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Rickettsia rickettsii is the etiological agent of Rocky Mountain spotted fever (RMSF). YbgF and TolC are outer
membrane-associated proteins of R. rickettsii that play important roles in its interaction with host cells. We investigated
the immunogenicity of YbgF and TolC for protection against RMSF. We immunized C3H/HeN mice with recombinant R.
rickettsii YbgF (rYbgF) or TolC (rTolC). Rickettsial burden and impairment in the lungs, spleens, and livers of rYbgF-
immunized mice were significantly lower than in rTolC-immunized mice. The ratio of IgG2a to IgG1 in rYbgF-immunized
mice continued to increase over the course of our experiments, while that in rTolC-immunized mice was reduced. The
proliferation and cytokine secretion of CD4C and CD8C T cells isolated from R. rickettsii-infected mice were analyzed
following antigen stimulation. The results indicated that proliferation and interferon (IFN)-g secretion of CD4C or CD8C

T cells in R. rickettsii-infected mice were significantly greater than in uninfected mice after stimulation with rYbgF. YbgF
is a novel protective antigen of R. rickettsii. Protection conferred by YbgF is dependent upon IFN-g-producing CD4C and
CD8C T cells and IgG2a, which act in synergy to control R. rickettsii infection.

Introduction

Rickettsia rickettsii is the etiological agent of Rocky Moun-
tain spotted fever (RMSF), a life-threatening tick-transmitted
infection.1 Infection with R. rickettsii damages blood vessels
throughout the body, causing increased vascular permeability,
diminished serum oncotic pressure, and reduced perfusion of
various organs.2 The case fatality rate of RMSF in untreated
patients is as high as 60%, with a range of 5–10% in treated
patients. Fatality rates tend to rise if treatment with antibiot-
ics (tetracycline or chloramphenicol) is delayed.3 There have
been concerted efforts to develop an effective vaccine against
RMSF.

Three different vaccines containing nonviable R. rickettsii have
been prepared from R. rickettsii-infected tick material,4 egg-
grown R. rickettsii,5 and chicken embryonic cell-grown R. rickett-
sii.6 These vaccines have been tested in human volunteers but
have only been proven to be minimally effective in preventing
RMSF.7,8 Furthermore, preparation of these rickettsia vaccines
involves large-scale culturing of R. rickettsii cells, which is difficult
and hazardous because R. rickettsii is highly infectious. A good
alternative would therefore be subunit vaccines against RMSF
comprising R. rickettsii protective antigens that can be efficiently
and safely produced using modern techniques.

In recent years, many surface proteins have been recognized in
the spotted fever group (SFG) rickettsiae. The Sca0 (OmpA) and

Sca1 proteins are involved in the attachment of rickettsiae to host
cells,9,10 while Sca5 (OmpB) is associated with the rickettsial
invasion of host cells.4 Sca2 serves as a formin mimic that is asso-
ciated with actin-based motility of rickettsiae in host cells.4 Sca4
can activate vinculin and interacts with the actin cytoskeleton of
host cells.11 Both OmpA and OmpB have the ability to elicit effi-
cient protection against R. rickettsii infection.12,13 Other Sca pro-
teins have not been demonstrated to be protective antigens of R.
rickettsii.

We previously showed that YbgF, a highly abundant surface-
exposed protein (SEP) of Rickettsia heilongjiangensis, could confer
protection against R. heilongjiangensis infection in a murine
model.14 TolC, a bacterial membrane-associated protein, is rec-
ognized as a major SEP through the proteomic analysis of bioti-
nylated cell surface proteins of R. rickettsii. In the current study,
we used recombinant YbgF (rYbgF) and TolC (rTolC) to immu-
nize C3H/HeN mice and determine their efficacies in protecting
against R. rickettsii infection.

