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Pneumonic plague, an often-fatal disease for which no vaccine is presently available, results from pulmonary
infection by the bacterium Yersinia pestis. The Y. pestis V protein is a promising vaccine candidate, as V protein
immunizations confer to mice significant protection against aerosolized Y. pestis. CD4 T cells play central roles
during vaccine-primed immune responses, but their functional contributions to Y. pestis vaccines have yet to be
evaluated and optimized. Toward that end, we report here the identification of three distinct epitopes within
the Y. pestis V protein that activate CD4 T cells in C57BL/6 mice. To our knowledge, these are the first identified
CD4 T-cell epitopes in any Y. pestis protein. The epitopes are restricted by the I-Ab class II major histocom-
patibility complex molecule and are fully conserved between Y. pestis, Yersinia pseudotuberculosis, and Yersinia
enterocolitica. Immunizing mice with a V protein-containing vaccine or with short peptides containing the
identified epitopes primes antigen-specific production of interleukin 2 and gamma interferon by CD4 T cells
upon their restimulation in vitro. Consistent with prior studies documenting protective roles for CD4 T cells
during Y. enterocolitica infection, vaccinating mice with a 16-amino-acid peptide encoding one of the epitopes
suffices to protect against an otherwise lethal Y. enterocolitica challenge. The identification of these epitopes will
permit quantitative assessments of V-specific CD4 T cells, thereby enabling researchers to evaluate and
optimize the contribution of these cells to vaccine-primed protection against pneumonic plague.

Epidemics of plague, an often-fatal infectious disease, have
afflicted mankind throughout recorded history (26). Plague
may manifest in bubonic, septicemic, or pneumonic form. The
bubonic form may be naturally acquired via the bite of an
infected flea, is characterized by fever and painfully swollen
lymph nodes (buboes), and can progress to the life-threatening
septicemic and pneumonic forms. From a public health stand-
point, pneumonic plague is particularly dangerous, as it can be
transmitted directly from person to person via aerosolized res-
piratory droplets.

The etiologic agent of plague is Yersinia pestis, a gram-neg-
ative bacterium (26). While most isolates of Y. pestis are sen-
sitive to antibiotics, some are not (10). Moreover, antibiotics
are only marginally effective once symptoms of pneumonic
plague develop. Given the potential for antibiotic-resistant Y.
pestis to initiate a pneumonic plague pandemic, there is con-
cern that Y. pestis may be exploited as a bioweapon (31).

Despite considerable research efforts, no vaccine is currently
available to protect humans against pneumonic plague. A for-
malin-killed Y. pestis whole-cell vaccine was widely used by
American soldiers during the Vietnam War (18). That vaccine
induced robust humoral immunity and effectively protected
against bubonic plague; however, it was significantly reacto-
genic and failed to protect against pneumonic plague (18).
Subsequently, researchers have sought to develop subunit vac-
cines comprised of recombinant Y. pestis proteins (31). Such
vaccines are generally safer and less reactogenic than whole-
cell vaccines. Among numerous Y. pestis proteins thus far eval-

uated for vaccine efficacy, the fraction 1 (F1) and V proteins
offer the most promise, as vaccination with their recombinant
forms clearly protects mice against pneumonic plague (2, 3).
Ultimately, V protein may be a better choice for vaccine de-
velopment, since it protects against infection by either F1-
positive or F1-negative strains (2). Nevertheless, vaccination
with a combination of F1 and V affords mice with better pro-
tection than that provided by either subunit alone (33), and a
recombinant F1-V fusion protein vaccine protects mice against
pneumonic plague (12). However, recent studies indicate that
the F1-V fusion protein vaccine is less effective in nonhuman
primates, suggesting that further improvements in vaccine de-
sign are desirable (J. Adamovicz, unpublished observations).

Vaccines can potentially prime both humoral and cell-me-
diated immune responses. Recent Y. pestis vaccine studies have
focused largely upon antibody-based humoral immunity, pre-
sumably because adoptive serotherapy can protect mice
against pneumonic plague (11). CD4 T cells most certainly
contribute to antibody-based immunity, as they are critically
important for memory B-cell responses and the affinity matu-
ration of antibodies (1, 16). In addition to enhancing humoral
immunity, vaccine-primed CD4 T cells may also contribute to
forms of protection that are directly mediated by cells of the
immune system. For example, primed CD4 T cells can secrete
phagocyte-activating type 1 cytokines and/or aid the expansion
and persistence of cytolytic T cells (5, 15). Indeed, prior studies
have revealed important protective roles for CD4 T cells, and
for the type 1 cytokines that they produce, during the infection
of mice by the related yersinia Y. enterocolitica (4, 6, 13, 22).
With regard to Y. pestis, Williamson and colleagues have
clearly established that vaccination with V protein elicits de-
tectable CD4 T-cell responses (17, 23, 34). However, the pro-
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tective capacities of Y. pestis-specific CD4 T cells have yet to be
evaluated decisively.

