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Deletion of Braun Lipoprotein and Plasminogen-Activating Protease-
Encoding Genes Attenuates Yersinia pestis in Mouse Models of
Bubonic and Pneumonic Plague
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Currently, there is no FDA-approved vaccine against Yersinia pestis, the causative agent of bubonic and pneumonic plague.
Since both humoral immunity and cell-mediated immunity are essential in providing the host with protection against plague, we
developed a live-attenuated vaccine strain by deleting the Braun lipoprotein (Ipp) and plasminogen-activating protease (pla)
genes from Y. pestis CO92. The Alpp Apla double isogenic mutant was highly attenuated in evoking both bubonic and pneu-
monic plague in a mouse model. Further, animals immunized with the mutant by either the intranasal or the subcutaneous
route were significantly protected from developing subsequent pneumonic plague. In mice, the mutant poorly disseminated to
peripheral organs and the production of proinflammatory cytokines concurrently decreased. Histopathologically, reduced dam-
age to the lungs and livers of mice infected with the Alpp Apla double mutant compared to the level of damage in wild-type (WT)
C0O92-challenged animals was observed. The Alpp Apla mutant-immunized mice elicited a humoral immune response to the
WT bacterium, as well as to CO92-specific antigens. Moreover, T cells from mutant-immunized animals exhibited significantly
higher proliferative responses, when stimulated ex vivo with heat-killed WT CO92 antigens, than mice immunized with the
same sublethal dose of WT C0O92. Likewise, T cells from the mutant-immunized mice produced more gamma interferon (IFN-vy)
and interleukin-4. These animals had an increasing number of tumor necrosis factor alpha (TNF-a)-producing CD4* and CD8™
T cells than WT CO92-infected mice. These data emphasize the role of TNF-« and IFN-vy in protecting mice against pneumonic

plague. Overall, our studies provide evidence that deletion of the Ipp and pla genes acts synergistically in protecting animals
against pneumonic plague, and we have demonstrated an immunological basis for this protection.

Yersim'a pestis, a Gram-negative bacterium of the Enterobacteri-
aceae family, is the causative agent of bubonic, septicemic, and
pneumonic plague. Pneumonic plague is the deadliest form in
humans, with a 100% case fatality rate (CFR) if left untreated and
a 70% CFR with treatment (1). Plague was once thought to be a
disease of the past, when over 200 million deaths were attributed
to three pandemics, during which the plague microbe was spread
by trade routes to nearly every continent (1-6). However, with the
expansion of international trade routes and global climate change,
Y. pestis has been classified by the World Health Organization as a
reemerging human pathogen (7). In addition, the plague bacte-
rium has gained notoriety as a biothreat agent and is now catego-
rized as a tier 1 select agent by the Centers for Disease Control and
Prevention (CDC) (8-10).

The plague bacterium is spread by the infected fleas of rodents,
which can pass the infection to humans, which are accidental
hosts, through a flea bite (11). The organism is endemic in a wide
variety of rodents and their fleas, thus making eradication imprac-
tical (11). Y. pestis has also been known to naturally reestablish
itself (possibly due to a third life cycle), which enables the bacte-
rium to persist in a dormant state in dead hosts (5, 12). For exam-
ple, outbreaks occurred in Algeria (2003) after 48 years of silence
and in India (1994) after 28 years of silence, and each outbreak had
an extremely high number of plague-associated deaths, as the
public health sector was unprepared for an outbreak (5, 12). The
availability of a vaccine as a prophylaxis would negate possible
plague threats, either natural or intentional. Thus, human vacci-
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nation is highly desirable in regions of endemicity where plague is
prevalent and in the case of a possible act of terrorism, as was
observed during the 2001 anthrax attack through the U.S. Postal
Service and the recent use of ricin in letters sent to government
officials (April 2013) (9).

There is no Food and Drug Administration (FDA)-licensed
vaccine against plague. Although levofloxacin was recently ap-
proved by the FDA for adults and children solely on the basis of
studies of efficacy against all forms of plague in animals (13), the
antimicrobials must be administered within 20 to 24 h after expo-
sure for adequate protection (9, 14). Promising recombinant sub-
unit plague vaccines, which are under clinical investigation, con-
sist of alow-calcium-response V (LcrV [V]) antigen, a component
of the type 3 secretion system (T3SS), as well as an effector and the
capsular antigen F1. These vaccines elicit high antibody titers in
rodents; however, their potential as efficacious vaccines has been
debated because of varied responses in nonhuman primates
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TABLE 1 Bacterial strains and plasmids used in this study

Reference or

Strain or plasmid Description and source source
Strains
Y. pestis
C0O92 Virulent WT Y. pestis biovar Orientalis strain isolated in 1992 from a fatal pneumonic plague 36,37
case and naturally resistant to polymyxin B
Alpp CO92 Ipp gene deletion mutant of Y. pestis CO92 23
Apla CO92 pla gene in-frame deletion mutant of Y. pestis CO92 This study
Alpp Apla CO92 Ipp and pla gene double deletion mutant of Y. pestis CO92 This study
CO92(pBR322) WT'Y. pestis transformed with pBR322 (Tc®) 35
CO92 Alpp(pBR322) CO92 Alpp mutant transformed with pBR322 (Tc®) 35
CO92 Apla(pBR322) C0O92 Apla mutant transformed with pBR322 (Tc*) This study
CO92 Alpp Apla(pBR322) C0O92 Alpp Apla double mutant transformed with pBR322 (Tc®) This study
CO92 Apla (pBR322Ypla) Y. pestis pla deletion mutant complemented via plasmid pBR322Ypla (Tc®) This study
Alpp Apla (pBR322Ypla) Y. pestis Ipp and pla double deletion mutant complemented via plasmid pBR322Ypla (Tc®) This study
E. coli SM10 Strain containing the Apir gene (lysogenized with Apir phage) designed for cloning and 38
propagation of a plasmid with the R6K origin of replication
Plasmids
pBR322 Cloning vector for complementation (Tc" Ap") GE Healthcare
pKD13 Template plasmid for PCR amplification of the Km" gene cassette flanked by FLP 39
recombinase recombination target sites
pFlp2 Vector that produces the FLP recombinase to remove the Km" gene cassette from the mutant 40
pDMS197 Suicide vector with a conditional R6K origin of replication (ori) and a levansucrase gene 41
(sacB) from Bacillus subtilis used for homologous recombination
pBR322Ypla Recombinant plasmid containing the pla gene-coding region and its putative promoter in This study
vector pBR322 used to complement the Apla mutant of Y. pestis (Tc®)
pDMS197plaUDKm Suicide vector pPDMS197-based recombinant plasmid containing the Y. pestis CO92 pla gene This study

up- and downstream flanking DNA fragments with the Km" cassette used for homologous

recombination

(NHPs) (12-16). Specifically, African green monkeys (AGMs), in
which the symptoms of plague mimic those in humans and rep-
resent an ideal model with which to study Y. pestis infection (17—
21), exhibit highly varied protective responses to pneumonic
plague (despite similar antibody titers). These findings suggest
that antibody titers to F1 and LerV may not correlate with protec-
tion, and, more importantly, these antigens are poorly immuno-
genic in humans (22).

In addition, F1-minus strains of Y. pestis that occur naturally
are as virulent as the encapsulated organism; moreover, different
strains of the plague bacterium possess LcrV antigens with highly
divergent amino acid sequences (2, 4). Consequently, F1-LerV
(F1-V)-based vaccines may not be effective against all Y. pestis
strains that exist in nature (2, 4, 5). Recent studies also indicated
that a cell-mediated immune response, i.e., a response requiring
CD4%,CD8", and T},17 cells, is crucial in host protection against
pneumonic plague (15, 17-19), underscoring the need for devel-
oping a live-attenuated plague vaccine. A naturally occurring Y.
pestis EV76 vaccine strain lacking the pigmentation locus is cur-
rently used for immunizing people in the states of the former
Soviet Union (5, 20). However, this vaccine is not approved by the
FDA because of its high reactogenicity due to the presence of
lipopolysaccharide (LPS) and the lack of characterization of this
vaccine strain (13, 19, 20). Therefore, the goal of this study was to
develop a viable live-attenuated vaccine candidate which would be
able to protect mice against both pneumonic and bubonic plague
by triggering humoral and cell-mediated immune responses. This
candidate strain might serve as a starting point from which other
virulence genes could be deleted to develop a safe and efficacious
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vaccine for human use. We chose to focus on the genes encoding
Braun lipoprotein (Ipp) and plasminogen-activating protease
(pla). These two genes are located on different parts of the genome
(the chromosome and the plasmid, respectively), and deletion of
these genes leads to the development of a stable mutant with a mini-
mal probability of reversion to the wild-type (WT) phenotype.

Lpp represents one of the components of the cell wall, and one
copy of the gene for this protein is encoded on the 4.65-Mb chro-
mosome of Y. pestis CO92 (4). Lpp links the peptidoglycan layer to
the outer bacterial membrane, and our earlier studies have shown
that its absence decreases the ability of Y. pestis to survive in mac-
rophages (23, 24). Further, Lpp triggers Toll-like receptor 2
(TLR2), leading to an inflammatory response in the host cells (23,
25). Specifically, Lpp and LPS purified from Yersinia enterocolitica
synergize to induce the production of proinflammatory cytokines
both in vitro and in vivo, leading to septic shock, one of the hall-
marks of a severe infection with Y. pestis (23, 25).

