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Coxiella burnetii is a gram-negative bacterium that causes acute and chronic Q fever. Because of the severe adverse effect of whole-cell
vaccination, identification of immunodominant antigens of C. burnetii has become a major focus of Q fever vaccine development.
We hypothesized that secreted C. burnetii type IV secretion system (T4SS) effectors may represent a major class of CD8+ T-cell
antigens, owing to their cytosolic localization. Twenty-nine peptides were identified that elicited robust CD8+ T-cell interferon γ
(IFN-γ) recall responses from mice infected with C. burnetii. Interestingly, 22 of 29 epitopes were derived from 17 T4SS-related
proteins, none of which were identified as immunodominant antigens by using previous antibody-guided approaches. These epi-
topes were expressed in an attenuated Listeria monocytogenes vaccine strain. Immunization with recombinant L. monocytogenes vac-
cines induced a robust CD8+ T-cell response and conferred measurable protection against C. burnetii infection in mice. These data
suggested that T4SS effectors represent an important class of C. burnetii antigens that can induce CD8+ T-cell responses. We also
showed that attenuated L. monocytogenes vaccine vectors are an efficient antigen-delivery platform that can be used to induce robust
protective CD8+ T-cell immune responses against C. burnetii infection.
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Coxiella burnetii is a gram-negative pathogen responsible for
the worldwide zoonotic disease, Q fever [1, 2]. Human Q
fever usually manifests as an influenza-like, self-limiting or
treatable acute illness, whereas some cases may develop into se-
vere diseases, such as hepatitis or endocarditis [1–3]. The Neth-
erlands had a large human Q fever outbreak between 2007 and
2010, which caused thousands of infections, including several
associated deaths [4]. Thus, the prevention of Q fever remains
an important goal for public health [5]. In Australia, a formalin-
killed whole-cell vaccine (Q-Vax) is available to those in direct
contact with infected animals and considered most at risk [6].
However, vaccination can result in severe local or systemic ad-
verse reactions, particularly when administered to those with
prior infection [7, 8]. This has led to studies aimed at identifying
immunodominant antigens or peptides to produce a safe and
effective vaccine that will not cause adverse reactions [5, 9,
10]. Significant efforts have gone into identifying C. burnetii im-
munodominant antigens by using an antibody-guided ap-
proach. Many C. burnetii antigens have been identified as

strong stimulators of antibody responses during infection.
However, none of the identified antigens conferred protection
comparable to that of Q-Vax, suggesting that current approach-
es for identifying immunodominant antigens need to be im-
proved and that other antigen-delivery systems need to be
considered [9, 10].

Previous studies suggested that T cells play a critical role for
protective adaptive immunity against C. burnetii [3, 10]. The
role of antigen-specific CD4+ T-cell responses in protective im-
munity has been well characterized [7, 11–13]. Antigen-specific
CD4+ T cells can secrete cytokines such as interferon γ (IFN-γ)
and tumor necrosis factor α (TNF-α) to activate monocytes/
macrophages and facilitate the clearance of intracellular C. bur-
netii [14, 15]. However, owing to the lack of an efficient high-
throughput assay for identification of CD8+ T cells antigens,
there are few studies on the role of antigen-specific CD8+ T
cells in C. burnetii protective immunity. Read et al demonstrat-
ed that CD8+ T cells may play an important role in innate im-
munity against C. burnetii infection, since adoptive transfer of
naive CD8+ T cells into SCID mice mitigated disease after C.
burnetii Nine Mile phase I challenge, including reduced inflam-
mation in the lungs and fewer bacteria in spleens [16]. No study
has been reported that characterizes the role of CD8+ T cells in
adaptive immunity against C. burnetii infection.

In this study, we hypothesized that secreted C. burnetii type
IV effector proteins may represent an important class of CD8+

T-cell antigens due to their cytosolic localization during
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infection. Once these antigens are secreted into the cytosol, they
can be further processed by the proteasome degradation path-
way and presented by the major histocompatibility complex
(MHC) class I pathway, which also serves as a surface signature
of infected cells. We used bioinformatics predictions to identify
a subset of potential CD8+ T-cell epitopes from highly translo-
cated Coxiella T4SS substrates [17]. Surprisingly, 29 peptides
derived from 22 proteins elicited a high level of CD8+ T-cell
IFN-γ recall responses after infection, with only a few of these
antigens having been identified as immunodominant antigens
by previous antibody-guided approaches. The protective effica-
cy of these CD8+ T-cell epitopes was evaluated by exploiting a
live, recombinant, attenuated Listeria monocytogenes ΔactA/
ΔinlB strain [18] to deliver these C. burnetii CD8+ epitopes
(Lm-Cb) into the cytosol of infect cells and induce robust anti-
gen-specific CD8+ T-cell responses.

MATERIALS AND METHODS

C. burnetii Strain
C. burnetii (RSA 493/Nine Mile phase I) was grown in embry-
onated eggs and purified by Renografin density centrifugation
as described previously [19]. The purified C. burnetii organisms
were inactivated with formalin and extracted 3 times with chlo-
roform:methanol (4:1) to obtain the C. burnetii chloroform:
methanol residue fraction for use in the whole-cell vaccine
(WCV), as described previously [20].

Mice and Ethics Statement
Female C57BL/6J (B6) mice (6 weeks old) were purchased from
Vital River Laboratories (Beijing, China) and Jackson Laboratory
(Bar Harbor, Maine). All mice were maintained under biosafety
level 3 conditions. The Laboratory Animal Administration Com-
mittee of Beijing preapproved all animal experimental protocols.
Animal research protocols at Texas A&M University were re-
viewed by the University Laboratory Animal Care and Use Com-
mittee to ensure compliance with Public Health Service standards.
Experiments were performed in Association for Assessment and
Accreditation of Laboratory Animal Care–approved facilities in
accordance with university and federal regulations.

Epitope Prediction of CD8+ T Cells
Twenty-four T4SS substrates [21] and 6 immunodominant pro-
teins [22] (Table 1) of C. burnetii were scanned for 9-mer pep-
tides predicted to have a high-affinity binding capacity for the
MHC class I molecules H2 Db and Kb (Supplementary Table 1),
using a consensus approach on the Immune Epitope Database
and Analysis Resource Web site, as described previously [23]. A
set of 157 predicted peptides was synthesized by SBS Genetech
(Beijing, China) as high-quality pure materials (>90% purity).

Screening of CD8+ T Cells Epitopes by an Enzyme-Linked Immunospot
(ELISPOT) Assay
Five mice per group were challenged with 1 × 106 genome
equivalents (GEs) of C. burnetii by intraperitoneal injection

or were subcutaneously vaccinated with 20 µg of WCV, and
then they were euthanized 10 days after challenge or vaccina-
tion, respectively. Spleens from infected or vaccinated mice
were collected and homogenized into cell suspensions, from
which CD8+ T cells were isolated using microbeads (Miltenyi,
Auburn, CA). Antigen-specific IFN-γ recall responses were
measured in the purified CD8+ T cells by ELISPOT, as described
previously [12]. Briefly, 2 × 105 purified CD8+ T cells were incu-
bated with 1 × 105 APC (mononuclear cells from naive mice) in
100 µL of 1640 medium (Hyclone, Beijing, China) containing
10% (vol/vol) fetal bovine serum (Hyclone) in each well of a
96-well ELISPOT plate (Mabtech, Nacka Strand, Sweden). A
total of 2 μg of each peptide was then added to duplicate
wells and incubated for 20 hours at 37°C. The number of
spot-forming cells (SFCs) after peptide stimulation was counted
by an ELISPOT reader [12]. For each peptide, the stimulation
index (SI) was calculated by dividing the number of SFCs in
peptide-stimulated cells by the number of SFCs in medium-
stimulated cells, and a SI of > 2 was considered positive [7].

