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ABSTRACT To understand the role of class | major histocompatibility complex
(MHC-I) and class I MHC (MHC-II) antigen presentation pathways in host defense
against Coxiella burnetii infection, we examined whether MHC-I or MHC-II deficiency
in mice would significantly influence their susceptibility to virulent C. burnetii Nine
Mile phase | (NMI) infection. The results indicate that NMI infection induced more
severe disease in both MHC-I-deficient and MHC-II-deficient mice than in wild-type
(WT) mice, while only MHC-I-deficient mice developed a severe persistent infection
and were unable to control bacterial replication. These results suggest that both
MHC-I-restricted CD8* T cells and MHC-Il-restricted CD4™ T cells contribute to host
defense against primary C. burnetii infection, while MHC-I-restricted CD8* T cells ap-
pear to play a more critical role in controlling bacterial replication. Additionally, al-
though NMI infection induced more severe disease in TAP1-deficient mice than in
their WT counterparts, TAP1 deficiency in mice did not significantly influence their
ability to eliminate C. burnetii. This suggests that C. burnetii antigen presentation to
CD8* T cells by the MHC-I classical pathway may depend only partially on TAP1.
Furthermore, granzyme B deficiency in mice did not significantly alter their suscepti-
bility to C. burnetii infection, but perforin-deficient mice were unable to control host
inflammatory responses during primary C. burnetii infection. These results suggest
that perforin, but not granzyme B, is required for C. burnetii antigen-specific cyto-
toxic CD8* T cells to control primary C. burnetii infection.

KEYWORDS CTL, Coxiella burnetii, MHC-I, MHC-II, TAP, antigen presentation,
granzyme, immune response, perforin

oxiella burnetii is an obligate intracellular Gram-negative bacterium that causes a

worldwide zoonotic disease, Q fever, in humans. It is typically spread via aerosols
produced by infected domestic animals, such as cattle, sheep, and goats (1). This makes
C. burnetii an occupational hazard for people who closely work with livestock (2, 3). Q
fever usually manifests as an acute illness but occasionally can develop into a severe
chronic infection. Acute Q fever is characterized by high fever, atypical pneumonia,
headache, and hepatitis, but it normally resolves within 2 to 3 weeks with or without
antibiotic treatment. In contrast, chronic Q fever typically manifests as culture-negative
endocarditis, most often in patients with preexisting heart damage and patients who
are immunocompromised (4-7). This form of infection occurs in fewer than 5% of
infected individuals but can have devastating consequences. Treatment involves a dual
regimen of antibiotics over a period of 18 months to 3 years and typically requires
surgical intervention to remove infected tissue (5). Even with treatment, chronic
infection is fatal in 26 to 60% of cases (8). A recent outbreak in the Netherlands from
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2007 to 2010 resulted in more than 3,500 reported human infections (9), highlighting
that this worldwide zoonotic pathogen remains a significant threat to public health.
Although the existing formalin-inactivated phase | whole-cell vaccine (Q-Vax) confers
complete protection against clinical Q fever, widespread use of this vaccine is limited
by its high incidence of adverse reactions, especially in individuals with prior immunity
to C. burnetii (10, 11). Therefore, it is necessary to develop a safe and effective vaccine
for prevention of human Q fever.

Understanding the immunological basis of host defense against C. burnetii infection
is critical for developing a safe and effective new-generation vaccine against Q fever.
Recently, efforts have been devoted to understanding the mechanisms of host immune
responses to primary C. burnetii infection in mouse models. Andoh et al. have demon-
strated that T cells and gamma interferon (IFN-v) are essential for clearance of primary
C. burnetii infection (12, 13). Additionally, it has been reported that either CD4* or
CD8* T cells are able to control a primary pulmonary C. burnetii infection, suggesting
that CD4" or CD8" T cells are required for host defense against a primary C. burnetii
infection (14). These studies indicate that T cell-mediated immunity may be the essential
mechanism for host defense against primary C. burnetii infection. However, the detailed
role of CD4* and CD8* T cells in host defense against primary C. burnetii infection
remains unclear.

