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Abstract
Yersinia pestis (Y. pestis) is the causative pathogen of plague, a highly fatal disease for which an
effective vaccine, especially against mucosal transmission, is still not available. Like many
bacterial infections, antigen-specific antibody responses have been traditionally considered
critical, if not solely responsible, for vaccine-induced protection against Y. pestis. Studies in recent
years have suggested the importance of T cell immune responses against Y. pestis infection but
information is still limited about the details of Y. pestis antigen-specific T cell immune responses.
In current report, studies are conducted to identify the presence of CD8+ T cell epitopes in LcrV
protein, the leading antigen of plague vaccine development. Furthermore, depletion of CD8+ T
cells in LcrV DNA vaccinated Balb/C mice led to reduced protection against lethal intranasal
challenge of Y. pestis. These findings establish that an LcrV DNA vaccine is able to elicit CD8+ T
cell immune responses against specific epitopes of this key plague antigen and that a CD8+ T cell
immune response is involved in LcrV DNA vaccine-elicited protection. Future studies in plague
vaccine development will need to examine if the presence of detectable T cell immune responses,
in particular CD8+ T-cell immune responses, will enhance the protection against Y. pestis in
higher animal species or humans.
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1. Introduction
Plague is one of the world’s most feared infectious diseases throughout recorded history.
Infection with the Gram negative bacterium Y. pestis, which is the etiological agent of
plague, remains a serious public health threat in many parts of the world and it also has the
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potential to be used as a bioterrorism agent [1–3]. Infection with Y. pestis can take several
forms. For example, the bubonic plague usually results from transmission of the bacteria via
the bite of an infected flea; the bacillus may spread to the blood stream and lungs and
progress to the more deadly septicemic and pneumonic forms of Y. pestis infection. The
pneumonic plague is also transmissible from person to person via airborne transmission and
is almost 100% fetal when left untreated. Vaccines are effective in preventing the infection
in humans. Previous studies demonstrated that killed whole-cell (KWC) vaccine could
protect the less deadly bubonic plague, and a live attenuated plague vaccine has been tested
in certain countries. However, the limited efficacy against pneumonic plague and safety
concerns surrounding these vaccines have limited their use in the prevention of plague in
humans [4–7]. Most critically, after many years of research efforts, there are still no licensed
vaccines that are effective against pneumonic plague.

Recently, subunit-based plague vaccines have received much attention. Recombinant protein
vaccines using two known protective Y. pestis antigens, F1 and V, have been shown to be
immunogenic and protective against both bubonic and pneumonic plague challenges in
mouse models [8–16]. Early phase clinical trials examining safety and immunogenicity have
been reported for a recombinant protein plague vaccine comprising of F1 and V antigens
[17]. Newer vaccine forms, such as DNA vaccines, have also been tested and have been
shown quite effective in eliciting protective immunity in small animal models with V, F1,
and other new or less studied antigens [18–24]. However, these studies mainly focused on
the induction of protective antibody responses.

At the same time, basic research studies have started to indicate that both humoral and
cellular immunity may contribute to vaccine efficacy against plague [1,25–29][30]. The
critical role of humoral immunity in protection against plague is well established and
evidenced by the demonstration that passive transfer of convalescent-phase sera, monoclonal
antibodies specific to F1 or V antigen, or immune animal sera generated by recombinant F1
and LcrV vaccination could confer protection to mice from pneumonic and bubonic plague
challenge[27,31–34]. The role of T cell immunity has only been described more recently. In
one report, B cell-deficient μMT mice, which lack the capacity to mount antibody responses,
were used to investigate the cellular immunity against plague [26]. The μMT mice
vaccinated with live Y. pestis could elicit protective immunity against a lethal pulmonary
challenge and the observed protection was abrogated by treatment with T cell-depleting
monoclonal antibodies (mAb). Moreover, the transfer of Y. pestis-primed T cells to naive
μMT mice could protect against lethal intranasal Y. pestis challenge. Although the reports
did not specify which specific bacterial antigen(s) may be involved in such T cell responses
against plague, the findings demonstrated that vaccine-induced cell-mediated immune
responses, in the absence of protective antibodies, may contribute to the protective immunity
against pulmonary Y. pestis infection.