The pla gene is encoded on the 9.5-kb pPCP-1 plasmid at ap-
proximately 180 copies per bacterial cell (26). Two other func-
tional proteins, namely, Pst (pesticin activity protein) and Pim
(pesticin immunity protein), are also carried by pPCP-1 and pro-
vide a selective growth advantage to virulent Y. pestis bacteria (26,
27). Plais a surface protease of the omptin family which functions
by cleaving plasminogen to plasmin and by degrading a2-anti-
plasmin, a plasmin inhibitor (26-28). This function aids in the
dissolution of fibrin clots, allowing deep tissue dissemination of
the bacteria during bubonic plague (29, 30). Prevention of disso-
lution of fibrin deposits represents an important first step in com-
bating Y. pestis infections by preventing bacterial dissemination
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TABLE 2 Sequences of primers used in this study

New-Generation Live-Attenuated Y. pestis as a Vaccine

Primer(s) Primer sequence(s) (5'-3")*

Purpose

Pla,,5-Pla,,3
GGATCCTCATTAGACACCCTTAATC (BamHI)
Pla,,5-Pla,,3
ACCTATAACTCGTAGGTTATATTG (Kpnl)

AATGAGCTCCGGCCAGGCAGATCCACATAATG (Sacl), ATC

ATCGAATTCTGAAAAATACAGATCATATC (EcoRI), TTCGGT

PCR amplification of the upstream flanking fragment of the pla
gene of Y. pestis CO92

PCR amplification of the downstream flanking fragment of the
pla gene of Y. pestis CO92

Km5-Km3 ATTCCGGGGATCCGTCGACC (BamHI), CTTGAATTCTGTAG PCR amplification of the Km" gene cassette with FLP
GCTGGAGCTGCTT (EcoRI) recombinase recognition target sites at both ends from

plasmid pKD13

Pla5-Pla3 TTACAGTTGCAGCCTCCACC, ATTCTTATCAATGGTCTGAG PCR amplification of the coding region of the pla gene of Y.
pestis CO92

Up5-Dn3 TCCATCTCCGTATCAATCGG, TTGCCGTGATCGCGCTGAAC Generation of the pla mutants of Y. pestis CO92; the pla mutant
verification primers were located on the bacterial
chromosome outside the flanking DNA sequences

Spla CCACCGTTTCTTATGTGAGC Confirmation of the in-frame deletion of the pla gene by
chromosomal DNA sequencing; the primers were located
upstream of the pla gene

Cpla,,-Cplag, ATGCATGCGGCTCAACGCTCGTTGTCG (Sphl) ACGTCGAC Amplification of the pla gene and its promoter region for the

TCAGAAGCGATATTGCAGAC (Sall)

complementation studies

¢ Underlining indicates the restriction enzyme sites in the primers, and the restriction enzymes are indicated in parentheses.

and killing of the microbes through the recruitment of neutro-
phils and, potentially, T},17 cells via production of interleukin-6
(IL-6) by thrombin (18, 31, 32). Pla also plays a role in pneumonic
plague, as the Apla mutant fails to colonize lung tissue in high
numbers (31-34).

In an earlier study, we showed that the Alpp single mutant was
attenuated in mouse models of both bubonic and pneumonic
plague (23). We also observed that curing of the pPCP-1 plasmid
from the Alpp isogenic mutant resulted in a highly attenuated
disease phenotype for pneumonic plague in a mouse model (35).
These studies led us to construct a double isogenic mutant, the
Alpp Apla mutant, to directly discern the extent of bacterial atten-
uation by targeting two genes without affecting the products of
other genes carried by the pPCP-1 plasmid. Consistent with our
hypothesis, deletion of both the Ipp and pla genes led to synergistic
attenuation of the virulence of the double mutant in evoking
pneumonic plague, and the double mutant triggered protective
humoral and cell-mediated immunity in mice, characteristics
which represent the hallmarks of an effective vaccine.

MATERIALS AND METHODS

Bacterial strains and plasmids. All of the bacterial strains and plasmids
used in this study are listed in Table 1. Y. pestis was grown in heart infusion
broth (HIB; Difco, Voigt Global Distribution Inc., Lawrence, KS) at 26 to
28°C with constant agitation (180 rpm). For growth on a solid surface, Y.
pestis was grown on either HIB agar or 5% sheep blood agar (SBA) plates
(Teknova, Hollister, CA). Luria-Bertani (LB) medium was used for grow-
ing recombinant Escherichia coli at 37°C with agitation. All of our studies
were performed in a tier 1 select agent biosafety level 2 laboratory located
in the Galveston National Laboratory.

Restriction endonucleases and T4 DNA ligase were obtained from
Promega (Madison, WI). Advantage cDNA PCR Kkits were purchased
from Clontech (Palo Alto, CA). All digested plasmid DNA or DNA frag-
ments from agarose gels were purified by using QIAquick kits (Qiagen,
Inc., Valencia, CA).

Construction of Apla single and Alpp Apla double in-frame dele-
tion mutants of Y. pestis CO92. The Apla single and Alpp Apla double
in-frame deletion mutants were generated by homologous recombination
(23). On the basis of the genome sequence of WT CO92 (GenBank acces-
sion number NC_003143), the up- and downstream DNA sequences
flanking the pla gene were PCR amplified using the primer sets Pla,,5-
Pla,,3 and Play,5-Pla,,3, respectively (Table 2). A kanamycin resistance
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(Km") gene cassette with flippase (FLP) recombinase recognition target
sites at both ends was PCR amplified from plasmid pKD13 using a specific
primer set, Km5-Km3 (Tables 1 and 2). The above-mentioned DNA frag-
ments were ligated together through their compatible restriction enzyme
sites (Table 2). The resulting DNA fragment containing the pla upstream

A WT  Alpp  Apla Alpp Apla

- ~ YopH51kDa

Supernatant

— ——— e —— YopE 24 kDa

(—————  YOPH 51 kDa

Pellet
(——c— o YOPE 24 kDa

B WT A Alpp Apla

FIG 1 T3SS function and transmission electron microscopy. WT CO92 and
the Alpp, Apla, and Alpp Apla mutants were grown overnight and then diluted
1:20 with fresh HIB. The cultures were grown for an additional 3 h at 28°C and
then shifted to 37°C for 2 h. The secretion of YopE and YopH was induced by
the addition of 5 mM EGTA. Culture supernatants and pellets were collected 5
min after EGTA addition. (A) The presence of YopE and YopH in the samples
was analyzed by the use of antibodies to YopE and YopH. To evaluate mem-
brane integrity, both WT CO92 and the Alpp Apla double mutant were grown
to exponential phase at 28°C (ODg, 0.8). The cells were washed, pelleted,
fixed, and subjected to transmission electron microscopy (B).

—_e
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FIG 2 Intracellular survival of WT Y. pestis CO92 and its mutant strains in
murine macrophages. RAW 264.7 macrophages were infected with the WT
and its tested mutants at an MOI of 1 for 30 min. Monolayers were treated with
100 pg/ml gentamicin for 1 h to kill extracellular bacteria. At 4 h (after genta-
micin treatment), macrophages were lysed and cultured on SBA plates. Three
independent experiments were performed. The data were analyzed using one-
way ANOVA with the Bonferroni correction, and a P value of <0.05 was
considered significant. Asterisks, significant difference by comparison of the
results for the mutants with those for WT CO92.

flanking region, the Km" gene cassette, and the pla downstream flanking
region was subsequently cloned into the pDMS197 suicide vector at the
appropriate restriction enzyme sites (39) using E. coli SM10 (Table 1). The
recombinant plasmid pDMS197plaUDKm (Table 1) was then trans-
formed by electroporation (Genepulser Xcell; Bio-Rad, Hercules, CA)
(23) into WT CO92 or the Alpp single mutant of CO92, generating the
Apla single mutant and the Alpp Apla double mutant, respectively. The
transformants were plated onto HIB agar plates containing 5% sucrose
and 100 pg/ml kanamycin. The Km" colonies were PCR screened using
primer sets Pla5-Pla3 and Up5-Dn3 (Table 2). The colonies showing
genomic replacement of the pla gene with the Km" gene cassette (inter-

10,000 LDy, s.c. Challenge

mediate form) were transformed with the plasmid pFlp2, which expresses
the gene encoding FLP recombinase, to remove the Km" gene cassette. The
plasmid pFlp2 was then cured with 5% sucrose; the final Apla mutants
were sensitive to kanamycin (Km?®) and free of plasmid pFlp2. An in-frame
deletion of the pla gene was further confirmed by genomic sequencing
with the primer Spla (Table 2).

Complementation of Apla mutant strains of Y. pestis CO92. The
coding region of the pla gene, along with its promoter, was PCR amplified
using primers Cpla,,, and Cplag,, (Table 2), and the amplified DNA frag-
ment was cloned into the pBR322 plasmid vector, thus generating the
recombinant plasmid pBR322Ypla. The pBR322Ypla recombinant plas-
mid was then transformed into Y. pestis Apla single mutant and Alpp Apla
double mutant strains via electroporation (Table 1) (23, 35). The comple-
mented Y. pestis Apla(pBR322Ypla) and Alpp Apla(pBR322Ypla) strains
were sensitive to tetracycline due to inactivation of the tetracycline resis-
tance (Tc") gene on the plasmid. As appropriate controls, a tetracycline-
susceptible (Tc®) variant of the pBR322 vector (35) was also electropo-
rated into WT CO92 and the Apla single mutant and Alpp Apla double
mutant of Y. pestis (Table 1).