The major histocompatibility complex (MHC) is a set of cell surface proteins essential
for the acquired immune system to recognize foreign molecules in vertebrates, with its
main function being to bind antigens derived from pathogens and display them on the
cell surface for recognition by the appropriate T cells. MHC-l presents endogenous
peptides to CD8* T cells by the classical pathway via the endoplasmic reticulum
(ER) and the transporter associated with antigen processing (TAP) complex (15). The
classical TAP-dependent MHC-I pathway has been demonstrated to be critical
in host defense against Mycobacterium tuberculosis (16). In addition, mice lacking
B2-microglobulin (82m), a component of the MHC-I chain, cannot stably present
antigens on the surfaces of their cells. Recent studies using B2m knockout (KO) mice
have shown that MHC-I plays an important role in host defense against several
intracellular bacterial pathogens, including M. tuberculosis (17, 18), Listeria monocyto-
genes (15), and Chlamydia (19). The evidence that M. tuberculosis infection induces
severe disease and a significant reduction of CD8* T cells in MHC-I-deficient B2 m~/~
mice indicates that MHC-I-restricted antigen-specific CD8* T cells are crucial for host
defense against M. tuberculosis infection (17, 18). In contrast, MHC-Il molecules are
present only on the surfaces of antigen-presenting cells, such as dendritic cells, B cells,
and macrophages. MHC-II presents antigens from phagocytosed compounds to CD4"
T cells, which is critical for the expansion and function of CD4* T cells during host
immune responses (20). MHC-Il is particularly important to sustain a long-term immune
response during vaccination. Experimental vaccines against malaria, influenza, and
Helicobacter pylori have been reported to require the MHC-II antigen presentation
pathway (21-23). Despite previous studies demonstrating that both CD4* and CD8* T
cells are involved in host defense against C. burnetii infection, the role of MHC-I and -II
antigen presentation pathways in host defense against C. burnetii infection has not
been investigated.

In this study, we examined the roles of MHC-I and MHC-II during primary C. burnetii
infection in mice. Our results indicate that both MHC-lI-restricted CD4* T cells and
MHC-I-restricted CD8* T cells contribute to host defense against primary C. burnetii
infection, while MHC-I-restricted CD8* T cells appear to play a critical role in controlling
bacterial replication.

RESULTS

Both MHC-I and -1l molecules are important for host defense against primary
C. burnetii infection. To understand the roles of MHC-I and -ll molecules in host
defense against primary C. burnetii infection, we examined whether MHC-I or -II
deficiency in mice would significantly influence their susceptibility to virulent C. burnetii
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FIG 1 MHC-I-deficient B2m mice have more severe infection with NMI. Deficient and WT mice were infected i.p. with 1 X 107 NMI organisms. Disease severity
was assessed at 7, 14, and 28 dpi. (A) Relative body weight (current body weight/day 0 body weight) was measured throughout infection to monitor disease
severity. (B) Splenomegaly was determined as a ratio of spleen weight to body weight. (C) Bacterial burden in the spleen was determined by real-time PCR and
reported as log;,, C. burnetii com1 gene copy numbers. (D) Spleen sections from wild-type and 82m KO mice at day 14 (top panels) and day 28 (bottom panels).
(E) Spleens (1 section per mouse) from both groups were scored for histiocytic inflammation in red pulp of spleen using the following scale: 0, none (no
accumulations of macrophages); 1, few small accumulations of macrophages; 2, few small to moderate accumulations of macrophages; 3, large numbers of
moderate to large accumulations of macrophages. Much of the increase in volumes of spleens in all groups was a result of extramedullary hematopoiesis. The
data presented for each group are the average with standard deviation for four mice. Results were analyzed by one-way (B, C, and E) or two-way (A) ANOVA
with Tukey’s multiple-comparison test for statistical significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Nine Mile phase | (NMI) intraperitoneal (i.p.) infection. The severity of disease induced
by C. burnetii infection in wild-type (WT), MHC-I-deficient (82m KO), and MHC-II-
deficient mice was evaluated by comparing body weight loss, splenomegaly, bacterial
burden, and pathological changes in the spleen on different days postinfection (dpi).
Compared to WT mice, B2m KO (day 8, P = 0.0154; day 11, P = 0.0242) and
MHC-II-deficient (day 8, P = 0.0478) mice had transitional body weight loss during early
stages of infection (Fig. 1A). These observations suggest that both MHC-lI and -lI
molecules are required for protecting C. burnetii-infected hosts from developing dis-
ease during early stages of infection. As shown in Fig. 1B, both 2m KO (P = 0.0082)
and MHC-lI-deficient (P = 0.0189) mice showed significantly higher splenomegaly than
WT mice at 14 dpi, while splenomegaly was similar in WT and MHC-lI-deficient mice
(P = 0.9931) but was significantly lower than that in B2m KO mice (P = 0.0031) at 28
dpi. Interestingly, C. burnetii genomic copies in the spleen were similar in WT and
MHC-II-deficient mice (P = 0.8511), but significantly more C. burnetii genomic copies
were detected in the spleens from f2m KO mice at 7 (P = 0.0027) and 28 (P = 0.0006)
dpi (Fig. 1C). These results indicate that C. burnetii can induce a persistent bacterial
infection in B2m KO mice, suggesting MHC-I-restricted CD8* T cells may play a critical
role in clearance of bacteria during C. burnetii primary infection. Histopathological
differences were observed in the spleens from WT and B2m KO or MHC-II-deficient
mice. As shown in Fig. 1D, moderate to large multifocal accumulations of macrophages
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(encircled by a black border) were present in red pulp of spleens from both f2m KO
and MHC-II-deficient mice, but few small accumulations of macrophages (encircled by
black border) were observed in red pulp of spleens from WT mice at 14 and 28 dpi. The
histology score in 2m KO or MHC-lI-deficient mice was significantly higher than that
in WT mice at both 14 (P < 0.0001) and 28 (P < 0.0001 and P = 0.0010, respectively)
dpi (Fig. 1E). These results suggest that both MHC-I and -Il molecules are required for
regulating host inflammatory responses during C. burnetii primary infection. Collec-
tively, these data demonstrate that both MHC class | and class Il molecules are required,
but MHC-I molecules appear to play a more critical role in host defense against primary
C. burnetii infection.