Humoral immunity relies upon antigen-specific B cell development and antibody production
to effectively block the infection. Cellular immunity relies upon the cytolytic and cytokine-
producing capacities of T cells to effectively restrict or even eradicate intracellular
pathogens, in addition to its helper function for the development of antigen-specific B cells.
Vaccination approach plays a key role in eliciting T cell immune responses. Neither killed
organism vaccines nor recombinant protein vaccines are effective in eliciting T cell immune
responses due to the exogenous antigen processing and presentation pathways used by these
vaccines. In contrast, vaccines comprised of antigens produced in vivo, such as live
attenuated vaccines, and gene-based vaccines (DNA or viral vector vaccines) are more
effective in generating antigen-specific cellular immune responses, especially class I MHC
molecule mediated CD8+ T cell responses [35–38].
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In the current study, we used a highly immunogenic DNA vaccine expressing Y. pestis LcrV
antigen as a model immunogen to investigate the involvement of T cell-mediated immune
responses in this V DNA vaccine-elicited protection in mouse. Potential T cell epitopes in
the LcrV antigen were predicted and tested in V DNA vaccinated mice. Depletion of CD8+
or CD4+ T cells was also conducted to determine if any of these T cell subsets contribute to
protection elicited by the V DNA vaccine against lethal mucosal challenge of Y. pestis. Our
data provided clear evidence that a CD8+ T cell immune response is, indeed, involved in
eliciting protection against Y. pestis challenge in mice immunized with the LcrV DNA
vaccine and our findings indicate the need to design and develop next generation plague
vaccines with optimal humoral and T cell-mediated immunities.

2. Materials and Methods
2.1 CD 8+ T cell epitope prediction

H2d class I epitopes in the LcrV protein were predicted according to a computational system
(PRED(BALB/c)) as previously described [39]. This prediction system utilizes quantitative
matrices, which were rigorously validated using experimentally-determined binders and
non-binders and also by in vivo studies using viral proteins. The initial quantitative matrices,
using logarithmic equations based on the frequency of amino acids at specific positions
within the training set of 9-mer peptides, followed by refinement to include information on
the consensus and other binding motifs. The anchor positions were assigned higher weights
than other positions. All amino acids at the anchor positions, other than the permissible ones,
were assigned low scores to exclude peptides with non-permissible amino acids. The final
binding scores were normalized as 1–9 for each amino acid. Eight predicted peptides from
LcrV with high H2-Kd scores (Table 1) were synthesized by EZBiolab (Westfield, IN) for in
vitro T cell studies.

2.2 IFN-γ ELISPOT
ELISPOT (Enzyme-linked immunospot) assays were performed on fresh mouse
splenocytes, as previously described [40–42]. Immobilon P membrane White Sterile 96-well
plates (Millipore, MA) were coated with 5 μg/ml of purified rat anti-mouse IFN-γ IgG1
(clone R4-6A2, BD Biosciences, CA) in PBS at 4°C overnight. After the plates were washed
three times with PBS, each plate was blocked by 200 μl of R10 medium per well for 2–3 h at
37°C. The peptides employed were the predicted LcrV epitope peptides and the negative
control HIV-1 Env V3 (HIV-V3, IGPGRAFYT) peptide. The peptides, at a final
concentration of 4 μg/ml, were added to the wells which contained 100 μl of freshly isolated
splenocytes (500,000 or 100,000 cells/well in R10 medium) in duplicate. The plates were
incubated for 20 –24 h overnight at 37°C in 5% CO2. The plates were then washed,
incubated with 100 μl of biotinylated rat anti-mouse IFN-γ IgG1 (clone XMG1.2, BD
Biosciences) at 1 μg/ml in dilution buffer (PBS with 0.005% Tween20 and 5% FBS), and
incubated at 4°C overnight. After additional washes, 100 μl of AP-conjugated streptavidin
complex (BD Bioscience) was added to each well in above dilution buffer for 2 h at room
temperature. The plates were washed, and spots representing individual IFN-γ-producing
cells were detected after a 7-min color reaction using 1-STEP NBT/BCIP. IFN-γ spot-
forming cells (SFC) were counted. The results were expressed as the number of SFC per 106

