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Vaccine and therapeutic strategies that prevent infections with Yersinia pestis have been sought for over a
century. Immunization with live attenuated (nonpigmented) strains and immunization with subunit vaccines
containing recombinant low-calcium-response V antigen (rLcrV) and recombinant F1 (rF1) antigens are
considered effective in animal models. Current antiplague subunit vaccines in development for utilization in
humans contain both antigens, either as equal concentrations of the two components (rF1 plus rLcrV) or as
a fusion protein (rF1-rLcrV). Here, we show that immunization with either purified rLcrV (a protein at the tip
of type III needles) or a variant of this protein, recombinant V10 (rV10) (lacking amino acid residues 271 to
300), alone or in combination with rF1, prevented pneumonic lesions and disease pathogenesis. In addition,
passive immunization studies showed that specific antibodies of macaques immunized with rLcrV, rV10, or
rF1, either alone or in combination, conferred protection against bubonic plague challenge in mice. Finally, we
found that when we compared the reactivities of anti-rLcrV and anti-rV10 immune sera from cynomolgus
macaques, BALB/c mice, and brown Norway rats with LcrV-derived peptides, rV10, but not rLcrV immune sera,
lacked antibodies recognizing linear LcrV oligopeptides.

Human infections with the bacterium Yersinia pestis are of-
ten secondary sequelae to expansion phases of sylvatic rodent
plague foci (17, 24). Expansion events occur in response to
conditions that facilitate the dispersal of the infectious agent
(32) or to the population dynamics of animal reservoirs (72),
the flea vector (5), and human hosts (8, 52). Recent epide-
miologic surveys have indicated that plague is widespread
throughout the wild rodent populations in the southwestern
United States, Southeast Asia, Eastern Europe, central and
southern Africa, as well as South America, where human pop-
ulations are highly susceptible (12, 16, 19). Public health offi-
cials must also contend with the emergence of multi-antibiotic-
resistant Y. pestis strains (26). Thus, there is a potential for
large-scale human epidemics, and this necessitates develop-
ment of a plague vaccine (57).

Over the last century, vaccine preparations have included
numerous formulations, including aliquots of bacterial broth
cultures (28), live attenuated strains (27), formalin-killed
whole-cell extracts (38, 53), and individual purified bacterial
subunits (6, 10). Current efforts to generate subunit vaccines
for human use are focusing on preparations containing re-
combinant F1 (rF1) plus low-calcium-response V antigen
(LcrV) (68) and rF1-LcrV fusion protein (29) based on the
concept that a combination of two protective antigens can
result in higher levels of vaccine success than the individual
components alone (3, 63). However, to date, it has not been
demonstrated that the presence of rF1 in these subunit
vaccines bolsters protective immunity in nonhuman pri-

mates, the critical animal model for pneumonic plague, or,
even more importantly, in humans (57, 69). We contend that
naturally occurring or genetically engineered virulent F1
mutant plague strains cannot be neutralized by F1-specific
antibody in vivo, bringing into question the overall advan-
tage of including F1 in a subunit vaccine (11, 18, 51, 70, 71).
Further, F1-specific humoral immune responses are a sen-
sitive indicator of infection, and immunization with F1
would interfere with the serological diagnosis of plague (4,
40, 62).

Immunization of mice with purified recombinant LcrV
(rLcrV) alone elicits protective immunity (2, 35, 41, 42, 64); how-
ever, LcrV-associated suppression of host defense mechanisms
may preclude the use of full-length LcrV as a human plague
vaccine (9, 45). For example, LcrV has been reported to trigger
the release of interleukin-10 by host immune cells and also to
suppress the release of proinflammatory cytokines, such as
tumor necrosis factor alpha and gamma interferon (44, 45, 55,
56). LcrV forms a multimer at the tip of type III needles (43)
and plays an essential role in bacterial secretion of Yop effec-
tors into host phagocytes (15, 47, 48). Goguen and colleagues
showed that multimerized LcrV, but not monomeric subunits,
can stimulate immune cells in a Toll-like receptor 2-dependent
manner, suggesting that LcrV subunit preparations, which are
largely monomeric, may not have significant immune suppres-
sive properties in animals (50). Previous work showed that an
LcrV variant lacking amino acid residues 271 to 300 (rV10)
elicited immune responses that protected mice against a lethal
challenge with the fully virulent Y. pestis strain CO92 (20, 46),
an isolate from a fatal case of human pneumonic plague (22).
Compared to rLcrV immunization, rV10 immunization pro-
vided equal levels of vaccine protection to mice (20). rV10
displayed a reduced ability to release interleukin-10 or prevent
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the release of tumor necrosis factor alpha from lipopolysac-
charide-stimulated primary macrophages (46).

In this study, we further pursued analysis of rV10 as a human
plague vaccine candidate using aerosol infections of cynomolgus
macaques (Macaca fascicularis) as a model for pneumonic plague
infection. In a direct comparison with vaccines containing rLcrV
or rLcrV plus rF1, rV10 proved to be equally immunogenic and
protective. When we compared the reactivities of rLcrV and rV10
immune sera from cynomolgus macaques, BALB/c mice, and
brown Norway rats with LcrV-derived peptides, we noted that
rV10 immune sera, but not rLcrV immune sera, lacked antibodies
that recognize short linear LcrV peptides.