Presentation of C. burnetii antigens by the MHC-I classical pathway depends
partially on TAP1. The observation that C. burnetii induced more severe disease and
persistent bacterial infection in 2m KO mice than in their WT counterparts suggests
that a functional MHC-I antigen presentation pathway may be crucial for host defense
against primary C. burnetii infection. Considering that TAP is an important component
for presentation of endogenous peptides to CD8% T cells by the MHC-I classical
pathway (18), TAP may be involved modulating disease and bacterial clearance in f2m
KO mice infected with C. burnetii. We utilized TAP1 knockout mice to examine whether
MHC-I classical pathway deficiency in mice would significantly influence their suscep-
tibility to C. burnetii infection. As shown in Fig. 2A, compared to WT mice, TAP1~ mice
had transitional body weight loss at 8 dpi. In addition, although splenomegaly (P =
0.0111) (Fig. 2B) and C. burnetii genomic copies in the spleens (P = 0.0161) (Fig. 2C) from
TAP1~ mice were significantly higher than in WT mice at 14 dpi, there was no significant
difference in either splenomegaly (P = 0.2717) or C. burnetii genomic copies in the spleens
(P = 0.6155) between TAP1~ and WT mice at 28 dpi. These results indicate that C. burnetii
induced more severe infection in TAP1~ mice than in their WT counterparts during the
early stage of infection, but TAP1 deficiency in mice may not significantly influence their
ability to eliminate C. burnetii at later stages of infection. These results suggest that C.
burnetii antigen presentation by the MHC-I classical pathway may depend only partially on
TAP1 and that TAP-independent pathways may also be involved in presenting antigen to
CD8™" T cells during C. burnetii primary infection.

C. burnetii infection induces elevated levels of IFN-y in B2m- and TAP1-
deficient mice. The observation that C. burnetii NMI induces a lethal disease in
IFN-y-deficient mice (12, 13) suggests that IFN-y plays a critical role in host defense
against C. burnetii infection. Since antigen-specific CD8* T cells can produce IFN-y
during host immune responses to microbial infections, the defects in TAP-dependent
MHC-I-restricted CD8* T cells may result in lower levels of IFN-y during primary C.
burnetii infection. To test this hypothesis, we analyzed the levels of IFN-y in serum
samples from NMl-infected WT, B2m KO, and TAP1-deficient mice at 14 dpi. Surpris-
ingly, significantly higher levels of IFN-y were detected in sera from NMl-infected f2m
KO (P = 00182) (Fig. 3A) and TAP1~ (P = 0.0016) (Fig. 3B) mice than in sera from WT
mice at 14 dpi. These results suggest that the fact that C. burnetii infection induced
more severe disease in 2m KO and TAP1~ mice may not be due to the reduction
of IFN-y-producing CD8" T cells.