input cells. The number of peptide-specific IFN-γ-secreting T cells was calculated by
subtracting the background (no-peptide) control value from the established SFC count.

2.3 Intracellular-cytokine staining
Intracellular IFN-γ staining was performed similar to previously described [43]. The freshly
isolated splenocytes (106 cells in 200 μl) were cultured at 37°C for five hours in 96-well
round-bottom plates in completed R10 medium supplemented with 20 U/ml of human IL-2
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and 0.4 μg/ml of Golgi-plug (BD Biosciences, CA). Stimulatory conditions included 5 μg/
ml of the LcrV peptides or a non-relevant HIV-1 Env V3 peptide (HIV-V3) as negative
control. After incubation, the following procedures were performed at 4°C. First, cells were
washed with FACS buffer (PBS with 2% FBS and 0.01% sodium azide) and then incubated
for 10 min in 100 μl of FcBlock (2.4 G2 MAb, BD Biosciences). After washes, the FITC-
conjugated anti-CD8 mAb (clone 53-6.7, BD Biosciences) was used for the cell surface
staining for 30 min at 4°C and then washed. For intracellular cytokine staining, the cells
were fixed and permeabilized using the Cytofix/Cytoperm kit, in accordance with the
manufacturer’s recommendations (BD Pharmingen). Then the cells were stained using PE-
conjugated rat anti-mouse IFN-γ MAb (clone XMG1.2) for 30 min at 4°C. Flow cytometry
analysis was performed using FACScalibur (Becton-Dickinson), and data were analyzed
using FlowJo software (TreeStar, Inc).

2.4 LcrV DNA vaccines and Immunization
The codon optimized DNA vaccine (V.opt) expressing LcrV protein of Y. pestis was
constructed as previously described (Wang Vaccine 2010). Synthetic lcrV gene was cloned
into DNA vaccine vector pSW3891 [44] at PstI and BamHI sites down stream of
cytomegalovirus (CMV) immediate early (IE) promoter and its adjacent Intron A. Two
versions of V.opt were produced: one using the original full length LcrV amino acid
sequences and the other with an additional tPA leader [18]. The DNA plasmids used in this
study were prepared by a Mega purification kit (QIAGEN).

Female Balb/C mice of 6–8 weeks old were purchased from Taconic Farms (Germantown,
NY) and housed in the animal facility managed by the Department of Animal Medicine at
the University of Massachusetts Medical School (UMMS) in accordance with IACUC
approved protocol. The animals received three DNA immunizations at Week 0, 2, and 4 by a
Helios gene gun (Bio-Rad) and were boosted at Week 8 prior to the lethal Y. pestis challenge
at Week 9. The two version of V.opt or the pSW3891 vector plasmid were coated onto the
1.0-micron gold beads at 2 μg DNA/mg gold. Each shot delivered 1 μg of DNA and a total
of six non-overlapping shots were delivered to shaved abdominal skin at each immunization
after animals were anesthetized. Sera were collected at Weeks 0, 2, 4, 6, 8, and 9 (prior to
challenge).