Intracellular Cytokine Staining and Flow Cytometry
Approximately 1 × 106 splenocytes (pooled from 5 mice infect-
ed with C. burnetii) were incubated with 20 µg of each positive
peptide in a total volume of 2 mL of complete 1640 medium
containing 10% fetal bovine serum in each well for 18 hours
at 37°C. Next, 2 µL of Golgistop was added to each well, and
plates were incubated for another 6 hours. Then splenocytes
were harvested and stained with anti–CD3e-peridinin chloro-
phyll protein, anti–CD8-allophycocyanin, and anti–IFN-γ-phy-
coerythrin antibodies as previous described [12]. For the
positive control, 1 × 106 splenocytes were cultured in medium
for 18 hours, and then 2 µL of a leukocyte-activation cocktail
was added to each well. After incubation for 6 hours, spleno-
cytes were harvested and stained as described above. For nega-
tive control, splenocytes were incubated with peptide LLO91–99

(GYKDGNEYI) and stained as described above. All reagents
used in this assay were purchased from BD Pharmingen (San
Jose, California).

Construction of an Lm-Cb Vaccine
The L. monocytogenes strain used in this study was L. monocy-
togenes 10403S ΔactA/ΔinlB (obtained from the laboratory of
Daniel Portnoy, Department of Molecular and Cell Biology,
University of California, Berkeley). The genes of the selected
29 peptides were synthesized and ligated into the pCC103 vec-
tor under the actA promoter and actA N-terminal secretion sig-
nal. The pPL2-pactA-Cb epitopes plasmid was then
transformed into Escherichia coli SM10 strains and conjugated
into the L. monocytogenes ΔactA/ΔinlB strain. Lm-Cb clones
with genomic integration of the plasmid were screened and
picked from brain heart infusion agar plates supplemented
with 10 µg/mL chloramphenicol and 200 µg/mL streptomycin
to generate the Lm-Cb vaccine strain DP-L-6525. For a negative
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vaccination, identification of immunodominant antigens of C. burnetii has become a major focus of Q fever vaccine development.
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Coxiella burnetii is a gram-negative pathogen responsible for
the worldwide zoonotic disease, Q fever [1, 2]. Human Q
fever usually manifests as an influenza-like, self-limiting or
treatable acute illness, whereas some cases may develop into se-
vere diseases, such as hepatitis or endocarditis [1–3]. The Neth-
erlands had a large human Q fever outbreak between 2007 and
2010, which caused thousands of infections, including several
associated deaths [4]. Thus, the prevention of Q fever remains
an important goal for public health [5]. In Australia, a formalin-
killed whole-cell vaccine (Q-Vax) is available to those in direct
contact with infected animals and considered most at risk [6].
However, vaccination can result in severe local or systemic ad-
verse reactions, particularly when administered to those with
prior infection [7, 8]. This has led to studies aimed at identifying
immunodominant antigens or peptides to produce a safe and
effective vaccine that will not cause adverse reactions [5, 9,
10]. Significant efforts have gone into identifying C. burnetii im-
munodominant antigens by using an antibody-guided ap-
proach. Many C. burnetii antigens have been identified as

strong stimulators of antibody responses during infection.
However, none of the identified antigens conferred protection
comparable to that of Q-Vax, suggesting that current approach-
es for identifying immunodominant antigens need to be im-
proved and that other antigen-delivery systems need to be
considered [9, 10].

Previous studies suggested that T cells play a critical role for
protective adaptive immunity against C. burnetii [3, 10]. The
role of antigen-specific CD4+ T-cell responses in protective im-
munity has been well characterized [7, 11–13]. Antigen-specific
CD4+ T cells can secrete cytokines such as interferon γ (IFN-γ)
and tumor necrosis factor α (TNF-α) to activate monocytes/
macrophages and facilitate the clearance of intracellular C. bur-
netii [14, 15]. However, owing to the lack of an efficient high-
throughput assay for identification of CD8+ T cells antigens,
there are few studies on the role of antigen-specific CD8+ T
cells in C. burnetii protective immunity. Read et al demonstrat-
ed that CD8+ T cells may play an important role in innate im-
munity against C. burnetii infection, since adoptive transfer of
naive CD8+ T cells into SCID mice mitigated disease after C.
burnetii Nine Mile phase I challenge, including reduced inflam-
mation in the lungs and fewer bacteria in spleens [16]. No study
has been reported that characterizes the role of CD8+ T cells in
adaptive immunity against C. burnetii infection.

In this study, we hypothesized that secreted C. burnetii type
IV effector proteins may represent an important class of CD8+

T-cell antigens due to their cytosolic localization during
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infection. Once these antigens are secreted into the cytosol, they
can be further processed by the proteasome degradation path-
way and presented by the major histocompatibility complex
(MHC) class I pathway, which also serves as a surface signature
of infected cells. We used bioinformatics predictions to identify
a subset of potential CD8+ T-cell epitopes from highly translo-
cated Coxiella T4SS substrates [17]. Surprisingly, 29 peptides
derived from 22 proteins elicited a high level of CD8+ T-cell
IFN-γ recall responses after infection, with only a few of these
antigens having been identified as immunodominant antigens
by previous antibody-guided approaches. The protective effica-
cy of these CD8+ T-cell epitopes was evaluated by exploiting a
live, recombinant, attenuated Listeria monocytogenes ΔactA/
ΔinlB strain [18] to deliver these C. burnetii CD8+ epitopes
(Lm-Cb) into the cytosol of infect cells and induce robust anti-
gen-specific CD8+ T-cell responses.

MATERIALS AND METHODS

C. burnetii Strain
C. burnetii (RSA 493/Nine Mile phase I) was grown in embry-
onated eggs and purified by Renografin density centrifugation
as described previously [19]. The purified C. burnetii organisms
were inactivated with formalin and extracted 3 times with chlo-
roform:methanol (4:1) to obtain the C. burnetii chloroform:
methanol residue fraction for use in the whole-cell vaccine
(WCV), as described previously [20].

Mice and Ethics Statement
Female C57BL/6J (B6) mice (6 weeks old) were purchased from
Vital River Laboratories (Beijing, China) and Jackson Laboratory
(Bar Harbor, Maine). All mice were maintained under biosafety
level 3 conditions. The Laboratory Animal Administration Com-
mittee of Beijing preapproved all animal experimental protocols.
Animal research protocols at Texas A&M University were re-
viewed by the University Laboratory Animal Care and Use Com-
mittee to ensure compliance with Public Health Service standards.
Experiments were performed in Association for Assessment and
Accreditation of Laboratory Animal Care–approved facilities in
accordance with university and federal regulations.

Epitope Prediction of CD8+ T Cells
Twenty-four T4SS substrates [21] and 6 immunodominant pro-
teins [22] (Table 1) of C. burnetii were scanned for 9-mer pep-
tides predicted to have a high-affinity binding capacity for the
MHC class I molecules H2 Db and Kb (Supplementary Table 1),
using a consensus approach on the Immune Epitope Database
and Analysis Resource Web site, as described previously [23]. A
set of 157 predicted peptides was synthesized by SBS Genetech
(Beijing, China) as high-quality pure materials (>90% purity).

Screening of CD8+ T Cells Epitopes by an Enzyme-Linked Immunospot
(ELISPOT) Assay
Five mice per group were challenged with 1 × 106 genome
equivalents (GEs) of C. burnetii by intraperitoneal injection

or were subcutaneously vaccinated with 20 µg of WCV, and
then they were euthanized 10 days after challenge or vaccina-
tion, respectively. Spleens from infected or vaccinated mice
were collected and homogenized into cell suspensions, from
which CD8+ T cells were isolated using microbeads (Miltenyi,
Auburn, CA). Antigen-specific IFN-γ recall responses were
measured in the purified CD8+ T cells by ELISPOT, as described
previously [12]. Briefly, 2 × 105 purified CD8+ T cells were incu-
bated with 1 × 105 APC (mononuclear cells from naive mice) in
100 µL of 1640 medium (Hyclone, Beijing, China) containing
10% (vol/vol) fetal bovine serum (Hyclone) in each well of a
96-well ELISPOT plate (Mabtech, Nacka Strand, Sweden). A
total of 2 μg of each peptide was then added to duplicate
wells and incubated for 20 hours at 37°C. The number of
spot-forming cells (SFCs) after peptide stimulation was counted
by an ELISPOT reader [12]. For each peptide, the stimulation
index (SI) was calculated by dividing the number of SFCs in
peptide-stimulated cells by the number of SFCs in medium-
stimulated cells, and a SI of > 2 was considered positive [7].

