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ABSTRACT To understand the role of major histocompatibility complex class |

(MHC-I) and MHC-II in vaccine-mediated protection against Coxiella burnetii, we eval-

uated the protective efficacy of a formalin-inactivated C. burnetii Nine Mile phase |

vaccine (PIV) in B,-microglobulin-deficient (B2m KO) and MHC-lI-deficient (MHC-II

KO) mice. Vaccination reduced disease severity in wild-type (WT) and B2m KO mice

but failed to reduce bacterial burden in MHC-Il KO mice. This suggests that the

MHC-II antigen presentation pathway is required for PIV-mediated protection against

C. burnetii infection. MHC-1 and MHC-II affect antibody isotype switching, since both

PIV-vaccinated B2m KO and MHC-Il KO mice produced less Coxiella-specific IgG than

PIV-vaccinated WT mice. Interestingly, MHC-ll and CD4 deficiencies were not equiva-

lent in terms of splenomegaly and bacterial clearance. This demonstrates a partial

role for CD4* T cells while revealing MHC-ll-restricted, CD4-independent mecha-

nisms. Adoptive transfer of CD4* T cells from PIV-vaccinated WT mice to naive CD4-

deficient (CD4 KO) mice demonstrated that antigen-experienced CD4* T cells are

sufficient to generate protection. Conversely, transfer of naive CD4* T cells to PIV-

vaccinated CD4 KO mice exacerbates disease. Using Tbet-deficient (Thet KO) mice,

we showed a partial role for Th1 subset CD4* T cells in vaccine protection. Further-

more, Thi1-independent roles for Thet were suggested by significant differences in

disease between PIV-vaccinated Tbet KO and CD4 KO mice. Interferon gamma was

shown to contribute to the host inflammatory response but not bacterial clearance.

Collectively, these findings suggest that vaccine-induced protective immunity Citation Ledbetter L Cherla R, Chambers C,
against a murine model of experimental Q fever requires MHC-ll-restricted, CD4+ Zhang Y, Mitchell WJ, Zhang G. 2020. Major
T cell-dependent and -independent mechanisms that can be exploited for a new- histocompatibility complex class II-restricted,

ti h Q f . CD4* T cell-dependent and -independent
generation human ever vaccine. mechanisms are required for vaccine-induced
protective immunity against Coxiella burnetii.
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asymptomatic and is often self-limiting (2). Consequently, it is believed that disease
incidence is significantly underreported (3). Chronic Q fever commonly presents as

endocarditis (4-6) and, when left untreated, is fatal in at least 25% of patients (1). 2019
Treatment involves dual antibiotic therapy with doxycycline and hydroxychloroquine Accepted 25 November 2019
for at least 18 months (7, 8). However, in one 24-month cohort study (9), more than 30% Accepted manuscript posted online 2
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of Q fever patients retained an impaired health status despite following the prescribed Published 20 February 2020

antibiotic regimen. This globally distributed pathogen is transmitted to humans via
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aerosols from infected ruminants and thus serves as an occupational hazard for
individuals working closely with livestock (10-14). Its hardiness in the environment (15),
aerosol route of transmission (16, 17), and low infectious dose (18, 19) make C. burnetii
an important zoonotic pathogen. Furthermore, C. burnetii has been designated a
National Institutes of Health (NIH) category B priority pathogen for its potential threat
as a biowarfare agent (20). Considering the incapacitating effects of aerosolized C.
burnetii and the shortcomings of current antibiotic therapies, the creation of a safe and
effective new-generation Q fever vaccine remains critical.

C. burnetii has two phase variants. Phase | organisms are found in nature and possess
full-length lipopolysaccharide (LPS). In contrast, phase Il organisms, generated by serial
passage in eggs, tissue culture, or synthetic media, have a truncated LPS lacking the
O-antigen and outer core regions (21, 22). Virulent C. burnetii phase | is capable of
replicating in immunocompetent animals to cause disease, while avirulent C. burnetii
phase Il is rapidly cleared and does not cause disease (18).

A formalin-inactivated whole-cell vaccine generated from C. burnetii Henzerling
phase | (Q-VAX) elicits long-lasting protective immunity in animal models and human
vaccinees (10, 23-25); however, it is not approved for use in the United States due to
a high incidence of adverse reactions in vaccine recipients (10, 23, 26-29). Multiple
screening procedures, including skin tests and serology, are required for safe use of this
vaccine (30). Understanding the immunological mechanisms of vaccine protection, as
well as the underlying triggers of hypersensitivity, is necessary to develop a vaccine that
is both safe and effective.

It has previously been demonstrated that both humoral and cell-mediated immunity
contribute to host defense against C. burnetii (25, 31-44). In a murine intraperitoneal
(i.p.) infection model, B cells appear to contribute to the host inflammatory response,
while T cells and interferon gamma (IFN-y) are important for bacterial clearance (37).
However, only adoptive transfer of immune T cells, not immune B cells, from C. burnetii
Nine Mile phase | vaccine (PIV)-vaccinated BALB/c mice to SCID mice reduces disease
severity following i.p. challenge (25). These data suggest an important role for T cells in
both the primary and the secondary host response against C. burnetii. In a pulmonary
infection model, either CD4" or CD8™" T cells are sufficient to control infection, with
CD8* T cells better controlling inflammation (40). This is in line with our recently
published data demonstrating that both major histocompatibility complex class |
(MHC-I) and MHC-II are important for primary host defense, with MHC-I playing a more
significant role (44). Similarly, either CD4" or CD8" T cells are sufficient to generate
protection after vaccination with PIV (43); however, the role of MHC-I and MHC-II in
vaccine-induced protective immunity is unknown. In addition, it remains unclear how
CD4* and CD8" T cells contribute to vaccine protection, and which specific T cell
subsets respond to vaccination is not clear.

