwd, and B2M rev
(3). Expression of each gene of interest was normalized using GAPDH gene-specific primers 5=-ACATCA
TCCCTGCCTCTACTGG-3= and 5=-TCCGACGCCTGCTTCACC-3= and the 2�ΔΔCT threshold cycle (CT) method
(55).

Statistical analyses. Statistical analyses were performed using the Prism (version 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 a significant difference among groups. The Student t test was used to test for a significant
difference among pairs. Statistical significance was set at P values of �0.05.
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