Intracellular Cytokine Staining and Flow Cytometry
Approximately 1 × 106 splenocytes (pooled from 5 mice infect-
ed with C. burnetii) were incubated with 20 µg of each positive
peptide in a total volume of 2 mL of complete 1640 medium
containing 10% fetal bovine serum in each well for 18 hours
at 37°C. Next, 2 µL of Golgistop was added to each well, and
plates were incubated for another 6 hours. Then splenocytes
were harvested and stained with anti–CD3e-peridinin chloro-
phyll protein, anti–CD8-allophycocyanin, and anti–IFN-γ-phy-
coerythrin antibodies as previous described [12]. For the
positive control, 1 × 106 splenocytes were cultured in medium
for 18 hours, and then 2 µL of a leukocyte-activation cocktail
was added to each well. After incubation for 6 hours, spleno-
cytes were harvested and stained as described above. For nega-
tive control, splenocytes were incubated with peptide LLO91–99

(GYKDGNEYI) and stained as described above. All reagents
used in this assay were purchased from BD Pharmingen (San
Jose, California).

Construction of an Lm-Cb Vaccine
The L. monocytogenes strain used in this study was L. monocy-
togenes 10403S ΔactA/ΔinlB (obtained from the laboratory of
Daniel Portnoy, Department of Molecular and Cell Biology,
University of California, Berkeley). The genes of the selected
29 peptides were synthesized and ligated into the pCC103 vec-
tor under the actA promoter and actA N-terminal secretion sig-
nal. The pPL2-pactA-Cb epitopes plasmid was then
transformed into Escherichia coli SM10 strains and conjugated
into the L. monocytogenes ΔactA/ΔinlB strain. Lm-Cb clones
with genomic integration of the plasmid were screened and
picked from brain heart infusion agar plates supplemented
with 10 µg/mL chloramphenicol and 200 µg/mL streptomycin
to generate the Lm-Cb vaccine strain DP-L-6525. For a negative

2 • JID • Xiong et al



1582 • JID 2017:215 (15 May) • Xiong et al

control, the pPL2-pactA plasmid without Cb epitope genes was
integrated into L. monocytogenes ΔactA/ΔinlB to generate vec-
tor control strain DP-L-6526 described above.

Detection of IFN-γ Recall Responses in Lm-Cb Immunized CD8+ T Cells
Five mice per group were intravenously injected with 5 × 106

colony-forming units (CFU; 0.1 median lethal doses) of Lm-
Cb. As a control, 5 mice were immunized with 5 × 106 CFU
of L. monocytogenes. On the tenth day after immunization,
mice were euthanized, and the spleens were harvested. CD8+

T cells were isolated from splenocytes and incubated with
each of the 29 positive peptides at the dose described above.
Peptide LLO91–99 (GYKDGNEYI) was added as a positive con-
trol. Antigen-specific IFN-γ recall responses were measured by
ELISPOT, and the SI was calculated as described above.

Adoptive Transfer of CD8+ T Cells
Six mice per group were challenged with 1 × 106 GEs of C. burnetii
by intraperitoneal injection. Beginning 7 days later, they were treat-
ed with doxycycline for 2 weeks. A total of 28 days after challenge,

the recoveredmice were euthanized, and their spleens were collect-
ed. CD8+ T cells were isolated from the spleens, using microbeads,
as described above. Six mice per group received an adoptive trans-
fer of 1 × 107 CD8+ T cells from C. burnetii–infected mice or from
naive mice via tail vein injection. Twenty-four hours later, each
mouse was challenged with 1 × 106 GEs of C. burnetii by intraper-
itoneal injection. On day 14 after challenge, the mice were eutha-
nized, and their spleens were harvested and weighed. C. burnetii
loads were evaluated using quantitative real-time PCR (qPCR)
specific for C. burnetii [24].

Mouse Immunization With Lm-Cb and Challenge
Six mice per group were immunized by intravenous injection
with 5 × 106 CFU of Lm-Cb or L. monocytogenes in 100 µL of
PBS. As a control, 100 µL of PBS was also intravenously inject-
ed. One boost immunization was performed 2 weeks after the
initial immunization. Four weeks later, mice were challenged in-
traperitoneally with 1 × 106 GE of C. burnetii. Fourteen days
after challenge, mice were euthanized, and their spleens were

Table 1. Summary of Proteins and Peptides Selection

No. Locus Tag Product Function

Translocation
Efficiency in

Legionella, %a

Protein Length,
Amino Acids,

No.
Predicted

Peptides, No.

1 CBUA0015 Hypothetical protein T4SS substrates 90 145 5

2 CBU0041 (cirA) Hypothetical protein T4SS substrates 70 710 6

3 CBU0129 Hypothetical protein T4SS substrates 70 115 5

4 CBU0410 Hypothetical protein T4SS substrates 45 578 6

5 CBU0414 Hypothetical protein T4SS substrates 45 262 5

6 CBU0425 (cirB) Hypothetical protein T4SS substrates 90 455 6

7 CBU0794 Hypothetical protein T4SS substrates 80 464 4

8 CBU0881 Hypothetical protein T4SS substrates 80 221 6

9 CBU1045 Hypothetical protein T4SS substrates 40 331 6

10 CBU1198 Hypothetical protein T4SS substrates 75 178 4

11 CBU1406 Hypothetical protein T4SS substrates 40 144 5

12 CBU1460 Hypothetical protein T4SS substrates 40 261 5

13 CBU1556 Hypothetical protein T4SS substrates 50 567 6

14 CBU1569 Hypothetical protein T4SS substrates 90 547 5

15 CBU1620 Hypothetical protein T4SS substrates 90 76 4

16 CBU1751 Hypothetical protein T4SS substrates 50 420 5

17 CBU1823 Hypothetical protein T4SS substrates 50 349 5

18 CBU1825 Hypothetical protein T4SS substrates 40 115 5

19 CBU2007 Hypothetical protein T4SS substrates 90 395 6

20 CBU2052 (cirD) Hypothetical protein T4SS substrates 90 300 6

21 CBU2059 (cirE) Hypothetical protein T4SS substrates 40 400 4

22 CBU1626 (icmG/dotF) IcmG protein T4SS component protein . . . 244 5

23 CBU1628 (icmK/dotH) IcmK protein T4SS component protein . . . 344 5

24 CBU1648 (dotA) DotA protein T4SS component protein . . . 806 5

25 CBU0092 (ybgF) tol-pal system protein YbgF Immunodominant protein . . . 285 5

26 CBU0311 Outer membrane protein P1 Immunodominant protein . . . 223 5

27 CBU0388 Hypothetical protein Immunodominant protein . . . 1392 6

28 CBU0630 (mip) Peptidyl-prolyl cis-trans isomerase Mip Immunodominant protein . . . 230 6

29 CBU1718 (groEL) Chaperonin, 60 kDa, HspB Immunodominant protein . . . 552 6

30 CBU1910 (com1) Outer membrane protein Com1 Immunodominant protein . . . 252 5

a The translocation efficiency of Coxiella burnetii T4SS substrates by Legionella pneumophila is reported by Weber et al [21].
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harvested for measurement of splenomegaly and quantification
of C. burnetii DNA using qPCR [24].

Statistical Analysis
Intracellular cytokines, spleen weights, and C. burnetii loads
were compared among groups, using 1-way analysis of variance
followed by the Student-Newman-Keuls test, by means of SAS
9.1 software (SAS Institute, Cary, North Carolina).