CD4 T cells respond to processed antigens presented by
class II major histocompatibility complex (MHC) molecules
expressed on specialized antigen-presenting cells (APC). Iden-
tification of the precise peptide antigens (i.e., epitopes) recog-
nized by CD4 T cells would allow the quantitative tracking,
measurement, and phenotyping of CD4 T-cell responses dur-
ing vaccination and challenge studies and would enable re-
searchers to evaluate and optimize the contributions of CD4 T
cells to vaccine-primed protection against pneumonic plague.
Here, we report the identification of three discrete Y. pestis V
protein epitopes recognized by CD4 T cells in the context of
the murine I-Ab class II MHC molecule. We also establish that
vaccination with peptides encoding these epitopes primes V-
specific CD4 T-cell responses. These findings should pave the
way for decisive evaluations of roles for V-specific CD4 T cells
during vaccine-mediated protection against plague.

MATERIALS AND METHODS

Mice. Male C57BL/6 mice, 6 to 10 weeks of age, were purchased from either
Jackson Laboratory (Bar Harbor, Maine) or Taconic (Germantown, N.Y.). An-
imals were housed at Trudeau Institute experimental animal facility and cared
for according to the Trudeau Institute Animal Care and Use Committee guide-
lines.

Antigens. The F1-V fusion protein vaccine (12) was supplied by the U.S. Army
Medical Research Institute of Infectious Diseases Plague Vaccine Program.
Ovalbumin (OVA) was purchased from Sigma. To screen for T-cell epitopes, a
set of 63 overlapping peptides was generated covering the entire length of the Y.
pestis V protein. This peptide set (PepSet) was synthesized by Mimotopes (Clay-
ton, Victoria, Australia). Each peptide contained 16 contiguous amino acids of V
protein and overlapped its neighboring peptides by 11 amino acids. Each peptide
also contained a carboxyl-terminal glycine residue to facilitate efficient cleavage
during synthesis. To further define the V protein epitopes, a second set of
peptides was generated. This set was synthesized by New England Peptide
(Gardner, Mass.) and lacked the carboxyl-terminal glycine residues and included
repetitions of original peptides along with amino- and carboxyl-terminal trunca-
tions that removed two, four, or six amino acids from each peptide. Finally, a
third set of peptides was generated at larger scale for vaccination purposes. This
set was supplied by New England Peptide at greater than 90% purity, as deter-
mined by high-pressure liquid chromatography analysis.

Vaccinations. To measure primary T-cell responses to the F1-V vaccine, mice
were immunized with 10 �g of F1-V protein in Complete Freund’s adjuvant
(CFA; Sigma), administered subcutaneously in the lumbar sacral region. Control
mice received 200 �g of OVA in CFA. To measure primary T-cell responses to
peptide vaccination, mice were immunized with 100 �g of the designated V
peptide emulsified in CFA as described above for F1-V, and then boosted 30
days later with 100 �g of the same peptide emulsified in incomplete Freund’s
adjuvant (IFA). The peptides used for vaccination studies included V protein
amino acids 71 to 86 (LKKILAYFLPEDAILK; V1), V protein amino acids 101
to 116 (VKEFLESSPNTQWELR; V2), V protein amino acids 166 to 181
(IYSVIQAEINKHLSSS; V3), and V protein amino acids 11 to 26
(HFIEDLEKVRVEQLTG; Vneg).