Here, we investigate the role of MHC-I and MHC-II in vaccine protection against C.
burnetii and show that MHC-II is important for PIV-mediated protection. The contribu-
tion of MHC-II to vaccine-induced protective immunity is only partially dependent on
CD4+ T cells, since PIV-vaccinated MHC-lI-deficient (MHC-II KO) mice have significantly
worse disease than PIV-vaccinated CD4-deficient (CD4 KO) mice. CD4* T cells are,
however, sufficient for protection when they come from an antigen-experienced donor.
This is demonstrated by a significant reduction in splenomegaly following adoptive
transfer of PIV-vaccinated CD4* T cells to naive CD4 KO mice. Furthermore, we
demonstrate a role for Tbet in PIV protection that is partially dependent on Th1 subset
CD4* T cells. When we evaluated the contribution of IFN-vy, we found that, while IFN-y
does seem to affect inflammation, it does not appear to play a major role in bacterial
clearance following secondary challenge. These findings provide novel information
about the role of MHC-II, Tbet, CD4* T cells, and IFN-vy in vaccine-induced protective
immunity against a murine model of experimental Q fever. Furthermore, this study
highlights key differences in the host response following primary C. burnetii infection
and secondary challenge which can inform future Q fever vaccine development.
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FIG 1 MHC-Il is important for PIV-mediated protection against C. burnetii. B2m-deficient (B2m KO), MHC-lI-deficient (VHC-Il KO), and WT C57BL/6
mice were vaccinated s.c. with 10 ug of formalin-inactivated C. burnetii Nine Mile phase | vaccine (PIV) and challenged i.p. with 1 X 107 genomic
copies of C. burnetii NMI 28 days postvaccination (dpv). Mice receiving Alhydrogel adjuvant alone served as unvaccinated controls. (A to C)
Relative body weights calculated throughout the infection. (D and E) Splenomegaly (E) and splenic bacterial burden (E) were evaluated at 14 dpi
to compare protection. The results are expressed as the percent splenomegaly, i.e., (spleen weight/body weight) X 100. The bacterial burden was
determined by real-time quantitative PCR (qPCR) and is expressed as log,, C. burnetii com1 gene copy numbers. Each experimental group includes
five mice, with error bars representing the standard deviations from the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (as

determined by two-way ANOVA with Sidak’s multiple-comparison test [A to C] or t test [D and EJ).

RESULTS

MHC-II is important for PIV-mediated protection against C. burnetii. We have
previously demonstrated that both MHC-I and MHC-II play important roles in host
defense against primary C. burnetii infection, with MHC-I being more critical (44). To
determine the role of these complexes in vaccine-mediated protection, we vaccinated
MHC-I-deficient (B2m KO) and MHC-II-deficient (MHC-II KO) mice subcutaneously (s.c.)
with 10 ug of PIV with Alhydrogel adjuvant followed by intraperitoneal (i.p.) challenge
with 1 X 107 genomic copies of C. burnetii Nine Mile phase | (NMI) 28 days postvacci-
nation (dpv). An aluminum hydroxide adjuvant was chosen for these studies based on
its widely accepted use in commercially available human vaccines (45). Body weight
loss, splenomegaly, and splenic bacterial burden were evaluated to assess the protec-
tive efficacy of PIV. PIV-vaccinated wild-type (WT) C57BL/6 mice were protected from
body weight loss compared to WT adjuvant control mice, which had a significant drop
in body weight 7 days postinfection (dpi; Fig. 1A). This correlated with a significant
reduction in splenomegaly (Fig. 1D) and reduced splenic bacterial loads (Fig. 1E) in
PIV-vaccinated WT mice compared to adjuvant controls. Vaccination did not change the
course of body weight loss in B2m KO mice, which displayed a transient loss in body
weight beginning 7 dpi (Fig. 1B). However, vaccination did protect B2m KO mice, as
demonstrated by significant reductions in splenomegaly (Fig. 1D) and bacterial burden
(Fig. 1E). The most significant drop in body weight occurred in MHC-Il KO mice, which
lost approximately 15% of their initial body weight by 7 dpi (Fig. 1C). Vaccination of
MHC-II KO mice partially abrogated this weight loss, since the PIV-vaccinated cohort
had significantly higher body weights 7, 10, and 14 dpi. However, PIV-vaccinated MHC-II
KO mice still lost ~10% of their initial body weight by 7 dpi. In line with these results,
PIV-vaccinated MHC-II KO mice only had a small, albeit statistically significant, reduction
in splenomegaly (Fig. 1D) and no change in splenic bacterial loads (Fig. 1E). Overall,
these data indicate that the MHC-II antigen presentation pathway is important for
PIV-mediated protection against C. burnetii.

Next, we evaluated the development of specific antibody titers following vaccina-
tion and challenge. PIV-vaccinated WT mice produced significant levels of Coxiella-
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FIG 2 MHC-I and MHC-II are involved in antibody isotype switching. B2m KO, MHC-II KO, and WT C57BL/6 mice were vaccinated s.c. with 10 ug
of PIV and challenged i.p. with 1 X 107 genomic copies of C. burnetii NMI 28 dpv. Mice receiving Alhydrogel adjuvant alone served as
unvaccinated controls. C. burnetii NMI-specific serum IgM (A to C) and IgG (D to F) were evaluated weekly following vaccination. Specific IgM
(G) and 1gG (H) were also evaluated 14 dpi. Each experimental group includes five mice, with error bars representing the standard deviations
from the mean. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (as determined by two-way ANOVA with Sidak’s multiple-comparison test [A to
F] or t test [G and H]).

specific IgM, peaking at 7 dpv, compared to WT adjuvant-treated controls (Fig. 2A).
Vaccination also elicited specific IgM in B2m KO (Fig. 2B) and MHC-II KO mice (Fig. 2C),
which peaked 7 dpv. However, the overall IgM concentrations were markedly reduced
compared to those in PIV-vaccinated WT mice. IgM levels were similar between
vaccinated groups at the time of challenge. Significant C. burnetii NMl-specific 1gG
production began 14 dpv in PIV-vaccinated WT mice and continued to rise until the
time of challenge (Fig. 2D). In contrast, the concentration of specific IgG produced by
PIV-vaccinated B2m KO (Fig. 2E) and MHC-II KO mice (Fig. 2F) was markedly reduced.
When evaluated 14 dpi, PIV-vaccinated WT mice had significantly elevated IgM (Fig. 2G)
and IgG (Fig. 2H) compared to adjuvant-treated controls. Adjuvant-treated and PIV-
vaccinated B2m KO mice produced similar levels of specific IgM (Fig. 2G), indicating that
vaccination had no effect on IgM production in the absence of MHC-I. In contrast,
PIV-vaccinated MHC-Il KO mice had significantly higher levels of IgM than adjuvant-
treated controls (Fig. 2G). Similar to PIV-vaccinated WT mice, PIV-vaccinated B2m KO
and MHC-II KO mice produced significantly higher levels of specific IgG than adjuvant-
treated controls following challenge (Fig. 2H). However, the levels of specific IgG were
markedly reduced in the absence of MHC-I or MHC-II. Collectively, these data suggest
a role for both MHC-I and MHC-II in antibody isotype switching.