Results

Immunoblotting
Purified rYbgF (44 kDa) and rTolC (63 kDa) were recog-

nized by immunoblotting of sera collected from R. rickettsii-
infected mice at 28 days post-infection (dpi; Fig. 1).
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Microscopy detection of YbgF and TolC
The presence of R. rickettsii YbgF or TolC was determined by

indirect immunofluorescence assays (IFA) and transmission elec-
tron microscopy (TEM). Distinct fluorescent spots were observed

in rickettsial cells stained with sera collected
from mice immunized with rYbgF
(Fig. 2A) or rTolC (Fig. 2B). Fluorescence
was not observed in rickettsial cells stained
with sera from mock-immunized mice
(Fig. 2C). From our TEM results, the outer
membrane (OM) and inner membrane
(IM) of R. rickettsii cells were covered with
colloidal gold particles when sera from mice
immunized with rYbgF (Fig. 2D) or rTolC
(Fig. 2E) were used.

Immune protection against R. rickettsii
challenge

Using quantitative polymerase chain
reaction (qPCR) assays, the loads of rickett-
sia in the spleens (Fig. 3A), livers (Fig. 3B),
or lungs (Fig. 3C) of mice immunized with
rYbgF or whole cell antigen (WCA) were
significantly lower than those in mock-

immunized mice. The rickettsial loads in the spleens or lungs of
mice immunized with rTolC were not significantly different
from those in PBS-immunized mice.

Figure 1. Immunoblotting analysis of rYbgF and rTolC. Recombinant YbgF and TolC purified
from E. coli cell lysates were separated by 12% SDS-PAGE and stained with G-250 Coomassie bril-
liant blue (A). Immunoblotting analysis of rYbgF and rTolC. Lane M, protein molecular mass
markers; lane 1, rYbgF; lane 2, rTolC (B).

Figure 2. Microscopy analysis of YbgF and TolC in R. rickettsii cells. Rickettsia rickettsii were cultured in Vero cells and incubated with antibodies
against rYbgF (A) or rTolC (B), or with na€ıve (C) serum. Secondary antibodies conjugated to fluorescein isothiocyanate (FITC) were then applied. The white
arrows indicate YbgF or TolC in R. rickettsii cells. TEM analysis of R. rickettsii in Vero cells involved staining with antibodies against rYbgF (D), rTolC (E), or
with na€ıve (F) serum. A goat anti-mouse IgG labeled with colloidal gold particles was then added to samples. The black arrows indicate the locations of
YbgF or TolC in the inner membrane (IM) and outer membrane (OM) of R. rickettsii cells.

www.taylorandfrancis.com 643Human Vaccines & Immunotherapeutics



Serious pathological damages were observed in rTolC- and
PBS-immunized mice (Fig. 4). In liver tissues, we observed
hydropic degeneration, nuclear pyknosis, inflammatory infiltrates
consisting of mononuclear cells and polymorphonuclear

leukocytes that were focused on the portal area of the liver. In
spleen tissues, large numbers of macrophages were observed. For
lung lesions, interstitial pneumonia was characterized by numer-
ous inflammatory infiltrates of mononuclear cells, polymorpho-
nuclear leukocytes, alveolar interstitial thickening, and alveolar
hemorrhage. The lesions in the organs of mice immunized with
rYbgF or WCA were not as severe as those in other mice (Fig. 4).

Humoral immune responses
The mean log10 of IgG titers for rYbgF-immunized sera were

4.01, 4.23, 5.26, and 5.26, while those for rTolC-immunized
sera were 3.40, 3.32, 4.53, and 4.01 on 14, 28, 42, and 56 dpi
(Fig. 5). The titer ratio of IgG2a to IgG1 in rYbgF-immunized
mice continued to increase over the course of our experiments,
while that in rTolC-immunized mice was decreased on 42 dpi
(Fig. 5).

Serum neutralization of R. rickettsii
The quantities of rickettsia for groups treated with sera from

mice immunized with rYbgF (0.45 rickettsia/cell) or rTolC (0.43
rickettsia/cell) were lower than those treated with sera from PBS-
immunized mice (0.61 rickettsia/cell; P < 0.05; Fig. 6). The
amount of rickettsia in the group treated with sera from mice
immunized with R. rickettsii WCA was higher than that in the
group treated with sera from PBS-immunized mice.