Measurement of CD4 T-cell responses. At the days after immunization as
indicated in the figure legends, mice were euthanized by carbon dioxide narcosis.
Spleens, inguinal lymph nodes, and popliteal lymph nodes were then harvested
from two to three mice per vaccination condition and pooled. After tissue
disruption by passage through wire mesh, CD4 T cells were positively sorted by
using CD4 monoclonal antibody (MAb)-conjugated magnetic beads (Miltenyi
Biotec). Routinely, the resultant cells were �90% CD4-positive as determined
by flow cytometry. CD4-positive cells (105) were cultured in 200 �l of complete
medium (Dulbecco’s modified Eagle medium, 10% fetal bovine serum, 2 mM
glutamine, 100 �M concentrations of nonessential amino acids, 50 U of penicil-
lin/ml, 50 �g of streptomycin/ml, 50 �M 2-mercaptoethanol, and 25 mM HEPES;
all from Invitrogen) along with splenic APC (106) that had been pretreated with
50 �g of mitomycin C (Sigma)/ml for 30 min at 37°C. Cultures also contained 100
�g of F1-V/ml, 250 �g of OVA/ml, or 10 �M concentrations of individual V
peptides. Supernatant samples (50 �l) were removed 24 h after the initiation of

culture and assayed for levels of interleukin 2 (IL-2) by enzyme-linked immu-
nosorbent assay (ELISA; BD Pharmingen). The removed supernatant was re-
placed with complete medium supplemented with recombinant human IL-2
(final concentration of 20 U/ml; Peprotech), and at 48 h after initiation of
culture, an additional 50-�l supernatant sample was removed and assayed for the
level of gamma interferon (IFN-�) by ELISA (BD Pharmingen). The number of
IFN-�-producing cells was also determined by enzyme-linked immunospot assay
(ELISPOT assay) using a parallel set of cultures in which CD4-positive cells were
serially diluted into cellulose ester membrane plates (Millipore) coated with
MAbs specific for mouse IFN-� (BD Pharmingen). Each well also contained 106

mitomycin c-treated APC, 10 �M V peptide, and 10 U of IL-2/ml. Twenty-four
hours after the initiation of ELISPOT cultures, plates were washed and devel-
oped by using biotinylated MAbs specific for mouse IFN-� (BD Pharmingen),
streptavidin-alkaline phosphatase (Sigma), and 3,3�,5,5�-tetramethylbenzidine
development reagent substrate (BD Pharmingen). Where indicated, cell cultures
were supplemented with the MHC-binding MAbs. Clones producing the indi-
cated MAbs were obtained from the American Type Culture Collection, and
MAb was purified by using protein A Sepharose.

Infections. Mice were immunized with V peptides emulsified in CFA and
boosted 30 days later with the same peptides emulsified in IFA as described
above. On day 60 after primary immunization, mice were intraperitoneally chal-
lenged with 104 CFU of Y. enterocolitica WA (ATCC 27729). Preliminary studies
established that this dose represented 10 times the 50% lethal dose (LD50), as
calculated by the method of Reed and Muench (29). Challenged animals were
observed and weighed daily.

Statistics. Statistical analyses were performed by using the program Prism 4.0
(GraphPad Software, Inc.), employing analysis of variance with Tukey posttests
for ELISPOT data and log rank tests for survival data.

RESULTS

Measurement of V-specific CD4 T-cell responses and iden-
tification of V peptides containing CD4 T-cell epitopes. Prior
to defining V protein epitopes recognized by CD4 T cells, we
first established that vaccination with the F1-V fusion protein
evoked detectable T-cell responses. Toward that end, we im-
munized C57BL/6 mice with F1-V emulsified in CFA, isolated
CD4-positive cells 6 days later, and cultured those cells along
with syngeneic splenic APC and either F1-V or OVA, an ir-
relevant control protein. As an additional specificity control,
we measured responses of CD4 T cells isolated from mice that
had been immunized with OVA rather than F1-V. We quan-
tified T-cell activation by measuring cytokine release into the
supernatant at 24 h after the initiation of culture. We found
that vaccination evoked antigen-specific CD4 T-cell responses.
CD4 T cells isolated from F1-V-vaccinated mice produced
IL-2 in response to F1-V, but not OVA (Fig. 1A), whereas
CD4 T cells isolated from mice vaccinated with OVA re-
sponded to OVA, but not F1-V (Fig. 1B). In multiple experi-
ments, antigen-specific IL-2 production was always more than
100-fold above the detection limit of our assay. Thus, vaccina-
tion with F1-V primed robust antigen-specific CD4 T-cell re-
sponses that could be detected readily in vitro.