MATERIALS AND METHODS

Purification of rLcrV, rV10, and rF1. The pET16b (Novagen) expression
vectors (61) for rLcrV and rV10 have been described previously (46). The Y.
pestis strain KIM coding sequence of caf1 (21) was PCR amplified with primers
specifying abutting NdeI and BamHI restriction sites. Amplified DNA fragments
were subcloned into the expression vector pET15b (Novagen) and digested with
NdeI and BamHI, yielding prF1. Escherichia coli BL21(DE3) carrying the ex-
pression vectors was grown overnight at 37°C in Luria-Bertani medium with 100
�g/ml ampicillin. Bacteria were diluted in fresh medium and grown to an optical
density at 600 nm of 0.5. T7 polymerase was induced with 1 mM isopropyl-1-
thiol-D-galactopyranoside, and the bacteria were grown for an additional 3 h at
37°C. Bacteria were sedimented by centrifugation at 10,000 � g for 15 min, and
E. coli cells from a 500-ml culture were disrupted twice with a French pressure
cell at 14,000 lb/in2 in 20 ml of 50 mM Tris-HCl (pH 7.5)–150 mM NaCl (column
buffer). The lysates were applied to a nickel-nitrilotriacetic acid column (bed
volume, 1 ml) preequilibrated with 20 ml column buffer. The column was washed
with 20 volumes of the same buffer and then with 20 volumes of column buffer
containing 20 mM imidazole. Protein was eluted in 50 mM Tris-HCl (pH 7.5)–
150 mM NaCl with 250 mM imidazole. Proteins were extracted with 1% Triton
X-114 (Sigma) to remove endotoxin, and the detergent was removed by chro-
matography with a HiTrap desalting column (GE); proteins were eluted in
phosphate-buffered saline. Lipopolysaccharide contamination of vaccine anti-
gens was assayed with Limulus amebocyte lysate (QCL-1000; Cambrex, New
Jersey) (1). Protein concentrations were determined by the bicinchoninic acid
assay (Pierce Biotechnology, Rockford, IL) or by measuring absorption at 280
nm. Proteins were flash frozen with dry ice and ethanol and stored at �80°C until
they were used.

Immunization of animals. For mice, groups of 6- to 8-week-old female
BALB/c mice (Charles River Labs, Massachusetts) were immunized twice by
intramuscular injection into the hind leg of 0.1-ml aliquots containing 50 �g of
rLcrV, rV10, rF1, rLcrV plus rF1, or rV10 plus rF1 (50 �g of each subunit) in
25% Alhydrogel (Brenntag Biosector, Frederikssund, Denmark) on days 0 and
day 21. Blood was drawn on day 42 to determine the serum antibody titers prior
to plague challenge. For rats, 12-week-old female brown Norway rats (Charles
River Labs, Massachusetts) were immunized twice by intramuscular injection
into the hind leg of 0.1-ml aliquots containing 50 �g of rLcrV or rV10 in 25%
Alhydrogel (Brenntag Biosector, Frederikssund, Denmark) on days 0 and 21.
Blood was drawn on day 35 to determine the serum antibody titers. For nonhu-
man primates, adult male and female cynomolgus macaques weighing 2.4 to 3.5
kg (Scientific Resources International Ltd., The Netherlands) were immunized
by intramuscular injection three times at 3-week intervals using the protein and
vaccine formulation (50 �g of each antigen) described above for the mouse
experiments. The animals were randomly assigned to six groups. Group 1 animals
(n � 4) received 25% adjuvant in PBS; group 2 animals (n � 4) received rLcrV;
group 3 animals (n � 4) received rV10; group 4 animals (n � 4) received rF1;
group 5 animals (n � 4) received rLcrV plus rF1; and group 6 animals (n � 4)
received rV10 plus rF1. Blood samples were collected over the course of immu-
nization on days 21, 42, 49, and 85 following the first injection. For antibody
detection, the levels of serum immunoglobulin G (IgG) reactive with specific
antigens were determined by a custom enzyme-linked immunosorbent assay
(ELISA) designed by the GLRCE Immunology Core at the University of Chi-
cago (20). Briefly, pooled serum samples representative of the immunization
group were aliquoted on microtiter plates precoated with either histidine-tagged
rF1, rLcrV, or rV10 antigens (1 �g/ml). Binding of serum antibody was detected
with secondary antibodies against mouse or monkey immunoglobulins, such as
goat anti-monkey IgG, IgM, and IgA (Fitzgerald) and mouse anti-human IgG,

IgG1, IgG2, IgG3, and IgG4 (Cell Science). Additional experiments were per-
formed to examine the contribution of anti-histidine antibodies to mean IgG
titers. The results revealed that use of histidine-tagged antigen as a coating
substrate for our ELISAs and use of nontagged antigen as a coating substrate for
our ELISAs yielded similar mean IgG titers for both mouse and nonhuman
primate antisera (data not shown). Statistical analysis of antibody levels using a
pairwise comparison was performed with the Student t test. Immunoglobulin
isotypes of antibodies reactive with vaccine antigens were also determined by
ELISA.