Proliferation and cytokine production of T cells
CD4C or CD8C T cells from R. rickettsii-infected or unin-

fected mice were stimulated in vitro by rYbgF, rTolC, WCA, or
ConA. Their proliferation and levels of cytokine secretion were
analyzed (Table 1). After stimulation with rYbgF, the prolifera-
tion of CD4C and CD8C T cells from infected mice was signifi-
cantly higher than that of uninfected cognate T cells (P < 0.01).
The secretion of interferon (IFN)-g and tumor necrosis factor
(TNF)-a by CD4C T cells from infected mice stimulated with
rYbgF was significantly higher (P < 0.05) than that seen in
CD4C T cells from uninfected mice. Secretion of interleukin
(IL)-6 and IL-10 from T cells was not dramatically different
between infected and uninfected mice (P > 0.05). Secretion of
IFN-g (P < 0.05), IL-6 (P < 0.001), and IL-10 (P < 0.001) by
CD4C T cells from infected mice was significantly greater com-
pared with those from uninfected mice. The secretion levels of
cytokines by CD4C T cells were not significantly different
between infected and uninfected mice stimulated with ConA
(P > 0.05).

The secretion of IFN-g by CD8C T cells from infected mice
and stimulated with rYbgF was significantly higher (P < 0.05)
compared with those from uninfected mice. Secretion of TNF-a
or IL-6 by CD8C T cells from infected mice was not significantly
different (P > 0.05) compared with those from uninfected mice.
Secretion of IL-10 by CD8C T cells from infected mice was
lower (P < 0.05) compared with those from uninfected mice.
After stimulation with R. rickettsii WCA, cytokine secretion by
CD8C T cells from infected mice was greater than that from the
CD8C T cells of uninfected mice (P < 0.05). There was no sig-
nificant difference in the secretion of these cytokines from CD4C

Figure 3. Immune protection against R. rickettsii infection. C3H/HeN
mice were immunized 3 times with rYbgF, rTolC, WCA, or PBS. At day 14
after the last immunization, mice were challenged with R. rickettsii. At
day 6 after challenge, mice were sacrificed and their spleens (A), livers
(B), and lungs (C) were collected for use in qPCR assays. Rickettsial DNA
copies among groups are expressed as mean copies C standard devia-
tions. The statistically significant differences between PBS immunized
mice and other groups were analyzed using the T test or Wilcoxon Two-
Sample Test based on their normality and equality of variances and are
indicated as follows: *, P < 0.05; ***, P < 0.001; ns, no significance. *P <

0.05; **P < 0.01; ns, no significance, respectively.
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and CD8C T cells between
infected and uninfected
mice after rTolC stimula-
tion. Additionally, the secre-
tion of IL-2, IL-4, and IL-5
was too low to be detected
except after stimulation with
ConA (data not shown).

Discussion

Two abundant and high-
molecular-weight outer
membrane proteins, OmpA
and OmpB, of the SFG rick-
ettsiae are well-known pro-
tective antigens. Passively
administered antibodies
against OmpA or OmpB
protect guinea pigs from R.
rickettsii infection, and pro-
tect severe combined immu-
nodeficient mice from lethal
infection by Rickettsia con-
orii, which is closely related
to R. rickettsii. These find-
ings suggest that antibodies
against OmpA or OmpB are
important in host defense
against rickettsial infec-
tion.15 OmpA- and OmpB-
induced protective immu-
nity involves both comple-
ment-mediated killing in
mammalian blood 12 and
the activation of antigen-
specific memory CD4C and
CD8C T cells.13

