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Abstract

Yersinia pestis causes bubonic and pneumonic plague in humans. The pneumonic infection is the
most severe and invariably fatal if untreated. Because of its high virulence, ease of delivery and
precedent of use in warfare, Y. pest/sis considered a potential bioterror agent. No licensed plague
vaccine is currently available in the US. Laboratory research with virulent strains requires
appropriate biocontainment (i.e., Biosafety Level 3 (BSL-3) for procedures that generate aerosol/
droplets) and secure facilities that comply with federal select agent regulations. To assist in the
identification of promising vaccine candidates during the early phases of development, we
characterized mouse models of systemic and pneumonic plague infection using the Y. pestis strain
EV76, an attenuated human vaccine strain that can be rendered virulent in mice under /in vivoiron
supplementation. Mice inoculated intranasally or intravenously with Y. pestis EV76 in the
presence of iron developed a systemic and pneumonic plague infection that resulted in disease and
lethality. Bacteria replicated and severely compromised the spleen, liver and lungs. Susceptibility
was age dependent, with younger mice being more vulnerable to pneumonic infection. We used
these models of infection to assess the protective capacity of newly developed Sa/monella-based
plague vaccines. The protective outcome varied depending on the route and dose of infection.
Protection was associated with the induction of specific immunological effectors in systemic/
mucosal compartments. The models of infection described could serve as safe and practical tools
for identifying promising vaccine candidates that warrant further potency evaluation using fully
virulent strains in BSL-3 settings.
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1. Introduction

Yersinia pestisis a highly infective organism that causes bubonic, septicemic and
pneumonic plague in humans. Bubonic plague is the most common and benign form of this
disease. It occurs naturally, develops gradually and can be treated with antibiotics. The
reported mortality rate is 50-60% (or greater) if untreated [1]. Pneumonic plague, on the
other hand, is the most severe and feared form of infection [2]. It can be transmitted easily
from person to person through contaminated droplets, progresses rapidly and is invariably
fatal [1] unless antibiotics are administered immediately, and despite treatment, ~15%
fatality occurs [3]. Because of its high infectivity and ease of release (i.e., via aerosol), Y.
pestisis regarded as one of the organisms most likely to be deployed in bioterror warfare
[3;4]. In fact, Y. pestis has been developed and used as a biological weapon on multiple
occasions throughout history [2-4]. The Centers for Disease Control and Prevention (CDC)
lists Y. pestisamong the Category A organisms recognized as the highest threat to national
security [5] and as a select agent of bioterrorism [6]. There is presently no licensed vaccine
to protect against plague in the US. A number of vaccine candidates have been proposed
[Reviewed in [7-9]]. These vaccines, however, have been shown to induce only partial
protection when tested in multiple animal models, and none of them can protect against all
forms of the disease [8;9]. A recombinant F1/V vaccine was tested in humans with limited
success [10], but improved rF1/V formulations are being investigated in Phase 1 and Phase 2
clinical studies [11].

The demonstration of protective efficacy is a critical step during the process of vaccine
development and typically involves challenge of vaccinated and control animals with
virulent strains that reproduce disease. The manipulation of virulent Y. pestis strains during
laboratory procedures that may create aerosols and droplets requires BSL-3 containment
[12]. Because the plague bacterium is also a potential bioterror agent, research with this
organism requires the availability of secure laboratory facilities and bio-containment that
meet security standards in compliance with existing federal select agent regulations.
Experiments using select agents are highly restricted and involve many regulatory and
administrative hurdles. In the US, investigators must be approved by multiple government
agencies to work with select agents. BSL-3 and Animal BSL-3 (ABSL-3) facilities are
infrequent, and access is highly restricted, requiring specially trained personnel and the use
of dedicated equipment. In addition, the use of fully virulent infectious strains poses a
serious biohazard for the operator. Research under these conditions is therefore
cumbersome, time-consuming and expensive. During the early stages of vaccine
development, when promising vaccine candidates must initially be identified and further
refined, the risk and complexity associated with the use of virulent challenge strains in
potency tests could be alleviated by using less virulent strains in reliable animal models that
reproduce infection under BSL-2, rather than BSL-3, containment.

In previous work from our group, we reported that the attenuated Y. pestis pigmentation
negative (pgm-) strain Y. pestis EV76 induced a lethal systemic infection in mice when
administered intravenously in the presence of iron [13;14]. Several pgm- plague strains with
attenuated phenotypes have been described [15-17]. The pigmentation locus, which contains
the two established virulence-related gene clusters, the high-pathogenicity island and the
haemin storage (hms) system (pigmented colony formation in Congo red media), is impaired
in these mutants [18-20]. Consequently, these strains are unable to scavenge iron from the
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host, which is necessary for the successful establishment of disease [21], and pathogenesis is
abrogated unless an external source of iron is provided [20]. We chose the pgm- Y. pestis
EV76 strain for our studies because of its safety profile, having been used extensively as a
plague vaccine in humans [22;23].