Plague challenge of immunized animals. For mice, two models were used to
recapitulate the pathogenesis of bubonic plague (subcutaneous injection) and
pneumonic plague (intranasal instillation). For the pneumonic plague model,
mice were anesthetized with 17 mg/ml ketamine (Ketsed; Vedco) and 0.7 mg/ml
of xylazine (Sigma) injected into the peritoneal cavity and then challenged by
intranasal inoculation of 20 �l of a bacterial suspension in PBS which was
equivalent to 100 mean lethal doses (MLD) of Y. pestis CO92 (4 � 104 CFU)
(20). For this experiment, Y. pestis CO92 was grown in heart infusion broth
supplemented with 2.5 mM calcium at 37°C overnight. Bacteria were washed and
diluted in sterile PBS to obtain the required concentration. For passive transfer
experiments and bubonic plague challenge, mice were inoculated with 200 �l of
mouse serum or 500 �l of nonhuman primate serum 1 h prior to challenge by
subcutaneous injection of a 0.1-ml suspension containing 20 MLD Y. pestis
CO92. For this experiment, plague bacteria were grown in heart infusion broth
at 26°C overnight, washed, and diluted in sterile PBS to obtain the required
concentration. Immunized mice that had been challenged with Y. pestis CO92
were monitored for morbidity and mortality for 14 days. All mouse experiments
were performed in accordance with institutional guidelines following experimen-
tal protocol review and approval by the Institutional Biosafety Committee and
the Institutional Animal Care and Use Committee at the University of Chicago.
Log rank tests were used to compare the statistical significance of mortality for
different vaccine groups as indicated below.

Using head-only inhalation, cynomolgus macaques were challenged with a
target dose containing 200 � 25 MLD of Y. pestis CO92, as previously described
(65). The challenges were performed with two groups, containing 11 and 12
animals, 24 h apart. Each group contained two or three members of each
immunization group plus one cynomolgus macaque that received adjuvant in
PBS. The order of challenge was randomized. Procedurally, male and female
cynomolgus macaques were fasted for 12 to 18 h (overnight) prior to exposure to
minimize the likelihood of vomiting in response to anesthesia and the possible
sequelae of aspiration pneumonia during the procedure. Animals were anesthe-
tized with 2 to 6 mg/kg Telazol (Fort Dodge) approximately 15 min prior to
aerosol exposure. For this experiment, Y. pestis CO92 was grown for 72 h at 26°C,
washed, suspended in sterile 1% peptone, diluted in brain heart infusion broth,
and aerosolized with a Collison nebulizer (MRE-3 jet; BGI, Inc., Waltham, MA).
The aerosol was sampled directly with an all-glass impinger (AGI; Ace Glass,
Inc., Vineland, NJ), using samples drawn from the head-only exposure chamber,
downstream from the macaque’s nostrils. The bacterial concentrations and the
purity of the challenge preparation were determined by quantitative bacterial
culture of aerosol samples and by assessing colony morphology on tryptic soy and
Congo red agar. The target particle size was 1 to 3 �m, as determined with a
Aerodynamic particle size spectrometer (model 3321; TSI, Inc., Shoreview, MN).
Inhaled aerosol doses were determined using Buxco plethysmography. Animal
respiratory frequency, tidal volume, and minute volume were recorded during
exposure, and the targeted inhaled volume for each exposure was 3.5 liters. The
concentrations of Y. pestis in nebulizer suspensions were established prior to
aerosol delivery so that a known number of bacteria per minute could be deliv-
ered. The nonhuman primate protocol and any amendment(s) or procedures
involving the care and use of animals in this study were reviewed and approved
by Lovelace Respiratory Research Institute’s Institutional Animal Care and Use
Committee before the study was conducted. During the study, the care and use
of animals was in accordance with the guidelines of the U.S. National Research
Council. Log rank tests were used to compare the statistical significance of
mortality for different vaccine groups as indicated below.

Histopathology. Animal tissues obtained during necropsy were fixed in 10%
neutral buffered formalin and embedded in paraffin. Blocks were cut to obtain
5-�m sections, which were stained with hematoxylin and eosin prior to micros-
copy and image analysis.

RESULTS

Humoral immune response to plague subunit vaccines in
mice. Our goal was to compare the efficacies of subunit vac-
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cines containing rLcrV, rV10, rF1, rLcrV plus rF1, and rV10
plus rF1 in mice and nonhuman primates using the same
batches of recombinant proteins that were purified from ly-
sates of E. coli BL21(DE3) strains harboring various expres-
sion plasmids (pLcrV, pV10, or pF1). The purity of vaccine
subunit preparations was judged to be greater than 90% (Fig.
1A). BALB/c mice (n � 5) were immunized twice by intramus-
cular injection of purified protein (50 �g) emulsified in 25%
(vol/vol) aluminum hydroxide gel with 21 days between the
treatments. Forty-two days after the first injection, blood sam-
ples were taken and mouse serum was analyzed to determine
specific antibody levels using ELISA (Fig. 1A). Mice that had
been immunized with rLcrV and mice that had been immu-
nized with rV10 had average rLcrV-specific antibody titers at
dilutions of 1:100,000 and 1:75,000, respectively (Fig. 1A).
Control animals (which received adjuvant in PBS) or rF1-
immunized animals did not raise rLcrV-specific antibodies (for
PBS versus rLcrV, P � 0.001). Mice immunized with combi-
nations of subunits (rLcrV plus rF1 or rV10 plus rF1) had
average rLcrV-specific antibodies at dilutions of 1:115,000 and
1:170,000, respectively. There was no significant difference be-
tween the antibody titers of animals in the rLcrV-immunized
group and the antibody titers of animals in the group immu-
nized with rLcrV plus rF1 (P � 0.66). Sera of mice that had
been immunized with rF1, rLcrV plus rF1, or rV10 plus rF1
were also analyzed by ELISA, and the sera had rF1-specific
antibodies at a 1:7,000 dilution, whereas animals that received
adjuvant in PBS did not raise F1 antibodies (for PBS versus
rF1, P � 0.001) (Fig. 1B). There was not a significant differ-
ence between the F1 antibody level in mice vaccinated with rF1
alone and the F1 antibody level in animals vaccinated with
rLcrV plus rF1 or with rV10 plus rF1 (for rF1 versus rLcrV
plus rF1, P � 0.32). Isotyping of serum antibodies specific for
subunit vaccine antigens indicated that the principal immuno-
globulin subclasses were IgG1 and, to a lesser extent, IgG2a/b.
IgM type antibodies were not detected (Table 1).