To define the epitopes within V protein that are recognized
by CD4 T cells, we isolated CD4-positive cells from C57BL/6
mice that had been immunized 6 days prior with the F1-V
fusion protein vaccine and cultured those cells along with syn-
geneic splenic APC and each of 63 individual peptides encod-
ing short segments of V protein. Each peptide was 16 amino
acids in length and overlapped its neighboring peptides by 11
amino acids. We found that CD4-positive cells isolated from
F1-V-vaccinated mice responded to peptides encoding multi-
ple regions of V protein. Specifically, we identified three dis-
tinct regions of V protein in which overlapping peptides
evoked significant CD4 T-cell responses (Fig. 1A). Impor-
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tantly, these responses were antigen specific, as they were
primed by vaccination with F1-V, but not by vaccination with
OVA (Fig. 1A and B). We denoted the three most highly
reactive peptides from each V protein region V1, V2, and V3
(Fig. 1A).

Identification of the precise V protein epitopes recognized
by CD4 T cells. To better define the CD4 T-cell epitopes within
V protein, we synthesized additional sets of peptides in which
peptides V1, V2, and V3 were truncated at their amino- or
carboxyl-terminus by two, four, or six amino acids. We then
measured the capacity of CD4-positive cells isolated from F1-
V-immunized mice to respond to these peptides. As shown in
Fig. 2, these analyses established that V protein amino acids 73
to 84 (KILAYFLPEDAI), 103 to 114 (EFLESSPNTQWE),
and 166 to 177 (IYSVIQAEINKH) encode the core sequences
of epitopes V1, V2, and V3, respectively. Figure 3 depicts an
alignment of the amino acid sequences of the Y. pestis, Y.
enterocolitica, and Yersinia pseudotuberculosis V proteins. As
shown in Fig. 3, the core epitopes of peptides V1, V2, and V3
are fully conserved among these three yersinia species.

Immunizing mice with peptides encoding V protein CD4
T-cell epitopes evokes V-specific CD4 T-cell responses. Having
identified CD4 T-cell epitopes in V protein, we next evaluated
whether immunizing mice with peptides encoding such
epitopes could prime V-specific CD4 T-cell responses. For this
purpose, we procured highly purified (�90% by high-pressure
liquid chromatography analysis) versions of peptides V1, V2,
and V3 and of an unresponsive control peptide, Vneg. We then
immunized mice with these peptides emulsified in CFA, and
assessed CD4 T-cell priming 6 days later by measuring the
responses of CD4-positive cells in vitro, as described above. In

parallel, we evaluated the responses of CD4-positive cells iso-
lated from mice vaccinated with F1-V or OVA, as positive or
negative controls, respectively. Consistent with our prior find-
ings (Fig. 1 and 2), CD4 T cells isolated from mice immunized
with F1-V specifically responded to peptides V1, V2, and V3,

FIG. 1. Measurement of V-specific CD4 T-cell responses and identification of V peptides containing CD4 T-cell epitopes. C57BL/6 mice were
primed with 10 �g of F1-V fusion protein (A) or 200 �g of OVA (B) emulsified in CFA. Six days later, CD4-positive cells were isolated and
cultured (5 � 105/ml) along with mitomycin c-treated splenic APC (5 � 106/ml) and F1-V (100 �g/ml), OVA (250 �g/ml), or individual V peptides
(10 �M). The left panel depicts the sequences of the 63 individual peptides that were evaluated. After 24 h of culture, the levels of IL-2 in the
culture supernatants were assayed by ELISA. Data are the average measurements for duplicate samples from two independent experiments.
Similar results were obtained by using [3H]thymidine incorporation as readout (data not shown). The responses of 63 individual V peptides are
shown, beginning at the left with the amino-terminal peptide and then moving sequentially through the protein. V1, V2, and V3 refer to the
individual peptides that were chosen for further characterization.

FIG. 2. Identification of the V protein epitopes recognized by CD4
T cells. C57BL/6 mice were immunized with F1-V fusion protein, and
the responses of primed CD4 T cells were measured in vitro, as in Fig.
1. Cultures were supplemented with the indicated peptides (10 �M).
As in Fig. 1, data are the average measurements for duplicate samples
from two independent experiments.
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whereas CD4 T cells isolated from mice immunized with OVA
failed to respond to these peptides (Fig. 4). Immunization with
peptides V1, V2, and V3 also primed antigen-specific CD4
T-cell responses, as CD4-positive cells isolated from mice im-
munized with peptides V1, V2, or V3 responded specifically to
peptides V1, V2, or V3, respectively.