RESULTS

CD8+ T Cells Contribute to Infection-Derived Protective Immunity
Against C. burnetii
To evaluate the contribution of infection-derived CD8+ T cells
on C. burnetii protective immunity, CD8+ T cells isolated from
C. burnetii–infected mice were adoptively transferred into naive
mice. Fourteen days after challenge with C. burnetii, the spleen
weights of mice that received CD8+ T cells from C. burnetii–
infected mice were significantly less than those of mice that re-
ceived CD8+ T cells from naive mice (Figure 1A). The bacterial
loads in the spleens of mice that received CD8+ T cells from
C. burnetii–infected mice were also significantly lower than
those for mice that received CD8+ T cells from naive mice
(Figure 1B). These results indicated that infection-derived anti-
gen-specific CD8+ T cells contribute to protective adaptive im-
munity against C. burnetii infection.

Peptide Prediction and CD8+ T Cell IFN-γ Recall Responses in Coxiella-
Infected CD8+ T Cells
To identify antigens that induced protective CD8+ T-cell popu-
lations after infection, we hypothesized that T4SS effector pro-
teins secreted by C. burnetii during infection would be strong
candidates because of their cytosolic localization. Using bioin-
formatics analysis, we identified 157 peptides from 24 T4SS
components of highly translocated substrates [21] and 6 previ-
ously identified immunodominant C. burnetii antigens [22] as
having the high-affinity binding capacity to H2 Db or Kb. The
synthesized peptides were incubated with naive APC and
CD8+ T cells isolated from C. burnetii–infected mice to deter-
mine IFN-γ recall responses by ELISPOT assay. As a result, 29
of 157 candidate peptides elicited significantly elevated IFN-γ se-
cretion in infection-derived CD8+ T cells, compared with medi-
um stimulation (SI > 2; Table 2). None of the 29 peptides elicited
a positive response in CD8+ T cells isolated from WCV recipi-
ents or naive mice (Figure 2). Interestingly, 22 positive peptides
were derived from T4SS proteins of C. burnetii, and none of
these proteins have been identified as immunodominant anti-
gens in previous screens. Seven of 8 peptides that elicited higher
IFN-γ secretion with an approximate SI of > 4 were derived from
C. burnetii T4SS–related proteins (SI > 4; Table 2).

Frequency of Infection-Derived Peptide-Specific IFN-γ–Producing CD8+

T Cells
Twenty-nine positive peptides were used individually to stimu-
late CD8+ T cells from C. burnetii–infected mice. Then, the

frequency of peptide-specific IFN-γ–producing CD8+ T cells
was quantified by flow cytometry. As shown in Figure 3, the fre-
quency of responding cells ranged from 0.44% to 3.78% of the
total number of CD8+ T cells. Compared with negative peptide
stimulation, all peptides induced detectable IFN-γ responses,
and 10 of 29 peptides induced an IFN-γ response by >2% of
total CD8+ T cells. Among those, 9 were derived from T4SS-re-
lated proteins, and 1 was from an immunodominant protein,
CBU_0311(P1) [25].

Lm-Cb Construction and Immune Responses Analysis
To efficiently deliver the identified CD8+ T-cell peptides into
the cytosol of antigen-presenting cells and mount peptide-spe-
cific CD8+ T-cell responses, we exploited the attenuated L.
monocytogenes vaccine platform. A synthetic gene was created
that comprised genes encoding 29 positive peptides that were
fused after codon optimization and cloned into pPL2-PactA
shuttle plasmid under a strong cytosolic L. monocytogenes
actA promoter and actA N-terminal secretion peptide
(Figure 4A). The resulting pPL2-PactA plasmid was integrated
into the genome of the live, attenuated L. monocytogenes

Figure 1. Protective adaptive immunity against Coxiella burnetii induced by the
adoptive transfer of infection-derived Coxiella-specific CD8+ T cells. CD8+ T cells
from C. burnetii–infected mice were transferred to groups of 6 naive mice 28
days after infection, and each recipient mouse was challenged with 1 × 106 genome
equivalents of C. burnetii 24 hours after transfer. On day 14 after challenge, the mice
were euthanized, and their spleens were harvested for measurement of spleen
weights (A) and the detection of C. burnetii DNA by quantitative polymerase
chain reaction (B). Data are expressed as the mean values (+SD) for 6 mice.
*P < .05, compared with mice in which CD8+ T cells from Coxiella-naive mice.

4 • JID • Xiong et al



L. monocytogenes–Based C. burnetii T-Cell Epitope Vaccine • JID 2017:215 (15 May) • 1583

control, the pPL2-pactA plasmid without Cb epitope genes was
integrated into L. monocytogenes ΔactA/ΔinlB to generate vec-
tor control strain DP-L-6526 described above.

Detection of IFN-γ Recall Responses in Lm-Cb Immunized CD8+ T Cells
Five mice per group were intravenously injected with 5 × 106

colony-forming units (CFU; 0.1 median lethal doses) of Lm-
Cb. As a control, 5 mice were immunized with 5 × 106 CFU
of L. monocytogenes. On the tenth day after immunization,
mice were euthanized, and the spleens were harvested. CD8+

T cells were isolated from splenocytes and incubated with
each of the 29 positive peptides at the dose described above.
Peptide LLO91–99 (GYKDGNEYI) was added as a positive con-
trol. Antigen-specific IFN-γ recall responses were measured by
ELISPOT, and the SI was calculated as described above.

Adoptive Transfer of CD8+ T Cells
Six mice per group were challenged with 1 × 106 GEs of C. burnetii
by intraperitoneal injection. Beginning 7 days later, they were treat-
ed with doxycycline for 2 weeks. A total of 28 days after challenge,

the recoveredmice were euthanized, and their spleens were collect-
ed. CD8+ T cells were isolated from the spleens, using microbeads,
as described above. Six mice per group received an adoptive trans-
fer of 1 × 107 CD8+ T cells from C. burnetii–infected mice or from
naive mice via tail vein injection. Twenty-four hours later, each
mouse was challenged with 1 × 106 GEs of C. burnetii by intraper-
itoneal injection. On day 14 after challenge, the mice were eutha-
nized, and their spleens were harvested and weighed. C. burnetii
loads were evaluated using quantitative real-time PCR (qPCR)
specific for C. burnetii [24].

Mouse Immunization With Lm-Cb and Challenge
Six mice per group were immunized by intravenous injection
with 5 × 106 CFU of Lm-Cb or L. monocytogenes in 100 µL of
PBS. As a control, 100 µL of PBS was also intravenously inject-
ed. One boost immunization was performed 2 weeks after the
initial immunization. Four weeks later, mice were challenged in-
traperitoneally with 1 × 106 GE of C. burnetii. Fourteen days
after challenge, mice were euthanized, and their spleens were

Table 1. Summary of Proteins and Peptides Selection

No. Locus Tag Product Function

Translocation
Efficiency in

Legionella, %a

Protein Length,
Amino Acids,

No.
Predicted

Peptides, No.