Comparison of efficacies of subunit vaccines for protecting
mice against plague challenge. BALB/c mice (n � 10) were
immunized twice with rLcrV, rV10, rF1, rLcrV plus rF1, or
rV10 plus rF1 and infected by intranasal inoculation of 4 � 104

CFU (100 MLD) of Y. pestis CO92, and survival after pneu-
monic plague challenge was recorded for 14 days (Fig. 1C).
Mice immunized with the PBS-adjuvant control died of pneu-
monic plague within 4 days (Fig. 1C). Animals immunized with
rLcrV plus rF1 or rV10 survived the infection (for PBS versus
rLcrV plus rF1, P � 0.0001). Statistical analysis of survival
after pneumonic plague challenge with log rank tests indicated
that immunization with rV10 provided a level of protection
similar to that provided by immunization with rV10 plus rF1,
rLcrV, or rLcrV plus rF1 (for rV10 versus rLcrV, P � 0.232).

Serum of mice (200 �l) that had been immunized with
rLcrV, rV10, rF1, rLcrV plus rF1, or rV10 plus rF1 was injected
intraperitoneally into naïve BALB/c mice (n � 10). One hour
later, passively immunized animals were subjected to bubonic
plague challenge by subcutaneous injection of 20 CFU (20
MLD) Y. pestis CO92, and survival was recorded for 14 days
(Fig. 1D) All mice that received serum from animals immu-
nized with adjuvant in PBS succumbed to infection within 9
days (Fig. 1D). In contrast, 9 of 10 mice that had been passively
immunized with serum from animals immunized with rLcrV

FIG. 1. Immune responses to plague subunit vaccines in mice. (A) (In-
set) Histidine-affinity tagged rLcrV, rV10, and rF1 were purified from lysates
of recombinant E. coli, separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and stained with Coomassie brilliant blue. Purified rLcrV,
rV10, and rF1 (50 �g each) were emulsified with Alhydrogel and injected
intramuscularly into 6- to 8-week-old BALB/c mice (n � 5). (A and B)
Following two immunizations separated by 21 days, animals were examined
to determine their humoral immune responses to rLcrV, rV10, and rF1 by
ELISA. (C) Twenty-one days following a second booster immunization, ex-
perimental animals were challenged by intranasal (i.n.) inoculation of 100
MLD of Y. pestis wild-type strain CO92. (D) Naïve 6- to 8-week-old BALB/c
mice (n � 10) were passively immunized by intraperitoneal injection of 200 �l
of mouse immune sera 1 h prior to challenge with 20 MLD of Y. pestis CO92
injected subcutaneously (s.c.).
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plus rF1 survived the infection (P � 0.0001). Statistical analysis
of survival after plague challenge with log rank tests indicated
that passive transfer with serum from animals that had been
immunized with rV10 also provided protection (70%), which
was not significantly different from the protection provided by
passive immunization with rLcrV immune serum (for rV10
versus rLcrV, P � 0.06) or rLcrV plus rF1 (Fig. 1D).

Humoral immune response to plague subunit vaccines in
nonhuman primates. Cynomolgus macaques were immunized
by intramuscular injection three times at 3-week intervals of
rLcrV, rV10, rF1, rLcrV plus rF1, or rV10 plus rF1. Blood
samples were drawn on days 0, 21, 42, 49, and 85 after the first
injection. Nonhuman primate serum was analyzed to deter-
mine the specific antibody level by ELISA (Fig. 2). Antibodies
specific for rLcrV and antibodies specific for rV10 were de-
tected at day 21 with dilutions of 1:5,000 and 1:2,500, respec-

tively (Fig. 2A). For animals immunized with rLcrV plus rF1 or
with rV10 plus rF1, antigen-specific antibodies were detected
at a dilution of 1:1,800 at day 21. Seven days after the third
vaccine injection (on day 49), rLcrV- and rV10-specific anti-
bodies were detected at dilutions of 1:100,000 and 1:85,000,
respectively (Fig. 2A). In groups immunized with rV10 plus
rF1 and with rLcrV plus rF1, rLcrV- and rV10-specific anti-
bodies were detected at dilutions of 1:38,000 and 1:56,000,
respectively. Two weeks prior to challenge (day 85), the dilu-
tions for rLcrV- and rV10-specific antibodies had dropped to
1:30,000 for the groups immunized with the proteins alone or
in combination with rF1 (Fig. 2A). The isotypes of antibodies
specific for rLcrV, rV10, and rF1 were characterized at day 49
(Table 2). The predominant subclasses consisted of IgG1 and
IgM isotypes for all animals immunized with plague subunit
vaccines (Table 2).