In vitro characterization of Y. pestis CO92 Alpp Apla double mu-
tant. (i) Functionality of the T3SS. The low calcium response (LCR) is a
distinctive trait of the Yersinia T3SS in which effectors designated Yersinia
outer membrane proteins (Yops), such as YopE and YopH, are secreted in
response to a low calcium signal. To demonstrate the functionality of the
T3SS, the secretion of Yops from Y. pestis cultures (WT CO92 as well as
Alpp, Apla, and Alpp Apla mutants of CO92) was induced by the addition
of EGTA (Sigma-Aldrich, St. Louis, MO), as we previously described (23,
35). Briefly, aliquots (500 ) from different cultures were removed after 5
min of EGTA addition, followed by separation of bacterial cells from the
supernatants. The presence of Yops in cell pellets and supernatants was
analyzed by immunoblotting using antibodies to YopE (Santa Cruz Bio-
technology, Santa Cruz, CA) and YopH (Agrisera, Stockholm, Sweden)
(23, 35).

(ii) Serum resistance and membrane blebbing. WT C092 and its
Alpp Apla double mutant were incubated with serum pooled from 5 naive

10 LDy, i.n. Rechallenge

PN

p<0.0001

p<0.0001

100

80 A
©
2 60 —e— WTCO9R2
S —v— 4jpp
@ —B— pla
S —O— Alpp Apla
© 40 A —aA— Naive Rechallenge
e Control

20 1

0 -

0 5 10 15 20 25

30 35 40 45 50 55 60

Days Post Infection

FIG 3 Survival analysis of mice infected with WT Y. pestis CO92 and its mutant strains by the route causing bubonic plague. Mice were challenged by the s.c. route
with 5 X 10° CFU (representing 10,000 LD5,s of WT C0O92) of WT Y. pestis CO92 and its various mutants at day 0 and observed for mortality. At 30 days p.i.,
mice that had survived the initial infection were challenged with 10 LD,s of WT CO92 by the i.n. route. We found a 90% survival rate for the Alpp Apla double
mutant-immunized animals and a 77% survival rate for the Apla single mutant-immunized mice following challenge with WT CO92. The data were analyzed by
using Kaplan-Meier survival estimates, and P values of =0.05 were considered significant.
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FIG 4 Dissemination of WT Y. pestis CO92 and its mutant strains to the peripheral organs of mice infected by the route causing bubonic plague. Mice (20 to 25
per group) were challenged by the s.c. route with 5 X 10° CFU of WT Y. pestis CO92 and its various mutants at day 0. On days 2, 4, 8, and 16, five to seven animals
per group were sacrificed and the spleen, liver, lungs, and blood were collected. Each organ (except for blood) was homogenized and plated to determine the
bacterial load. The data were analyzed by one-way ANOVA and Tukey’s post hoc test, and a P value of =0.05 was considered significant. Because of the terminal

nature of some animals, blood could not be drawn from them.

mice. Heat-inactivated serum and phosphate-buffered saline (PBS)
served as controls. After 1 h of incubation at 37°C, the number of surviv-
ing bacteria (number of CFU) in each sample was determined by serial
dilution and plating on SBA plates, as we previously described (23, 35).

To evaluate membrane integrity, both WT CO92 and the Alpp Apla
double mutant were grown to exponential phase at 28°C (optical density
at 600 nm [ODg,], 0.8). The cells were washed, pelleted, fixed, and sub-
jected to transmission electron microscopy (42).

(iii) Measurement of gentamicin MIC. The MICs of gentamicin for
WT Y. pestis CO92 and its Alpp Apla double mutant were determined by
using the Etest (bioMérieux Inc., Durham, NC). Briefly, the overnight
cultures were diluted (1:4) with fresh HIB and continued to grow at 28°C
for 2 h (ODgy, 0.6). The bacterial cultures were then spread evenly onto
SBA plates, and the Etest strips with predefined gentamicin concentra-
tions (range, 0.016 to 256 pg/ml) were placed in the center of the plates,
which were then incubated for 48 h at 28°C or 37°C, and the MICs were
recorded.

Survival of WT Y. pestis CO92 and its mutant strains in murine
macrophages. RAW 264.7 cells were infected with WT CO92 and its
mutant strains (the Alpp, Apla, and Alpp Apla mutants) at a multiplicity of
infection (MOI) of 1. The infected macrophages were incubated at 37°C
with 5% CO, for 30 min, followed by 1 h of treatment with 100 pg/ml
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gentamicin to kill extracellular bacteria. The surviving bacteria inside the
macrophages were enumerated immediately after the gentamicin treat-
ment (0-h time point) and 4 h later by serial dilution and plating, as we
previously described (35, 43).

Animal studies. All of the mouse studies were performed in an animal
biosafety level 3 facility under a protocol approved by the University of
Texas Medical Branch (UTMB) Institutional Animal Care and Use Com-
mittee. Six- to 8-week-old female Swiss Webster mice were purchased
from Taconic Laboratories (Germantown, NY) and challenged with WT
Y. pestis CO92 and the Alpp, Apla, or Alpp Apla mutant strain by either the
subcutaneous (s.c.) or intranasal (i.n.) route to induce bubonic and pneu-
monic plague, respectively, as we previously described (23). The inocula-
tion of the bacterial suspension into the nares leads to animal inhalation of
bacterial droplets, resulting in the development of pneumonic plague. To
generate survival curves, mice were assessed for mortality over a period of
30 days. For histopathology, cytokine/chemokine analysis, enzyme-linked
immunosorbent assay (ELISA) for antibody isotyping, and bacterial dis-
semination, the sera and organs of the animals were harvested at the time
points indicated below.

Histopathology and bacterial dissemination. Mice infected with 5 X
10° CFU (representing 1,000 50% lethal doses [LDsys] of WT CO92,
where 1 LD, is equal to 500 CFU) of WT CO92, the Alpp and Apla single
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TABLE 3 Changes in cytokine and chemokine levels in serum of mice infected with WT C0O92 and the Alpp Apla double mutant

Day (route of Concn* (pg/ml)

administration) and

strain TNF-a IFN-vy G-CSF GM-CSF M-CSF IL-1a IL-1B IL-2 IL-3

Day 4 (s.c.)
WT (pg/ml) 310 £ 507 2,260 * 4,330 10,918 = 5,975 248 £ 159 62 + 38 321 £ 113 103 £ 23 21 =25 307 * 480
Alpp Apla mutant ND ND 1,708 = 987*** ND 20 =20 279 =179 23 +26* 9=*5 ND

Day 2 (i.n.)
WT (pg/ml) 69 * 45 274 * 217 26,495 * 12,979 27479 89 * 51 876 * 177 148 + 98 11+7 287
Alpp Apla mutant 37 £ 12* 380 = 417 14,299 * 8,604 185 =71 47+ 9 808 * 184 54 = 41 4*+4 16 = 12

@ Abbreviations and symbols: GM-CSF, granulocyte-macrophage colony-stimulating factor; M-CSF, macrophage colony-stimulating factor; LIF, leukemia inhibitory factor; LIX,
lipopolysaccharide-induced CXC chemokine; MIG, monokine induced by gamma interferon; MIP-1a, macrophage inflammatory protein 1o; VEGF, vascular endothelial growth

factor; ND, not detected; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

mutants, and the Alpp Apla double mutant strain by the i.n. route were
euthanized at 2, 6, 8, and 14 days postinfection (p.i.). Portions of the
lungs, liver, and spleen from 3 representative animals were removed and
immersion fixed in 10% neutral buffered formalin (23, 35). The tissues
were sectioned at 5 wm, mounted on glass slides, stained with hematoxy-
lin-eosin (H&E), and evaluated by light microscopy in a blinded fashion.
Tissue lesions were scored on the basis of a severity scale, which correlated
with estimates of lesion distribution and the extent of tissue involvement
(minimal, 2 to 10%; mild, >10 to 20%; moderate, >20 to 50%; severe,
>50%), as previously described (23, 35). Bacteria consistent with Y. pestis
infection were present in some sections, although bacterium-specific
staining was not performed.

At the indicated time points, various tissues (lungs, liver, spleen) and
blood were evaluated for the dissemination of bacteria (23). The bacterial
colonies were counted to determine the numbers of CFU per organ or per
ml (for blood).

Measurement of antibodies and cytokines/chemokines in sera. Con-
currently with the collection of tissues for histopathology and determina-
tion of bacterial dissemination from infected mice, blood samples were
drawn on days 2, 4, 8, and 16 from mice injected with the bacteria by the
s.c. route and on days 2, 4, 6, and 14 from those inoculated by the i.n.
route. Uninfected naive mice served as the control group. The sera were
extracted and filtered using Costar 0.22-pm-pore-size centrifuge tube fil-
ters from Corning Inc. (Corning, NY). The cytokine/chemokine levels in
the serum samples were analyzed as we previously described (35, 43).

Specific antibody responses (IgG and various isotypes) to WT CO92
(whole bacteria) as well as to the F1-LcrV (F1-V) antigens of CO92 were
measured by ELISA. Briefly, ELISA plates were coated with either F1-V (1
ng/ml; BEI Resources, Manassas, VA) or the whole plague bacterium
overnight at 4°C. For preparing the latter, the WT CO92 culture was
grown overnight at 28°C in HIB. The culture was diluted, and the growth
temperature was shifted to 37°C until an OD, of 0.8 was reached. This
shift in the temperature allowed F1 production and T3SS induction (23).
The culture was then resuspended to a concentration of 5 X 10° CFU/ml
and used to coat plates treated with poly-L-lysine (10 pg/ml). A serial
dilution (1:5) of serum was made to evaluate antibody titers, and a posi-
tive antibody titer was defined as the inverse of the highest serum dilution
giving an absorbance reading of =0.2. Antibody classes and IgG isotypes
were also examined by using specific isotype secondary antibodies, as we
previously described (44).