1 CBUA0015 Hypothetical protein T4SS substrates 90 145 5

2 CBU0041 (cirA) Hypothetical protein T4SS substrates 70 710 6

3 CBU0129 Hypothetical protein T4SS substrates 70 115 5

4 CBU0410 Hypothetical protein T4SS substrates 45 578 6

5 CBU0414 Hypothetical protein T4SS substrates 45 262 5

6 CBU0425 (cirB) Hypothetical protein T4SS substrates 90 455 6

7 CBU0794 Hypothetical protein T4SS substrates 80 464 4

8 CBU0881 Hypothetical protein T4SS substrates 80 221 6

9 CBU1045 Hypothetical protein T4SS substrates 40 331 6

10 CBU1198 Hypothetical protein T4SS substrates 75 178 4

11 CBU1406 Hypothetical protein T4SS substrates 40 144 5

12 CBU1460 Hypothetical protein T4SS substrates 40 261 5

13 CBU1556 Hypothetical protein T4SS substrates 50 567 6

14 CBU1569 Hypothetical protein T4SS substrates 90 547 5

15 CBU1620 Hypothetical protein T4SS substrates 90 76 4

16 CBU1751 Hypothetical protein T4SS substrates 50 420 5

17 CBU1823 Hypothetical protein T4SS substrates 50 349 5

18 CBU1825 Hypothetical protein T4SS substrates 40 115 5

19 CBU2007 Hypothetical protein T4SS substrates 90 395 6

20 CBU2052 (cirD) Hypothetical protein T4SS substrates 90 300 6

21 CBU2059 (cirE) Hypothetical protein T4SS substrates 40 400 4

22 CBU1626 (icmG/dotF) IcmG protein T4SS component protein . . . 244 5

23 CBU1628 (icmK/dotH) IcmK protein T4SS component protein . . . 344 5

24 CBU1648 (dotA) DotA protein T4SS component protein . . . 806 5

25 CBU0092 (ybgF) tol-pal system protein YbgF Immunodominant protein . . . 285 5

26 CBU0311 Outer membrane protein P1 Immunodominant protein . . . 223 5

27 CBU0388 Hypothetical protein Immunodominant protein . . . 1392 6

28 CBU0630 (mip) Peptidyl-prolyl cis-trans isomerase Mip Immunodominant protein . . . 230 6

29 CBU1718 (groEL) Chaperonin, 60 kDa, HspB Immunodominant protein . . . 552 6

30 CBU1910 (com1) Outer membrane protein Com1 Immunodominant protein . . . 252 5

a The translocation efficiency of Coxiella burnetii T4SS substrates by Legionella pneumophila is reported by Weber et al [21].
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harvested for measurement of splenomegaly and quantification
of C. burnetii DNA using qPCR [24].

Statistical Analysis
Intracellular cytokines, spleen weights, and C. burnetii loads
were compared among groups, using 1-way analysis of variance
followed by the Student-Newman-Keuls test, by means of SAS
9.1 software (SAS Institute, Cary, North Carolina).

RESULTS

CD8+ T Cells Contribute to Infection-Derived Protective Immunity
Against C. burnetii
To evaluate the contribution of infection-derived CD8+ T cells
on C. burnetii protective immunity, CD8+ T cells isolated from
C. burnetii–infected mice were adoptively transferred into naive
mice. Fourteen days after challenge with C. burnetii, the spleen
weights of mice that received CD8+ T cells from C. burnetii–
infected mice were significantly less than those of mice that re-
ceived CD8+ T cells from naive mice (Figure 1A). The bacterial
loads in the spleens of mice that received CD8+ T cells from
C. burnetii–infected mice were also significantly lower than
those for mice that received CD8+ T cells from naive mice
(Figure 1B). These results indicated that infection-derived anti-
gen-specific CD8+ T cells contribute to protective adaptive im-
munity against C. burnetii infection.

Peptide Prediction and CD8+ T Cell IFN-γ Recall Responses in Coxiella-
Infected CD8+ T Cells
To identify antigens that induced protective CD8+ T-cell popu-
lations after infection, we hypothesized that T4SS effector pro-
teins secreted by C. burnetii during infection would be strong
candidates because of their cytosolic localization. Using bioin-
formatics analysis, we identified 157 peptides from 24 T4SS
components of highly translocated substrates [21] and 6 previ-
ously identified immunodominant C. burnetii antigens [22] as
having the high-affinity binding capacity to H2 Db or Kb. The
synthesized peptides were incubated with naive APC and
CD8+ T cells isolated from C. burnetii–infected mice to deter-
mine IFN-γ recall responses by ELISPOT assay. As a result, 29
of 157 candidate peptides elicited significantly elevated IFN-γ se-
cretion in infection-derived CD8+ T cells, compared with medi-
um stimulation (SI > 2; Table 2). None of the 29 peptides elicited
a positive response in CD8+ T cells isolated from WCV recipi-
ents or naive mice (Figure 2). Interestingly, 22 positive peptides
were derived from T4SS proteins of C. burnetii, and none of
these proteins have been identified as immunodominant anti-
gens in previous screens. Seven of 8 peptides that elicited higher
IFN-γ secretion with an approximate SI of > 4 were derived from
C. burnetii T4SS–related proteins (SI > 4; Table 2).

Frequency of Infection-Derived Peptide-Specific IFN-γ–Producing CD8+

T Cells
Twenty-nine positive peptides were used individually to stimu-
late CD8+ T cells from C. burnetii–infected mice. Then, the

frequency of peptide-specific IFN-γ–producing CD8+ T cells
was quantified by flow cytometry. As shown in Figure 3, the fre-
quency of responding cells ranged from 0.44% to 3.78% of the
total number of CD8+ T cells. Compared with negative peptide
stimulation, all peptides induced detectable IFN-γ responses,
and 10 of 29 peptides induced an IFN-γ response by >2% of
total CD8+ T cells. Among those, 9 were derived from T4SS-re-
lated proteins, and 1 was from an immunodominant protein,
CBU_0311(P1) [25].

Lm-Cb Construction and Immune Responses Analysis
To efficiently deliver the identified CD8+ T-cell peptides into
the cytosol of antigen-presenting cells and mount peptide-spe-
cific CD8+ T-cell responses, we exploited the attenuated L.
monocytogenes vaccine platform. A synthetic gene was created
that comprised genes encoding 29 positive peptides that were
fused after codon optimization and cloned into pPL2-PactA
shuttle plasmid under a strong cytosolic L. monocytogenes
actA promoter and actA N-terminal secretion peptide
(Figure 4A). The resulting pPL2-PactA plasmid was integrated
into the genome of the live, attenuated L. monocytogenes

Figure 1. Protective adaptive immunity against Coxiella burnetii induced by the
adoptive transfer of infection-derived Coxiella-specific CD8+ T cells. CD8+ T cells
from C. burnetii–infected mice were transferred to groups of 6 naive mice 28
days after infection, and each recipient mouse was challenged with 1 × 106 genome
equivalents of C. burnetii 24 hours after transfer. On day 14 after challenge, the mice
were euthanized, and their spleens were harvested for measurement of spleen
weights (A) and the detection of C. burnetii DNA by quantitative polymerase
chain reaction (B). Data are expressed as the mean values (+SD) for 6 mice.
*P < .05, compared with mice in which CD8+ T cells from Coxiella-naive mice.
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ΔactA/ΔinlB vaccine strain by bacterial conjugation. To confirm
the expression and delivery of synthetic antigens by the recombi-
nant L. monocytogenes vaccine strain,Western blotting was used to
confirm the expression of fused peptide antigen in the host cytosol
(Figure 4B and 4C). To determine the CD8+ T-cell IFN-γ recall
responses induced by Lm-Cb immunization, mice were intrave-
nously injected with the Lm-Cb strains. CD8+ T cells from immu-
nized mice were then isolated and incubated with each peptide to
determine IFN-γ production. A total of 23 of 29 peptides elicited
IFN-γ secretion, with a SI of > 2 (Table 2), whereas none of the
peptides elicited a positive response in CD8+ T cells isolated
from mice immunized with the L. monocytogenes control strain
(Figure 2). These results demonstrate that the live, attenuated
L. monocytogenes ΔactA/ΔinlB vaccine strain can be used as a

potent antigen delivery system to induce robust CD8+ T-cell
responses.

Protection Against C. burnetii Infection Induced by Lm-Cb
Mice immunized with live, attenuated Lm-Cb or the L. mono-
cytogenes control strain were challenged with C. burnetii after
28 days post immunization. Fourteen days after challenge, the
spleen weights of Lm-Cb–immunized mice were significantly
lighter than those of L. monocytogenes– or PBS-immunized
mice (Figure 4D). The bacterial loads in the spleens from Lm-
Cb–immunized mice were also significantly reduced, compared
with those from L. monocytogenes– or PBS-immunized mice
(Figure 4E ). This result supports the hypothesis that expression
of C. burnetii chimerized epitopes in a live, attenuated L.