In this work, we established and characterized mouse models of systemic and pulmonary
plague infection using the strain EVV76 with the purpose of assessing the protective capacity
of vaccine candidates during the early stages of development. We propose the use of these
models as practical and safer tools to identify promising vaccine candidates that could be
further tested for potency using fully virulent challenge strains.

2. Materials and methods

2.1. Preparation of the challenge inoculum

Y. pestis EV'76 was kindly provided by Dr. H. Wolf-Watz (Umea University, Umea,
Sweden), and stock cultures were maintained at —80 °C. Prior to challenge, bacteria were
streaked onto animal-product free Luria Bertani Lennox broth (APF-LB; Athena Enzyme
Systems, Baltimore, MD) agar plates for 72 h at 30 °C. The day before the challenge, 2 ml
aliquots of APF-LB broth were inoculated and incubated for 6-8 h at 30 °C. Optical density
at 600 nm (ODgggnm) Was measured and adjusted to 0.1 with APF-LB containing 2.5 mM
CaCl, and incubated at 37 °C for 16-18 h. Aliquots (0.5 ml) were centrifuged, and pellets
were resuspended and screened for flocculency (indicative of F1 expression). Selected
cultures were adjusted to the desired concentration with sterile phosphate-buffered saline
(PBS) for the systemic challenge or saline solution for the pulmonary challenge. The
inoculum dose was verified by serial dilution on APF-LB agar plates incubated at 30 °C for
48-72 h.

2.2. Systemic and pulmonary infection procedures

Systemic infection: 8- to 23-week-old female BALB/c mice (Charles River, Wilmington,
MA\) were injected intravenously (i.v.) in the lateral tail vein with either 2.3x10% or 2.3x10°
CFU of Y. pestisEV76 in a 200 pl volume (doses and challenge conditions are summarized
in Table 1). FeCl, was administered via intraperitoneal (i.p.) injection immediately before
challenge as previously reported [24]; each mouse received 40 pg of FeCl, (Fluka,
Steinheim, Germany) in 100 pl of water (from a freshly prepared sterile solution).
Pulmonary infection. 8- to 16-week-old female BALB/c mice were inoculated intranasally
(i.n.) with either 6.2x106 or 1.5x108 CFU of Y. pestis EV76 in a 15-20 ul volume admixed
with 15-20 pl of a freshly prepared FeCl, solution containing 40 pg of FeCl, or saline.
Control groups received bacteria or FeCl, alone. Intranasal inoculation was performed under
Isoflurane anesthesia (Abbott Laboratories, North Chicago, IL); half of the inoculum was
delivered with a pipette into each nare. All animal studies were approved by the University
of Maryland Animal Care and Use Committee.

2.3. Post-challenge health assessment

Animals were monitored daily (or twice a day) for two weeks after challenge; health status,
weight loss and deaths were recorded. A scoring system with a scale of 1 to 4 was used for
physical health assessment that was performed by two independent investigators. A score of
1 was assigned for normal posture, shiny coats and no signs of dehydration; a score of 2 for
early stage of piloerection but alert with normal posture and mild dehydration; a score of 3
for mild piloerection with mice reacting slowly and with dull coats, hunched posture,
difficult ambulation and moderate dehydration; and a score of 4 (very sick) for severe
piloerection with nonreactive, dull, dirty, hunched and squinting mice with severe tenting
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and weight loss > 20% of initial weight. Animals with a score of 4 were promptly
euthanized. Survivors were euthanized at the end of the monitoring period.

2.4. Bacterial colonization

Blood, liver, spleen and lungs were collected from controls and from mice infected with
sublethal doses of Y. pestis EV76 on days 0-4 after infection. Organs were weighed and
homogenized in 2 ml of PBS using 70 pm tissue grinders (BD Falcon, Bedford, MA). Blood
samples and tissue homogenates were serially diluted and plated on CIN agar base (Remel,
Lenexa, KS) [14]. Plates were incubated for 72 h at 30 °C, and colonies were counted. All
colonies exhibited the bull’s-eye morphology characteristic of Yersiniawhen grown on this
selective media [25].

2.5. Histology

The liver, spleen and lungs were collected from infected and control mice as described
above. Organs were fixed with 10% buffered formalin for 48 h, processed and embedded in
paraffin. Tissue sections were stained with hematoxylin and eosin (H&E) and evaluated by a
board certified pathologist (C.B.D.).