Nonhuman primate antibodies against subunit vaccines
protect mice against plague challenge. To assay the protective
attributes of specific antibodies raised in the different groups of
immunized macaques, serum from each macaque (500 �l re-
covered on day 49) was injected (day 52) into two mice 1 h
prior to challenge with 20 MLD Y. pestis CO92. The titers of
macaque serum antibodies to relevant vaccine antigens, the

TABLE 1. Immunoglobulin isotypes of mouse antibodies directed against plague vaccine antigens

Group Antigena
Log10 titers for antigen-specific immunoglobulin isotypes (mean � SD)

IgG1 IgG2a IgG2b IgG3

1 PBS NDb ND ND ND
2 rLcrV 5.20 � 3.30 2.96 � 1.80 2.90 � 1.38 ND
3 rV10 5.20 � 3.60 2.85 � 1.90 2.69 � 0.90 ND
4 rF1 4.30 � 2.60 2.54 � 0.69 2.60 � 0.90 2.50 � 0.69
5 rLcrV � (rF1) 5.34 � 3.11 3.04 � 1.25 2.79 � 1.00 ND
5 (rLcrV) � rF1 4.25 � 2.60 2.60 � 0.69 2.60 � 1.00 2.39 � 1.81
6 rV10 � (rF1) 5.54 � 3.60 3.23 � 2.47 3.00 � 1.30 2.00 � 1.47
6 (rV10) � rF1 4.20 � 3.47 2.50 � 1.30 2.47 � 0.47 2.54 � 2.39

a BALB/c mice (n � 5) were immunized by intramuscular injection of 50 �g of antigen adsorbed to aluminum hydroxide adjuvant (Alhydrogel) on days 0 and 21
and bled on day 42 postimmunization. Antigen-specific IgG1, IgG2a, IgG2b, and IgG3 in each mouse immune serum were detected by ELISA. Immune sera from
animals that received a single antigen displayed specificity for that antigen (data not shown). Immune sera from animals that received combination vaccines (rLcrV plus
F1 or rV10 plus F1) were analyzed for each antigen separately, and parentheses indicate the antigen that was not immobilized on microtiter dishes.

b ND, rLcrV or rF1 antigen-specific immunoglobulin was not detected.

FIG. 2. Adult cynomolgus macaques (weight, 2.4 to 3.5 kg) were
immunized by intramuscular injection of 50 �g of antigen adsorbed to
Alhydrogel on days 0, 21, and 42. The macaques were bled on days 21,
42, 49, and 85 postimmunization. Antibody titers specific either for
purified rLcrV or rV10 (A) or for rF1 (B) were detected by ELISA
using diluted serum.

TABLE 2. Nonhuman primate immunoglobulin directed against
plague vaccine antigens

Group Antigena

Log10 titers for antigen-specific
immunoglobulin isotypes

(mean � SD)

IgG1 IgM

1 PBS NDb ND
2 rLcrV 3.04 � 2.71 3.29 � 2.99
3 rV10 2.98 � 2.73 3.32 � 2.86
4 rF1 2.97 � 2.60 3.41 � 3.27
5 rLcrV � (rF1) 2.65 � 2.38 3.27 � 2.06
5 (rLcrV) � rF1 2.79 � 2.61 3.20 � 2.23
6 rV10 � (rF1) 2.88 � 2.30 3.24 � 2.37
6 (rV10) � rF1 2.79 � 2.10 3.17 � 2.78

a Cynomolgus macaques (see Table 3 for animal group assignments) were
immunized by intramuscular injection of 50 �g antigen adsorbed to aluminum
hydroxide adjuvant (Alhydrogel) on days 0, 21, and 42. The monkeys were bled
at day 49 postimmunization. Specific IgG1 and IgM were detected by ELISA in
serum for individual monkeys.

b ND, rLcrV or rF1 antigen-specific immunoglobulin was not detected.
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mean time to death, and survival data for mice passively im-
munized with nonhuman primate serum are shown in Table 3.
As expected, mice that received serum from macaques immu-
nized with PBS-adjuvant succumbed to infection on day 4 or 9
postchallenge. Mice passively immunized with macaque rLcrV
or rV10 immune serum were protected against plague chal-
lenge; however, 25% of the mice passively immunized with
macaque rF1 immune serum did not survive the challenge
(Table 3). The serum from macaque 4877, which had a very
low F1 antibody titer (1:7,500), did not protect mice, as the
mice succumbed to infection on days 10 and 13 postchallenge.
Nevertheless, macaque 4877 survived plague aerosol challenge
(see below). Two additional mice succumbed to plague infec-
tion when they were passively immunized with serum from
macaques that had been immunized with rLcrV plus rF1 or
rV10 plus rF1. However, no correlation between death and the
level of specific antibodies was evident for these groups. This
observation is consistent with the results of previous studies
indicating that anti-LcrV ELISA titers are not enough to
predict plague mortality in mice (7, 69). Altogether, as
shown previously, the results of passive immunization stud-
ies suggest that specific antibodies of macaques that were
immunized with rLcrV, rV10, and rF1, either alone or in

combination, confer protection against bubonic plague chal-
lenge in mice (69).