Table 2. Summary of Distinct CD8+ T-Cell Epitopes Recognized After Infection With Coxiella burnetii and Immunization With a Live, Recombinant,
Attenuated Listeria monocytogenes Vaccine Expressing These Epitopes (Lm-Cb)

Identified Peptide ID Function

Translocation
Efficiency in
Legionella,%a MHC Allele Sequence

Stimulation Indexb

After C. burnetii Infectionc After Lm-Cb Receiptd

CBU2007200–208 T4SS substrates 90 H-2-Db FCYQNHTYF 5.11 ± 0.11 5.32 ± 0.28

CBU205283–91 T4SS substrates 90 H-2-Db RASKNLLNY 4.99 ± 0.24 7.99 ± 0.52

CBU1569173–181 T4SS substrates 90 H-2-Db FQISNPPYL 4.78 ± 0.13 6.93 ± 1.46

CBU119827–35 T4SS substrates 75 H-2-Kb SVVNYATLF 4.64 ± 0.29 2.34 ± 0.29

CBU1751360–368 T4SS substrates 50 H-2-Db VAIKSYRKF 3.96 ± 0.15 7.59 ± 0.46

CBU2007292–300 T4SS substrates 90 H-2-Kb FVPKFFLTF 3.73 ± 0.44 2.8 ± 0.52

CBU0414137–145 T4SS substrates 45 H-2-Db AQILNGDKL 3.45 ± 0.46 1.28 ± 0.57

CBU1823136–144 T4SS substrates 50 H-2-Db SGICSVATY 3.34 ± 0.04 4.59 ± 0.21

CBU0794327–335 T4SS substrates 80 H-2-Db SVNSNSGSF 3.24 ± 0.2 4.84 ± 0.71

CBU2052236–244 T4SS substrates 90 H-2-Kb TVLLRTPLF 3.13 ± 0.48 1.83 ± 0.32

CBU1460114–122 T4SS substrates 40 H-2-Db NALLDEETI 3.11 ± 0.39 6.63 ± 0.48

CBU0881129–137 T4SS substrates 80 H-2-Kb VALFILTHL 2.76 ± 0.44 1.94 ± 0.35

CBU0425320–328 T4SS substrates 90 H-2-Kb RVKVFLTHF 2.72 ± 0.35 2.44 ± 0.04

CBU041026–34 T4SS substrates 45 H-2-Db NYATHKASY 2.44 ± 0.13 2.48 ± 0.10

CBU042573–81 T4SS substrates 90 H-2-Kb ISLLRTLRY 2.25 ± 0.06 1.91 ± 0.35

CBU1626(IcmG/DotF)37–45 T4SS component . . . H-2-Kb KPANFFVRF 4.44 ± 0.2 2.47 ± 0.18

CBU1628(IcmK/DotH)20–28 T4SS component . . . H-2-Kb ASIIPVLAL 3.93 ± 0.26 2.39 ± 0.18

CBU1648(DotA)5–13 T4SS component . . . H-2-Db SSLLASISL 3.83 ± 0.22 7.61 ± 0.04

CBU1648(DotA)668–676 T4SS component . . . H-2-Kb IVVYTFSGL 3.48 ± 0.2 2.87 ± 0.04

CBU1626(IcmG/DotF)52–60 T4SS component . . . H-2-Kb ITAVIAVVL 2.97 ± 0.18 1.94 ± 0.09

CBU1628(IcmK/DotH)106–114 T4SS component . . . H-2-Db NTIRNMMPL 2.94 ± 0.33 4.24 ± 0.10

CBU1628(IcmK/DotH)165–173 T4SS component . . . H-2-Kb SGFVTSLVF 2.32 ± 0.26 2.42 ± 0.23

CBU_0311119–127 Immunodominant . . . H-2-Kb SNYSYRTRL 4 ± 0.57 8.37 ± 0.67

CBU_009272–80 Immunodominant . . . H-2-Kb TVTHRLARL 3.74 ± 0.57 8.28 ± 0.16

CBU_0092194–202 Immunodominant . . . H-2-Kb AQASFQNYL 3.54 ± 0.15 9.04 ± 0.23

CBU_0311186–194 Immunodominant . . . H-2-Kb RHYFMNNVF 3.49 ± 0.37 7.95 ± 0

CBU1910(Com1)213–221 Immunodominant . . . H-2-Db LQLAGTPTF 3.45 ± 0.31 6.53 ± 0.32

CBU_1718181–189 Immunodominant . . . H-2-Db SGLENALEV 2.84 ± 0.22 1.92 ± 0.40

CBU_0388770–778 Immunodominant . . . H-2-Db YSAQNEISF 2.76 ± 0.15 2.34 ± 0.15

Abbreviations: ID, identifier; MHC, major histocompatibility complex; SD, standard deviation.
a The translocation efficiency of C. burnetii T4SS substrates by Legionella pneumophila is reported by Weber et al [21].
b The stimulation index was determined by an interferon γ enzyme-linked immunospot assay and was calculated using the number of spot-forming cells (SFCs) in peptide-stimulated cells
divided by the number of SFCs in medium-stimulated cells. A stimulation index of > 2 was considered to be positive.
c A total of 2 × 105 CD8+ T cells were isolated on day 10 after infection from 5mice infected with 1 × 106 C. burnetii. Each peptidewas added at a concentration of 2 µg/mL for 20 hours. The data
presented are the mean (±SD) of 3 independent experiments.
d A total of 2 × 105 CD8+ T cells were isolated on day 10 after infection from 5mice immunized with 5 × 106 Lm-Cb. Each peptidewas added at a concentration of 2 µg/mL for 20 hours. The data
presented are the mean (±SD) of 3 independent experiments.
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monocytogenes vaccine strain induces a significant protective
CD8+ T-cell response.

DISCUSSION

Protection against C. burnetii infection requires the generation
of memory B-cell and T-cell immunity [26]. Significant efforts
have gone into identifying C. burnetii–immunodominant anti-
gens by using antibody-guided approaches. As a result, many C.
burnetii antigens have been identified as strong stimulators of
antibody responses during infection. However, owing to the
lack of an efficient prediction algorithm and high-throughput
assays to identify T-cell antigens, few T-cell antigens have
been identified in C. burnetii. MHC class I–restricted CD8+ ef-
fector T cells could recognize the infected cells and are therefore
capable of mediating clearance of intracellular pathogens;
hence, we speculated that antigen-specific CD8+ T cells may
be involved in infection-derived protection. In this study, we
have shown that adoptive transfer of CD8+ T cells from mice
challenged with virulent Nine Mile phase I C. burnetii conferred
measurable protection. Compared with previous studies, the
level of protection mediated by the adoptively transferred
CD8+ T cells is similar to that of CD4+ T cells from mice that
received WCV [12] but less than that of whole splenocytes from
mice that received WCV [3]. This finding supports the hypoth-
esis that CD8+ T cells play some role in protective immunity
against C. burnetii.

C. burnetii harbors an essential T4SS highly similar to the
Dot/Icm T4SS of Legionella pneumophila that delivers effector
proteins into the cytosol of infected cells to remodel the host
cellular processes [17]. More than 150 C. burnetii T4SS sub-
strates have been identified [17, 21, 27–29]. However, immune
responses to these secreted effectors are largely undefined. In
this study, we hypothesized that some secreted effector proteins
are degraded by the proteasomal degradation pathway and pre-
sented by MHC class I molecules on the surface of infected cells,
serving as a target for antigen-specific cytotoxic CD8+ T cells, as
outlined in our model (Figure 5). We used bioinformatics tools
to predict a subset of candidate CD8+ T-cell epitopes from 24
T4SS-related proteins, including 5 T4SS component proteins
and 19 confirmed highly translocated substrates [17]. Addition-
ally, based on our previous studies, we tested several highly
abundant immunodominant proteins to compare their ability
to induce CD8+ T-cell responses [13].