T cell responses. A total of 60 mice were challenged by the i.n. route
with 250 CFU of WT CO92 or its Alpp Apla double mutant (30 mice per
group). At 14, 21, and 60 days p.i., spleens were harvested from 5 mice in
each infected group, and T cells were isolated from each animal by using a
CD3e MicroBead kit for magnetically assisted cell separation (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany). T cells isolated from un-
infected mice were used as controls at each time point. All isolated T
cells were incubated ex vivo with y-irradiated antigen-presenting cells
(APCs) from naive mice that either were pulsed with heat-killed WT
C0O92 or remained unpulsed. The proliferation of T cells was measured
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by their ability to incorporate [*H]thymidine, as we previously de-
scribed (43). The culture supernatants were collected at 48 h and sub-
jected to a multiplex assay with a Milliplex assay kit (Millipore), which
detected 6 cytokines/chemokines.

The T cell subsets producing gamma interferon (IFN-vy) and tumor
necrosis factor alpha (TNF-a) were measured by flow cytometry. Briefly,
T cells from animals infected with WT CO92 or the Alpp Apla double
mutant or uninfected mice were cultured as described above with pulsed
APCs in 24-well plates at 37°C for 5 days. Cells were treated with ionomy-
cin (1 pg/ml) and phorbol 12-myristate 13-acetate (PMA; 10 pg/ml) and
2 h later were incubated with brefeldin A (1 pg/ml) for 3 h to accumulate
intracellular cytokines. The T cells were then surface stained with mono-
clonal anti-mouse CD4-Pacific Blue (BioLegend, San Diego, CA), viable
dye allophycocyanin-Cy7 (Molecular Probes, Eugene, OR), and anti-
mouse CD8-phycoerythrin (PE) (BioLegend) for 30 min in the dark at
4°C. Subsequently, the T cells were permeabilized with a staining buffer
set (eBioscience, San Diego, CA) and stained with IFN-y—fluorescein iso-
thiocyanate (BioLegend) and TNF-a—PE-Cy7 (BioLegend) for 30 min.
The cells were acquired on a flow cytometer (LSR II Fortessa; UTMB
Core) and analyzed by using fluorescence-activated cell sorting (FACS)
Diva software.

Statistical analyses. Whenever appropriate, analysis of variance
(ANOVA) with the Bonferroni correction or Tukey’s post hoc test with
one-way ANOVA was employed for data analysis. We used Kaplan-Meier
survival estimates for animal studies, and P values of =0.05 were consid-
ered significant.

RESULTS

In vitro characterization of Alpp and Apla single mutants and
Alpp Apla double mutants of Y. pestis CO92. An in-frame dele-
tion of the pla gene from WT bacteria and the Alpp mutant of
CO92 resulting in the Apla single mutant and the Alpp Apla dou-
ble mutant, respectively, was ascertained by DNA sequencing of
the flanking regions of the target gene. The growth rate of the
mutants compared to that of WT C0O92 did not show any defects
(data not shown). The deletion of the pla gene from multiple
copies of the pPCP-1 plasmid as well as that of the [pp gene from
the chromosome of the mutants was confirmed by PCR and West-
ern blot analysis (data not shown).

The secretion and translocation of Yops through the T3SS rep-
resent a key virulence mechanism of Y. pestis, which is tightly
regulated. Under a high-calcium environment (e.g., HIB me-
dium), the secretion and translocation of Yops are restricted but
triggered rapidly when bacteria come in contact with the eukary-
otic cells or when calcium is chelated by the addition of EGTA (43,
45, 46). To determine whether deletion of the above-mentioned
genes affected any other phenotype(s) which could compromise
the virulence of the mutant, we specifically evaluated the function-
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TABLE 3 (Continued)

New-Generation Live-Attenuated Y. pestis as a Vaccine

Conen® (pg/ml)

IL-4 IL-5 IL-6 1L-7 IL-9 1IL-10 IL-12(p40) 12(p40) IL-12 (p70) IL-13 IL-15 1L-17

90 £ 173 ND 3,858 = 3,587 33 + 40 46 = 104 77 = 67 ND 62 = 89 1,190 *+ 1,837 124 =204 230 = 516
11*2 9*20 309 £ 248** ND ND *+ 22 ND ND ND ND ND

1+3 56 * 43 7,458 = 3,643 23+7 1,054 = 165 139 = 78 24 £ 10 290 = 166 265 *+ 100 77 £22 376 * 366
ND 19+ 13 5,465 = 4,315 14=*5 1,054 = 153 62 + 27* 25 8 213 + 144 240 += 112 55 * 34 101 £ 116%**

ality of the T3SS by measuring the secretion of T3SS effectors
(YopE and YopH) via Western blot analysis. As shown in Fig. 1A,
similar levels of these effectors were noted in the bacterial pellet
and the supernatant across all tested strains upon addition of
EGTA. We also examined cell membrane integrity by performing
transmission electron microscopy and found no indication of
membrane blebbing when comparing WT CO92 with its Alpp
Apla double mutant. However, in some bacterial mutant cells, the
outer membrane appeared to be vesiculated along the surface (Fig.
1B). Likewise, it was noted that, in comparison with WT C092
cells, some Alpp Apla double mutant cells had a tighter periplas-
mic space which seemed to be filled with electron-dense material.

To examine the survivability of the Y. pestis CO92 mutants in
macrophages, RAW 264.7 cells were used. As depicted in Fig. 2,
WT CO92 could survive in macrophages to 4 h p.i. in a gentamicin
protection assay, but the single (Alpp and Apla) and the double
(Alpp Apla) mutants could not efficiently resist the hostile envi-
ronment of the macrophages. Similar survival data were noted at
later time points of 8 and 24 h (data not shown). These effects were
not related to the differential sensitivity to gentamicin, as the MIC
of this antimicrobial for both WT C0O92 and the Alpp Apla double
mutant was 0.5 pg/ml at 37°C and 0.75 pg/ml at 28°C.

Attenuation of Y. pestis CO92 Alpp Apla double mutant in a
mouse model of bubonic plague and generation of a protective
immune response. The virulence potential of the Alpp Apla dou-
ble mutant in a mouse model of bubonic plague was determined
by infecting animals via the s.c. route with 5 X 10° CFU dose
(representing 10,000 LD5,s, where 1 LDy, is equal to 50 CFU of
WT C092) (25). As depicted in Fig. 3, mice started dying between
days 4 and 6 p.i., and all of the animals infected with WT C0O92
succumbed to infection by day 6. However, increased survival
rates of 80%, 90%, and 100% were observed for the Alpp and Apla
single mutant-infected and the Alpp Apla double mutant-infected
animals, respectively. Importantly, no signs of discomfort were
observed in surviving mice infected with either Alpp Apla double
mutant and extremely mild signs of discomfort were observed in
surviving mice infected with the Alpp or Apla single mutant. In
contrast, mice infected with WT CO92 exhibited ruffled fur,
hunched back, lethargy, buboes, and an inability to groom. Al-
though the temperature of the infected animals was not moni-
tored, no significant difference regarding food consumption and
body weight was observed in the mutant-infected groups. By using
telemetry (47), we will be able to measure the physiological func-
tions of the animals (e.g., respiration rate, cardiac function) in our
future studies.

To evaluate specific immunity that could have developed in
mice after infection with the WT CO92 mutants, we challenged
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survivors of the Apla single mutant-immunized and Alpp Apla
double mutant-immunized groups with 10 LD4,s (1 LDy, = 500
CFU) of WT CO92 via the i.n. route 30 days following the initial
infection. The i.n. route was chosen, as it results in the highest CFR
in humans. In Fig. 3, 90% of mice that were initially infected with
the Alpp Apla double mutant survived in. challenge with WT
CO92. All of the age-matched naive animals infected with WT
CO92 died by day 5 p.i.

The highly attenuated phenotype of the Alpp Apla double mu-
tant in mice prompted us to evaluate the mutant’s resistance to
serum killing. Our data showed that both WT CO92 and its Alpp
Apla double mutant had a 100% survival rate either in untreated
or heat-inactivated serum or in PBS at 37°C. These data indicate
that deletion of the Ipp and pla genes does not affect bacterial
resistance to serum (23, 32).

Dissemination of Y. pestis CO92 mutants to peripheral or-
gans in a mouse model of bubonic plague. We challenged 20 to 25
mice per group by the s.c. route with 5 X 10° CFU of WT CO92 or
the Alpp, Apla, or Alpp Apla mutant. Five to seven mice were
sacrificed per time point (2, 4, 8, and 16 days), and the numbers of
CFU per organ or ml were determined. As depicted in Fig. 4, WT
C0O92 could be detected in the lungs of some mice 2 days after
infection, reaching an average number of ~8 X 10’ CFU/organ
(5/7 mice were positive) by day 4 prior to death. Likewise, an
increase in the number of CFU of the Alpp and Apla single mu-
tants in the lungs of some mice (3/6 and 2/6, respectively) was
noted over a period of 4 days, albeit these bacterial numbers were
lower than those from animals infected with WT CO92 at the
corresponding time point of 4 days. Importantly, the count of
the Alpp Apla double mutant was below the limit of detection in
the lungs of mice (4/5) until day 4. On day 8, while the Alpp single
mutant was minimally detected (1/5 mice), the average numbers
of the Apla single mutant and the Alpp Apla double mutant in the
lungs of animals were ~8 X 10 (4/5 mice were positive) and 2 X
10* (2/5 mice were positive) CFU/organ, respectively. By day 16,
no Alpp, Apla, or Alpp Apla mutant bacteria were detected in the
lungs (data not shown).