YbgF and TolC have
been previously identified as
major SEPs in rickettsiae.
YbgF, a periplasmic protein,
is an abundant surface pro-
tein and major sero-reactive
antigen of rickettsiae.16,17 It
is thought to function in
maintaining the cell envelope
integrity of Gram-negative
bacteria.18 TolC is thought to
be a bioactive transport mole-
cule that couples with dif-
ferent inner membrane/
periplasmic proteins. These
are associated with virulence
or antimicrobial resistance in

Figure 4. Pathological lesion in the organs of immunized mice after challenge. Infiltration of inflammatory cells
is shown with thick arrows in the livers and lungs, macrophages in spleen tissues are shown with thin arrows, severe
interstitial thickened alveolar walls are shown with short lines, and alveolar hemorrhage in lungs is shown with
circles (400£magnification, bar D 200 mm).

Figure 5. Humoral immune responses induced by different antigens. Log10 of titer kinetics for IgGs against
rYbgF and rTolC (A). Titer kinetics of IgG1 and IgG2a against rYbgF (B). Titer kinetics of IgG1 and IgG2a against rTolC
(C). IgG2a:IgG1 ratios for rYbgF and rTolC (D). Antibody titers were determined by ELISA and presented as log10,
with the standard deviation indicated by an error bar.
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Gram-negative bacteria.19 From our TEM analysis, YbgF and TolC
were shown to be associated with both the inner and outer mem-
branes of R. rickettsii, suggesting that specific antibodies could

prevent R. rickettsii from interacting with host cells. To validate this,
sera from mice immunized with rYbgF or rTolC were used to neu-
tralize R. rickettsii in vitro. Our findings showed that both sera could
significantly reduce R. rickettsii invasion of vascular endothelial cells,
suggesting that YbgF and TolC are both factors that mediate the
interaction of R. rickettsii with vascular endothelial cells. Further
studies regarding their receptors on vascular endothelial cells are
warranted.

For the protective efficacy assay, our results showed that the
rickettsial load in the lungs, spleens, or livers of mice immunized
with rYbgF were significantly lower than those in mock-immu-
nized mice. Additionally, organ impairment in rYbgF-immu-
nized mice was lower than in rTolC- or mock-immunized mice.
These results demonstrate that YbgF is a protective antigen of R.
rickettsii, while rTolC is not. In a previous study, YbgF was also
recognized as a protective antigen of R. heilongjiangensis.14 A
comparison of the amino acid sequences of YbgF from the 2 spe-
cies showed that only 6 of 245 amino acids were different
(Fig. S1), suggesting that YbgF is a conservative antigen, at least
among the SFG rickettsiae.

To explore the potential protective mechanisms of YbgF,
the immune response elicited by rYbgF was compared with
that elicited by rTolC. Our results showed that high levels of
specific antibodies were produced after immunization with
both rYbgF and rTolC. This indicates that both proteins could
elicit a specific humoral response. Results from the in vitro
neutralization tests indicated that rYbgF- and rTolC-immu-
nized sera could significantly reduce the number of R. rickettsii

Table 1. Cytokine secretion and proliferation of CD4C or CD8C T cells after antigen stimulation. CD4C or CD8C T cells isolated from mice injected with
R. rickettsii or PBS were stimulated with rYbgF, rTolC, WCA of R. rickettsii, ConA, or PBS. TNF-a, IFN-g, IL-6, and IL-10 in supernatants of CD4C T cells or TNF-a,
IFN-g, IL-6, and IL-10 in supernatants of CD8C T cells were detected using a BD Cytometric Bead Array and Mouse Th1/Th2 cytokine kit. Proliferation of
CD4Cor CD8C T cells was measured using Cell Counting Kit-8 and expressed as a percent of the control group (stimulated with PBS). The data are expressed
as the mean § standard deviation. Significant differences between infected and uninfected mice were analyzed by the T test or Wilcoxon Two-Sample Test
based on their normality and equality of variances and are indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no significance

Cytokines

T cells Stimulations Groups TNF (pg/ml) IFN-g (pg/ml) IL-6 (pg/ml) IL-10 (pg/ml) Proliferation (%)