MHC-lI-dependent vaccine protection is partially dependent on CD4+ T cells.
CD4™* T cells are the primary target of MHC-Il-mediated antigen presentation. There-
fore, to determine the contribution of CD4* T cells to PIV-mediated protection, we
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FIG 3 MHC-ll-dependent vaccine protection is partially dependent on CD4* T cells. CD4-deficient (CD4 KO), MHC-Il KO, and WT C57BL/6 mice were
vaccinated s.c. with 10 ug of PIV and challenged i.p. with 1 X 107 genomic copies of C. burnetii NMI 28 dpv. Mice receiving Alhydrogel adjuvant alone
served as unvaccinated controls. (A) The relative body weight was determined throughout the infection. Splenomegaly (B) and splenic bacterial burden
(C) were assessed 14 dpi to compare protection. (D and E) Spleen sections from WT, CD4 KO, and MHC-II KO mice were evaluated 14 dpi for histiocytic
inflammation in red pulp based on the following scale: 0, no accumulations of macrophages; 1, small accumulations of macrophages; 2, small to
moderate accumulations of macrophages; and 3, moderate to large accumulations of macrophages. Differences in spleen volume between groups were
largely the result of extramedullary hematopoiesis. The results are expressed as the percent splenomegaly, i.e., (spleen weight/body weight) X 100. The
bacterial burden was determined by real-time quantitative PCR (qPCR) and is expressed as log,, C. burnetii com1 gene copy numbers. Each experimental
group includes five mice, with error bars representing the standard deviations from the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001
(as determined by two-way ANOVA with Dunnett’s multiple-comparison test [A], one-way ANOVA with Tukey’s multiple-comparison test [B and C], or

Kruskal-Wallis with Dunn’s multiple-comparison test [E]).

vaccinated and challenged CD4-deficient (CD4 KO) and MHC-II KO mice as described
previously. Body weight loss, splenomegaly, and splenic bacterial burden were evalu-
ated to assess vaccine protection. CD4 KO and MHC-Il KO mice had similar levels of
body weight loss, which were significantly worse than body weight loss of PIV-
vaccinated WT mice 7 and 10dpi (Fig. 3A). CD4 KO mice also had significant body
weight loss compared to PIV-vaccinated WT mice 14 dpi. At this time point, CD4 KO and
MHC-II KO mice both had significantly worse splenomegaly than PIV-vaccinated WT
mice (Fig. 3B). Interestingly, the degree of splenomegaly in MHC-Il KO mice was
significantly worse than in CD4 KO mice. In line with these results, MHC-Il KO mice had
higher splenic bacterial burden than PIV-vaccinated WT or CD4 KO mice (Fig. 3Q).
Bacterial loads were similar between PIV-vaccinated WT and CD4 KO mice, which also
had similar degrees of spleen pathology (Fig. 3D and E). In contrast, MHC-Il KO mice had
significantly worse spleen pathology than both PIV-vaccinated WT and CD4 KO mice.
These results suggest that CD4* T cells may only play a partial role in MHC-II-
dependent vaccine protection.

Upon evaluation of the Coxiella-specific antibody response following vaccination,
CD4 KO and MHC-II KO mice had significantly less IgM and undetectable levels of IgG
compared to PIV-vaccinated WT mice (Fig. 4A). At 14 dpi, both CD4 KO and MHC-Il KO
mice had significantly higher IgM than PIV-vaccinated WT mice, as well as significantly
less 19G (Fig. 4B). This suggests CD4 " T cells are important for isotype switching and the
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FIG 4 CD4* T cells are important for antibody isotype switching. WT, CD4 KO, and MHC-Il KO mice were
vaccinated and challenged as previously described. Mice receiving Alhydrogel adjuvant alone served as
unvaccinated controls. C. burnetii NMI-specific serum IgM and IgG were evaluated weekly until 28 dpv (A)
and 14 dpi (B). Each experimental group includes five mice, with error bars representing the standard
deviations from the mean. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 (as determined by two-way ANOVA with
Tukey's multiple-comparison test [A] or one-way ANOVA with Tukey’s multiple-comparison test [B]).

generation of a protective antibody response against C. burnetii. However, the fact that
MHC-II KO mice had significantly lower IgG titers and more severe splenomegaly than
CD4 KO mice suggests additional CD4-independent mechanisms may be involved.
Collectively, these data indicate that CD4™ T cells partially contribute to the MHC-II-
dependent protection generated by PIV.

CD4+ T cells from PIV-vaccinated mice are sufficient to generate protection. To
further examine the role of CD4™ T cells in PIV-mediated protection, we obtained
purified CD4* T cells from naive WT mice and WT mice which had been vaccinated with
PIV as previously described. Approximately 5 X 106 purified CD4* T cells were adop-
tively transferred to naive CD4 KO mice via i.p. injection 24 h before infection with C.
burnetii. Body weight loss, splenomegaly, and splenic bacterial burden were evaluated
to assess the protective efficacy of CD4™ T cell transfer. PIV-vaccinated CD4 KO mice, as
well as all CD4 KO recipient mice, had significant body weight loss throughout infection
compared to PIV-vaccinated WT mice (Fig. 5A). However, by 14 dpi, the recipient mice
which received PIV-vaccinated CD4" T cells had increased body weight compared to
those recipients which received naive CD4* T cells. Furthermore, CD4 KO recipient mice
receiving PIV-vaccinated CD4™ T cells had a significant reduction in splenomegaly
which was similar to PIV-vaccinated WT and CD4 KO mice (Fig. 5B). Similarly, CD4 KO
recipient mice receiving PIV-vaccinated CD4™ T cells had splenic bacterial loads com-
parable to PIV-vaccinated WT and CD4 KO mice (Fig. 5C). This is in contrast to CD4 KO
recipient mice receiving naive CD4* T cells, which had similar splenomegaly and
bacterial burden to WT adjuvant control mice. In summary, these data indicate that
CD4™* T cells from PIV-vaccinated WT mice are sufficient to generate protection and
reduce clinical disease in naive CD4 KO mice.