A similar bacterial dissemination pattern for WT CO92 and the
Alpp and Apla single mutants emerged in the spleen and liver of
mice up to day 4. By day 8, all mutants were cleared from the
spleen (Fig. 4). The Alpp Apla double mutant was not cultivated
from the spleen at any time point between 2 and 16 days p.i. While
we could detect WT CO92 (7/7 mice were positive) and its Alpp
single mutant (1/5 mice were positive) in the liver on day 4, both
the Apla and the Alpp Apla mutants either were observed at much
decreased levels or were undetectable between 2 and 16 days p.i.
Finally, only WT CO92 was detectable in the blood of mice on day
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TABLE 3 (Continued)

Conen® (pg/ml)

IP-10 Eotaxin KC LIF LIX MCP-1 MIG MIP-1a MIP-2 RANTES VEGF
1,740 = 828 1,469 = 1,020 3,528 = 5,069 70 = 123 7,822 = 2,819 3,411 * 4,627 7,403 = 3,517 515 *+ 276 874 = 1,272 78 =57 11x7
348 £ 974** 1,070 = 199 213+ 114 ND 8,111 = 4,454 102 = 39* 798 *+ 363 27179 201 * 128 22 £ 60* 5*1
1,654 = 742 2,024 = 413 5,588 * 4,282 98 *= 46 15,891 £ 508 2,323 = 2,376 52,532 + 10,237 316 = 122 385 * 109 81 £ 40 33 *+ 34
1,643 *+ 429 1,289 & 342%%* 814 = 401*** 42 * 40 8,389 = 2,100 94 = 38 8,079 = 4,499 316 * 232 262 * 42 27 =10 *7

4 (4/5 mice were positive), and the Apla single mutant was de-
tected in the blood of one mouse on day 8. Neither the Alpp single
mutant nor the Alpp Apla double mutant was cultivated from
blood at any time point between days 2 and 16 (Fig. 4; day 16 data
are not shown).

Cytokine/chemokine levels in sera of mice infected with WT
Y. pestis CO92 and its Alpp Apla double mutant in a bubonic
plague model. There was a general decrease in the cytokine/
chemokine levels in the sera of mice infected with the Alpp Apla
double mutant compared to the levels in WT CO92-infected ani-
mals (Table 3). We have shown data for day 4, as animals infected
with WT CO92 were terminal at this time point. Of the 31 cyto-
kines/chemokines, the levels of granulocyte colony-stimulating
factor (G-CSF), IL-1p, IL-6, IP-10, monocyte chemoattractant
protein (MCP-1), and RANTES were significantly reduced in the
sera of mice infected with the Alpp Apla double mutant compared
to the levels in the sera of animals infected with WT CO92. This
general trend of a lower cytokine/chemokine response in the mu-
tant-infected mice correlated with the observation that there was a
rapid clearance of the Alpp Apla double mutant from mouse or-
gans and blood (Fig. 4).

Antibodies specific to Y. pestis WT C0O92 and its antigens
(F1-V) were detected in mice challenged with the Apla single
mutant and Alpp Apla double mutant in the bubonic plague
model. Surviving mice challenged with 5 X 10> CFU of the Apla
single mutant or Alpp Apla double mutant by the s.c. route (Fig. 3)
were bled on day 16 to perform ELISA. Animals challenged with
WT CO92 did not survive this 2-week time frame. As noted in Fig.
5A, animals infected with either the Apla single mutant or the Alpp
Apla double mutant exhibited significantly increased titers of total
IgG to whole CO92 cells compared to the titers in naive mice.
Likewise, when the ELISA plates were coated with the F1-V anti-
gens, significantly increased IgG antibody titers were detected in
the sera of both groups of mutant-infected mice compared to the
titers in naive mouse serum (Fig. 5B). However, the Apla single
mutant seemed to generate better IgG1 (Fig. 5C) and IgG2a (Fig.
5D) antibody responses than the Alpp Apla double mutant. These
data indicate a trend toward a T, 2-based immune response in a
mouse model of bubonic plague.

Attenuation of the Alpp Apla double mutant of Y. pestis
C092 in a mouse model of pneumonic plague and generation of
a protective immune response. The virulence potential of the
Alpp Apla double mutant in comparison to that of WT CO92 and
its Alpp and Apla single mutants in a mouse model of pneumonic
plague was determined by infecting animals by the i.n. route with
5 X 10° CFU (representing 1,000 LDs,s of WT C0O92, where 1
LD, is equal to 500 CFU). As shown in Fig. 6, mice started dying
between days 3 and 5 p.i., and an increased survival rate for ani-
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mals infected with the Apla and Alpp Apla mutants was observed.
Mice infected with WT CO92 and its Alpp single mutant died by
day 5, with a slight increase in the mean time to death for mice
infected with the latter organism compared to that for the WT-
challenged animals, while only 40% of the mice infected with the
Apla single mutant survived. It was expected that animals infected
with the Alpp single mutant at such a high challenge dose would
not survive (23, 24, 35, 43). On the contrary, the Alpp Apla double
mutant-infected mice showed 100% survival. Similar to the
bubonic plague model, the Alpp Apla double mutant-infected an-
imals were clinically healthy, while mice infected with WT CO92
as well as with the Alpp or Apla single mutant exhibited marked
clinical signs. These data indicate that although individual muta-
tions alone were not sufficient to protect animals from high bac-
terial challenge doses, deletion of both the Ipp and pla genes led to
synergistic attenuation of the double mutant in a mouse model of
pneumonic plague.

To evaluate whether Y. pestis-specific immunity developed in
the surviving mice, they were challenged with 10 LD5ys of WT
C0O92 (5,000 CFU) via the i.n. route 30 days following the initial
infection. As shown in Fig. 6, 70% of the animals that were initially
infected with the Alpp Apla double mutant survived challenge
with the WT CO92 strain. Although 100% of the mice initially
infected with the Apla single mutant survived rechallenge, there
was a significant mortality rate (60%) during the initial phase of
infection. Mice that were age and sex matched served as controls
and succumbed to infection. Overall, our results indicate that the
double mutant was not lethal to mice but provided animals with
significant protection from subsequent WT CO92 infection, irre-
spective of the route of initial challenge, s.c. or i.n. (Fig. 3 and 6).

Dissemination of Y. pestis CO92 mutants to peripheral or-
gans in a mouse model of pneumonic plague. First, 20 to 30 mice
per group were challenged by the i.n. route with 5 X 10° CFU of
WT CO92 or the Alpp, Apla, or Alpp Apla mutant. Then, 5 to 10
mice per time point (2, 6, 8, and 14 days) were sacrificed and the
numbers of CFU in various organs were determined. By day 2,
significant multiplication of WT C0O92 (10/10 mice) and its Alpp
single mutant (10/10 mice) was seen in the lungs, liver, and spleen
(Fig. 7). The blood of 4/5 animals infected with either WT CO92
or its Alpp single mutant had high bacterial counts, while the
blood of 2/5 mice was positive for the Apla mutant, although at
low numbers. The Apla single mutant was generally detected in
lower numbers (close to the challenge dose) in all of these organs
on day 2 (Fig. 7), and the Alpp Apla double mutant was found at
low to undetectable numbers in the peripheral organs. All of the
mutants were present in the lungs at a statistically significantly
lower level than WT CO92. By day 6, all of the animals infected
with WT CO92 and its Alpp single mutant died, and, hence, there
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were no data for those groups. Although the Apla single mutant
was detectable in the lungs up to day 8 (2/5 mice were positive),
the spleen was negative on day 8 (Fig. 7). The double mutant was
only minimally detected, if at all, in all of the organs between days
6 and 14 (day 14 data are not shown). The Alpp Apla double
mutant was undetectable in the blood at all time points.

Cytokine/chemokine levels in sera of mice infected with WT
Y. pestis CO92 and its Alpp Apla double mutant in a pneumonic
plague model. As noted above for the mouse model of bubonic
plague, there was a general decrease in the cytokine/chemokine
levels in the sera of mice infected with the Alpp Apla double mu-
tant compared to the sera of WT CO92-infected animals (Table
3). Specifically, at 2 days after infection, the levels of TNF-a, IL-10,
IL-17, and keratinocyte-derived chemokine (KC) were signifi-
cantly downregulated in mice infected with the Alpp Apla double
mutant compared to their levels in mice infected with the WT.
This general trend of a lower cytokine/chemokine response in the
mutant-infected mice correlated with the rapid clearance of the
Alpp Apla double mutant from organs and blood (Fig. 7).