Vaccination should, ideally, prime memory cells that are
capable of persisting in the long term and mounting a rapid

recall response upon subsequent antigenic challenge. To assess
whether immunization with V peptides primes memory CD4 T
cells, we immunized mice with peptides V1, V2, V3, or Vneg
emulsified in CFA, and administered secondary booster immu-
nizations 30 days later with the same peptides emulsified in IFA.
On day 60 after the initial immunization, we assayed CD4 T-cell
memory by measuring antigen-stimulated cytokine production by
CD4-positive cells in vitro. We found that CD4-positive cells
isolated from mice vaccinated with peptides V1, V2, or V3 spe-
cifically produced IL-2 in response to in vitro stimulation with
peptides V1, V2, or V3, respectively (Fig. 5A). In contrast, CD4-
positive cells isolated from mice vaccinated with peptide Vneg
failed to respond to any of these peptides, although they did
respond when nonspecifically activated with a positive control
stimulus, anti-CD3 MAb (data not shown). Thus, vaccinating with
V peptides that encode CD4 T-cell epitopes specifically primes
memory responses to those epitopes.

Freund’s adjuvant-based vaccination protocols are well rec-
ognized to prime type 1 cytokine responses. To determine
whether our vaccination protocols primed V-specific type 1
responses, we assessed the capacity of V peptide-primed CD4
T cells to produce IFN-�, a cytokine that is characteristically
produced by type 1 CD4 T cells. As shown in Fig. 5B, CD4-
positive cells isolated from mice vaccinated with peptides V1,
V2, or V3 specifically produced IFN-� in response to in vitro
stimulation with peptides V1, V2, or V3, respectively, whereas
CD4-positive cells isolated from mice vaccinated with peptide
Vneg failed to produce IFN-� in response to any peptide. In
parallel with these ELISA-based measurements of total IFN-�
production, we also measured IFN-� production by ELISPOT
assay, a method that quantifies the actual number of CD4 T
cells producing a given cytokine. As with the ELISA results,
the ELISPOT assay also detected robust antigen-specific
IFN-� production (Fig. 5C). Together, these results document
that vaccination with V peptides encoding CD4 T-cell epitopes
can prime V-specific type 1 memory CD4 T-cell responses.

CD4 T cells recognize V peptides in the context of the I-Ab

class II MHC molecule. CD4 T cells recognize peptides pre-
sented by class II MHC molecules. In C57BL/6 mice, CD4
T-cell responses are primarily restricted by the I-Ab class II
MHC molecule, and each of the core epitopes within V1, V2,
and V3 contains sequences that are predicted to bind I-Ab by
the computer program RANKPEP (28). To formally assess
whether I-Ab restricts the presentation of these epitopes, we
assessed whether MAbs known to suppress antigen presenta-
tion by I-Ab suppressed presentation of the identified V
epitopes. In the experiment depicted in Fig. 6, we immunized
mice with a combination of all three V epitope-containing
peptides, and we analyzed CD4 responses in vitro 6 days later.
We supplemented the in vitro CD4 T-cell cultures with Y3P, a
MAb that binds I-Ab and inhibits its capacity to present anti-
gens (14), or with 28-14-8, an isotype-matched control MAb
that binds the Db class I MHC molecules expressed by
C57BL/6 APC (24). As shown in Fig. 6, inclusion of MAb Y3P
specifically suppressed the activation of V-specific CD4 T cells;
IL-2 and IFN-� production were reduced in peptide-stimu-
lated cultures supplemented with Y3P, compared to cultures
supplemented with 28-14-8. We conclude that the I-Ab class II
MHC molecule presents epitopes V1, V2, and V3 to CD4 T
cells.

FIG. 3. Conservation of V protein CD4 T-cell epitopes among mul-
tiple yersinia species. Alignment of the amino acid sequences of the Y.
pestis (Y. pes.; strains KIM and CO92), Y. enterocolitica (Y. ent.; type
0:8, strain WA-314), and Y. pseudotuberculosis (Y. pse.; strain IP32953)
V proteins (8, 25, 27, 30). Hyphens depict residues that are conserved
relative to Y. pestis, whereas dots depict residues that are absent in one
species relative to another. All amino acid differences relative to the Y.
pestis sequence are shown. Peptides V1, V2, and V3 are indicated by
boldface type, and the core CD4 T-cell epitopes identified in Fig. 2 are
boxed. Note that the core epitopes are 100% conserved among the
three yersiniae.