To determine whether this phenotype was the result of direct antigen stimulation of
CD4™ T cells, we next performed an adoptive transfer of naive or PIV-vaccinated CD4+
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FIG 5 CD4* T cells from PIV-vaccinated mice are sufficient to generate protection. CD4 KO and WT C57BL/6 mice were vaccinated s.c. with 10 ug
of PIV and challenged i.p. with 1 X 107 genomic copies of C. burnetii NMI 28 dpv. Naive CD4 KO mice received 5 X 106 purified CD4* T cells by
i.p. injection from either naive or PIV-vaccinated WT mice 24 h before infection. Mice receiving Alhydrogel adjuvant alone served as unvaccinated
controls. (A) The relative body weight was measured throughout the infection. Splenomegaly (B) and splenic bacterial burden (C) were evaluated
at 14 dpi to compare protection. The results are expressed as the percent splenomegaly, i.e., (spleen weight/body weight) X 100. Bacterial burden
was determined by real-time quantitative PCR (qPCR) and is expressed as log,, C. burnetii com1 gene copy numbers. The experiments with results
shown in Fig. 5 and 6 were performed concurrently, so the WT Alhydrogel adjuvant, WT PIV, and CD4 KO PIV groups represented in these figures
are identical. Each experimental group includes five mice, with error bars representing the standard deviations from the mean. *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001 (as determined by two-way ANOVA with Dunnett’s multiple-comparison test [A] or one-way ANOVA with
Tukey’s multiple-comparison test [B and C]).

T cells to PIV-vaccinated CD4 KO mice. We again saw significant body weight loss
in PIV-vaccinated CD4 KO mice as well as all CD4 KO recipient mice compared to
PIV-vaccinated WT mice (Fig. 6A). The most significant body weight loss was seen in
PIV-vaccinated CD4 KO mice which received naive CD4* T cells. In line with these
results, PIV-vaccinated CD4 KO mice which received naive CD4™ T cells had significant
splenomegaly (Fig. 6B), equivalent to that of WT adjuvant control mice, as well as
higher splenic bacterial loads (Fig. 6C). This suggests that naive CD4* T cells may play
a detrimental role when introduced into a PIV-vaccinated CD4-deficient host. In
contrast, PIV-vaccinated CD4 KO recipients which received CD4* T cells from PIV-
vaccinated WT donors had splenomegaly and bacterial burden comparable to PIV-
vaccinated WT mice. Overall, these data suggest that CD4* T cells from PIV-vaccinated
WT mice are sufficient to generate protection, while those from naive donors may
exacerbate disease.

Tbet plays a role in vaccine protection that partially depends on Th1 CD4+ T
cells. Naive CD4™* T cells can differentiate into different T helper subsets (e.g., Th1, Th2,
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FIG 6 CD4* T cells from naive mice are detrimental to protection. CD4 KO and WT C57BL/6 mice were vaccinated s.c. with 10 pug of PIV and
challenged i.p. with 1 X 107 genomic copies of C. burnetii NMI 28 dpv. PIV-vaccinated CD4 KO mice received 5 X 106 purified CD4* T cells by i.p.
injection from either naive or PIV-vaccinated WT mice at 24 h before infection. Mice receiving Alhydrogel adjuvant alone served as unvaccinated
controls. (A) The relative body weight was calculated throughout the infection. Splenomegaly (B) and splenic bacterial burden (C) were evaluated
at 14 dpi to compare protection. The results are expressed as the percent splenomegaly, i.e., (spleen weight/body weight) X 100. Bacterial burden
was determined by real-time quantitative PCR (qPCR) and is expressed as log,, C. burnetii com1 gene copy numbers. The experiments with results
shown in Fig. 5 and 6 were performed concurrently, so the WT Alhydrogel adjuvant, WT PIV, and CD4 KO PIV groups represented in these figures

are identical. Each experimental group includes five mice, with error bars representing the standard deviations from the mean. *, P < 0.05; **,

P < 0.01; ***, P < 0.001; ****, P < 0.0001 (as determined by two-way ANOVA with Dunnett’s multiple-comparison test [A] or one-way ANOVA with
Tukey's multiple-comparison test [B and C]).
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FIG 7 Tbet plays a role in vaccine protection that partially depends on Th1 CD4* T cells. Thet-deficient (Tbet KO), Stat6-deficient (Stat6 KO),
RORvyt-deficient (RORyt KO), CD4 KO, and WT C57BL/6 mice were vaccinated s.c. with 10 ug of PIV and challenged i.p. with 1 X 107 genomic copies
of C. burnetii NMI 28 dpv. Mice receiving Alhydrogel adjuvant alone served as unvaccinated controls. (A) The relative body weight was determined
throughout the infection. Splenomegaly (B) and splenic bacterial burden (C) were evaluated at 14 dpi to compare protection. The results are
expressed as the percent splenomegaly, i.e., (spleen weight/body weight) X 100. The bacterial burden was determined by real-time quantitative
PCR (qPCR) and is expressed as log,, C. burnetii com1 gene copy numbers. Each experimental group includes five mice, with error bars
representing the standard deviations from the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (as determined by two-way ANOVA
with Dunnett’s multiple-comparison test [A] or one-way ANOVA with Tukey’s multiple-comparison test [B and C]).