Antibodies specific to WT Y. pestis CO92 and its F1-V anti-
gens were detected in mice challenged with the Apla single mu-
tant and Alpp Apla double mutant in the pneumonic plague
model. Mice challenged by the i.n. route with the Apla single
mutant and the Alpp Apla double mutant exhibited total IgG titers
(1:10,000) significantly higher than those in preimmune sera
when ELISA plates were coated with WT CO92 on day 14 (Fig. 8).
Likewise, high IgG titers of 1:3,125 for both the mutants were
observed when ELISA plates were coated with F1-V. Titers of
1:3,125 were noted for IgG1 and 1gG2a, indicating that a balanced
T, 1 and T}, 2 response was generated by both the Apla single mu-
tant-challenged and Alpp Apla double mutant-challenged mice
(Fig. 8). Our data indicate that the T} 1 response generated by the
double mutant might be stronger than that generated by the Apla
single mutant (see the IgG2a antibody titers in Fig. 8). The IgG2b
titers against the F1 and LcrV antigens were similar for both the
single mutant and the double mutant (Fig. 8). The relative ratio of
IgG1/IgG2a was 1:1 for both the Apla single mutant and the Alpp
Apla double mutant, thereby indicating a trend toward a balanced
T,1-T;,2 immune response.

Complementation of the Apla single mutant and Alpp Apla
double mutant of Y. pestis CO92 in a mouse model of pneu-
monic plague. To test whether we could demonstrate the restora-
tion of the virulence of the Apla single mutant and the Alpp Apla
double mutant, we complemented them with the pla gene in trans
and tested the mutants in a mouse model of pneumonic plague
(Fig. 9). All of the animals infected with WT CO92(pBR322)
(Table 1) by the i.n. route at a dose of 1,000 LD5s died by day 3.

FIG 5 Antibody responses of mice challenged with the mutant strains of Y.
pestis CO92 by the route causing bubonic plague. Mice were challenged by the
s.c. route with 5 X 10° CFU of the Apla single mutant or the Alpp Apla double
mutant at day 0, and survivors were bled 16 days later to determine antibody
titers. (A) To observe the general antibody responses (IgG) to Y. pestis, we grew
WT'Y. pestis CO92 at 28°C overnight and then shifted the temperature to 37°C
for 4 h and used the bacteria to coat the plates for ELISA. An ELISA was also
performed on plates coated with the F1-V antigens to measure the overall
antigen-specific IgG response (B) and the response to the IgG1(C), IgG2a (D),
and IgG2b (E) isotypes. The geometric mean of each sample (n = 5) was used
for data plotting. The data were analyzed statistically by one-way ANOVA with
Tukey’s post hoc test, and P values of =0.05 were considered significant.
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FIG 6 Survival analysis of mice infected with WT Y. pestis CO92 and its mutant strains by the route causing pneumonic plague. Mice (20 to 30 per group) were
challenged by the i.n. route with 5 X 10° CFU (representing 1,000 LD5os of WT C092) of WT Y. pestis CO92 and its various mutants at day 0 and observed for
mortality. At 30 days p.1., survivors were rechallenged with 10 LD s of the WT CO92 strain by the i.n. route and observed for mortality. The data were statistically
analyzed by using Kaplan-Meier’s survival estimates, and a P value of =<0.05 was considered significant.

Likewise, all of the animals infected with the Alpp(pBR322) single
mutant died at the WT CO92 dose equivalent of 1,000 LD5,s by
day 5. However, an attenuation of the virulence of this Alpp
mutant was observed, as the mean time to death of the mice was
increased compared to that of the WT CO92-infected animals
(day 3 versus day 5). While the virulence of both the
Apla(pBR322) single mutant (60% survival) and the Alpp
Apla(pBR322) double mutant (100% survival) was attenuated
at the same challenge dose of WT CO92, the death rates of the
mice increased to 100% (0% survival by day 3) when the above-
mentioned mutants were complemented with the pla gene. We
also observed a statistically significant increase in survival
when comparing the Apla(pBR322) single mutant and the Alpp
Apla(pBR322) double mutant.

Histopathology. Portions of the mouse tissues were stained
with H&E to assess the level of tissue damage after infection
(pneumonic plague) with WT CO92 and its Alpp and Apla single
mutants and Alpp Apla double mutant at a dose of 5 X 10> CFU.
Uninfected control mice exhibited no significant lesions, and tis-
sues appeared normal (data not shown). All of the mice infected
with the WT and the Alpp, Apla, and Alpp Apla mutants had lung
lesions at 2 days p.i., but the severity and prevalence of the lesions
were notably decreased in the Alpp Apla double mutant-chal-
lenged animals (Fig. 10). At 2 days p.i., mild to moderate tissue
lesions (20 to 50% tissue involvement) were noted in the lungs of
animals infected with WT CO92 and the Alpp and Apla single
mutants. Lung lesions included edema, hemorrhage, fibrinous in-
filtrates, acute inflammation, and leukocytosis. Additionally, bac-
teria were observed in WT- and Alpp mutant-challenged mice. In
Fig. 10, the enlarged inset in the image of the lungs of WT C0O92
shows the presence of bacteria.

Further, in the lungs of mice infected with WT CO92 and the
Alpp and Apla single mutants, there was a noticeable collapse in
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the structure of the alveoli accompanied by congestion and disin-
tegration of the alveolar sacs and an increase in neutrophil recruit-
ment, which led to an acute inflammatory response. The Alpp
Apla double mutant-infected mice, on the other hand, exhibited
only mild lesions (10 to 20% tissue involvement) in their lungs,
indicative of a decrease in tissue damage and consistent with a
decline in the virulence of this mutant (Fig. 6). Although some
inflammation was noted in the lungs of mice infected with the
Alpp Apla double mutant (Fig. 10), recruitment of neutrophils
was at a much reduced level, which also correlated with the de-
crease in proinflammatory cytokine levels that we observed in the
sera of mice at 2 days p.i. (Table 3).

In the liver, WT CO92-infected mice exhibited mild, acute in-
flammation (3/3 mice) and the presence of bacteria (1/3 mice).
Two of 3 Alpp mutant-infected mice, 3 of 3 Apla mutant-infected
mice, and 3 of 3 Alpp Apla mutant-infected mice had no liver
lesions, and no mutant-infected animals had bacteria in the liver,
indicative of a decreased ability of the mutants to disseminate (Fig.
7). Al WT CO92-infected animals had splenic lesions, which in-
cluded acute inflammation, myeloid hyperplasia, and decreased
cellularity in the red pulp and mild to moderate (20 to 50% tissue
involvement) depletion in the marginal zones of the white pulp.

All Alpp and Apla mutant-infected mice and 2 of 3 Alpp Apla
mutant-infected mice had splenic lesions that were similar to
those seen in mice infected with WT CO92, which was expected, as
we observed a cell-based immune response. All mice tended to
show some alterations in the red pulp, indicative of antigen pro-
cessing from the lymph and bloodstream, in addition to the re-
cruitment of lymphocytes from the spleen (Fig. 10). Subsequently,
at days 6 and 8 p.i., a general trend toward clearing and contain-
ment of the infection was observed in mice infected with the mu-
tants; notably, the Alpp Apla double mutant-infected mice never
showed bacteria in any of the examined organs, and the level of
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FIG 7 Dissemination of WT Y. pestis CO92 and its mutants to peripheral organs of mice infected by the route causing pneumonic plague. Mice were challenged
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analyzed by one-way ANOVA and Tukey’s post hoc test. Statistically significant values are indicated (***, P < 0.001), and these data were compared to those for
animals infected with WT CO92. By day 2, all of the WT bacterium- and Alpp mutant-infected mice had died. Because of the terminal nature of some animals,

blood could not be drawn from them.

inflammatory tissue involvement did not exceed 20% (data not
shown).

T cell activation by the Alpp Apla double mutant of Y. pestis
CO092 in a mouse model of pneumonic plague. To investigate the
specific T cell responses in mice infected with the Alpp Apla dou-
ble mutant, T cells were isolated from the spleens of animals chal-
lenged with a sublethal dose of either WT CO92 or its Alpp Apla
mutant at three time points: 14, 21, and 60 days. Although some
mice infected with WT CO92 died during the course of infection,
we had enough survivors (at least n = 5) for each time point to
obtain statistically significant data. We chose these time points to
examine early and recall (memory) immune responses. The iso-
lated T cells were then stimulated for 3 days with APCs that had
been incubated with heat-killed WT CO92 and then ~-irradiated.
As shown in Fig. 11, T cells from both WT CO92-infected mice
and Alpp Apla mutant-infected mice proliferated strongly, specif-
ically, on days 21 and 60. Importantly, T cells from the mutant-
infected mice proliferated more than T cells from the WT CO92-
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infected animals at all 3 time points tested (Fig. 11). Together,
these data indicate that the Alpp Apla mutant-immunized mice
had a better recall response to WT CO92 antigens than the WT
bacterium-immunized animals.

The supernatants from APC-stimulated T cells from WT
C0O92-challenged and Alpp Apla double mutant-challenged mice
were harvested at 48 h for multiplex analysis of 6 cytokines/
chemokines. We found that T cells from animals immunized with
the Alpp Apla double mutant had higher levels of IFN-v and IL-4
on day 14; although the data did not reach statistical significance
(Fig. 12). The levels of other cytokines (TNF-a, IL-5, and IL-6)
were similar across the three time points in the Alpp Apla double
mutant-immunized and the WT bacterium-immunized mice
(Fig. 12). The presence of both TNF-a and IFN-vy indicated a
T}, 1-based response, which is critical in clearing an intracellular
infection. Overall, our data provided evidence that the Alpp Apla
double mutant is capable of stimulating a protective, cell-based
immune response, while it is highly attenuated in causing an in-
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fection in animals. We did not observe any IL-17 response from
the T cells of WT- or double mutant-immunized mice (data not
shown). These cytokine data also indicated a balanced T} 1/T}2
immune response generated by the Alpp Apla double mutant.