2.5 ELISA (Enzyme-linked immunosorbent assay)
Mouse sera were tested for V-specific IgG antibody responses by ELISA. Microtiter plates
were coated with 100 μl/well of transiently produced recombinant V antigen (1 μg/ml in
PBS, pH7.2) at 4°C overnight and then washed five times with washing buffer (PBS at pH
7.2 with 0.1% Triton X-100). Blocking was done with 200 μl/well of 4% milk-whey
blocking buffer for 1 hour at room temperature. After removal of the blocking buffer and
another five washes, 100 μl of serially diluted mouse sera were added and incubated for 1
hour. The plates were washed five times and incubated with 100 μl of biotinylated anti-
mouse IgG (Vector Laboratories, Burlingame, CA) diluted at 1:1000 for 1 hour followed
with washes. Horseradish peroxidase-conjugated streptavidin (Vector Laboratories), diluted
at 1:2000, was added (100 μl/well) and incubated for 1 hour. After the final washes, 100 μl
of fresh TMB substrate (Sigma) was added to each well and incubated for 3.5 min. The
reaction was stopped by adding 25 μl of 2 M H2SO4, and the plate was measured at OD 450
nm.

2.6 Depletion of CD4+ or CD8+ T cells
CD4+ or CD8+ T cells depletions were conducted after the DNA immunization and prior to
Y. pestis intranasal challenge following well-established protocols in the literature [45,46].
Mice were injected (intraperitoneally) with a monoclonal antibody specific to either CD4+
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(clone GK 1.5) or CD8+ (clone 2.43) T cells, as previously described [47]. Indicated
monoclonal antibodies (200 μg each) in 200 μl PBS or PBS alone was administered daily for
five days just before the day of challenge. On day −1, prior to the challenge, mouse
peripheral blood samples were collected to detect the CD4+ and CD8+ T cell counts by
FACS analysis.

2.7 Animal challenge
KIM 1001 strain of Y. pestis was prepared by growing inocula for 18 h at 37°C on Tryptose
Blood Agar Base (Difco) supplemented with 2.5 mM CaCl2 without the addition of blood.
Bacteria were removed from the plate with an inoculating loop and suspended in injection-
grade PBS. The bacteria count in the suspension was correlated to its optical density
(OD600). The number of bacteria in the final inocula was confirmed by colony counts.

Immunized Balb/C mice were challenged with Y. pestis by an intranasal instillation of 50 μl
saline containing lethal doses of Y. pestis into the nostril of ketamine-anesthethetized mice.
This method leads to rapid infections and is lethal to 100% of non-immunized mice in 3–4
days. The LD50 (median lethal dose) of this challenge model was previously determined as
80,000 cfu equal to 240 LD50. Individual mice were challenged one week after the fourth
immunization and observed twice daily to monitor both morbidity and mortality after
challenge for two weeks. All the studies were conducted in a Biosafety Level 3 containment
facility at UMMS.

2.8 Statistical analysis
Fisher’s exact test was conducted to analyze differences in protective immunity induced by
V DNA vaccines with and without T cell depletions. Student’s t-test was performed to
evaluate the differences of V-specific antibody and T cell responses.

3. Results
3.1 Prediction of CD8+ T cell epitopes in LcrV

Our previous studies have demonstrated that high level antibody responses can be elicited in
mice by DNA vaccines expressing several known protective antigens [18–20]. In order to
further understand whether T cell immune responses, particularly CD8+ T cells, are also
elicited by these protective DNA vaccines, epitope prediction analysis was conducted to
identify potential T cell epitopes in LcrV protein, the leading protective antigen in Y. pestis.
Because our previous plague DNA vaccine studies used Balb/C mice as the intranasal
animal challenge model for Y. pestis, binding scores of potential LcrV peptides to the class I
major histocompatibility complex (MHC) H2-Kd molecule in Balb/C mouse were calculated
and eight peptides with high binding scores were identified as possible CD8+ T cell epitopes
(Table 1). These peptides were chemically synthesized and tested for their ability to
stimulate LcrV-specific T cell immune responses in vitro.