Repertoires of antibodies against rLcrV and rV10 antigens
in different animal species. To define epitopes within the LcrV
antigen that are recognized by antibodies from cynomolgus
macaques immunized with either rLcrV or rV10, we utilized an
array of 53 peptides ranging from 15 to 17 residues long and
with 11- or 12-amino-acid overlaps (Fig. 3A and B). Pooled
serum from macaques immunized with rLcrV recognized four
peptides, including two pairs of peptides with an overlapping
peptide sequence (amino acid residues 1 to 17 and 6 to 22 and
amino acid residues 258 to 274 and 264 to 280). On the other
hand, serum from macaques that had been immunized with
rV10 did not react with any of the oligopeptides on the array.
We wondered whether similar profiles could be observed with
both rLcrV- and rV10-derived immune serum from BALB/c
mice or brown Norway rats. Interestingly, we observed some
similarity in binding specificity between the nonhuman pri-
mates and the rodent species for rLcrV antisera; mice and rats
raised antibodies that recognized amino acid residues 1 to 17
and 258 to 274, and additional unique epitopes were recog-
nized at amino acid residues 48 to 64 for mice and rats and at
amino acid residues 222 to 238 for only rats (Fig. 3C to F).

TABLE 3. Vaccine protection against pneumonic plague in cynomolgus macaques

Vaccine group Nonhuman
primate

rLcrV
titera

rV10
titera

rF1
titera

Mouse exptb Nonhuman primate exptc

No. of
survivors/

no.
challenged

Time of
death
(days)

Aerosol challenge
dose (CFU)

Status 14
days

postchallenge

Time of
death
(days)

1 (PBS/adjuvant) 4833 0 0 0 0/2 7–8 1.27 � 104 D 4
4885 0 0 0 0/2 5–9 1.45 � 104 A NAd

4846 0 0 0 0/1 5 2.30 � 104 D 5
13437 0 0 0 0/2 4–5 2.29 � 104 D 4

2 (rLcrV) 4817 50,000 NDe ND 2/2 NA 1.08 � 104 A NA
4825 175,000 ND ND 2/2 NA 1.96 � 104 A NA
13440 100,000 ND ND 2/2 NA 2.45 � 104 A NA

3 (rV10) 4875 ND 90,000 ND 2/2 NA 1.27 � 104 A NA
4843 ND 32,000 ND 2/2 NA 1.08 � 104 A NA
42147 ND 80,000 ND 2/2 NA 2.38 � 104 A NA
4855 ND 140,000 ND 2/2 NA 2.27 � 104 A NA

4 (rF1) 24162 ND ND 45,000 2/2 NA 1.18 � 104 D 7
4877 ND ND 7,500 0/2 10–13 5.45 � 103 A NA
4852 ND ND 20,000 2/2 NA 2.21 � 104 A NA
24217 ND ND 52,000 2/2 NA 2.14 � 104 A NA

5 (rLcrV � rF1) 4864 31,000 ND 10,000 2/2 NA 1.07 � 104 A NA
4838 26,000 ND 26,000 1/2 13 1.65 � 104 A NA
4878 53,000 ND 19,000 2/2 NA 2.69 � 104 A NA
4809 40,000 ND 14,000 2/2 NA 2.76 � 104 A NA

6 (rV10 � rF1) 42149 ND 42,000 20,000 2/2 NA 1.07 � 104 A NA
4812 ND 23,000 10,000 2/2 NA 8.83 � 103 A NA
4873 ND 65,000 22,000 2/2 NA 2.26 � 104 A NA
4836 ND 95,000 35,000 1/2 7 2.21 � 104 A NA

a Serum antibody titers against specific antigens in nonhuman primates were determined by ELISA.
b Naı̈ve BALB/c mice were passively immunized by intraperitoneal injection of 500 �l of nonhuman primate serum 60 min prior to plague challenge via subcutaneous

injection of 20 MLD of Y. pestis CO92.
c Nonhuman primates were challenged with Y. pestis CO92 using an aerosol. A, alive; D, dead.
d NA, not applicable.
e ND, not determined.
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Comparison of subunit vaccine efficacies for protecting non-
human primates against plague challenge. Cynomolgus ma-
caques were challenged by aerosol with about 200 MLD (1 �
104 CFU) Y. pestis CO92 on day 105; the calculated inhaled
dose for each macaque is shown in Table 3. Following expo-

sure, animals were monitored for 14 days for signs of pneu-
monic plague. Three of the four macaques immunized with
PBS-adjuvant developed pneumonic plague and were eutha-
nized or succumbed to infection on days 4 and 5 postinfection.
Macaques immunized with rLcrV or rV10 alone or in combi-