IFN-y-producing CD8+ T cells are involved in controlling bacterial burden
during primary C. burnetii infection. To determine whether IFN-y producing CD8*+ T
cells play an important role in host defense against primary C. burnetii infection, we
examined whether there were differences between WT CD8™* T cells and IFN-y-deficient
CD8* T cells in their ability to protect against C. burnetii NMI infection when adoptively
transferred into recombination activating gene 1 (Rag1)-deficient mice. As shown in
Fig. 4A, both WT CD8* T cell recipients (day 12, P = 0.0005; day 14, P = 0.0002) and
IFN-y-deficient CD8* T cell recipients (day 12, P = 0.0007; day 14, P < 0.0001) showed
significantly higher body weights than control Rag1 KO mice beginning at 12 dpi. In
addition, there was no significant difference in splenomegaly among the different
groups of mice (P = 0.9149, Fig. 4B). However, although C. burnetii genomic copies in
the spleens were similar in Rag1 KO and IFN-y-deficient CD8* T cell recipient mice (P =
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FIG 2 Antigen presentation of NMI by MHC-l is partially dependent on TAP1. Deficient and WT mice were
infected i.p. with 1 X 107 NMI organisms. Disease severity was assessed at 14 and 28 dpi. (A) Relative
body weight was determined throughout infection for monitoring disease severity. (B) Splenomegaly
was determined as a ratio of spleen weight to body weight. (C) Bacterial burden in the spleen was
determined by real-time PCR and reported as log,, C. burnetii com1 gene copy numbers. These data
indicate that TAP1-deficient mice had more severe disease following infection with NMI at 14 dpi. The
data presented for each group are the average with standard deviation for four mice. Results were
analyzed by t test (B and C) or two-way ANOVA with Sidak’s multiple-comparison test (A) for statistical
significance. *, P < 0.05; **, P < 0.01.

0.4548), fewer C. burnetii genomic copies were detected in the spleens from WT CD8*
T cell recipient mice at 14 dpi (P = 0.0572) (Fig. 4C). These results indicate that
IFN-y-producing CD8™" T cells may not be important for protecting against C. burnetii
infection-induced disease, but they may play a role in controlling bacterial replication
during C. burnetii infection.

C. burnetii infection induces more severe disease in granzyme B-deficient mice.
Granzyme B is a serine protease that is secreted by cytotoxic T lymphocytes (CTLs)
along with the pore-forming protein perforin to induce apoptosis in target cells. To
determine whether C. burnetii antigen-specific CTLs play an important role in host
defense against primary C. burnetii infection, we investigated whether granzyme B
deficiency in mice would significantly alter their ability to resist C. burnetii infection. As
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FIG 3 MHC-I-deficient B2m and TAP1-deficient mice have higher levels of serum IFN-y following
infection with NMI. Serum was collected at 14 dpi, and levels of IFN-y were measured by ELISA. (A) Serum
IFN-vy levels from B2m KO mice at 14 dpi. (B) Serum IFN-y levels from TAP1~ mice 14 dpi. These data
indicate that serum levels of IFN-y were higher in both 2m and TAP1 knockout mice following infection
with NMI. The data presented for each group are the average with standard deviation for four serum
samples. Results were analyzed by t test for statistical significance. *, P < 0.05; **, P < 0.01.

shown in Fig. 5A, granzyme B KO mice had significantly lower body weights than their
WT counterparts throughout the NMI infection (day 15, P = 0.0189; day 19, P = 0.0096;
day 23, P = 0.0296; day 26, P = 0.0402). This result indicates that C. burnetii infection
induces a more severe disease in granzyme B-deficient mice, suggesting that CTLs may
play an important role in protecting mice from development of severe disease. How-
ever, there was no significant difference in splenomegaly (day 14, P = 0.0881; day 28,
P = 0.8862) (Fig. 5B) or C. burnetii genomic copies in the spleens (day 14, P = 0.2644;
day 28, P = 0.5468) (Fig. 5C) between WT and granzyme B KO mice at 14 and 28 dpi.
These results indicate that granzyme B may not play a critical role in controlling host
inflammatory responses or bacterial replication during primary C. burnetii infection.
Considering that granzymes have redundant roles during host immune responses, it is
possible that other granzymes could overcome the granzyme B deficiency in mice,
leading to control of C. burnetii infection in granzyme B KO mice.