3.2 Two CD8+ T cell epitopes were confirmed by cytokine analysis
Two groups of Balb/C mice (5 mice/group) were immunized with either V-opt DNA vaccine
or empty vector at Weeks 0, 2, 4, and 8. Mouse splenocytes were isolated for ELISPOT and
ICS assays at one week after the last DNA immunization. Splenocytes were stimulated for
24 hours with one of eight predicted T cell epitope peptides, as listed in Table 1, and
positive T cell responses were identified by the secretion of IFN-γ in an ELISPOT assay.
High levels of IFN-γ responses were observed when cells were stimulated with peptides
LcrV-7 (SYNKDNNEL) or LcrV-8 (IYSVI QAEI) but not with the other six predicted LcrV
peptides. Stimulation with the negative control HIV-1 Env V3 (HIV-V3) peptide also failed
to induce detectable IFN-γ secretion. Mice that received the empty DNA vector did not have
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LcrV peptide-specific IFN-γ spots after stimulation. LcrV-7 elicited higher IFN-γ ELISPOT
responses (500–700 spot forming cells/million splenocytes) than LcrV-8 peptide (200–400
spot forming cells/million splenocytes) (p<0.05). These results clearly indicated the
presence of potential T cell epitopes in LcrV protein and that the LcrV DNA vaccine was
effective in eliciting antigen-specific T cell responses in immunized Balb/C mice.

In order to further dissect what subsets of T cell populations were responsible for LcrV-7
and LcrV-8 peptide-stimulated IFN-γ ELISPOT responses, intracellular cytokine staining
(ICS) assay was conducted by FACS analysis (Fig. 2). Strong IFN-γ staining in cells
stimulated by both LcrV-7 and LcrV-8 peptides was observed in CD8+ T cells but not in
CD4+ T cells (Fig. 2-A), confirming that both peptides are indeed CD8+ T cell epitopes.
Similar to the ELISPOT results, the LcrV-7 peptide stimulated stronger IFN-γ ICS responses
(average of 9.6% of total CD8+ T cells) compared with the LcrV-8 peptide (average of 1.2
% of total CD8+ T cells) (p<0.01) (Fig. 2-B). Stimulation with HIV-1 Env V3 peptide did
not elicit high level IFN-γ staining.

3.3 Protection against lethal intranasal challenge of Y. pestis in LcrV DNA vaccinated Balb/
C mice with or without T cell depletion

Next we attempted to determine the involvement of CD8+ T cells in protection against Y.
pestis challenge in LcrV DNA vaccinated Balb/C mice. Forty-five mice received V-opt
DNA vaccine at Weeks 0, 2, 4, and 8. The control group included 20 mice receiving only
empty DNA vector pSW3891 at the same time points. LcrV-specific IgG antibody responses
were measured by ELISA using pooled sera at each time point for both groups at the
dilution of 1:1000 (Fig. 3-A). Quick and high level V-specific antibody responses were
elicited in V-opt DNA vaccine immunized Balb/C mice, similar to our previous reports [18–
20].

At two days after the 4th DNA immunization, mice that had received the V-opt DNA
vaccination were divided into three groups to receive one of the following treatments: CD4-
specific mAb (clone GK 1.5) (N=10 mice), CD8-specific mAb (clone 2.43) (N=15 mice), or
PBS (N=20 mice). The mice were treated daily for five days and also received 200 μg T cell
depleting mAb or 200 μl PBS, intraperitoneally. At the end of the 5-day treatment, mouse
peripheral blood cells were collected and numbers of CD4+ or CD8+ T cells were
determined by FACS. The results demonstrated that over 98% CD4+ or CD8+ T cells were
depleted in respective mAb-treated groups compared to control mice (no mAb treatment)
(data not shown). V-specific antibody titers of individual mice in each group at the end of
treatment were also measured by ELISA. High levels of LcrV-specific antibody were
maintained despite the treatment with either anti-CD4 or anti-CD8 mAbs (Fig. 3-B).