2.6. Construction of recombinant Salmonella vaccine strains expressing Y. pestis antigens

Two live attenuated Sa/monella enterica serovar Typhi (S. Typhi) vaccine strains expressing
Y. pestis F1 or LcrV were used to establish the usefulness of our infection model to evaluate
protective efficacy. The strain expressing F1 (Sal-F1) had been previously described by our
group [13]. A new strain expressing LcrV was constructed for this work as follows. The
gene encoding LcrV was PCR amplified from Y. pestis EV76 (pgm-) genomic DNA using
Tag DNA polymerase (New England BioLabs, Ipswich, MA) with primers Lloyd113 (5'-
GCC GGA TCC GCG GCC GCA GGA GGA ATT AAC CAT GAT TAG AGC CTA CGA
ACA AAA C-3’) and Lloyd72 (5’-GCC GTC GAC ACG CGT TCATTT ACC AGA CGT
GTC ATC-3’). The Lloyd113 upstream primer incorporated an optimal Shine-Dalgarno site
(based on the Yersinia yopD Shine-Dalgarno sequence) [26] for increased translation of
LcrV. Following amplification, the PCR product was digested with BamH/and Sal/ and
cloned into the same sites of the kanamycin-resistant, medium copy number plasmid
pSEC91 [27], replacing the ¢/yA and fetA genes to create pPSEC91-LcrV. The identity of the
plasmid was verified by DNA sequence analysis. Plasmid pSEC91-LcrV was electroporated
into S. Typhi vaccine strain ACAM948CVD (Acambis) following standard techniques.
ACAM948CVD is a reconstruction of the clinically acceptable S. Typhi vaccine strain CVD
908-htrA (an aroC, aroD, htrA mutant) [28], which is derived from virulent Ty2 and
passaged only on animal-product-free medium to comply with regulatory requirements. The
resulting vaccine strain, ACAM948CVD (pSEC91-LcrV), is hereafter referred to as Sal-
LerVv.

Vaccine inocula were prepared from overnight cultures of bacteria grown in APF-LB broth
supplemented with 0.0001% (w/v) 2,3-dihydroxybenzoic acid (DHB; Sigma-Aldrich, Co.,
St. Louis, MO) and 50 pg/ml kanamycin (Sigma-Aldrich). Overnight cultures were
subcultured in 250 ml of fresh medium for ~4 h at 37 °C (ODggonm Of ~1.0; late-log phase).
Bacteria were then harvested, washed and resuspended in sterile PBS to ~1x10% CFU in 5 pl
or 10 ul for immunization of newborn and adult mice, respectively. Viability was
determined by plating serial dilutions of the inoculum onto APF-LB agar supplemented with
DHB and kanamycin as needed. Aliquots (1 ml) of each subculture were centrifuged at
4500x% g for 2 min, and pellets were stored at —20 °C until analyzed for protein expression.
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2.8. Analysis of F1 and LcrV expression by western blot

A selection of Salmonellavaccine pellets were thawed and resuspended in sample buffer
(Bio-Rad, Hercules, CA) with 5% 2-mercaptoethanol. A subculture of Y. pestis EV76 was
incubated in APF-LB broth supplemented with 2.5 mM CacCl, (Fisher Scientific Company,
Fair Lawn, NJ) for 16-18 h at 37 °C. After incubation, supernatants were precipitated with
trichloroacetic acid (American Bioanalytical, Natick, MA) as previously described [29] and
resuspended in 8 M urea (Sigma-Aldrich), Laemmli sample buffer and 2-mercaptoethanol.
Proteins in Salmonellavaccine pellets and Y. pestis culture supernatants were separated by
SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad). Membranes were
blocked and incubated with mouse anti-F1 and -LcrV monoclonal antibodies (Abcam,
Cambridge, MA) followed by HRP-labeled anti-mouse IgG1 (Roche Diagnostics,
Indianapolis, IN). Reactive bands were visualized by chemiluminescence (PerkinElmer,
Inc.; Boston, MA). Recombinant F1 and LcrV (1 pg/lane) were used as positive controls.

2.9. Immunization of newborn and adult mice

Neonatal BALB/c mice were bred as previously described [30]. Newborn (7 days old) or
adult mice (8 weeks old) were immunized twice by the i.n. route with ~1x10° CFU of each
Salmonella vaccine contained in a 5-10 pl volume (half of which administered into each
nostril). Detailed information on immunization and challenge procedures are presented in
Table 1. Serum samples were collected from the retro-orbital sinus under Isoflurane
anesthesia. Samples were stored at -20 °C until use.