FIG. 4. Immunization with V peptides encoding CD4 T-cell
epitopes primes antigen-specific CD4 T-cell responses. C57BL/6 mice
were immunized with 10 �g of F1-V, 200 �g of OVA, 100 �g of
peptide V1, 100 �g of peptide V2, 100 �g of peptide V3, or 100 �g of
a control peptide (Vneg) emulsified in CFA. Six days later, CD4 T-cell
priming was assessed by measuring in vitro production of IL-2, as in
Fig. 1. Data are representative of results obtained in three independent
experiments.
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Vaccinating mice with peptides encoding V protein CD4
T-cell epitopes protects against lethal infection by Y. enteroco-
litica. To assess whether vaccination with V peptides encoding
CD4 T-cell epitopes suffices to protect against infection, we
performed infectious challenge experiments. We employed Y.
enterocolitica for these studies, as the V epitopes that we iden-
tified are fully conserved between Y. pestis and Y. enterocolitica
(Fig. 3), and prior studies established that CD4 T cells and the
type 1 cytokines that they produce can function protectively

during Y. enterocolitica infection (4, 6, 13, 22). As shown in Fig.
5, mice were immunized with peptides V1, V2, V3, or Vneg
emulsified in CFA, and then boosted on day 30 with the same
peptides emulsified in IFA. On day 60 after the initial immu-
nization, mice were challenged intraperitoneally with 10 times
the LD50 of Y. enterocolitica (Fig. 7). Mice vaccinated with the
Vneg largely succumbed, with only one of nine mice surviving
to day 40 postinfection. By comparison, mice vaccinated with
peptides V1, V2, or V3 survived the challenge infection in
greater numbers. Vaccination with peptide V2 generated the
most robust protection, with six of seven mice surviving to day
40. Statistical analyses revealed that the 86% survival rate of
the V2-vaccinated group was highly significant in comparison
to the 11% survival rate of the Vneg-vaccinated control group
(P � 0.002 by log rank test). Although not statistically signif-

FIG. 5. Immunization with V peptides encoding CD4 T-cell epitopes primes antigen-specific type 1 memory CD4 T-cell responses. C57BL/6
mice were immunized with peptides V1, V2, V3, or Vneg emulsified in CFA. Thirty days later, mice were reimmunized with the same peptides
emulsified in IFA. On day 60 after the primary immunization, memory CD4 T-cell responses were assessed by measuring the in vitro production
of IL-2 (A) or IFN-� (B) by ELISA, as in Fig. 1. In addition, the number of IFN-�-producing cells was measured by ELISPOT assay using triplicate
determinations for each sample (C). P values were �0.01 (*) and �0.001 (**) compared with each of the other values within an immunization
group. Data are representative of results obtained in three independent experiments.

FIG. 6. Immunization with V peptides encoding CD4 T-cell
epitopes primes antigen-specific CD4 T-cell responses that are re-
stricted by the I-Ab class II MHC molecule. C57BL/6 mice were im-
munized with a combination of peptides V1, V2, and V3 emulsified in
CFA. Six days later, CD4 T-cell priming was assessed by measuring in
vitro production of IL-2 (A) and IFN-� (B) by ELISA, as in Fig. 5.
Peptide-specific responses were suppressed when in vitro cultures were
supplemented with 200 �g of Y3P (a MAb that binds I-Ab)/ml, but not
when supplemented with 28-14-8, a MAb that binds Db. The Y3P-
induced suppression was specific, as polyclonal responses evoked by
stimulation with anti-CD3 MAb were not suppressed by Y3P. IL-2
levels were 1,050 and 920 pg/ml and IFN-� levels were 6,270 and 8,850
pg/ml for 28-14-8 and Y3P, respectively. Data are representative of
results obtained in three independent experiments.

FIG. 7. Protection against yersinia infection by vaccination with V
peptides containing CD4 T-cell epitopes. C57BL/6 mice were immu-
nized and boosted, as described for Fig. 5. On day 60 after the primary
immunization, the mice (n � 7 to 10 per group) were intraperitoneally
inoculated with 10 times the LD50 of Y. enterocolitica and monitored
for survival.
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icant, some degree of protection appeared to have been pro-
vided against lethal Y. enterocolitica challenge also by vaccina-
tion with peptides V1 and V3, as demonstrated by 50 and 44%
survival rates, respectively.