The above immunized mice, with or without T cell depletion mAb treatment, along with
mice that received the empty DNA vector were then challenged with 80,000 cfu (~240
LD50) of Y. pestis KIM1001 strain by intranasal inoculation on the day immediately after 5-
day T cell depletion treatment. Survival was monitored in challenged mice for two weeks
(Fig. 4). Mice that received the empty DNA vector all died by Day 4 after challenge, as
expected in this highly lethal mucosal challenge model. V-opt DNA vaccinated mice with
PBS mock treatment survived following challenge and achieved 100% protection. One of 10
V-opt DNA vaccinated mice that received the anti-CD4 mAb treatment for five days before
challenge died but the remaining nine mice (90%) survived, which was not statistically
different from the V-opt DNA vaccinated group with PBS treatment. Interestingly, four out
of 15 V-opt DNA vaccinated mice that received anti-CD8 treatment died, reducing the total
survival to 73.3%. This drop in protection was statistically significant when compared to the
V-opt immunized group with PBS mock treatment (p=0.026). These results indicated that
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CD8+ T cell responses, in addition to the antibody responses, may also contribute to the
protective immunity against plague in this lethal mucosal challenge model.

The roles of CD8+ T cells were confirmed in a separate Balb/C mouse study when another
version of the codon optimized V DNA vaccine (tPA-V-opt) was tested. tPA-V-opt has an
additional tPA signal peptide upstream of the coding V gene. Similar to V-opt, it is also
highly immunogenic in eliciting V-specific antibody responses (Wang, 2010). In this study,
20 mice received tPA-V-opt DNA vaccine and five mice received empty DNA vector. High
levels of V-specific antibody responses were elicited after four DNA immunizations (data
not shown) and the vaccinated mice were treated daily with either anti-CD4 (N=5 mice) or
anti-CD8 (N=5 mice) mAbs or PBS (N=10 mice) for five days, as described above. At the
end of the 5-day treatment, mice were challenged with 80,000 cfu of Y. pestis by intranasal
inoculation and monitored for 12 days (Fig. 5). None of the mice that received the empty
vector survived from the challenge while nine out of 10 mice (90%) in tPA-V-opt DNA
vaccinated group with PBS mock treatment survived. Four out of five tPA-V-opt vaccinated
mice (80%) with anti-CD4 mAb treatment were protected from the lethal challenge, which
is not significantly different from the tPA-V-opt group with PBS treatment. However, only
two out of five mice (40%) survived from the tPA-V-opt vaccinated group with anti-CD8
mAb treatment, While a large reduction in survival was observed following treatment with
anti-CD8 mAb, this difference was not statistically significant, due to the small number of
animals included in each group.

The results from the above two Y. pestis challenge experiments demonstrated that depletion
of CD8+ T cells in V DNA vaccine immunized Balb/C mice greatly reduced the level of
protection, pointing to a possible involvement of CD8+ T cells and antibody responses
induced by LcrV DNA vaccines.

4. Discussion
Our previous studies demonstrated that LcrV DNA vaccines could elicit protective
immunity against lethal intranasal Y. pestis challenge in a Balb/C model [18–20]. Significant
levels of LcrV-specific antibodies in serum were detected in immunized animals.
Preliminary analysis of antibody isotypes has suggested that a Th1-type antibody response
may be important in providing better protection [18,20]. In the current study, we further
examined whether T cell immune responses could be elicited against any of the predicted T
cell epitopes. Two positive CD8+ T cell epitopes were identified from animals immunized
with the LcrV DNA vaccine. T cell immune responses against these two epitopes were very
high, as confirmed by both ELISPOT and ICS assays. More importantly, depletion of CD8+
T cells in LcrV DNA vaccine-immunized mice led to reduced levels of protection when a Y.
pestis intranasal challenge was conducted. This would be the first time that CD8+ T cell
epitopes have been identified for the LcrV antigen when CD8+ T cell immune responses
were elicited by the Y. pestis DNA vaccine and also that these epitopes play an important
role in protection against lethal Y. pestis.