Th17, T follicular helper, T regulatory, etc.) based on transcriptional regulation and
the local cytokine environment (46). To determine which CD4™ T helper subsets are
involved in vaccine protection, we vaccinated and challenged transcription factor
deficient mice as previously described. Body weight loss, splenomegaly, and splenic
bacterial burden were evaluated to assess vaccine protection. Tbet KO mice, which are
deficient in the Th1 subset and display markedly reduced interferon gamma (IFN-y)
(47), showed significant body weight loss compared to PIV-vaccinated WT mice 3, 7,
and 10 dpi (Fig. 7A). No significant body weight loss occurred in Stat6 KO mice, which
are nonresponsive to interleukin 4 (IL-4)/IL-13 signaling and lack the Th2 subset (48).
Th17-deficient RORyt KO mice (49) did not lose significant body weight until 14 dpi. At
this time point, Tbet KO mice had significantly worse splenomegaly than PIV-vaccinated
WT mice (Fig. 7B). In contrast, both Stat6 KO and RORyt KO mice had similar spleno-
megaly to PIV-vaccinated WT mice. Considering Tbet KO mice had worse splenomegaly
than CD4 KO mice, there may be a role for Tbet in vaccine protection that is indepen-
dent of its role in Th1 differentiation. In terms of splenic bacterial burden, all deficient
strains had a statistically significant reduction compared to WT adjuvant controls and
were similar to PIV-vaccinated WT mice (Fig. 7C). This suggests that Th1 cells serve a
role in inflammation modulation, though they may not contribute to bacterial clear-
ance. Taken together, these results indicate that Tbet plays a role in vaccine protection
which partially depends on Th1 CD4* T cells.

IFN-y modulates inflammation but may not be involved in bacterial clearance.
IFN-+y, in conjunction with Tbet, influences the differentiation of naive T cells into the
Th1 subset. Furthermore, IFN-y has been previously reported to play an important role
in the clearance of C. burnetii following primary challenge (37). To evaluate the role of
IFN-y in PIV-mediated protection, we vaccinated and challenged IFN-y-deficient (IFN-y
KO) mice and measured body weight loss, splenomegaly, and splenic bacterial burden.
IFN-y KO mice had significant body weight loss compared to PIV-vaccinated WT mice
beginning 7 dpi (Fig. 8A). Furthermore, IFN-y KO mice had significantly worse spleno-
megaly than PIV-vaccinated WT mice at 14 dpi (Fig. 8B). Interestingly, we saw no
significant difference in splenic bacterial burden between PIV-vaccinated WT and IFN-y
KO mice (Fig. 8C). Collectively, these results suggest that IFN-y may not be required for
bacterial clearance during secondary challenge and may only serve to modulate the
host inflammatory response.

DISCUSSION
Q-VAX has successfully reduced the spread of Q fever among occupational risk
groups in Australia since the implementation of a National Q Fever Management
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FIG 8 IFN-y modulates inflammation but may not be involved in bacterial clearance. IFN-y-deficient (IFN-y KO) and WT C57BL/6 mice were
vaccinated s.c. with 10 pg of PIV and challenged i.p. with 1 X 107 genomic copies of C. burnetii NMI 28 dpv. Mice receiving Alhydrogel adjuvant
alone served as unvaccinated controls. (A) Relative body weight was measured throughout infection. (B) Splenomegaly and (C) splenic bacterial
burden were evaluated at 14 dpi to compare protection. The results are expressed as the percent splenomegaly, i.e., (spleen weight/body weight)
X 100. The bacterial burden was determined by real-time quantitative PCR (QPCR) and is expressed as log,, C. burnetii com1 gene copy numbers.
Each experimental group includes five mice, with error bars representing the standard deviations from the mean. *, P < 0.05; **, P < 0.01; ****,
P < 0.0001 (as determined by two-way ANOVA with Dunnett’s multiple-comparison test [A] or one-way ANOVA with Tukey’s multiple-comparison
test [B and C]).

Program in 2001 (50); however, it has failed to gain approval by the U.S. Food and Drug
Administration due to the high incidence of adverse reactions in vaccinated popula-
tions. Understanding which vaccine components elicit these hypersensitivities, as well
as the mechanisms of vaccine-induced protective immunity, is necessary to rationally
design a safe and effective vaccine.

Whole-cell inactivated C. burnetii vaccines, including Q-VAX, are highly efficacious in
healthy volunteers without adjuvant (10, 23, 24, 51, 52). Still, vaccines which are
successfully tested in healthy adults are often nonimmunogenic in young children and
the elderly (53). Indeed, it is reported that children’s risk of exposure to C. burnetii in
South West Queensland is similar to the high risk of abattoir workers (54), and yet
Q-VAX is not currently recommended for children (55). As such, immunopotentiation in
these risk groups should be the focus of a new generation Q fever vaccine. Adjuvan-
tation is one approach to this aim. Furthermore, the addition of adjuvant to enhance
immunogenicity may allow for reduction in the amount of C. burnetii antigen required
to generate protection. This “dose sparing” approach may, in turn, reduce reactoge-
nicity since it appears to occur in a dose-dependent manner (52).

MHC molecules guide T cell development and shape adaptive immunity. In the
thymus, MHC-l and MHC-Il select for CD8* and CD4™ T cells, respectively. As such, mice
deficient in B,-microglobulin (B2m), a component of MHC-I, do not express MHC-l on
their cell surface and are virtually devoid of CD8™ T cells (56). Similarly, MHC-Il KO mice
lack CD4* T cells (57). Using these deficient mouse strains, we have previously
demonstrated that both MHC-I and MHC-II are required for host defense against
primary C. burnetii infection, with MHC-I deficiency having a greater impact on disease
severity (44). In this study, we sought to determine the role of MHC-I and MHC-II in
PIV-mediated immunity and found that, in contrast to primary infection, MHC-Il appears
to play an important role during secondary responses. PIV-vaccinated MHC-Il KO mice
had significant body weight loss, only a mild reduction in splenomegaly, and no change
in com1 gene copy numbers compared to adjuvant controls. MHC-II is important for
vaccine-mediated immunity against other intracellular pathogens, including herpes
simplex virus (58, 59), influenza virus (60), and Mycobacterium bovis bacillus Calmette-
Guerin (61). In these models, the importance of MHC-II is often associated with CD4*
T cell help for the generation of protective antibody responses. When we evaluated the
Coxiella-specific antibody response following vaccination, we found that PIV-vaccinated
B2m KO and MHC-II KO mice had early defects in IgM which were restored to WT levels
at the time of challenge. In addition, PIV-vaccinated B2m KO and MHC-II KO mice
produced markedly reduced IgG over the course of vaccination. The lack of Coxiella-
specific IgG in PIV-vaccinated B2m KO mice was unexpected; however, there are at least
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two possible explanations for this phenomenon. B2m is not only involved in the
assembly of MHC-I at the cell surface but is also a component of the neonatal Fc
receptor (FcRn) (62). As such, B2m KO mice do not express FcRn on the cell surface.
FcRn has been shown to protect IgG from catabolism; therefore, the lack of IgG could
be due to rapid turnover in this mouse strain (63-65). Indeed, it has been previously
demonstrated that B2m KO mice produce significantly less virus-specific IgG in re-
sponse to vaccinia virus infection than their WT counterparts (66). Alternatively, a
follicular CD8* T cell subset has recently been described which promotes antibody
isotype switching through the secretion of IL-21 (67). The latter may be more likely
considering both PIV-vaccinated B2m KO and MHC-II KO mice produced IgG following
challenge, albeit less than did WT mice. Further investigation is required to understand
the role MHC-I and MHC-II play in generating Coxiella-specific protective antibodies.