2.10. Specimen collection

Nasal washes and fecal pellets were obtained from mice immunized as newborns as
previously described [31] with modifications. To collect nasal washes, mice were
euthanized, the lower jaw was removed, and 1 ml of PBS was flushed from the posterior
nares into the exposed nasal cavity. The liquid expelled from the anterior openings was
collected (kept on ice) and cleared of cellular debris by centrifugation (1500x g for 5 min).
Fresh fecal pellets were collected, weighed and adjusted to 100 mg per mouse, and
resuspended in 1 ml of PBS containing 0.2% sodium azide by vortexing for 15 min. The
suspension was centrifuged twice (13,600xg for 5 min), and the supernatants were
transferred to a clean tube. Phenylmethylsulfonyl fluoride was added to both nasal washes
and stool supernatants to a final concentration of 1 mM. The samples were stored at -20 °C
until use.

2.11. Measurement of F1 and LcrV antibodies

Serum 1gG and mucosal IgA specific for Y. pestis F1 and LcrV were measured by ELISA as
previously described [13;14]. HRP-labeled goat anti-mouse Fc-y and Fc-a (KPL,
Gaithersburg, MD) were used as secondary antibodies. End point titers were calculated
through linear regression equations as the reciprocal of the serum dilution that produced an
ODy50nm Value of 0.2 above the blank and were reported in ELISA units (EU mI-1).

2.12. Statistical analysis

Serological measurements were log transformed to calculate the geometrical mean titers.
Differences in antibody titers among groups were compared using Student’s Ztest when the
data were normally distributed and Mann-Whitney U test when normality failed. Mouse
lethal dose 50% (MLD50) values were calculated by the method of Reed and Muench [32].
Survival curves were analyzed by the Log-rank (Mantel-Cox) Test using GraphPad Prism®
version 5.01, GraphPad Software (San Diego, CA). Health scores and weight were analyzed
by Mann-Whitney Rank Sum Test using SigmaStat® 3.5 (Systat Software, Inc., Chicago,
IL). A pvalue <0.05 was considered significant at the 95% confidence interval.
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3. Results

3.1. The effect of iron in Y. pestis EV76 virulence

Early studies had shown that pgm- attenuated mutants of Y. pestisand Y.
pseudotuberculosis, which are deficient in their capacity to obtain iron from biological
fluids, regained virulence in mice and guinea pigs when parenterally supplemented by
haemin or inorganic iron before inoculation [20;33]. To establish reproducible infection
models for evaluating vaccine efficacy, we examined the virulence of the Y. pestis EV76
strain when administered to mice through different routes in the presence of iron
supplementation. The i.v. route of injection had been used to infect mice with Y. pestis
strains [34]. On the other hand, i.p. iron supplementation had been shown to restore
virulence of Y. pestis pgm- mutants administered by the same route [24]. To establish a
systemic infection, we combined both approaches and examined the development of disease
and survival rates in mice inoculated i.v. with 1x10* CFU of Y. pestis EV76 that also
received 40 pg of iron i.p. at the time of infection (Fig. 1A, left). Control mice received
bacteria alone or iron alone. Mice that received the organisms along with iron became sick
and started to die on day 5 after inoculation, and 100% mortality was reached on day 8.
Mice that received either iron or bacteria alone remained healthy.

To establish a productive respiratory infection, a series of preliminary experiments were
performed first to identify optimal conditions (Supplementary Figure 1). In these
experiments, the organisms were administered intranasally (1x105-7x107 CFU) admixed
with increasing amounts of iron (5, 10, 20, 40 and 80 p.g) by the same route (i.n.) in
different inoculum volumes (30 to 40 pl) or were administered separately by different routes
(i.n. and i.p., respectively). The volume of inoculum was found to be important to reproduce
pneumonic disease; pulmonary infection and lethality were achieved when the organisms
were administered in 30-40 pl but not when using smaller volumes, which might have
prevented the bacteria from reaching the lungs (where the infection begins). Another critical
observation was that the microorganisms had to be combined with iron and delivered by the
same route to produce a consistent pulmonary infection; no disease was observed when the
bacteria were given i.n. and the iron was given i.p., suggesting that iron must be available /in
vivo at the site of the infection to produce pneumonic disease. The amount of iron delivered
was also critical to obtain a reproducible infection. Mice inoculated with the organisms in
the presence of 5, 10 and 20 ug of FeCl, had inconsistent survival rates (i.e., between 33 and
100%), and the time to death was delayed compared to mice that received higher amounts of
iron. Additionally, results were difficult to reproduce. All mice that received the organisms
admixed with 80 g of iron died within 4 to 7 days post-inoculation. These animals,
however, became very sick immediately after infection and exhibited significant distress.
Mice that received 80 pg of iron alone also became sick, indicating that this amount of iron
was excessive and toxic. Forty micrograms of iron were well tolerated and associated with
consistent and reproducible disease, and this dose was used in subsequent experiments. Fig.
1A, right, shows the mortality curves from our optimized pulmonary model in which mice
were inoculated with 3x107 CFU admixed with 40 ug of FeCls in a total volume of 30-40
pl. Death started to occur 2 days after inoculation and reached 100% mortality by day 4.