It was somewhat unexpected to see the limited effect of CD4+ T cell depletion on the
outcome of the challenge. CD4+ T cells must play a key role in the development of LcrV-
specific antibody responses. It is possible that once such antibody responses are established,
CD4+ T cells may not directly contribute to the protection of immunized mice at challenge.
In the current study, mainly CD8+ T cell epitopes were studied. A more specific analysis on
CD4+ T cell epitopes may yield information related to the epitope specificity of CD4+ T
cell immune responses.
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The role of T cell immune responses in protective immunity against bacterial infections is
less understood particularly compared to their role against viral infections. Antibody
responses against bacterial toxins are classical examples of the critical protective immunity
against infectious diseases caused by exotoxin-producing microorganisms, such as tetanus
and diphtheria. For intracellular bacterial infections, such as Listeria and Mycobacterium,
protective immunity often relies upon the development of cell-mediated immune responses
to control the intracellular bacteria [48]. Although animal tissues obtained at the late stages
of the infection revealed aggregates of extracellular bacteria, Y. pestis has long been
considered a facultative intracellular pathogen that replicates within the macrophage
phagolysosome in the mammalian host [49–51]. Therefore, it is not unexpected that cell-
mediated immune responses may be generated during Y. pestis infection. However, as an
acute virulent disease, antibody protection has received much attention as the main
mechanism of protective immunity while Y. pestis-specific T cell responses have been less
studied in the past.

In 1970s, Wong et al. demonstrated, for the first time, that T cells isolated from immune
mice could produce soluble factors protecting phagocytes from cytolysis upon subsequent
encounters with Y. pestis in vitro [52]. Later studies reported that these soluble factors may
include the Th1 cytokines, IFN-γ and tumor necrosis factor alpha (TNF-α) [25,27,53]. The
pre-treatment of phagocytes with these cytokines could reduce bacterial intracellular
replication and pre-injecting mice with IFN-γ and TNF-α protects against septicemic plague
[25,54,55]. Recent studies demonstrated that cell-mediated immune responses, induced in B
cell deficient mice using live Gram-negative Y. pestis, contributed to the protection against
Y. pestis intranasal infection and transfer of T cells from immune mice to naïve mice could
also confer protection [26]. Reports also demonstrated that T cell responses might
participate in vaccine-mediated protection against subcutaneous Y. pestis challenge [56].
Collectively, these results strongly support the hypothesis that cell-mediated immunity can
contribute to the protection against plague.