Perforin plays a role in host defense against primary C. burnetii infection. Perforin
is a pore-forming protein secreted by CTLs to induce apoptosis in target cells by allowing
entry of granzymes and other cytotoxic components into the targeted cell. We utilized
perforin-deficient mice to examine whether C. burnetii antigen-specific CTLs play an im-
portant role in host defense against primary C. burnetii infection. As shown in Fig. 6A, both
WT and Prf1 KO mice showed transitional body weight loss from 4 to 12 dpi (day 8, P =
0.0062). Splenomegaly was significantly higher in Prf1 KO mice than in WT mice at 14 dpi
(P = 0.0129) (Fig. 6B), although there was only a moderate increase in C. burnetii genomic
copies in the spleens (P = 0.0726) (Fig. 6C). These results indicate that perforin may be
important for functional CTLs to control C. burnetii infection in mice, suggesting that CTLs
may play a role in controlling primary C. burnetii infection.

DISCUSSION
The obligate intracellular lifestyle of C. burnetii makes it a potential target for T cells
during primary infection. A previous study (13) demonstrated that T cells and IFN-y are
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FIG 4 Adoptive transfer of wild-type but not IFN-y-deficient CD8* T cells lessens bacterial burden in
Rag1 knockout mice following NMI infection. Rag1 knockout mice received 5 X 106 CD8* T cells from
WT or IFN-y knockout mice at 24 h prior to i.p. infection with 1 X 107 NMI organisms. Disease severity
was assessed at 14 dpi. (A) Relative body weight was determined throughout infection to monitor
disease severity. (B) Splenomegaly was determined as a ratio of spleen weight to body weight. (C)
Bacterial burden in the spleen was determined by real-time PCR and reported as log,, C. burnetii com1
gene copy numbers. These data indicate that adoptive transfer of WT, but not IFN-y-deficient, CD8* T
cells helps to control bacterial burden in mice following NMl infection. The data presented for each group
are the average with standard deviation for four mice. Results were analyzed by one-way (B and C) or
two-way (A) ANOVA with Tukey’s multiple-comparison test for statistical significance. ***, P < 0.001; ****,
P < 0.0001.

essential for controlling primary C. burnetii infection. Additionally, it has been shown
that either CD4™ or CD8™ T cells alone were able to control primary pulmonary C
burnetii infection, suggesting that CD4+ or CD8* T cells are required for host defense
against primary C. burnetii infection (14). These studies suggest that T cell-mediated
immunity may be the essential mechanism for host defense against primary C. burnetii
infection. However, the role of MHC-I and -Il antigen presentation pathways in host
defense against C. burnetii infection remains unclear. C. burnetii infection in immuno-
competent mice does not result in death or overt clinical signs; however, several recent
studies (13, 24-26) demonstrated that C. burnetii infection reliably induces significant
splenomegaly, and splenomegaly was correlated to bacterial burden in the spleen as
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FIG 5 Granzyme B KO mice have more severe disease following infection with NMI. WT and granzyme
B knockout mice were infected i.p. with 1 X 107 NMI organisms, and disease severity was assessed at 14
and 28 dpi. (A) Relative body weight was determined throughout infection to monitor disease severity.
(B) Splenomegaly was determined as a ratio of spleen weight to body weight. (C) Bacterial burden in the
spleen was determined by real-time PCR and reported as log,, C. burnetii com1 gene copy numbers. The
data presented for each group are the average with standard deviation for four mice. Results were
analyzed by t test (B and C) or two-way ANOVA with Sidak’s multiple-comparison test (A) for statistical
significance. *, P < 0.05; **, P < 0.01.