Supplementary material related to this article found, in the online version, at http://
dx.doi.org/10.1016/j.cimid. 2012.10.005.

3.2. Determination of MLD g

To determine the MLDs for each route of infection, naive 9- to 11-week-old mice were
inoculated with increasing doses of Y. pestis EV76 via i.v. (3x10° to 3x103 CFU) or i.n.
(3x10° to 3x108 CFU) co-administered with 40 ug of FeCls i.p. or i.n., respectively (Fig.
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1B). A dose as low as 3x101 CFU resulted in 83% mortality in mice infected i.v., with
deaths observed 6 days post-inoculation. Higher dosage levels (3x102 and 3x103 CFU)
caused 100% lethality ~1 week after inoculation. In contrast, a larger number of organisms
were required for pulmonary infection; 3x108 CFU was the first dose that led to significant
morbidity, but this dose only reached 40% mortality. Doses of 3x107 and 1x108 CFU
resulted in 100% mortality starting 48 h after inoculation. The calculated MLDsg for
systemic and respiratory Y. pestis EV76 challenge in adult mice were 20 CFU (Fig. 1B, left)
and 4.8x106 CFU (Fig. 1B, right), respectively.

3.3 Susceptibility to infection at different ages

One of our main research interests is the development of vaccines suitable for different age
groups, particularly the pediatric population, and one of our primary goals is to investigate
vaccine-induced protection at different stages of life. To evaluate the effect of age in
susceptibility to infection with EV76, mice of varying ages, from 8 to 24 weeks old, were
challenged i.v. or i.n. with an increasing number of organisms in the presence of iron. These
ages were selected as the corresponding ages to assess protection following neonatal and
adult immunization. The MLDsgq values for systemic infection increased from 20 CFU in
young adult mice (8+1 weeks old) to 73 CFU in older adults (23+1 weeks old); the
difference representing a 3.6-fold rise for a 16-week age increase. The MLDs for
pulmonary infection had a sharper increase, from 1.3x10 in 8+1-week-old mice to 9.5x106
CFU in 16x1-week-old mice, corresponding to a 7.3-fold increase in an even shorter age
interval (8 weeks vs. 16 weeks). The trend of higher susceptibility of younger mice to
pneumonic plague was confirmed when we compared the lethal doses corrected by body
weight (Fig. 1C). The MLDgg values were 3 times higher (1.08 to 3.2 CFU/g) in 23-week-
old mice infected i.v. and 7 times higher (6.7x10% to 4.6x10° CFU/g) in 16-week-old mice
infected i.n., compared with mice at 8 weeks of age (Fig. 1C). The MLDqq for 23- and 16-
week-old mice were 6 and 9 times higher than those of 8-week-old adults for systemic and
respiratory infection, respectively.

3.4. Characteristics of the disease

To establish the characteristics of the disease, health status and weight were monitored daily
for 4 days in mice challenged i.v. or i.n. with sublethal doses of Y. pestisEV76 in the
presence of iron (Fig. 2). Signs of disease, i.e., decreased activity, dehydration and ruffled
coats, appeared within 24 h of infection regardless of the route of inoculation (Fig. 2A and
B). Mice infected i.v. exhibited a sharp decrease in weight during the 72-96 h following
challenge (Fig. 2C), whereas those infected i.n. had only a moderate and more progressive
weight loss (Fig. 2D). Despite maintaining weight, mice inoculated i.n. appeared sicker than
those inoculated i.v. during the first 3 days after challenge (Fig. 2B). In both cases, disease
progressed until the mice reached a moribund state.

3.5. Organ distribution and colonization in vivo

We next examined the distribution of the organisms /7 vivo following systemic and
pulmonary infection, as described above. Y. pestis EV76 replicated rapidly and efficiently in
the spleen and liver of mice infected i.v. and in the spleen of mice infected i.n. (Fig. 3).
Organisms were found in the lungs of mice inoculated by either route, but the replication
pattern was very different. A moderate and progressive replication, up to 1x10% CFU per g
of lung, was observed in the i.v.-infected mice. In contrast, mice infected i.n. had a
considerable bacterial load 24 h after inoculation, which receded significantly thereafter. A
similar high number of organisms reached the spleen 24 h after i.n. challenge, which
persisted within the 1 log range until day 4. Although the bacteria were recovered from
various organs, they were rarely detected in blood; the animals that had positive blood
cultures were generally injected i.v. and at late time points (3-4 days after infection). Spleen,
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liver, lungs and blood obtained from mice that received saline or iron alone had negative
cultures (data not shown).