From this survey, we identified 29 epitopes that elicited de-
tectable CD8+ T-cell IFN-γ recall responses from C. burnetii–
infected mice. None of these 29 peptides elicited IFN-γ recall
responses when incubated with CD8+ T cells from mice that re-
ceive WCV. Interestingly, 22 of these 29 epitopes were derived
from 17 T4SS-related proteins, none of which were identified as
immunodominant antigens by using previous antibody-guided
approaches. It was noteworthy that many of the strongest CD8+

T-cell–responding peptides were derived from most highly

Figure 2. Interferon γ (IFN-γ) enzyme-linked immunospot–based quantification of peptide-specific IFN-γ–producing CD8+ T cells in mice infected with Coxiella burnetii, mice
that received whole-cell vaccine (WCV), mice that received live, recombinant, attenuated Listeria monocytogenes vaccine expressing Coxiella-specific CD8+ T-cell epitopes (Lm-
Cb), and mice that received L. monocytogenes control vaccine (Lm).
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monocytogenes vaccine strain induces a significant protective
CD8+ T-cell response.

DISCUSSION

Protection against C. burnetii infection requires the generation
of memory B-cell and T-cell immunity [26]. Significant efforts
have gone into identifying C. burnetii–immunodominant anti-
gens by using antibody-guided approaches. As a result, many C.
burnetii antigens have been identified as strong stimulators of
antibody responses during infection. However, owing to the
lack of an efficient prediction algorithm and high-throughput
assays to identify T-cell antigens, few T-cell antigens have
been identified in C. burnetii. MHC class I–restricted CD8+ ef-
fector T cells could recognize the infected cells and are therefore
capable of mediating clearance of intracellular pathogens;
hence, we speculated that antigen-specific CD8+ T cells may
be involved in infection-derived protection. In this study, we
have shown that adoptive transfer of CD8+ T cells from mice
challenged with virulent Nine Mile phase I C. burnetii conferred
measurable protection. Compared with previous studies, the
level of protection mediated by the adoptively transferred
CD8+ T cells is similar to that of CD4+ T cells from mice that
received WCV [12] but less than that of whole splenocytes from
mice that received WCV [3]. This finding supports the hypoth-
esis that CD8+ T cells play some role in protective immunity
against C. burnetii.

C. burnetii harbors an essential T4SS highly similar to the
Dot/Icm T4SS of Legionella pneumophila that delivers effector
proteins into the cytosol of infected cells to remodel the host
cellular processes [17]. More than 150 C. burnetii T4SS sub-
strates have been identified [17, 21, 27–29]. However, immune
responses to these secreted effectors are largely undefined. In
this study, we hypothesized that some secreted effector proteins
are degraded by the proteasomal degradation pathway and pre-
sented by MHC class I molecules on the surface of infected cells,
serving as a target for antigen-specific cytotoxic CD8+ T cells, as
outlined in our model (Figure 5). We used bioinformatics tools
to predict a subset of candidate CD8+ T-cell epitopes from 24
T4SS-related proteins, including 5 T4SS component proteins
and 19 confirmed highly translocated substrates [17]. Addition-
ally, based on our previous studies, we tested several highly
abundant immunodominant proteins to compare their ability
to induce CD8+ T-cell responses [13].

From this survey, we identified 29 epitopes that elicited de-
tectable CD8+ T-cell IFN-γ recall responses from C. burnetii–
infected mice. None of these 29 peptides elicited IFN-γ recall
responses when incubated with CD8+ T cells from mice that re-
ceive WCV. Interestingly, 22 of these 29 epitopes were derived
from 17 T4SS-related proteins, none of which were identified as
immunodominant antigens by using previous antibody-guided
approaches. It was noteworthy that many of the strongest CD8+

T-cell–responding peptides were derived from most highly

Figure 2. Interferon γ (IFN-γ) enzyme-linked immunospot–based quantification of peptide-specific IFN-γ–producing CD8+ T cells in mice infected with Coxiella burnetii, mice
that received whole-cell vaccine (WCV), mice that received live, recombinant, attenuated Listeria monocytogenes vaccine expressing Coxiella-specific CD8+ T-cell epitopes (Lm-
Cb), and mice that received L. monocytogenes control vaccine (Lm).
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translocated C. burnetii effectors (Table 2), suggesting a positive
correlation between cytosolic protein secretion and antigen pre-
sentation. These results suggest that previous antibody-guided
immunodominant antigen identification approaches were bi-
ased against identifying CD8+ T-cell epitopes. Moreover,
these data also suggest that C. burnetii T4SS–secreted effector

proteins represent important candidates as immunodominant
CD8+ T cells antigens.

To test the protective efficacy of these identified CD8+ T-cell
epitopes, we used the live, attenuated L. monocytogenes delivery
platform that can specifically deliver peptides into the cytosol
of antigen-presenting cells and induce CD8+ T-cell immune

Figure 3. Quantification of peptide-specific interferon γ (IFN-γ)–producing CD8+ T cells by intracellular cytokine staining and flow cytometry. Twenty micrograms of each
peptide was used to stimulate 1 × 106 lymphocytes obtained from 5 mice 10 days after challenge with Coxiella burnetii. After stimulation of lymphocytes for 24 hours with
peptides, the expression of IFN-γ in CD8+ T cells was measured by flow cytometry. T cells cultured with Listeriolysin O peptide (LLO91–99) were used as a negative control.
The data are representative of 3 independent experiments, and the average percentages of double-positive cells among the T cells are indicated in the top right corners. The
mean values (±SDs) from the results of 3 independent experiments are also shown. *P < .05 for comparison of T cells stimulated with epitope peptides to T cells cultured with
LLO91–99. Abbreviations: APC, allophycocyanin; PE, phycoerythrin; PerCP, peridinin chlorophyll protein.
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responses, similar to C. burnetii infection. The attenuated L.
monocytogenes strain is designed to enable the safe administration
of L. monocytogenes by deleting 2 genes critical to the bacterium’s
natural virulence, internalin B and act A, which control infection
of hepatocytes and the spread of bacteria [30]. The attenuated
strain of L. monocytogenes was engineered to encode and express
identified C. burnetii epitopes as a single chimeric fusion protein.
The ability of L. monocytogenes to effectively stimulate robust,
multifunctional, cell-mediated immunity is based primarily on
its intracellular life cycle and ability to target dendritic cells dur-
ing infection [30–32]. Following internalization into phagocytic
cells, bacteria are initially contained within host vacuoles but rap-
idly escape into the cytosol. In response to bacterial vacuolar es-
cape, host intracellular pattern recognition receptors recognize
bacterial products in the cytosol, leading to initiation of a

powerful immunostimulatory cascade through Sting, nuclear fac-
tor κb, and the IRF3 pathways [33–35]. The peptide-specific
CD8+ T-cell IFN-γ recall responses from Lm-Cb–immunized
mice were significantly higher than that for mice immunized
with the empty vector control strain. These results indicated
that live, attenuated L. monocytogenes vectors can efficiently de-
liver C. burnetii peptides into the cytosol of antigen-presenting
cells and induce robust peptide-specific CD8+ T-cell responses.