Results from the current report provide further evidence to demonstrate the direct link
between CD8+ T cells and protection in a well-established mucosal challenge model.
Identification of two CD8+ T cell epitopes proved the effectiveness of DNA vaccines to
elicit high-quality T cell immune responses and provided useful biomarkers to monitor
CD8+ T cell responses in future plague vaccine development. Our data justify more studies
using gene-based vaccination approaches, such as DNA vaccines, to elicit protective CD8+
T cell responses, which are difficult to elicit by either killed virus vaccines or recombinant
protein-based plague vaccines. A more complete profile of cytokines should be mapped to
understand whether Y. pestis-specific CD8+ T cell responses are polyfunctional, i.e.,
whether multiple cytokines are elicited with the LcrV antigen. Protection studies should also
be conducted in non-human primates to establish if gene-based plagues vaccines can elicit
better protection against pneumonic plague challenges, an important benchmark for plague
vaccine development. T cell immunity, especially epitope-specific CD8+ T cell immune
responses should be measured in such non-human primate studies to provide guidance to
later human studies.
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Fig. 1.
ELISPOT analysis for IFN-γ secretion in mouse splenocytes immunized with V.opt DNA
vaccine or empty vector. (A) Actual sample wells of IFN-γ ELISPOT with LcrV peptide
stimulations, HIV-V3, or no stimulation, as indicated. (B) Frequency of LcrV peptide-
specific IFN-γ spots per million splenocytes in mice immunized with the various V.opt
DNA vaccines or empty vector. Data represent the average number of spot forming cells
(SFCs) per million of splenocytes from 5 mice/group ± standard deviation. “*” shows the
statistical difference, p<0.05. Splenocytes were collected at 1 week after the last (4th) DNA
immunization.
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Fig 2.
Intracellular cytokine staining (ICS) analysis of IFN-γ production in CD8+ and CD4+ T
cells isolated from mouse spleens immunized with V.opt DNA vaccine. (A) A set of sample
FACS data, showing IFN-γ production in CD8+ or CD4+ T cells with LcrV-7, LcrV-8, or
HIV-V3 peptide stimulation, as indicated. (B) Percent of peptide-specific IFN-γ production
cells in CD8+ or CD4+ T cells following LcrV-7, LcrV-8, or HIV-V3 peptide stimulation.
Data represent the average of 5 mice/group ± standard deviation. “*” shows the statistical
difference, p<0.05. Splenocytes were collected at 1 week after the last (4th) DNA
immunization.
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Figure 3.
(A). Temporal LcrV-specific antibody responses induced by V.opt DNA vaccine or empty
vector in Balb/C mice. The LcrV antigen-specific IgG responses were measured by ELISA
at 1:1000 serum dilution against recombinant LcrV protein produced from E. coli
expression. The solid arrows indicate the time points of DNA immunizations and the open
arrow indicates the time of Y. pestis intranasal challenge. The OD values are expressed as
the average with standard deviation of 15 mice/group. (B). LcrV-specific antibody titers in
the serum samples collected at Week 9, prior to Y. pestis intranasal challenge. “PBS”,
“dCD8”, or “dCD4” signify groups immunized with V.opt DNA vaccine and treated with
PBS, anti-CD8a, or anti-CD4 monoclonal antibody, respectively, for 5 days prior to
challenge. For “Vector”, the group received empty DNA vector. Antibody titers are
expressed as the geometric means with standard deviation of 10–20 mice/group.
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Fig 4.
In vivo protection of V.opt DNA-vaccinated mice treated with PBS, anti-CD8a (dCD8), or
anti-CD4 (dCD4) monoclonal antibody prior to lethal challenge. Balb/C mice were
challenged with a lethal dose of 80,000 cfu Y. pestis (KIM strain) by intranasal inoculation
at one week after the 4th DNA immunization and treated for 5 days with PBS (20 mice),
anti-CD8a (15 mice), or anti-CD4 (10 mice) monoclonal antibody. Cumulative survival
curves were plotted to show the protection for each group as indicated. The vector control
group (20 mice) was included as a negative control. “*” shows the statistical difference,
p<0.05 compared to the PBS-treated group.
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Fig 5.
In vivo protection of tPA-V.opt DNA-vaccinated mice treated with PBS, anti-CD8a (dCD8),
or anti-CD4 (dCD4) monoclonal antibody prior to lethal challenge. Balb/C mice were
challenged with a lethal dose of 80,000 cfu Y. pestis (KIM strain) by intranasal inoculation
at one week after the 4th DNA immunization and treated for 5 days with PBS (10 mice),
anti-CD8a (5 mice), or anti-CD4 (5 mice) monoclonal antibody. Cumulative survival curves
were plotted to show the protection for each group as indicated. The vector control group (5
mice) was included as a negative control. “*” shows the statistical difference, p<0.05
compared to the PBS-treated group.
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Table 1

List of predicted LcrV peptides

Peptides Sequence Position* H2-kd score

LcrV-1 AYFLPEDAIL 76–85 19

LcrV-2 KGGHYDNQL 86–94 12

LcrV-3 NGIKRVKEFL 96–105 6

LcrV-4 FMAVMHFSLTADRI 118–131 14

LcrV-5 LYGYTDEEIF 198–207 23

LcrV-6 FKASAEYKI 207–215 14

LcrV-7 SYNKDNNEL 258–266 24

LcrV-8 IYSVIQAEI 166–174 23

*
Amino acid positions in LcrV protein
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