measured by quantitative real-time PCR. In addition, recent studies (13, 14, 25, 27-30)
demonstrated that both C. burnetii i.p. and respiratory infections cause similar systemic
infections in mice and induce a significant and comparable splenomegaly at different
time points postinfection. Thus, splenomegaly and bacterial burden in the spleen have
been widely used as indicators for monitoring the severity of infection and evaluating
the protective efficacy of vaccine-induced protection in both C. burnetii i.p. and
respiratory infection mouse models. Since with i.p. infection it is easy to control the
infectious dose and does not induce a large variation within the same group of mice,
the model of C. burnetii i.p. infection of mice was used to examine whether MHC-I or
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FIG 6 Perforin knockout mice have more severe disease following NMI infection than wild-type mice. WT
and perforin knockout mice were infected i.p. with 5 X 107 NMI organisms, and disease severity was
assessed 14 dpi. (A) Relative body weight was determined throughout infection to monitor disease
severity. (B) Splenomegaly was determined as a ratio of spleen weight to body weight. (C) Bacterial
burden in the spleen was determined by real-time PCR and reported as log,, C. burnetii com1 gene copy
numbers. These data indicate that Prf1 KO mice had more severe splenomegaly than WT mice following
NMI infection. The data presented for each group are the average with standard deviation for four mice.
Results were analyzed by t test (B and C) or two-way ANOVA with Sidak’s multiple-comparison test (A)
for statistical significance. *, P < 0.05; **, P < 0.01.

-l deficiency in mice would significantly influence their susceptibility to C. burnetii
infection in this study. Interestingly, although C. burnetii infection induced more severe
disease in both B2m KO and MHC-lI-deficient mice than in WT mice during early stages
of infection, only B2m KO mice developed a severe persistent infection and were
unable to control bacterial replication at late stages of infection. It is known that
MHC-I-deficient B2m KO mice have a severely reduced CD8™" T cell population (17, 18),
and MHC-II antigen presentation is critical for the expansion and function of CD4+ T
cells (20). Our results indicate that both MHC-II-restricted CD4+ T cells and MHC-I-
restricted CD8™ T cells contribute to host defense against primary C. burnetii infection,
while MHC-I-restricted CD8* T cells may play a more critical role in controlling bacterial
replication. These results corroborate a previous study (14) that demonstrated that
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CD8* T cell depletion in NMI-infected mice resulted in development of markedly worse
disease, while CD4* T cell depletion in NMI-infected mice showed disease severity
similar to that in WT mice. These data support the hypothesis that CD8* T cells play a
critical role in host defense against primary C. burnetii infection.

The observation that NMI infection induced more severe disease and persistent
bacterial infection in MHC-I-deficient B2m KO mice than in their WT counterparts
suggests that MHC-I-restricted CD8* T cells may be crucial for host defense against
primary C. burnetii infection. B2m is a component of several other antigen-presenting
molecules, such as H2-M3, TL, Qa-1, Qa-2, and CD1d. The MHC-encoded class |, H2-M3,
Qa-1, and Qa-2 molecules have all been shown to bind peptide antigens loaded in a
TAP-dependent manner (17, 18). This leads us to hypothesize that TAP may be involved
in the severe disease and defects in bacterial clearance in 2m KO mice infected with
NMI. To determine whether the severe disease phenotype in B2m KO mice is due to
defects in the MHC-I-restricted CD8* T cell classical pathway, we examined whether
TAP1 deficiency in mice would significantly influence their susceptibility to NMI infec-
tion. Our results demonstrated that NMI infection induced more severe disease in
TAP1~ mice than in their WT counterparts during the early stages of infection.
However, TAP1 deficiency in mice did not significantly influence elimination of C.
burnetii at the later stages of infection. These results suggest that C. burnetii antigen
presentation by the MHC-I classical pathway may depend partially upon TAP1, but
TAP-independent pathways may also be involved in antigen presentation to CD8* T
cells during C. burnetii primary infection. The classical TAP-dependent antigen presen-
tation pathway has been demonstrated to play a critical role in host defense against M.
tuberculosis (16). In contrast, lipid-based antigens can also be presented by the TAP-
independent CD1 antigen presentation pathway (31-33). It has been shown that
TAP-independent pathways also play important roles in host defense against Toxo-
plasma gondii infection (34). Although the current study did not rule out the possibility
that CD1-restricted CD8* T cells are involved in host defense against primary C. burnetii
infection, our results indicate that C. burnetii antigen presentation by the MHC-|
pathway depends only partially upon TAP1. It is possible that the CD1-restricted
antigen presentation pathway may play a critical role in activating CD8* T cells during
C. burnetii primary infection. Cross presentation and the host autophagy system are
additional forms of TAP-independent antigen processing, which could also play impor-
tant roles in CD8™" T cell clearance of C. burnetii. Future study is needed to examine
whether deficiencies in these pathways in mice would significantly increase their
susceptibility to NMI infection.