Following the observation that MHC-Il KO mice were more severely affected than
B2m KO mice, we wanted to evaluate the role of CD4* T cells in PIV protection. CD4+
T cells receive signals from professional antigen-presenting cells through T cell receptor
recognition of peptide-loaded MHC-II. Interestingly, we found that the disease burden
in CD4 KO mice was not equivalent to that in MHC-Il KO mice. PIV-vaccinated CD4 KO
mice had significantly elevated splenomegaly compared to PIV-vaccinated WT mice;
however, their splenomegaly and splenic bacterial burden were still significantly less
than those in MHC-Il KO mice. This suggests that CD4-independent mechanisms may
exist which contribute to vaccine protection in the absence of CD4. It has previously
been reported that MHC-lI-restricted CD4- CD8" and CD4- CD8~ af™ T cells expand
to fill the T cell compartment in the absence of CD4 (68-73). These noncanonical T cell
subsets are capable of protecting mice from bacterial and viral infections (69, 70, 72).
Indeed, protection from lethal Leishmania major in CD4 KO mice was found to
depend on IFN-y-secreting, MHC-Il-restricted CD4~- CD8~ double-negative o™ T
cells (69). Furthermore, similar to classical CD4™ T cells, these cells are capable of
B cell helper functions. Zheng et al. (74) found that germinal center formation, Ig
somatic hypermutation, affinity maturation, and B cell memory generation were all
able to progress normally in CD4 KO mice, albeit at a lower level. When we
examined the Coxiella-specific antibody response in CD4 KO mice following vacci-
nation, we found that they did not make significant specific IgG compared to
PIV-vaccinated WT mice. However, they did produce significantly higher levels of
specific IgG than MHC-II KO mice and WT adjuvant controls following challenge.
This suggests that the contribution of one of these noncanonical MHC-Il-restricted
T cell subsets is possible; however, they are not as efficient as CD4™ T cells
considering that CD4 KO mice had significantly less IgG than WT mice. y6+ T cells
are another population which could be mediating protection in the absence of CDA4.
Schneider et al. (75) reported elevated CD45RO* HLA-DR™ y&+ T cells in patients
with acute Q fever compared to healthy controls. These y6* T cells were more
activated than aB* T cells, which suggests an important role for them in host
defense against C. burnetii. The role these unique T cell populations play in
vaccine-mediated immunity is an interesting area for future research.

To further investigate the function of CD4™ T cells in PIV-mediated protection, we
next performed adoptive-transfer experiments to CD4 KO mice. CD4* T cells from
PIV-vaccinated WT donor mice resulted in similar splenomegaly and splenic bacterial
burden to PIV-vaccinated WT mice when administered to naive CD4 KO mice, which
suggests that antigen-experienced CD4™ T cells are sufficient to generate protection.
We use the term “antigen experienced” to describe T cells derived from an animal
which has previously been vaccinated, realizing that the isolated cells are a mixed
population of naive and antigen-specific memory T cells. The fact that PIV is a
whole-cell vaccine with multiple antigens precludes the use of MHC tetramers for
isolation of antigen-experienced CD4* T cells. While CD4™ T cells from PIV-vaccinated
WT donor mice are sufficient to protect naive CD4 KO recipients, naive CD4" T cells
appear to exacerbate disease in PIV-vaccinated CD4 KO recipients. This suggests that
vaccination reprograms CD4* T cells. Indeed, Zhang et al. (25) reported decreased
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serum IL-12p40, tumor necrosis factor alpha (TNF-«), IFN-y, IL-17, and granulocyte
colony-stimulating factor in PIV-vaccinated mice following i.p. challenge with C. burnetii
NMI compared to a nonprotective phase Il vaccine (PIIV) and adjuvant controls. With
this in mind, we hypothesize that transfer of naive CD4* T cells to PIV-vaccinated CD4
KO mice results in elevated proinflammatory cytokines. We did measure serum IFN-vy at
14 dpi and found elevated levels in the naive WT donor/PIV-vaccinated CD4 KO
recipient group; however, the difference was not statistically significant (data not
shown). The time point examined was likely a factor in this result. It would be
interesting to evaluate the differences in cytokine responses between PIV-vaccinated
CD4 KO mice and PIV-vaccinated CD4 KO mice which received naive CD4™ T cells
following in vitro restimulation with C. burnetii NMI.