DISCUSSION

CD4 T cells recognize processed antigenic epitopes in the
context of class II MHC molecules expressed on specialized
APC. Upon their subsequent activation, CD4 T cells play cen-
tral roles in the priming and maintenance of acquired immune
responses, including those induced by vaccination (1, 5, 15, 16).
Prior studies established that F1-V-based vaccines provide
mice with significant protection against aerosolized plague (2,
3, 12, 33) and demonstrated that F1-V-based vaccines evoke
detectable CD4 T-cell responses (17, 23, 34). In this report, we
described our identification of three distinct CD4 T-cell
epitopes within the Y. pestis V protein. Specifically, we dem-
onstrated that immunizing mice with a V protein-containing
vaccine, or short peptides encoding the identified V protein
epitopes, primes antigen-specific production of IL-2 and IFN-�
by CD4 T cells upon their restimulation in vitro (Fig. 1, 2, 4, 5,
and 6). In addition, we demonstrated that I-Ab class II MHC
molecules present these epitopes to CD4 T cells, as a MAb
specific for I-Ab suppresses the capacity of CD4 T cells to
respond to these epitopes (Fig. 6). To our knowledge, these
epitopes constitute the first identified CD4 T-cell epitopes in
the Y. pestis V protein and the only Y. pestis CD4 T-cell
epitopes identified thus far.

Fine mapping of the three V protein CD4 T-cell epitopes
established that each epitope is distinct (Fig. 2) and evolution-
arily conserved among Y. pestis, Y. pseudotuberculosis, and Y.
enterocolitica (Fig. 3). At present, it is unclear whether the
conservation of these epitopes is biologically meaningful or
coincidental. Regardless, this conservation suggests that these
epitopes will facilitate studies of CD4 T-cell responses in the
context of vaccination and/or infection by each of the patho-
genic Yersinia species. Indeed, we found that vaccination with
a peptide encoding the V2 epitope sufficed to protect against
an otherwise lethal Y. enterocolitica challenge infection (Fig. 7),
consistent with prior studies documenting that CD4 T cells and
type 1 cytokines combat infection by Y. enterocolitica (4, 6, 13,
22). Our data do not formally exclude the possibility that an-
tibodies also contributed to the protection observed in our
model, but such a scenario seems unlikely given that antibodies
raised against Y. pestis V protein do not cross-protect against
the strain of Y. enterocolitica chosen for our studies (19, 21, 30).
Regardless, our data establish that vaccination with a short
peptide encoding a V protein epitope recognized by CD4 T
cells is sufficient to protect against Y. enterocolitica infection.

In striking contrast to the abovementioned studies with Y. en-
terocolitica, we have thus far failed to observe significant protec-
tion when mice are vaccinated with V epitopes and then chal-
lenged with Y. pestis KIM D27, a pigmentation-negative strain
(data not shown) (32). Ongoing studies are aimed at further
optimizing vaccine-primed V-specific CD4 T-cell responses.

Interestingly, the three V epitopes that we identified seem to
differentially stimulate CD4 T cells. Upon immunization with
either the F1-V fusion protein or the epitope-containing pep-
tides, epitope V1 or V3 always primed for maximal IL-2 and

IFN-� production by effector CD4 T cells (i.e., when responses
were measured at 6 days after immunization) (Fig. 1, 2, 4, and
6). Likewise, whenever mice were immunized and boosted,
epitope V1 or V3 also evoked maximal IL-2 production by
memory CD4 T cells (i.e., when responses were measured at 60
days after immunization) (Fig. 5). However, in multiple inde-
pendent experiments, peptides containing epitope V2 always
primed maximal IFN-� production by memory CD4 T cells
(Fig. 5 and data not shown). Further studies are required to
assess whether these observations reflect intrinsic differences
between these epitopes or whether they reflect variables that
can be modified, for example, by changing immunization dos-
ages and/or adjuvants. Regardless, our studies thus far suggest
that vaccination with epitope V2, which primes maximal IFN-�
production, best protects against Y. enterocolitica infection.
That observation is consistent with prior literature that indi-
cated that IFN-� is an important mediator of protection
against Y. enterocolitica (4, 6, 13, 22).