The evidence that NMI infection induces lethal disease in IFN-y-deficient mice (13)
suggests that IFN-y is crucial for host defense against C. burnetii infection. Since
antigen-specific CD8* T cells may function via production of IFN-y in response to C.
burnetii infection, we examined whether the defects in the TAP-dependent MHC-I-
restricted CD8* T cell pathway would reduce the levels of IFN-y during primary C.
burnetii infection. Interestingly, significantly higher levels of IFN-y were detected in sera
from NMl-infected B2m KO and TAP1~ mice than in sera from WT mice. This result
suggests that C. burnetii infection induced more severe disease in B2m KO and TAP1~
mice independently of IFN-y-producing CD8* T cells. On the other hand, this result
may be due to the lack of antigen-specific CD8* T cells in NMl-infected 32m KO and
TAP1~ mice resulting in uncontrolled bacterial replication that can strongly activate
CD4+ T cells or natural killer cells to produce higher levels of IFN-y. To further
determine whether CD8* T cells play an important role via production of IFN-y during
primary C. burnetii infection, we examined whether there were differences between
WT CD8* T cells and IFN-y-deficient CD8* T cells in their ability to protect B and T
cell-deficient Rag1 knockout mice against NMI infection following adoptive transfer.
The results indicate that although the numbers of C. burnetii genomic copies in the
spleens were similar in Rag1 KO and IFN-y-deficient CD8* T cell recipient mice, fewer
C. burnetii genomic copies were detected in the spleens from WT CD8™ T cell recipient
mice. These results suggest that while IFN-y-producing CD8% T cells may not be
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important for protecting against C. burnetii infection-induced inflammatory responses,
they may be involved in controlling bacterial replication during C. burnetii infection.
Collectively, these data provide additional evidence to support an important role for
antigen-specific CD8* T cells, via production of IFN-v, in host defense against primary
C. burnetii infection.

To determine whether the cytolytic function of CD8* T cells is critical for host
defense against primary C. burnetii infection, we first investigated whether granzyme B
deficiency in mice decreases resistance to NMI infection. The observation that NMI
infection induced more severe disease in granzyme B KO mice than in their WT
counterparts indicates that cytotoxic CD8* T cells may play a role in protecting mice
from development of severe disease during C. burnetii infection. However, splenomeg-
aly and bacterial burden in the spleens were similar in WT and granzyme B KO mice.
This result suggests that granzyme B may not play a critical role in controlling host
inflammatory responses or bacterial replication during primary C. burnetii infection. As
granzymes play redundant roles in cytotoxic CD8* T cells during host immune re-
sponses, it is possible that other granzymes could overcome the granzyme B deficiency
in mice, resulting in control of NMI infection. Perforin is considered more critical for
CTLs to induce apoptosis in target cells because without perforin, granzymes and other
cytotoxic components cannot enter CTL-targeted cells. We next examined whether
perforin deficiency in mice would influence their ability to control NMI infection.
Interestingly, we found that splenomegaly in Prf1 KO mice was significantly higher than
that in WT mice. These results indicate that perforin may be important for functional
CTLs to control C. burnetii infection in mice and suggest that cytotoxic CD8™" T cells may
play an important role in controlling primary C. burnetii infection.

In summary, this study provides novel evidence to support that both MHC-II-
restricted CD4 " T cells and MHC-I-restricted CD8™ T cells are important for host defense
against primary C. burnetii infection, while highlighting that MHC-I-restricted CD8" T
cells play a critical role in controlling bacterial replication and ultimately eliminating
invading bacteria. Our results also suggest that MHC-I-restricted antigen-specific CD8*
T cells may play a critical role during primary C. burnetii infection via their ability to
produce IFN-vy and induce cell death in C. burnetii-infected target cells. Current clinical
treatment of acute and chronic Q fever patients relies on antibiotics, but in some cases
C. burnetii can persistently infect host cells even after treatment with multiple antimi-
crobial drugs. Further understanding of how C. burnetii antigen-specific CD8" T cells
clear infection locally, in the lungs, as well as systemically could lead to the develop-
ment of novel treatments to fully clear infection from both acute and chronic Q fever
patients.