Naive CD4* T cells can differentiate into different effector subsets (Th1, Th2, Th17,
Treg, and Tfh) following activation. Th1 subset CD4™ T cells are a proinflammatory
population which is transcriptionally regulated by Tbet (76). Their development is
further driven by IL-12 and IFN-y. Th2 cells are canonically involved in antibody-
mediated immunity, and their development is guided by GATA-3 and IL-4/Stat6 (48, 77,
78). Th17 subset CD4* T cells develop through signals from RORyt and IL-23 (79). To
understand the role of these subsets in PIV-mediated immunity, we utilized Tbet-
deficient, Stat6-deficient, and RORyt-deficient mice. Stat6 and RORyt KO mice had
similar splenomegaly and bacterial burden to PIV-vaccinated WT mice, which suggests
that Th2 and Th17 subset CD4™ T cells do not contribute significantly to protection.
Conversely, Thet KO mice had significantly worse splenomegaly than PIV-vaccinated
WT mice. This suggests that Th1 cells are important for PIV-mediated protection.
Interestingly, Tbet KO mice had worse disease than CD4 KO mice, indicating that there
are likely Th1-independent roles for Tbet in vaccine immunity. Indeed, Tbet is known to
be involved in the development and effector function of many other cell subsets,
including dendritic cells (DCs), B cells, CD8™ T cells, and NK cells. DCs have been shown
to require Tbet for the production of IFN-y and activation of antigen-specific T cell
responses (80). As such, the phenotype seen in Tbet KO mice may be the result of a loss
of DC function. DCs are critical to vaccine protection and DCs pulsed with protein
antigens from C. burnetii NMI have been shown to elicit a protective CD4" T cell
response (81). Alternatively, Tbhet is involved in isotype switching in B cells. Thet-
deficient B cells fail to undergo class-switch recombination to the IgG2a isotype (82),
especially in response to T-independent antigens like LPS (83). Antibody-mediated
immunity, and more specifically 1gG2a, is known to be required for PIV protection.
Zhang et al. (25) reported a 4:1 ratio of IgG2a to IgG1 following vaccination with 0.2 ug
of PIV compared to a 1:2 1lgG2a/IgG1 ratio following vaccination with 0.2 ug of PIIV.
Therefore, the increased disease burden observed in Thet KO mice could be due to a
lack of Coxiella-specific antibody production. Considering Tbet is involved in
T-independent isotype switching, this would be a plausible CD4-independent mecha-
nism. Indeed, it has previously been demonstrated that passive transfer of antibody
produced following PIV vaccination of CD4 KO mice is sufficient for protection against
C. burnetii infection (43). Otherwise, CD8* T cell and NK cell dysfunction could also be
playing a role. Effector and memory CD8* T cell fates are regulated by Tbhet and are
impaired in Tbet KO mice (84-86). In the context of Thet deficiency, the lack of a Th1
CD4+ T cell response coupled with dysfunctional CD8" T cells likely has an additive
effect on disease severity and the lack of vaccine protection. Indeed, nude mice lacking
both subsets of T cells have worse disease than either CD4 or CD8 KO mice following
vaccination and challenge with C. burnetii NMI (43). NK cells have not been studied in
the context of Q fever vaccination; however, they do not appear to play a significant
role following primary challenge (37). Overall, the role of Tbet in PIV-mediated protec-
tion is likely multifaceted and will be better elucidated with adoptive transfer studies
using specific Tbet deficient cell subsets.

Regardless of the cell population studied, the consensus is that defects resulting
from Tbet deficiency are due to dysregulated IFN-vy. Tbet transactivates the IFN-y gene
and has been shown to control IFN-y production in CD4* T cells, CD8* T cells, and NK
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cells (47). Furthermore, the susceptibility of Thet KO mice to multiple other intracellular
pathogens, including Mycobacterium tuberculosis (87), Salmonella Typhimurium (88),
and Leishmania major (47), has been attributed to insufficient IFN-vy. To determine the
role of IFN-y in vaccine-mediated protection against C. burnetii, we vaccinated and
challenged IFN-y KO mice. Interestingly, while IFN-y KO mice had more severe spleno-
megaly than PIV-vaccinated WT mice, there was no difference in splenic bacterial
burden. This corresponds with the phenotype observed in Tbet KO mice in which there
was significant splenomegaly compared to PIV-vaccinated WT mice with no difference
in splenic bacterial burden. Collectively, these data suggest that Tbet and IFN-y
modulate the host inflammatory response but do not appear to play a critical role in
bacterial clearance following secondary challenge. This is in contrast to the critical role
of IFN-y after primary challenge (37). However, we did observe differences in the
kinetics of body weight loss between Tbet KO and IFN-y KO mice, which suggests that
their roles in vaccine protection are not indistinguishable. Tbet KO mice displayed
significant body weight loss beginning 3 dpi that recovered to the level of PIV-
vaccinated WT mice by 14 dpi. However, IFN-y KO mice exhibited significant body
weight loss beginning 7 dpi and failed to recover by 14 dpi. While Tbet is required for
optimal IFN-y production, IFN-y can be secreted in the absence of Tbet (89) and could
explain this difference in body weight loss.

In summary, this study provides novel information about mechanisms of cell-
mediated immunity in vaccine protection against a murine model of experimental
Q fever. We report a previously uncharacterized MHC-II-dependent mechanism of
protection against C. burnetii that is partially dependent on Thet, CD4* T cells, and
IFN-v. Furthermore, this study highlights differences in the primary and secondary
immune response which should be considered when designing future vaccines
against Q fever.

MATERIALS AND METHODS

Animals. Four- to eight-week-old B2m KO (stock no. 002087), MHC-II KO (stock no. 003584), CD4
KO (stock no. 002663), Thet KO (stock no. 004648), Stat6 KO (stock no. 005977), ROR+yt KO (stock no.
007571), and WT C57BL/6 (stock no. 000664) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). IFN-y KO mice were kindly provided by Robyn Klein at Washington University (St. Louis,
MO). Animals were housed in sterile microisolator cages in a conventional animal facility or an
animal biosafety level 3 (ABSL3) facility at the University of Missouri Laboratory for Infectious Disease
Research (MU-LIDR). Animals were provided food and water ad libitum. All research involving
animals was conducted per animal care and use guidelines and all animal use protocols were
approved by the Animal Care and Use Committee at the University of Missouri and following the
Guide for the Care and Use of Laboratory Animals (92) and other federal statutes and regulations
relating to the use of animals (Animal Welfare Assurance Number A38903). All infections were
conducted in an ABSL3 facility at the MU-LIDR.