To explore whether Lm-Cb can also induce protection
against C. burnetii in mice, we vaccinated C57BL/6J mice
with either Lm-Cb or L. monocytogenes and then challenged
them with virulent Nine Mile phase I C. burnetii. By both met-
rics of protection, the spleen weights and C. burnetii loads of
mice immunized with Lm-Cb were significantly lower than
those of mice immunized with L. monocytogenes or PBS,

Figure 4. Evaluation of the expression of synthetic Coxiella burnetii chimeric epitopes and the protective efficacy of the live, recombinant, attenuated Listeria monocytogenes
strain expressing Coxiella-specific CD8+ T-cell epitopes (Lm-Cb). A, Diagram of the transcription and translation of synthetic C. burnetii epitopes in L. monocytogenes. C. burnetii
chimeric epitopes were cloned under a strong cytosolic L. monocytogenes actA promoter and actA N-terminal secretion peptide for efficient expression and secretion of
chimeric epitopes after L. monocytogenes escaped into the cytosol of infected cells. B, Lm-Cb was used to infect Raw264.7 cells for 5 hours at a multiplicity of infection
of 10. One hour after infection, cells were washed with phosphate-buffered saline (PBS) and supplied with fresh medium containing gentamicin. Five hours after infection, cell
lysates were analyzed by Western blot and probed with anti-HA antibody for detection of synthetic C. burnetii epitopes. C, Intracellular localization of C. burnetii CD8+ T-cell
epitopes in Raw264.7 cells 5 hours after infection with L. monocytogenes. Blue, DAPI-stained nuclear and bacterial DNA; green, HA-Coxiella chimeric epitopes; red, L. mono-
cytogenes. D and E, Spleen weight (D) and C. burnetii load (E ) in the spleen of infected mice. Six mice per group were immunized with 5 × 106 colony-forming units of Lm-Cb or
L. monocytogenes in 100 µL of PBS twice, with a 2-week interval between immunizations. Mice immunized with PBS were used as a negative control. Four weeks after the
boost immunization, each mouse was challenged with 1 × 106 genome equivalents of C. burnetii. Fourteen days after challenge, mice were euthanized, and the spleens were
collected. *P < .05 and **P < .01, compared with negative control. Abbreviation: BMDM, bone marrow–derived macrophage.
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translocated C. burnetii effectors (Table 2), suggesting a positive
correlation between cytosolic protein secretion and antigen pre-
sentation. These results suggest that previous antibody-guided
immunodominant antigen identification approaches were bi-
ased against identifying CD8+ T-cell epitopes. Moreover,
these data also suggest that C. burnetii T4SS–secreted effector

proteins represent important candidates as immunodominant
CD8+ T cells antigens.

To test the protective efficacy of these identified CD8+ T-cell
epitopes, we used the live, attenuated L. monocytogenes delivery
platform that can specifically deliver peptides into the cytosol
of antigen-presenting cells and induce CD8+ T-cell immune

Figure 3. Quantification of peptide-specific interferon γ (IFN-γ)–producing CD8+ T cells by intracellular cytokine staining and flow cytometry. Twenty micrograms of each
peptide was used to stimulate 1 × 106 lymphocytes obtained from 5 mice 10 days after challenge with Coxiella burnetii. After stimulation of lymphocytes for 24 hours with
peptides, the expression of IFN-γ in CD8+ T cells was measured by flow cytometry. T cells cultured with Listeriolysin O peptide (LLO91–99) were used as a negative control.
The data are representative of 3 independent experiments, and the average percentages of double-positive cells among the T cells are indicated in the top right corners. The
mean values (±SDs) from the results of 3 independent experiments are also shown. *P < .05 for comparison of T cells stimulated with epitope peptides to T cells cultured with
LLO91–99. Abbreviations: APC, allophycocyanin; PE, phycoerythrin; PerCP, peridinin chlorophyll protein.
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responses, similar to C. burnetii infection. The attenuated L.
monocytogenes strain is designed to enable the safe administration
of L. monocytogenes by deleting 2 genes critical to the bacterium’s
natural virulence, internalin B and act A, which control infection
of hepatocytes and the spread of bacteria [30]. The attenuated
strain of L. monocytogenes was engineered to encode and express
identified C. burnetii epitopes as a single chimeric fusion protein.
The ability of L. monocytogenes to effectively stimulate robust,
multifunctional, cell-mediated immunity is based primarily on
its intracellular life cycle and ability to target dendritic cells dur-
ing infection [30–32]. Following internalization into phagocytic
cells, bacteria are initially contained within host vacuoles but rap-
idly escape into the cytosol. In response to bacterial vacuolar es-
cape, host intracellular pattern recognition receptors recognize
bacterial products in the cytosol, leading to initiation of a

powerful immunostimulatory cascade through Sting, nuclear fac-
tor κb, and the IRF3 pathways [33–35]. The peptide-specific
CD8+ T-cell IFN-γ recall responses from Lm-Cb–immunized
mice were significantly higher than that for mice immunized
with the empty vector control strain. These results indicated
that live, attenuated L. monocytogenes vectors can efficiently de-
liver C. burnetii peptides into the cytosol of antigen-presenting
cells and induce robust peptide-specific CD8+ T-cell responses.

To explore whether Lm-Cb can also induce protection
against C. burnetii in mice, we vaccinated C57BL/6J mice
with either Lm-Cb or L. monocytogenes and then challenged
them with virulent Nine Mile phase I C. burnetii. By both met-
rics of protection, the spleen weights and C. burnetii loads of
mice immunized with Lm-Cb were significantly lower than
those of mice immunized with L. monocytogenes or PBS,

Figure 4. Evaluation of the expression of synthetic Coxiella burnetii chimeric epitopes and the protective efficacy of the live, recombinant, attenuated Listeria monocytogenes
strain expressing Coxiella-specific CD8+ T-cell epitopes (Lm-Cb). A, Diagram of the transcription and translation of synthetic C. burnetii epitopes in L. monocytogenes. C. burnetii
chimeric epitopes were cloned under a strong cytosolic L. monocytogenes actA promoter and actA N-terminal secretion peptide for efficient expression and secretion of
chimeric epitopes after L. monocytogenes escaped into the cytosol of infected cells. B, Lm-Cb was used to infect Raw264.7 cells for 5 hours at a multiplicity of infection
of 10. One hour after infection, cells were washed with phosphate-buffered saline (PBS) and supplied with fresh medium containing gentamicin. Five hours after infection, cell
lysates were analyzed by Western blot and probed with anti-HA antibody for detection of synthetic C. burnetii epitopes. C, Intracellular localization of C. burnetii CD8+ T-cell
epitopes in Raw264.7 cells 5 hours after infection with L. monocytogenes. Blue, DAPI-stained nuclear and bacterial DNA; green, HA-Coxiella chimeric epitopes; red, L. mono-
cytogenes. D and E, Spleen weight (D) and C. burnetii load (E ) in the spleen of infected mice. Six mice per group were immunized with 5 × 106 colony-forming units of Lm-Cb or
L. monocytogenes in 100 µL of PBS twice, with a 2-week interval between immunizations. Mice immunized with PBS were used as a negative control. Four weeks after the
boost immunization, each mouse was challenged with 1 × 106 genome equivalents of C. burnetii. Fourteen days after challenge, mice were euthanized, and the spleens were
collected. *P < .05 and **P < .01, compared with negative control. Abbreviation: BMDM, bone marrow–derived macrophage.
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indicating that Lm-Cb can induce measurable protection
against C. burnetii infection. However, long-term protective ef-
ficacy would need to be investigated to predict how suitable this
approach will be for future vaccine development.

Our results confirmed that cytosolic secreted effector pro-
teins represent a group of strong CD8+ T-cell antigens. In addi-
tion, we evaluated the efficiency of using attenuated L.
monocytogenes to properly deliver these antigens to mount a ro-
bust CD8+ T-cell response. Both findings provide a new vaccine
design strategy for C. burnetii and highlight the potential for
this tool to be used for other intracellular pathogens that release
cytosolic proteins for proteasomal degradation.
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indicating that Lm-Cb can induce measurable protection
against C. burnetii infection. However, long-term protective ef-
ficacy would need to be investigated to predict how suitable this
approach will be for future vaccine development.

Our results confirmed that cytosolic secreted effector pro-
teins represent a group of strong CD8+ T-cell antigens. In addi-
tion, we evaluated the efficiency of using attenuated L.
monocytogenes to properly deliver these antigens to mount a ro-
bust CD8+ T-cell response. Both findings provide a new vaccine
design strategy for C. burnetii and highlight the potential for
this tool to be used for other intracellular pathogens that release
cytosolic proteins for proteasomal degradation.
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