FIG. 3. Comparison of specific antibody responses in animals immunized with rLcrV and rV10. rLcrV or rV10 immune sera (diluted 1:510)
from cynomolgus macaques (A and B), BALB/c mice (C and D), and brown Norway rats (E and F) were analyzed to determine immune reactivity
to overlapping 15- to 17-mer peptides spanning the full LcrV antigen with an ELISA. The box indicates amino acid residues that were deleted
during construction of rV10.
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nation with rF1 did not display clinical symptoms of pneumo-
nic plague and appeared to be healthy for the duration of the
experiment. Rather unexpectedly, macaque 24162 in the rF1
immunization group succumbed to pneumonic plague. The
survival data for animals in the vaccine groups were compared
using log rank tests. The comparisons of survival for the group
immunized with PBS-adjuvant and the groups immunized with
rV10, rV10 plus F1, and rLcrV plus F1 revealed a significant
difference (P � 0.0388). Because the group immunized with
rLcrV was smaller, no significance could be determined for the
comparison of this group and the group immunized with PBS-
adjuvant (P � 0.0703); during vaccination, one of the rLcrV-
immunized nonhuman primates developed a fatal, unrelated
bacterial infection that could not be controlled by antibiotic
treatment. A comparison of the survival data for the groups
immunized with PBS-adjuvant and with rF1 using a log rank
test did not detect significant differences (P � 0.3865).

Pathological evidence for pneumonic plague in cynomolgus
macaques. To discern whether pulmonary infection with Y.
pestis CO92 in the macaque primate model caused pathological
lesions similar to those observed in human patients (13, 37), we
examined the lungs of infected animals for both gross changes
and histopathologic changes associated with infection. Ma-
caques that succumbed to infection or that were humanely
euthanized at the end of the study were necropsied, and their
lungs were exteriorized and processed for histopathology.
Gross examination of the lungs revealed clear differences be-
tween the sham (PBS-adjuvant)-immunized controls and ma-
caques that were vaccinated with rLcrV, rV10, or rF1 and
persisted during the 14-day observation period, which were
euthanized on the final day (Fig. 4). The lungs of sham-vacci-
nated macaques and one rF1-vaccinated macaque, all of which
had succumbed to infection, contained multiple areas of severe
congestion and hemorrhage (Fig. 4B to E). Microscopic exam-
ination corroborated these findings (Fig. 4G to J). Significant
pulmonary lesions were observed in all four macaques (ma-
caques 4833,4846,13437, and 24162) that succumbed to plague
infection. Tissue sections from macaques revealed moderate to

severe, multifocal, acute bronchopneumonia. In several fields,
portions of alveolar lumina were plugged with edematous fluid,
fibrin filaments, numerous neutrophils, monocytes, and mac-
rophages. Alveolar macrophages occasionally contained ne-
crotic cellular debris and, to a lesser extent, bacteria. Large
aggregates of bacteria were distributed in interstitial spaces
and within alveoli (Fig. 4). Within the lung parenchyma there
were multifocal, coalescing areas of necrosis that obliterated
the normal architecture and that, in some areas, represented
large abscesses. Abscesses were characterized by central foci of
lytic necrosis surrounded by degenerate neutrophils inter-
spersed with numerous bacteria entangled in the fibrin and
erythrocytes deposited. The macaques belonging to group 2
(rLcrV), group 3 (rV10), group 5 (rLcrV plus rF1), and group
6 (rV10 plus rF1) and the three survivors belonging to group 4
(rF1) did not have any appreciable gross or histopathological
changes in their lung tissues (Fig. 4A and F show representa-
tive samples).

DISCUSSION

Y. pestis, although most often associated with bubonic
plague, causes lethal pneumonia in human populations (37,
72). The latter disease can be contracted either secondarily
from a bubonic plague infection, directly from contact with
reservoirs where plague is endemic, such as burrowing rodents,
or, equally devastatingly, from aerosol transmission from an-
other human (37). Although antibiotics have proven to be
invaluable in the treatment of bubonic plague, the control of
pestilential spread, the nonspecificity of clinical signs, and the
rapidity of a typical pneumonic case often do not allow suffi-
cient time for selection or use of these drugs (31). Alarmingly,
recent reports have described a growing incidence of multi-
drug-resistant plague strains (25). Particularly notorious is the
strain Y. pestis 17/95, which was isolated in 1995 in the Amba-
lavao district of Madagascar and is resistant to antibiotics that
are classically recommended for therapy and prophylaxis (26).
In light of the emergence of antibiotic-resistant virulent strains,

FIG. 4. (A to E) Gross lung pathology of macaques challenged with Y. pestis aerosol: dorsal view of lungs from cynomolgus macaques that either
succumbed to plague during infection (B to E) or were euthanized at the end of the 14-day observation period (A). (F to J) Corresponding
hematoxylin- and eosin-stained lung tissue viewed by microscopy at a magnification of �200, revealing either normal lung tissue (F) or the
histopathologic features of pneumonic plague (G to J). See the text for details.
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the recrudescence of plague infections, global biodefense
initiatives, and, equally importantly, the increased volume of
research being conducted by a susceptible population of
researchers during this third pandemic of plague, the devel-
opment of a vaccine and the identification of novel thera-
peutics are of paramount importance (14).