Bacterial strains. C. burnetii Nine Mile phase | (NMI) clone 7 (RSA 493) was propagated in acidified
citrate cysteine medium-2 (ACCM-2) as previously described (90). Bacteria were purified by centrifugation
at 15,000 X g for 30 min, followed by two washes with sterile 1X phosphate-buffered saline (PBS). NMI
was handled under biosafety level 3 (BSL3) conditions at the MU-LIDR.

Vaccination. Purified C. burnetii NMI was inactivated for 48 h in 10% formalin, followed by
dialysis in deionized water. Antigen concentration was then measured using a Micro BCA protein
assay kit (Pierce, Rockford, IL). Mice were vaccinated s.c. with 10 ug of formalin-inactivated C. burnetii
Nine Mile phase | vaccine (PIV) in 50 ul of sterile 1X PBS with 50 ul of aluminum hydroxide adjuvant
(Alhydrogel adjuvant 2%; InvivoGen, San Diego, CA) for a final delivered volume of 100 ul as
previously described (91). Unvaccinated control mice were given 50 ul of sterile 1X PBS with 50 ul
of adjuvant for a final delivered volume of 100 ul. Vaccines were prepared with a 1:1 ratio of
antigen/adjuvant per manufacturer instructions. Vaccinated and unvaccinated control mice were
then challenged to assess protectivity.

Infection. Vaccinated and unvaccinated control mice were challenged 28 days postvaccination
by intraperitoneal (i.p.) injection with 1 X 107 genomic copies of C. burnetii NMI in 400 ul sterile 1X
PBS. Mice were weighed throughout the course of infection and relative body weight (current body
weight/day 0 body weight) was calculated to monitor disease progression. The protective efficacy
of PIV was evaluated 14 dpi by comparing the percent splenomegaly [i.e., (spleen weight/body
weight) X 100] against unvaccinated controls. The bacterial burden in the spleen was also measured
using real-time quantitative PCR (qPCR).

qPCR. Spleen pieces were weighed, diluted 20X in lysis buffer (1 M Tris, 0.5 M EDTA, 7 mg/ml
glucose, 28 mg/ml lysozyme), homogenized, and filtered through a 100-um nylon mesh to remove any
connective tissue. Then, 10 ul of proteinase K (20 mg/ml) was added to 200 ul of filtered spleen
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homogenate, followed by incubation at 60°C overnight. Next, 21 ul 10% sodium dodecyl sulfate was
added to samples, followed by incubation at room temperature for 1 h. Finally, DNA was extracted using
a High Pure PCR template preparation kit (Roche, Indianapolis, IN). The bacterial burden was determined
by quantifying com1 gene copy numbers using a standard curve with SYBR green (Applied Biosystems,
Foster City, CA) on an Applied Biosystems StepOnePlus real-time PCR system. The standard curve was
generated using recombinant plasmid DNA (com1 gene ligated into pBluescript vector). Splenic bacterial
burden was calculated using the following equation: {{[(genomic equivalents X lysis buffer)/2] X spleen
weight}/spleen piece weight.

Coxiella-specific enzyme-linked immunosorbent assay. Sera from vaccinated and unvaccinated

control mice were used for quantification of total C. burnetii-specific IgM and IgG. Ninety-six-well
microtiter plates were coated overnight at 4°C with 100 ul of inactivated NMI antigen (0.5 pwg/ml) or
unlabeled anti-lgM or -IgG antibody (0.5 ng/ml, for the standard curve; Southern Biotech, Birmingham,
AL) in 0.05 M carbonate/bicarbonate coating buffer (pH 9.6). Plates were then blocked for 1 h with 1%
bovine serum albumin in PBS-T buffer (0.05% Tween 20 in 1X PBS), followed by incubation with 200 ul
of diluted sample serum (1:200 to 1:1,200) or serially diluted pure IgM or IgG (Southern Biotech) for 2 h
at room temperature. Plates were washed with PBS-T buffer and then incubated with 100 ul of diluted
horseradish peroxidase-conjugated goat anti-mouse IgM or IgG (1:4,000 to 1:8,000) at room temperature
for 1 h. The plates were again washed with PBS-T, followed by the addition of 100 ul of TMB substrate
(Thermo Fisher Scientific, Waltham, MA). Reactions were stopped using 1 M H;PO,, and the absorbance
was measured at 450 nm using SpectraMax (Molecular Devices, San Jose, CA) or Infinite F50 (Tecan,
Switzerland) microplate readers.
Histopathology. Spleens were fixed in 10% formalin for 48 h before processing by the University of
Missouri Veterinary Medicine Diagnostic Laboratory. Briefly, tissues were embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. Spleen sections were then scored for histiocytic
inflammation in red pulp after blinded review by a trained pathologist. Pathology scores were assigned
based on the following scale: 0, no accumulations of macrophages; 1, small accumulations of macro-
phages; 2, small to moderate accumulations of macrophages; and 3, moderate to large accumulations of
macrophages.

Adoptive cell transfer. Spleen cells were harvested from naive and PIV-vaccinated WT C57BL/6 mice

for adoptive cell transfer at 28 dpv. Briefly, spleens were homogenized, and the cell suspension was
filtered through a 100-um nylon mesh to remove any connective tissue. The spleen cells were pelleted
by centrifugation at 500 X g for 8 min and resuspended in 5 ml of ACK lysis buffer for 5 min at room
temperature to lyse the red blood cells. The remaining cells were then pelleted by centrifugation at
500 X g for 8 min and resuspended in sterile 1X PBS for counting. To obtain purified CD4* T cells,
magnetic cell separation was performed using a negative isolation kit (Miltenyi Biotec, Germany). Purity
was assessed by flow cytometry to be >85% CD4* T cells. Naive and PIV-vaccinated CD4 KO mice

received 5 X 106 purified CD4* T cells via i.p. injection 24 h before infection.
Statistical analysis. Prism 5.0 (GraphPad Software, Inc., San Diego, CA) was used for all statistical

analyses. Results represent means *+ the standard deviations. Parametric data were compared using t
tests, one- or two-way analysis of variance (ANOVA) with Sidak’s, Tukey’s, or Dunnett's multiple-
comparison test. Nonparametric data were compared using Kruskal-Wallis with Dunn’s multiple-
comparison test. Differences were considered significant at P < 0.05.
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