Activation of T cell subsets by the Alpp Apla double mutant
of Y. pestis CO92 in a mouse model of pneumonic plague. T cells
from animals infected with WT CO92 or the Alpp Apla double
mutant or uninfected mice were cultured with pulsed APCs for 5
days. As shown in Fig. 13, on day 14 we noted a significant increase
in the levels of CD4" TNF-a-secreting T cells in the Alpp Apla
mutant-immunized mice compared to those in WT bacterium-
infected animals (Fig. 13A). On day 60, however, similar percent-
ages of CD4™ TNF-a-producing T cells from WT CO92- and Alpp
Apla double mutant-immunized animals were observed (Fig.
13B). Likewise, on day 14 the percentage of CD8" T cells produc-
ing TNF-a also increased in the mutant-immunized mice (Fig.
13C), while on day 60 both WT- and mutant-immunized animals
had similar percentages of CD8" T cells producing this cytokine
(Fig. 13D). These data indicate that the Alpp Apla double mutant
is capable of inducing CD4* and CD8™ T cell-specific responses
in terms of TNF-a production at least as good as or better than
those in the WT bacterium-immunized mice. Such a cellular im-
mune response is important in protecting mice against pneu-
monic plague.

DISCUSSION

Our study has developed a platform that could potentially lead to
the development of a legitimate and well-defined live-attenuated
plague vaccine, as the Alpp Apla double isogenic mutant generated
was highly attenuated and effective at establishing long-term im-
munity against plague in the host. Although the subunit plague
vaccines composed of F1 and LerV antigens are currently in clin-
ical trials, these vaccines evoke only a strong humoral immune
response, which may not be adequate in protecting humans (15,
22,48,49). The lack of an FDA-approved vaccine and the need for
both humoral and cell-mediated immune responses to effectively
combat plague infections warrant a continued search for new live-
attenuated plague vaccine candidates. The Alpp Apla double mu-
tant could possibly provide the background strain, which, after
some additional manipulations to reduce reactogenicity, might
become an excellent vaccine candidate.

In an earlier study, we demonstrated that when the pPCP-1
plasmid harboring the pla gene was cured from the Alpp single
mutant, the resulting strain was highly attenuated in a mouse
model of pneumonic plague (35). However, since the pPCP-1
plasmid encodes the pst and pim genes, among others, it was es-
sential to create an isogenic Apla mutant for vaccine development
purposes.

FIG 8 Antibody responses of mice challenged with the mutant strains of Y.
pestis CO92 by the route causing pneumonic plague. Mice (n = 10) were
challenged by the i.n. route with 5 X 10° CFU of the Apla single mutant or the
Alpp Apla double mutant on day 0 and bled 14 days later to determine the
antibody titers in serum. (A) WT Y. pestis CO92 was grown to coat the plates
for ELISA to observe the total IgG antibody response to Y. pestis. An ELISA was
also performed to examine the total antigen-specific IgG (B), IgG1 (C), IgG2a
(D), and IgG2b (E) responses when the plates were coated with the F1-V
antigens of Y. pestis. The geometric mean of each sample (n = 5) was used for
plotting of the data. The data were analyzed statistically by one-way ANOVA
with Tukey’s post hoc test, and P values of =0.05 were considered significant.
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FIG 9 Survival analysis of mice infected with WT Y. pestis CO92 and its complemented mutant strains by the route causing pneumonic plague. Mice (10 per
group) were challenged by the i.n. route with 5 X 10°> CFU (representing 1,000 LDs,s of WT C092) of WT Y. pestis CO92, its various mutants, and the
complemented Apla single mutant or the Alpp Apla double mutant (at day 0) and observed for mortality. The data were analyzed by using Kaplan-Meier survival
estimates, and a P value of =0.05 was considered significant. The data between WT CO92 and its various mutants as well as between the Apla single mutant and

the Alpp Apla double mutant were compared.

On the basis of both in vitro and in vivo characterization (35,
50), it was apparent that there were no pleiotropic effects associ-
ated with the deletion of two genes, Ipp and pla, from WT C0O92
(Fig. 1, 3, 6, and 9). To be an attractive live-attenuated vaccine
strain, it should be quickly cleared from the host after triggering
both arms of the immune response. Therefore, we examined the
survivability of the Alpp Apla double mutant in macrophages, the
primary cell type that is affected during pneumonic plague. In-
deed, we noted that the Alpp Apla double mutant was unable to
survive in macrophages beyond 4 h in vitro (Fig. 2) and that it was
largely cleared from all organs of mice by day 2 in mouse models of
bubonic and pneumonic plague (Fig. 4 and 7).

In our earlier study, we have shown that the Alpp single mutant
was also unable to survive within macrophages due to the down-
regulation of a gene encoding the global stress response protein A
(GsrA) (35, 51). However, it is unclear how Pla directly or indi-
rectly contributes to bacterial survival in the host cell, but the
literature indicates that Pla can enhance bacterial invasion of
epithelial cells and mediate the delivery of T3SS effectors into the
host (34).

We were intrigued by our results that the Apla single mutant
was unable to survive in macrophages (Fig. 2). These data are in
contrast to those from our earlier study in which we demonstrated
that WT CO92 cured of the pPCP-1 plasmid was initially (4 to 8 h)
sensitive to the macrophage environment but recovered and had a
survived rate similar to that of WT CO92 by 24 h (35). Therefore,
it is tempting to speculate that other genes present on the pPCP-1
plasmid (e.g., pst and pim) might modulate the survival of the
plasmid-cured CO92 strain in macrophages compared to that for
the Apla single mutant, and this possibility needs further investi-
gation. Finally, although we used murine RAW 264.7 macro-
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phages, we have shown that macrophages derived from human
HL-60 cells behaved very similarly (43).

Our data corroborate earlier findings that the ability of the
Apla single mutant to disseminate to peripheral organs is impeded
in a mouse model of bubonic plague (29, 30). However, in a
mouse model of pneumonic plague, our data indicated that the
Apla single mutant retained its capability to disseminate to the
liver and spleen up to day 6 p.i., although the number of bacteria
and animals that were positive for infection was greatly reduced
compared to that for WT CO92-infected mice (Fig. 7). Impor-
tantly, on day 2 p.i., there was a statistically significant decrease in
the count of the Apla single mutant at the initial infection site
(lungs) compared to that of WT CO92 (Fig. 7). These data indi-
cate the failure of the Apla mutant to colonize lung tissue, as re-
ported earlier by Lathem et al. (32). The difference in the pattern
of Apla mutant dissemination in mouse models of bubonic and
pneumonic plague could be related to the highly vascularized na-
ture of the lungs, allowing the escape of some bacteria through
alveolar capillaries and, thus, initiating systemic infection (33).

Pla facilitates digestion of fibrin matrices at peripheral sites of
infection, thereby disrupting physical barriers that impede bacte-
rial dissemination (34). The inability of the Alpp Apla double mu-
tant to dissolve fibrin deposits due to the absence of Pla would
enable innate and adaptive host effector cells to quarantine and
destroy the invading bacteria. A recent study has also implicated
the role of fibrin in innate and T cell-mediated protection of mice
against pneumonic plague (33), as fibrin-dependent signals pro-
vide a cue for neutrophils to combat Y. pestis infection. However,
in the above-mentioned study (33), it was also noted that the
fibrinogen-deficient mice which had antibodies to F1 and LcrV
were protected from developing pneumonic plague. These data
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of either WT CO92 or its mutants. At 2 days p.i., a portion of the lungs, liver, and spleen was stained with H&E and evaluated. Organs from 3 animals were
examined, and representative data are shown here. Arrows in lung and liver images, inflammation; plus signs in lung images, observable bacterial presence;
diamonds, edematous areas; asterisks in spleen images, areas of decreased cellularity in the red pulp and marginal zones of the white pulp.

suggest that fibrinogen does not contribute to antibody-mediated
protection of animals. Taken together, the Alpp Apla double mu-
tant would avoid mitigation of the innate and cell-mediated sig-
nals associated with fibrin deposits.

In a mouse model of pneumonic plague, the levels of four
cytokines/chemokines showed statistically significant decreases
compared to their levels in the WT CO92-infected animals (Table
3). One of them was KC, which attracts neutrophils to the site of
an infection, and this may contribute to the impaired neutrophil
infiltration observed in the tissues of mice infected with the Alpp
Apla double mutant compared to that observed in mice infected
with WT CO92 (Fig. 10).