MATERIALS AND METHODS

C. burnetii strain. C. burnetii Nine Mile phase | (NMI) clone 7 (RSA493) was grown in L929 cells and
purified via density gradient centrifugation as previously described (35). All experiments using virulent
NMI were performed in biosafety level 3 (BSL3) or animal biosafety level 3 (ABSL3) facilities at the
University of Missouri Laboratory for Infectious Disease Research (MU-LIDR).

Animals. Six-week-old female B2m KO, MHC II—, TAP1—, Rag1 KO, Ifng KO, granzyme B KO, Prf1 KO,
and WT C57BL/6 or 12952.SvJ mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice
were housed in sterile microisolator cages in a conventional animal facility or in the ABSL3 facility at the
MU-LIDR. All research involving animals was conducted in accordance with guidelines of, and all animal
use protocols were approved by, the Animal Care and Use Committee at the University of Missouri. All
C. burnetii NMI infection experiments were conducted in the ABSL3 facility at MU-LIDR.

CD8+ T cell adoptive transfer. Spleens were harvested from either wild-type C57BL/6 or IFN-y~/~
mice. Briefly, spleens were removed and homogenized using a glass tissue homogenizer. The cell
suspension was passed through a 70-um nylon mesh, and red blood cells were lysed using ammonium
chloride-potassium (ACK) lysis buffer for 5 min at room temperature. To purify CD8"* T cells, we used the
CD8* T cell isolation kit (Miltenyi) and LS columns according to manufacturer specifications. Purified T
cells were adoptively transferred to Rag1 knockout mice at 5 X 10° cells i.p. at 24 h prior to infection with
NMI.

C. burnetii infection. Mice were infected with NMI via intraperitoneal (i.p.) injection of 1T X 107 NMI
organisms per mouse in 0.4 ml phosphate-buffered saline (PBS). Mice were weighed every other day
throughout the course of infection. At desired time points, mice were sacrificed and spleens were
removed and weighed to calculate splenomegaly [(spleen weight/body weight) X 100]. Pieces of spleens
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were collected for measuring C. burnetii genomic copies by real-time PCR and examining histopatho-
logical changes.

Real-time PCR. Spleen pieces were homogenized in 200 ul lysis buffer (1 M Tris, 0.5 M EDTA, 7 mg/ml
glucose, 28 mg/ml lysozyme) with 10 ul of proteinase K (20 mg/ml). Samples were then incubated for
18 h at 60°C. Following incubation, 21 ul of 10% SDS was added to samples and left for 1 h at room
temperature. DNA was then extracted using the High Pure PCR template preparation kit according to
manufacturer specifications (Roche). The comT gene copy number was quantified using a standard curve
with SYBR green (Applied Biosciences) on an Applied Biosystems 7300 real-time PCR system. Recombi-
nant plasmid DNA (comT gene ligated into pBluescript vector) was used as standard to quantify com1
gene copy numbers.

ELISAs. Serum IFN-vy levels were measured using the mouse IFN-y enzyme-linked immunosorbent
assay (ELISA) Ready-Set-Go kit (eBiosciences) according to manufacturer specifications. Plates were
analyzed at 490 nm using the Tecan F50 plate reader and Magellan software.

Histological staining. Spleens were fixed in 10% formalin for at least 72 h and processed by the
Veterinary Medicine Diagnostic Laboratory (VMDL) at the University of Missouri. Samples were stained
with hematoxylin and eosin and scored in a blind fashion by a trained pathologist.

Statistical analysis. Statistical analysis was performed using Prism 5.0 (GraphPad Software Inc., San
Diego, CA). Results were compared using an analysis of variance (ANOVA) with multiple comparisons or
t test when appropriate, as stated in the figure legends. Differences were considered significant if the

Infection and Immunity

P value was =0.05.
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