In recent years, Y. pestis vaccine studies have aimed primar-
ily to stimulate robust humoral immunity, presumably reflect-
ing solid evidence that antibodies can protect mice against
pneumonic plague. For example, the passive transfer of V-
specific antisera protects immunodeficient SCID/Beige mice
against pneumonic plague (11), indicating that V-specific an-
tibodies can suffice to protect against pulmonary Y. pestis in-
fection, at least in a murine model. CD4 T cells are critically
important for the affinity maturation of antibodies (1, 16), and
thus, they most certainly participate in the priming of vaccine-
mediated humoral immunity. CD4 T cells also function in the
long-term maintenance of memory humoral responses and,
thus, in the longevity of vaccine efficacy (1, 16). Our identifi-
cation of the precise epitopes recognized by V-specific CD4 T
cells will enable the specific priming and monitoring of such
cells, thereby permitting researchers to evaluate whether opti-
mizing vaccine protocols to maximally expand V-specific CD4
T-cell populations will enhance antibody-mediated protection
against pneumonic plague.

While humoral immunity certainly contributes to protection
against plague, full protection may also benefit from robust
priming of cellular immunity. Several unpublished, but publicly
disclosed, studies by the U.S. Army Medical Research Institute
of Infectious Diseases found that immunization of nonhuman
primates with the F1-V fusion protein provided early protec-
tion against lethal challenge with aerosolized Y. pestis (G. P.
Andrews, Medical Defense Against Bioterrorism—Workshop,
6 to 7 December 2000 [http://www.fda.gov/cber/summaries
/120600bio09.htm]; M. L. Pitt, Public Workshop on Animal
Models and Correlates of Protection for Plague Vaccines,
Gaithersburg, Md., 13 to 14 October 2004 [http://www.fda.gov
/cber/minutes/workshop-min.htm]). Nevertheless, some chal-
lenged animals succumbed to Y. pestis infection, despite their
possession of high titer F1-V-specific antibody at the time of
challenge (Adamovicz, unpublished). These studies suggest
that antibody titers may not suffice as predictors of pneumonic
plague vaccine efficacy and that future studies should evaluate
whether levels of vaccine-elicited cellular immunity can be
used to predict vaccine efficacy.

In addition to their well-recognized roles during humoral
immune responses, CD4 T cells also play important roles dur-
ing cellular immune responses. Specifically, CD4 T cells may
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secrete phagocyte-activating type 1 cytokines, such as IFN-�
and tumor necrosis factor alpha, and can play critical roles in
the development and maintenance of memory CD8 T-cell re-
sponses (5, 15). While explicit roles for CD8 T cells during Y.
pestis infection have yet to be described, it appears that Y. pestis
maintains virulence, at least in part, by suppressing the pro-
duction of type 1 cytokines (7, 20). Moreover, the parenteral
administration of IFN-� and tumor necrosis factor alpha pro-
tects mice against lethal Y. pestis infection (20), and the efficacy
of an F1- and V-based vaccine is reduced in Stat 4-deficient
mice, which are diminished in their capacity to mount type 1
cytokine responses (9). Together, these observations strongly
suggest that cytokine-mediated cellular immunity is detrimen-
tal to Y. pestis and that priming yersinia-specific type 1 CD4 T
cells may enhance vaccine-mediated protection against pneu-
monic plague. Ongoing studies are aimed at evaluating
whether cellular immunity orchestrated by V-specific CD4 T
cells can synergize with humoral immunity to protect against Y.
pestis infection.

In conclusion, a number of prior studies support the notion
that V-specific CD4 T cells, if preprimed by vaccination, may
enhance both humoral and cell-mediated defense against
pneumonic plague. Moreover, optimizing the expansion and
persistence of vaccine-primed CD4 T cells should improve the
longevity of protection after vaccination, as CD4 T cells are
important regulators of both humoral and cellular memory
responses. Our identification of precise V protein epitopes
recognized by CD4 T cells will permit the quantitative moni-
toring of V-specific CD4 T-cell numbers, phenotypes, and cy-
tokine-secreting capacities during vaccination and challenge
experiments. Knowledge of these epitopes will also permit the
specific priming of such cells, thereby facilitating studies of
their functional attributes. Acquiring direct information about
the activation, expansion, and persistence of Y. pestis-specific
CD4 T cells, and optimizing vaccines to harness their protec-
tive capacities, should certainly aid the development of effec-
tive pneumonic plague vaccines.
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