3.6. Histology

The severity of disease was also assessed through histological analysis. The spleen, liver and
lungs from infected and control mice were examined for tissue architecture and signs of
inflammation or overt pathology. Organs were collected during the first 4 days after
infection. Sections corresponding to day 2 (i.n.) and day 4 (i.v.) are shown (Fig. 4). Mice
infected i.v. exhibited confluent foci of necrosis and abscess formation in the spleen (Fig.
4B, arrowheads) with numerous microabscesses (~0.2 mm) in the liver (Fig. 4D,
arrowheads), indicating typical manifestations of bloodborne bacterial dissemination
(septicemia). The lungs of these animals showed generalized congestion and focal
margination of neutrophils in septal capillaries, which are indicative of early pneumonia
(Fig. 4F, arrows). Macroscopic observations in this group included splenomegaly with foci
of necrosis and a soft, friable and pale discolored liver correlating with the severe necrosis
observed in histological analysis. The spleen, liver and lungs from mice treated with iron i.p.
exhibited normal tissue structure (Fig. 4A, C and E). Mice infected i.n. presented
bronchopneumonia consisting of necrosis and massive neutrophil infiltrates around the
airways (Fig. 4H and J). The spleen revealed mild congestion, while the liver was normal
(data not shown). Macroscopic observations included mild splenomegaly with few foci of
necrosis and severe damage in the lungs. Mice that received only iron i.n. had a mild
peribronchial inflammation consistent with chemical injury but no signs of pneumonia (Fig.
4G and I), while the spleen and the liver were normal. Conversely, mice inoculated i.n. with
bacteria alone induced mild pneumonia at day 6 post-infection, but it did not lead to death
(data not shown).

3.7.F1 and LcrV expression by recombinant S. Typhi vaccine and Y. pestis challenge

strains

To test the usefulness of our models of infection, we selected two recently developed
recombinant S. Typhi vaccine strains expressing Y. pestis F1 and LcrV and investigated
their capacity to induce protective immunity. We first examined the levels of expression of
F1 and LcrV by our S. Typhi vaccine strains (Fig. 5A) vs. F1 and LcrV expressed by the Y.
pestis EV76 challenge strain through western blot analysis of bacterial lysates and culture
supernatants (Fig. 5B). F1 produced by EV76 or Sal-F1 had the expected molecular mass of
~17 kDa, whereas LcrV produced a band of ~39 kDa. Bands of the equivalent molecular
weight were produced by rF1 and rLcrV using the same specific antibodies (positive
controls). No signals were detected in lysates or supernatants from Sa/monella alone (not
expressing any antigen).

3.8. Validation of the infection models in adult immunized mice

We next examined the usefulness of our systemic and pulmonary mouse infection model to
determine the protective capacity of vaccine candidates in early stages of development.
Interested in vaccines that could be safe and effective in different age groups, we evaluated
vaccine potency in mice that had been vaccinated as newborns or as adults. In both cases,
mice were immunized twice with S. Typhi expressing F1 or LcrV via the nasal route, and
they were subsequently challenged i.v. or i.n. with Y. pestis EV76 supplemented with iron
(Table 1). A summary of the immune responses and protection outcomes in adult mice is
shown in Fig. 6. Mice immunized with S. Typhi expressing F1 or LcrV developed high
levels of F1 and LcrV-specific serum IgG antibodies (Fig. 6A). Only antibodies to the
vaccine-delivered antigen (F1 or LcrV) were detected in each group, and no responses were
observed in mice that received S. Typhi alone (not expressing any antigen). A subgroup of
5-6 mice was challenged i.v. with 3,150 MLDsq (2.3x10° CFU) of Y. pestis EV76; survival

Comp Immunol Microbiol Infect Dis. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mellado-Sanchez et al. Page 9

curves are shown in Fig. 6B. All mice immunized with Sal-F1 survived the challenge. In
contrast, none of the mice immunized with Sal-LcrV were protected. Naive mice and
controls that received Salmonellaalone all succumbed to the disease. The health score (Fig.
6D) and body weight assessments (Fig. 6F) correlated with the survival outcome; the group
immunized with Sal-F1 was the healthiest. Another subgroup of mice was challenged i.n.
with 15.8 MLDsq (1.5x108 50 CFU) of Y. pestis EV76. Interestingly, we did not see
protection against respiratory infection under these conditions; regardless of the vaccine
treatment, all mice died by day 5 (Fig. 6C). The health scores (Fig. 6E) and weight curves
(Fig. 6G) were all in agreement with the survival results.