CD4C ConA Uninfected 1045.6 § 582.79 ns 2677 § 490.73 ns 45.48 § 4.45 ns 579.8 § 49.22 ns 533.5 § 35.22 ns
Infected 317.33 § 12.6 5462.3 § 106.36 533.39 § 391.99 1138.55 § 588.25 673.34 § 155.37

WCA Uninfected 1287.83 § 49.4 ns 21.7 § 2.71 * 302.64 § 33.33 *** 144.34 § 21.59 *** 172.63 § 19.65 ns
Infected 1380.93 § 65.49 1805.53 § 49.65 602.76 § 31.75 422.44 § 28.95 195.48 § 26.1

rYbgF Uninfected 110.8 § 1.94 * 2.1 § 0.37 * 181.06 § 102.95 ns 260.05 § 152.79 ns 221.32 § 11.68 **
Infected 128.67 § 8.36 18.97 § 4.66 221.35 § 16.47 431.63 § 23.72 416.13 § 55.91

rTolC Uninfected 391 § 82.13 ns 1.2 § 0.22 ns 54.12 § 13.35 ns 47.46 § 10.62 ns 56.8 § 4.93 ns
Infected 361.23 § 16.43 11.1 § 12.59 78.36 § 9.5 68.44 § 8.57 92.26 § 18.22

PBS Uninfected 0.22 § 0.31 ns 0.03 § 0.05 ns 4.18 § 0.25 ns 10.54 § 0.96 ns 97.94 § 14.63 ns
Infected 0.16 § 0.22 1.5 § 2.12 4.59 § 0.15 11.84 § 0.61 117.18 § 18.78

CD8C ConA Uninfected 346.77 § 31.7 *** 3348.33 § 184.58 *** 51.5 § 6.99 ns 253.73 § 43.55 ns 510.38 § 10.08 ns
Infected 588.63 § 12.3 5497.9 § 110.62 65.58 § 4.68 292.54 § 45.88 693.03 § 67.81

WCA Uninfected 971.67 § 68.51 ** 12.37 § 3.36 ** 321.33 § 68.13 *** 273.47 § 41.75 *** 246.96 § 17.82 ns
Infected 1529.27 § 125.81 1716.77 § 170 810.8 § 77.98 565.02 § 78.27 235.82 § 32.57

rYbgF Uninfected 303.27 § 10.23 ns 1.8 § 0.17 * 165.22 § 14.45 ns 457.19 § 61.63 * 291.17 § 24.34 **
Infected 327.13 § 68.81 15.77 § 2.48 196.75 § 23.52 312.19 § 29.93 472 § 19.77

rTolC Uninfected 363.77 § 24.16 ns 0.93 § 0.16 ns 56.35 § 7.91 ns 94.45 § 19.63 ns 152.08 § 17.88 ns
Infected 455.33 § 84.25 11.73 § 2.59 97.05 § 3.78 131.72 § 10.98 135.94 § 7.85

PBS Uninfected 0.09 § 0.06 ns 0.11 § 0.16 ns 3.97 § 0.17 ns 10.93 § 0.61 ns 100.81 § 1.53 ns
Infected 0.39 § 0.55 0.64 § 0.91 5.51 § 0.41 15.33 § 1.22 106.42 § 13.9