The first diagnosis of human primary pneumonic plague was
reported by Childe in 1896 (13). Many virulence attributes of
Y. pestis contribute to the establishment of pneumonic plague;
however, the pathogen has been reported to deploy its Pla
protease for the pathogenesis of this unique disease manifes-
tation (33, 34, 60). Nevertheless, much additional work is
needed to unravel the biology of Y. pestis aerosol transmission
and the pathogenesis of pneumonic plague as defined by K. F.
Meyer (37). For instance, it has yet to be shown in a natural
infection whether aerosol transmission is the result of direct
deposition of Y. pestis into the airways or is simply secondary
sequelae to infection of tonsillar tissue (Waldeyer’s ring) (37).
Several studies of primary pneumonic plague acquired either
via intranasal installation or aerosolization have been con-
ducted with nonhuman primates, mice, rats, and guinea pigs
and have shown that the animal models of disease do in fact
show details of both gross and microscopic pathology similar to
those of human disease (23, 58, 59). Histopathology results
observed here with four cynomolgus macaques that suc-
cumbed to pneumonic plague infection reflected the find-
ings of the previous reports (Fig. 4) (58). More importantly,
immunization with rV10 subunit antigen alone or in combi-
nation with rF1 prevented pneumonic lesions and disease
pathogenesis.

Through use of rodent animal model systems, various plague
vaccine formulations have been examined, and humoral immu-
nity was identified as an important component of protection
against Y. pestis infection (57). Our studies described here cor-
roborated the findings of other workers that LcrV of Y. pestis (41,
64) and its variant, rV10 (20, 46), are able to activate host immu-
nity and that rLcrV- and rV10-specific antibodies can protect
against Y. pestis infection via subcutaneous, intranasal, or aerosol
challenge. Epitope mapping studies conducted during this study
revealed commonalities in the immune reactivity profiles of
rLcrV and rV10 polyclonal sera in different species. Of particular
interest to us is the region containing amino acid residues 258 to
274, which falls within the region previously described for the
murine monoclonal antibody 7.3, which was mapped broadly to
amino acids 135 to 275 (30). All animals immunized with rLcrV
(mice, rats, and nonhuman primates) generated antibodies
against the LcrV residue 258 to 274 epitope, whereas animals
immunized with rV10 did not. Clearly, antibodies directed against
LcrV residues 258 to 274 cannot be solely responsible for protec-
tion against plague, as rV10-derived immune sera provided im-
munity even without these antibodies (Fig. 3). The near absence
of antibodies against linear peptide epitopes in rV10 immune sera
suggests two things. First, antibodies directed at conformational
epitopes of LcrV may be able to provide protective immunity and
may do so by binding LcrV at the tip of type III needles (43). This
could explain the molecular attributes of protective LcrV anti-
bodies, which must block type III injection of immune cells (48)
and thereby enable phagocytosis and clearance of the invading
pathogen by macrophages and polymorphonuclear leukocytes
(15). Second, small changes in the LcrV sequence (for example,

deletion of residues 270 to 300) could precipitate fundamental
changes in the antibody repertoire of immunized animals, likely
because the mechanisms by which LcrV is perceived by the host
immune system have been altered (54).

Nevertheless, it is certainly also plausible that antigen-
antibody interactions may dictate different methods of neu-
tralization. For example, workers may find that when mul-
tiple protective monoclonal antibodies are generated, with
each antibody recognizing a discrete linear or discontinuous
epitope, one antibody may play a role in opsonophagocytic
clearance, another may act via steric hindrance to prevent type
III injection of target cells, and another may directly inhibit or
physically block the secretion of Yop proteins (49). Future
studies should explore these possibilities and the role of rV10
in stimulating T-cell-dependent cellular immunity in a nonhu-
man primate model of pneumonic plague (57).

We sought to investigate the types of immune responses
generated by vaccination of cynomolgus macaques with rLcrV
and rV10, as well as combination vaccines that include the
highly immunogenic and protective capsular antigen fraction 1
(Caf1 or F1) (39), and to compare the protective immunities
against lethal pneumonic plague challenge provided by the
antigens mentioned above. Previous studies have shown that
F1 and LcrV combination vaccines protect macaques against
plague infection (7, 36, 66). Here we demonstrate that both
rLcrV and rV10 alone are immunogenic and protective in
cynomolgus macaques at a clinically relevant dose, 50 �g per
subunit, when they are adsorbed to an aluminum hydroxide gel
adjuvant. Following immunization with three doses of vaccine,
a peak specific IgG titer, primarily an IgG1 isotype titer, de-
veloped by day 49 and conferred protection in a murine passive
transfer assay. Interestingly, we did not find a significant dif-
ference in titer or in protection between macaques immunized
with rLcrV and macaques immunized with rLcrV plus rF1,
whereas we did observe a difference between the group immu-
nized with rV10 and the group immunized with rV10 plus rF1.
Future studies should address the possible benefit of rV10
compared with rLcrV. There does not appear to be an advan-
tage to incorporating rF1 in either rLcrV or rV10 vaccine
formulations for nonhuman primates, which differs from the
findings for immunological synergism and increased protection
of mice obtained when LcrV was combined with F1 (29, 67,
69). In an attempt to gauge the duration of specific long-term
antibody production, we examined the titers for each macaque
prior to aerosol challenge on day 85 and noted that for most of
the groups, the antibody titers seemed to decline between 30
and 50%. More work is needed to understand the kinetics and
longevity of the immune response of macaques to rV10 and
how it correlates to that of humans immunized with the same
antigen. Future work in assessing plague vaccine candidates
must consider challenge studies with highly virulent F1 mutant
Y. pestis strains to examine each candidate’s true spectrum of
protection against a plague outbreak (51).
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