3.9. Immune responses and validation of the infection models in mice immunized as

newborns

The next set of experiments to validate the infection models were performed in mice
immunized as newborns with Sal-F1 and Sal-LcrV. We also examined the immune
responses in more detail to better interpret the protection outcome. Fig. 7A shows the
kinetics of serum 1gG responses to F1 and LcrV in mice immunized at day 7 after birth and
boosted at day 21. For both vaccines, antibody responses to the delivered antigens were first
detected on day 28, which was 1 week after the second immunization. The levels of IgG
specific for F1 produced in this experiment were similar to those reported previously [13]
and ~1 log lower in magnitude than those measured in adults (2.5x103 vs. 2.1x104, 4-6
weeks after the second immunization). No responses were observed in the negative control
group (Sal). We also investigated antibody responses in mucosal tissues and found robust
IgA titers against F1 in nasal lavages from mice immunized with Sal-F1 but no responses in
mice that received Sal-LcrV (Fig. 7B). Similarly, most of the mice immunized with Sal-F1
produced IgA antibodies in stool, but only a few of them responded with modest titers
against LcrV (Fig. 7C). These mice were challenged i.v. or i.n. with Y. pestisEV76 in the
presence of iron 4-5 weeks after the boost. All of the animals that had been immunized with
either Sal-F1 or Sal-LcrV survived an i.v. challenge with 1,150 MLDsg (2.3x10* CFU) (Fig.
8A); 50% of mice immunized with Sa/monella alone survived as well, but none of the
unvaccinated mice survived. Despite the lack of statistical significance in the survival rate
between recipients of Sal-F1 or Sal-LcrV and Sa/monella alone, there were clear differences
in the magnitude and severity of the disease between the groups. Mice that received Sal-F1
or Sal-LcrV appeared healthy throughout the study, whereas those treated with Sal/monella
alone either died or became visibly sick (p<0.05) showing signs of recovery only after day
10 (Fig. 8C). The body weight curves showed the same trend (Fig. 8E). Newborns
immunized with the Sal-F1 or Sal-LcrV were challenged i.n. with Y. pestisEV76 (4.7
MLDsp; 6.2x108 CFU). Immunization with Sal-F1 conferred the highest level of protection,
i.e., 60% (p<0.05), whereas 16% protection was afforded by Sal-LcrV (p<0.17). All mice
that received Salmonella alone or naive controls died (Fig. 8B). The results from health
status score and weight showed a similar trend, although the differences among the groups
did not reach statistical significance (Fig. 8 D and F).

4. Discussion

Murine models have been widely used to study the pathogenesis of Y. pestisand to evaluate
immunogenicity and protective efficacy of plague vaccine candidates [9;34-36]. Mice are
natural hosts for Y. pestisand develop a disease that is specific for the route of inoculation,
similar to what occurs in humans infected with the organism [35]. Our group has been
interested in the development of plague vaccines, and a key parameter to ascertain the
potential value of vaccine candidates is the demonstration of protective efficacy. This
typically involves /in vivo challenge with virulent strains. Because of its high infectivity and
lethality when inhaled, laboratory work with Y. pestis that may generate aerosols or droplets
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is best conducted following BSL-3 practices [12]. Furthermore, because Y. pestisis a
potential bioterror agent (a select agent), research with virulent strains requires laboratory
facilities with heightened security that complies with federal regulations. Thus, challenge
experiments using such strains are complex and beset with biosecurity risks.

To identify efficacious plague vaccines in a safer, expedited and practical manner during the
early stages of development, we characterized mouse models of systemic and pulmonary
plague infection using the attenuated Y. pestis pgm- strain EV76 administered via i.v. or i.n.
This plague strain has been extensively used as a human vaccine and is exempt from the
regulatory requirements of fully virulent select agent strains and can be safely handled under
BSL-2 containment [37]. Although the Y. pestis EV76 does not cause overt disease in mice,
it can be rendered virulent when supplemented with an external source of iron (conditional
virulence) with presumably no increased risk to investigators. Precaution should be
exercised, however, in situations where personnel may be exposed to iron overload from
excessive consumption, prolonged iron supplementation [38] or disorders such as genetic
hemochromatosis [39;40] or other iron-loading anemias.