Figure 6. Neutralization of R. rickettsii by sera from mice immunized
with various antigens. Purified R. rickettsii were incubated with sera
from mice immunized with rYbgF, rTolC, WCA, or PBS for 60 min. Rickett-
siae treated with these sera were then inoculated into EA.hy 926 cells.
The total amount of R. rickettsii in host cells was determined by qPCR.
Values are presented as the mean with standard deviations (n D 3). The
statistically significant differences between anti-PBS immune serum and
other immune serum groups were analyzed using the T test or Wilcoxon
Two-Sample Test based on their normality and equality of variances and
are indicated as follows: *, P < 0.05; ***, P < 0.001; ns, no significance.
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in vascular endothelial cells, suggesting that these sera con-
tained neutralizing antibodies that could efficiently counteract
R. rickettsii invasion of host cells. R. rickettsii WCA-immu-
nized sera were able to enhance the number of R. rickettsii in
host cells. This was observed in a previous neutralization assay
with R. heilongjiangensis WCA-immunized sera.14 The reason
for this might be that antibodies against numerous rickettsia
surface molecules in WCA-immunized sera interact with mul-
tiple Fc receptors expressed by vascular endothelial cells,
thereby promoting entry of rickettsia.14 Our results showed
that rYbgF induced a more rapid increase in IgG2a levels com-
pared with IgG1 levels during immunization. For rTolC, the
ratio of IgG2a to IgG1 levels decreased during the intermedi-
ate and final phases of immunization. The IgG2a molecule has
been proven to be involved in the elimination of intracellular
pathogens from hosts via Fc and complement receptors of mac-
rophages.20 It has also been shown to mediate antibody-depen-
dent cell-mediated cytotoxicity 21 and opsonophagocytosis of
macrophages.22 A high level of specific IgG2a has been shown
to be involved in T-helper cell type 1 (Th1)-immune responses
and enhanced efficacy of protein vaccination.23 Eliciting high
levels of specific IgG2a could be considered an important
property of rYbgF in inducing protection against R. rickettsii
infections.

Although specific antibodies can counteract rickettsial inva-
sion of host cells, cell-mediated immunity plays a critical role
in killing intracellular rickettsiae.24 Our results showed that
rYbgF but not rTolC could elicit antigen-specific CD4C and
CD8C T cells to rapidly proliferate and differentiate into IFN-
g-producing CD4C Th1 cells and CD8C cytotoxic T lympho-
cytes (Tcl) cells, respectively. Antigen-specific CD4C Th1 cells
and CD8C Tcl cells are well known to play key effector func-
tions in the control of intracellular bacterial infection.25 Anti-
gen-specific CD8C Tcl cells are critical for the clearance of
intracellular bacteria.26 During Toxoplasma gondii infections,
IFN-g-producing CD8C T cells are the major effectors, and
IFN-g-producing CD4C T cells play a synergistic role in pro-
tection against this pathogen.27

Previous studies have also suggested that cytokine-activated
intracellular killing of rickettsiae within endothelial cells, the
major target cells of rickettsiae, could occur via nitric oxide-
and hydrogen peroxide-mediated killing. These are induced by
a combination of IFN- g, TNF-a, IL-1, and CCL5.28-30 Our
results showed that rYbgF could elicit antigen-specific CD4C T
cells to produce high levels of IFN-g and TNF-a, while anti-
gen-specific CD8C T cells produced high levels of IFN-g.
These findings suggest that the protective antigen, rYbgF, could
efficiently activate antigen-specific CD4C and CD8C T cells to
rapidly produce and secrete large quantities of TNF-a and/or
IFN-g, which function synergistically to activate endothelial
cells and other target cells to kill intracellular rickettsiae.31 In
addition, secretion of TNF-a by infected and uninfected
CD8C T cells was not significantly different following stimula-
tion with rYbgF or rTolC, but was dramatically different after
stimulation with WCA of R. rickettsii, suggesting that there
were other components in WCA of R. rickettsii that could

efficiently stimulate the antigen-specific CD8C T cells to gener-
ate high levels of TNF-a.

In conclusion, YbgF and TolC are surface proteins of R. rick-
ettsii associated with the inner and outer membrane. YbgF is a
protective antigen, and its use in a vaccine dramatically reduces
the severity of R. rickettsii infection in mice. This protection is
mainly dependent upon rYbgF-induced, Th1-type cell-mediated
immune responses, manifesting as rapid proliferation and high
levels of IFN-g secretion from YbgF-specific CD4C and CD8C

cells. The rYbgF-induced Th1-type cell-mediated immune
response also mediates the rise of YbgF-specific IgG2a levels, syn-
ergistically activating and opsonizing host cells to kill intracellular
rickettsiae.