The levels of IL-17 and TNF-a were also significantly reduced
in the Alpp Apla double mutant-infected mice. IL-17 is known to
increase chemokine production in tissues to recruit neutrophils
and monocytes to the inflammation site and, in conjunction with
IL-23, is responsible for severe tissue damage (18). In addition,
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IL-17 synergizes with TNF-a to produce damaging effects in the
host (18). Finally, the double mutant-infected animals produced
significantly less anti-inflammatory cytokine IL-10 (Table 3) than
the WT-infected animals. This could possibly be related in part to
deletion of the Ipp gene from the double mutant, as the absence of
Lpp would result in a more greatly reduced activation of TLR2, the
latter of which LerV also uses to promote the production of IL-10
(25). Our future study will investigate this possibility in detail.
The production of both IgG1 and IgG2a antibodies in a mouse
model of pneumonic plague infected with the Alpp Apla double
mutant indicated a balanced T}, 1/T;,2 CD4" -based immune re-
sponse (Fig. 8). The IgGl1 isotype corresponds to an increased
stimulation of the T,2 CD4™ T cell subset, principally producing
IL-4 and thereby stimulating an antibody-mediated immune re-
sponse. Indeed, T cells from our double mutant-immunized mice
had higher IL-4 levels than T cells from animals infected with WT
CO092 at the sublethal dose (Fig. 12). The IgG2a isotype, on the
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FIG 11 Proliferation of T cells isolated from WT Y. pestis CO92- and Alpp
Apla mutant-infected mice. A total of 60 mice were i.n. challenged with a
sublethal dose (250 CFU) of WT CO92 or the Alpp Apla double mutant (30
mice per group). At 14, 21, and 60 days p.i., T cells were isolated separately
from the spleens of 5 mice in each infected group and stimulated for 3 days
with APCs that had been pulsed with heat-killed WT CO92 and then y-irra-
diated. Data were analyzed by using the Bonferroni correction with a one-way
ANOVA, and a P value of =0.05 was considered significant. *, statistical sig-
nificance in comparing unpulsed to pulsed T cells (P < 0.001) for both WT-
and mutant-infected mice. The results represent averages from 2 independent
experiments.

other hand, corresponds to an increase in the T, 1 CD4"* T cell
subset, which mainly secretes TNF-a and IFN-v, which are re-
quired for combating an intracellular infection with activated cy-
totoxic lymphocytes (52). T cells from the Alpp Apla double mu-
tant-immunized mice similarly had higher levels of IFN-y and
TNF-a than T cells from WT CO92-infected animals (Fig. 12 and
13). The current notion in the plague field is that cellular immu-
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nity augments antibody-mediated defense (15, 17). In other
words, antibodies alone provide unreliable protection, while a cel-
lular immune response, such as the one elicited by a live-attenu-
ated vaccine, provides dependable protection. Consistent with
this hypothesis, our data depicted that both cell-based immunity
(Fig. 11 to 13) and humoral immunity (Fig. 8) were elicited by the
Alpp Apla double mutant, providing comprehensive protection
against pneumonic plague.

The route of infection seems to play a role in dictating which
type of antibodies are elicited by the Alpp Apla double mutant
during plague. For example, in the bubonic plague model, the
Apla single mutant elicited both IgG1 and 1gG2a, while the Alpp
Apla double mutant predominately elicited IgG1 (Fig. 5). How-
ever, animals infected with the above-mentioned single or double
mutant in a pneumonic plague model produced similar levels of
IgG1 and IgG2a (Fig. 8). An earlier study also indicated a predom-
inant T2 response in mice by immunization with F1-V by the s.c.
route and a balanced T, 1/T},2 response when mice were immu-
nized by the i.n. route (53).

No detectable IgA was measured in the sera of mice infected
with the Apla single mutant or the Alpp Apla double mutant by
any route (data not shown). However, IgA antibodies are rarely
seen in serum during pneumonic plague, as the hallmark of dis-
ease is not the colonization of the lungs by the bacteria but, rather,
rapid dissemination from the lungs. Thus, the lack of an IgA re-
sponse may not be a necessity to contain Y. pestis infection (54).

The T cell proliferative responses specific to Y. pestis antigens
were significantly more robust in the Alpp Apla double mutant-
immunized mice than in animals infected with WT CO92 (Fig.
11). Live-attenuated vaccine strains tend to elicit reduced T cell
responses compared to those elicited by WT bacteria due to over-
attenuation (15, 19, 20), thus making our findings significant. In
our early study in which mice were infected with another double
mutant, a Alpp AmsbB mutant of Y. pestis, we showed T cell pro-
liferative responses comparable to those seen in the WT C0O92-
infected animals (43). Here, we have provided evidence that a
majority of the T cells that were proliferating after immunization
of mice with either the Alpp Apla double mutant or WT CO92
were TNF-a-producing CD4™ and CD8 " cells (Fig. 13).

We preferred to measure cytokine responses both in the T cell
supernatants by a multiplex assay and in the CD4" and CD8"
subsets of T cells by flow cytometry in WT- and double mutant-
immunized mice. Our rationale was not to miss their detection
due to low levels or degradation. Indeed, we could detect IFN-vy
production in the T cell supernatants by multiplex assay but not in
T cell subsets. Conversely, TNF-a was seen both in T cell subsets
and in the supernatants of T cells. These data could be explained
by the fact that the detection of cytokines in the supernatant (such
as in the multiplex assay) is dependent on the total number of T
cells used and their ability to produce these mediators. Further,
some discrepancy in the levels of cytokines detected could also be
related to the sensitivity of the two methods used. Mechanistically,
both TNF-a and IFN-y combat Y. pestis infection by upregulating
the production of inducible nitric oxide synthase 2 (iNOS) in
macrophages (55). In addition, both of these cytokines have the
potential to augment oxidative mechanisms in neutrophils (55).

The protective role of these two cytokines during plague has
further been established, as neutralizing antibodies against these
cytokines negatively impact antibody (to F1 and LcrV)-mediated
protection against pneumonic plague (15, 17). Conversely, en-
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dogenous TNF-a and IFN-y could protect mice against Y. pestis
infection without any protective antibodies to F1 and LerV (15).

Taken together, our data tend to suggest that the TNF-a and
IFN-vy produced by T cells during the immunization of mice with
the Alpp Apla double mutant would activate macrophages to kill
intracellular plague bacteria during secondary infection (Fig. 6),
while the neutrophils activated by the same cytokines would kill
extracellular Y. pestis bacteria, possibly in a fibrin-dependent
manner (31, 33). Finally, the IL-17 produced by T cells has been
implicated to play a role in protection of the host against pneu-
monic plague (18), although how it contributes to protection is
unclear, as it is not related to rapid bacterial clearance or neutro-
phil recruitment (18, 56-58). In our study, we were unable to
detect IL-17 from T cells in WT CO92- or double mutant-immu-
nized mice. However, because the Alpp Apla double mutant rapidly
clears from the host and the production of TNF-a and IFN-y by T
cells would activate neutrophils, IL-17 might not be absolutely re-
quired for protection, and this needs further investigation. In sum-
mary, our data indicate that the Alpp Apla double mutant stimulates
WT bacterium-like or better protective humoral and cellular im-
mune responses in mice without lethality.

The dose of the Alpp Apla double mutant which was used to
induce pneumonic plague in this study (5 X 10’ CFU) was lower
than that of the EV76 strain (5.8 X 10° CFU) used as a live-atten-
uated vaccine strain in the former Soviet Union (48). Since the
Alpp Apla double mutant still possesses an intact LPS, it would
have issues related to reactogenicity. Consequently, introduction
of additional mutations in the current Alpp Apla double mutant,
e.g., mutations that reduce the biological potency of LPS, or dele-
tion of other virulence genes may present a logical step in the
future. In our earlier study, we modified the LPS of Y. pestis CO92
by deleting the msbB gene, which encodes an acyltransferase that is
responsible for the addition of lauric acid to the lipid A moiety of
LPS (43). We have shown that the Alpp AmsbB mutant was more
attenuated than the single mutants (i.e., the Alpp or AmsbB mu-
tant) alone in a mouse model of pneumonic plague and that it
generated cell-mediated immune responses (43). On the other
hand, studies have also implicated opsonic antibodies to the anti-
genically variable LPS O antigens as primary immune effectors
against Pseudomonas aeruginosa-associated acute lung infection
(59, 60). Therefore, fine-tuning of attenuation and the immuno-
genicity is a key to the development of a successful live-attenuated
vaccine.

Most importantly, vaccines like the one described in this study
could possibly represent attractive options for immunocompetent
individuals (military personnel and others who have been exposed
to the pathogen); the suitability of vaccines in immunocompro-
mised people is always a concern. For example, cancer patients
undergoing treatment and transplant and autoimmune patients

FIG 12 Cytokine production by T cells isolated from WT Y. pestis CO92- and
CO92 mutant-immunized mice after ex vivo pulsing with plague bacterium
antigens. A total of 60 mice were i.n. challenged with a sublethal dose (250
CFU) of the WT or the Alpp Apla mutant (30 mice per group). At 14, 21, and
60 days p.i., spleens from 5 mice in each infected group (at each time point)
were harvested, and T cells were isolated from each animal separately (includ-
ing uninfected controls) and incubated with pulsed or unpulsed APCs. After
48 h of incubation, supernatants were harvested for analysis by use of a Mil-
liplex kit. Data were analyzed by use of the Bonferroni correction with one-way
ANOVA, and a P value of =0.05 was considered significant.
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FIG 13 Flow cytometry of T cells isolated from WT Y. pestis CO92- and CO92 mutant-immunized mice after ex vivo pulsing with plague bacterium antigens. T
cells from animals infected with WT CO92 or the Alpp Apla double mutant or uninfected mice (see the legend to Fig. 12) were cultured with pulsed APCs for 5
days. Cells were then stained and read on a flow cytometer (LSR II Fortessa), and the data were analyzed by using FACS Diva software. T cells were stained on days
14 (CD4™° cells [A] and CD8™ cells [C]) and 60 (CD4 ™" cells [B] and CD8™* cells [D]). These data represent averages from two independent experiments. Data
were analyzed by Tukey’s post hoc test with one-way ANOVA, and a P value of =<0.05 was considered significant. *, statistical significance (P < 0.05) between
control mice and WT CO92-infected or Alpp Apla double mutant-infected mice.

treated with immunosuppressive agents represent a growing seg-
ment of the population. Consequently, the Alpp Apla double mu-
tant could serve as a starting point or an excellent platform from
which other virulence genes could be deleted to develop a safe and
efficacious new-generation vaccine for mass immunization.
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