Materials and Methods

Mice
Female C3H/HeN mice at 6 to 7 weeks of age were purchased

from Vital River Laboratories (Beijing, China). The experiments
were carried out according to the guidelines of the authors’ insti-
tution. The protocol was approved by the Institute of Animal
Care and Use Committee at the Academy of Military Medical
Sciences (AMMS). All facilities were accredited by the AMMS
Animal Care and Ethics Committee, and all efforts were made to
minimize mice suffering.

Bacterial strains and plasmids
We cultured R. rickettsii (Sheila Smith strain) in Vero cells

(ATCC). Rickettsia were purified from cells using isopycnic den-
sity gradient centrifugation as described previously.32 The quan-
tity and viability of organisms was measured by qPCR assays
specific for R. rickettsii 33 and plaque assays,34 respectively. Puri-
fied rickettsiae were inactivated at 90�C for 20 min 32 and then
used as WCA. The prokaryotic expression plasmid pET32a(C)
(Novagen) was used to construct recombinant plasmids contain-
ing R. rickettsia genes of interest. Recombinant plasmids were
transformed into Escherichia coli BL21 cells (Novagen).17

Preparation of recombinant proteins and immunoblotting
The open reading frames of ybgF (GenBank Accession Num-

ber: ABV75922.1) and tolC (ABV75915.1) were amplified by
PCR from the genomic DNA of R. rickettsii with specific primers
(50-GGG GAT CCA TGA AAC TGA TTG TCT TA-30 and 50-
GGC TCG AGT TTA ATC TTA GCA TCT TC-30 for ybgF
with respective BamHI and XhoI sites underlined; and 50-CCG
GAT CCA CTG AAG GGT ATA AGA A-30 and 50-CCG TCG
ACA AAC TCT TCT TCA GGA CTA-30 for tolC with respec-
tive BamHI and SalI sites underlined). Recombinant YbgF and
TolC proteins were tagged with histidine and purified as
described previously.14 Purified proteins were analyzed by immu-
noblotting from pooled sera that had been collected from C3H/
HeN mice on day 28 after R. rickettsii infection, as described pre-
viously.35 Endotoxins in purified recombinant protein fractions
were removed with Toxin EraserTM (GenScript).14
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Evaluation of protective efficacy
We subcutaneously injected 8 mice with 30 mg of rYbgF,

rTolC, or R. rickettsii WCA (positive control) in 200 mL of
phosphate-buffered saline (PBS), or PBS mixed with complete
Freund’s adjuvant (negative control; Sigma-Aldrich). Mice were
intraperitoneally (i.p.) boosted with 20 mg of cognate antigen in
200 mL of PBS or PBS mixed with incomplete Freund’s adjuvant
28 and 42 days after the primary immunization. On day 14 after
the last immunization, each mouse was challenged i.p. with 6 £
105 plaque forming units (PFU) of R. rickettsii. Six days after
challenge, 2 mice were sacrificed and their spleens, livers, and
lungs collected for analysis. Tissues were fixed with formalin and
embedded in paraffin. Sections were routinely stained with
hematoxylin and eosin and examined by light microscopy. For
the other 6 mice, each spleen was weighed and the rickettsial load
in 20 mg of spleen, liver, or lung was determined using qPCR
assays.33

Humoral immune analysis
Levels of IgG1 and IgG2a were determined by indirect

enzyme-linked immunosorbent assays (ELISAs) using cognate
antigens.14 Blood samples were collected from the tail veins of 6
mice per group on day 0 and then days 14, 28, 42, and 56 after
primary immunization. Each serum sample was serially diluted
2-fold for the determination of specific antibody titers by
ELISA.17 The cutoff value was set according to a previous
study.14

Serum neutralization of R. rickettsii
The human endothelial hybrid cell line EA.hy926 was used as

host cells of R. rickettsii. Cells were previously cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone) con-
taining 1% heat-inactivated fetal bovine serum (FBS; Hyclone)
at 33�C/5% CO2. At 14 days after the last immunization, the
sera from 6 mice were collected and the pooled sera inactivated
at 56�C for 30 min and filter sterilized.36 We mixed 150 mL of
sera with R. rickettsii cells in 150 mL of DMEM (1.0 £ 106

PFU/mL) at room temperature for 60 min. This mixture was
added to 9.7 £ 105 cells in 2.7 mL of DMEM containing 1%
heat-inactivated FBS; the mixture was then aliquoted into 3 wells
of a 24-well plate (Corning) and cultured at 33�C for 6 h.36 The
supernatant was removed and DNA was extracted from the
remaining cells using a DNeasy Blood & Tissue Kit (Qiagen).
The purified DNA samples were then subjected to R. rickettsii-
specific qPCR assays.33

Proliferation and cytokine production of T cells
Fifteen mice were injected i.p. with a sublethal dose (5 £ 106

PFU/mouse) of R. rickettsii (infected mice) or PBS (uninfected
mice). Fifteen days after injection, the mice were sacrificed and
their spleens collected for isolation of CD4C or CD8C T cells
using mouse CD4C or CD8C T cell isolation kits, respectively
(Miltenyi). Mononuclear cells isolated from 5 na€ıve mouse
spleens were used as antigen-presenting cells.37 Isolated CD4C or
CD8C T cells were suspended in DMEM; 6 £ 105 T cells and

3 £ 105 mononuclear cells were added to each well of 24-well
plates. Cells in each well were stimulated with 10 mg of each
antigen or 2.5 mg of concanavalin A (ConA; positive control),
with 3 replicate wells used per sample. After a 48-h incubation at
37�C/5% CO2, cytokines TNF-a, IFN-g, IL-2, -4, -5, -6, and
-10 in 500 mL of supernatant aspirated from each well were mea-
sured using a CBA Mouse Th1/Th2 cytokine kit (BD PharMin-
gen). The remaining cells in each well were used to detect the
proliferation of CD4C or CD8C T cells using a Cell Counting
Kit-8 (CCK-8; Dojindo).

Microscopic detection of YbgF and TolC in R. rickettsii
R. rickettsii were cultured in Vero cells, and immune sera were

prepared in C3H/HeN mice as previously described.17 YbgF and
TolC on the surface of R. rickettsii were detected using IFA as
previously described.17

For TEM analysis, R. rickettsii cultured in Vero cells were
fixed (0.5% glutaraldehyde, 4% paraformaldehyde, 0.1 M
sodium cacodylate, 0.3% picric acid, pH 7.4) for 4 h on ice.
After four washes in 0.1 M PBS, fixed cells were dehydrated with
alcohol and permeabilized with a mix of LR White (Spi Supplies)
and alcohol. Cells were then embedded in SPI-Pon 812 resin (Spi
Supplies) and transferred to a 200-mesh nickel gird (BeiJingZ-
hongXingBaiRui Technology Co., Ltd.) following standard
methods 38. Grids were incubated with sera (diluted 1:100) from
mice immunized with rYbgF, rTolC, or PBS (negative control)
for 2 h. Grids were then incubated with goat anti-mouse IgG
conjugated to 10-nm colloidal gold particles (1:20; Aurion;
EMS) for 2 h at room temperature. The grids were fixed in 1%
glutaraldehyde for 10 min and then stained with uranyl acetate
(Spi Supplies) and lead citrate (Spi Supplies) according to stan-
dard methods.38 Grids were examined using an electron micro-
scope (Hitachi H-7650; Hitachi Chemical Co., Ltd.) at 80 kV.

Statistical analysis
All statistics were computed using SAS statistical software

(version 9.1, SAS Institute Inc.). The statistical significances of
the differences in rickettsial numbers produced by qPCR and the
levels of proliferation or cytokine secretion of T cells were assayed
using the T test or Wilcoxon 2-sample test according to their
normality and homogeneity of variance. A value of P < 0.05 was
considered statistically significant.
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