The influence of iron on the growth and virulence of pgm- plague strains was first reported
by Jackson and Burrows in the mid-1950s while studying mechanisms of pathogenesis [20].
Infection of mice using Y. pestis pgm- KIM strains supplemented with iron has been
described in two recent studies [41;42]. The first paper by Lee-Lewis et al. reports a lethal
infection in BALB/c mice inoculated i.n. with the KIM D27 strain and a notably large
amount of iron (up 500 pg) given i.p. Under this condition, the investigators observed
bacterial replication and damage of multiple organs but no signs of pneumonia or lesions
characteristic of pneumonic plague. Protection against pneumonic plague is required of any
new vaccine to prevent epidemic spread [43] and can be only demonstrated in animal
models that faithfully recapitulate this form of the disease. The second study by Galvan et al.
reports pneumonic lesions using KIM5 infection of C57BL/6 mice. This model required
even larger amounts of iron (4-10 mg) given i.p. on multiple occasions, before and after
challenge. A problem arising from the use of large amounts of iron /n vivo is toxicity. This
is demonstrated in our study and has long been recognized by others [44]. The highest dose
of FeCl, that we were able to administer safely to naive mice using the nasal route was 40
ug; larger amounts caused obvious discomfort and side effects, including eye dryness,
ruffled hair and hunched posture, which required 1-3 days to resolve. These non-specific
adverse effects not only impose undue stress on the animals but also confound the
assessment of “true” disease. The use of iron-dextran mitigates this toxicity, as it released
slowly from carbohydrate complexes, although even larger amounts and multiple dosing are
required. In the study described by Galvan et al. mice were given daily injections of dextran-
iron 2-3 h before and up to 10 days after challenge [41]. This procedure is impractical and
adds stress to the already sick animals. The need to administer iron daily for the organisms
to grow and replicate /n vivo creates another set of variables that could affect
reproducibility.

Unlike previous studies, we were able to establish a pulmonary infection model in which the
typical signs of pneumonia were observed after inoculating mice i.n. with conditionally
virulent organisms admixed with a small amount of iron. The amount of iron, the route of
inoculation and the volume of the inoculum were found to be critical to the robustness of our
model. Smaller amounts of iron proved to be sufficient in our studies, most likely because it
was given admixed with the bacteria through the same (i.n.) route. In previously published
studies, the iron was administered i.p., and the levels that reached the lung may have been
insufficient for a productive pulmonary infection [41;42]. Iron homeostasis is finely
regulated to protect the host from infection. Host innate immune mechanisms retain iron
within macrophages and reduce free iron available to invading pathogens. However, high
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levels of intracellular iron exacerbate disease susceptibility and reduce cell-mediated
immune responses to infection [45]. Iron overload has been shown to reduce macrophage
activity and pro-inflammatory responses (e.g., antagonizing IFN-y-mediated expression of
TNF-a, MHCII and iNOS), thus impairing the killing of intracellular pathogens [46].
Hemochromatosis, a genetic disorder that results in excess of iron, has been associated with
deficient recruitment of pulmonary neutrophils [47] and increased susceptibility to
respiratory Y. pestisinfection both in mice [40] and in humans [39]. In addition to restoring
the capacity of the bacteria to infect and replicate within the host cells, the iron administered
in our models may enhance infection by interfering with the innate immune defenses,
preventing bacterial clearance through phagocytic cells. Lung neutrophils play a key role in
the early control of pneumonic plague [48], and the iron supplementation likely facilitated
infection by impairing neutrophil-mediated Killing. Additionally, the lung tissue directly
exposed to iron in our pulmonary challenge displayed signs of chemical injury, which most
likely further compromised immune cell function and enhanced infection.

To obtain additional and more stringent protective efficacy data, we also established a model
of systemic plague infection. As expected, lethality was achieved with a much smaller
number of organisms (1x103 CFU for 8-week-old mice) when injected into the bloodstream,
as opposed to administration through the airways (3x107 CFU for the same age), where
bacteria would encounter multiple physical and immunological barriers [49]. The /n vivo
distribution of organisms and tissue damage following i.n. and i.v. infection with the Y.
pestis EV76 strain was similar to that described for virulent plague strains [36]. Even though
the organisms did not persist in the lungs as described for virulent strains such as Y. pestis
C092 [35;50], they spread and eventually reached the spleen where we observed multiple
foci that presumably led to necrosis and breakdown of tissue structure as described for
C092 [34;51;52]. The bacteria also localized in the liver and generated microabscesses with
distinct signs of necrosis in the absence of an inflammatory response.

Interestingly, the pneumonic infection was more severe in younger mice, which succumbed
to doses ~ 10 times lower compared to those given to older mice (10° vs. 107 CFU). Only a
hint of increased susceptibility was observed in the younger mice when the organisms were
given i.v. (20 to 70 CFU). These findings were corroborated when the lethal doses required
for i.n. and i.v. infection were normalized to body weight at the different ages. Establishing
age-dependent lethal dose values was important so that the models could be applied to the
study of vaccines that could be effective at different life stages.

We demonstrated the usefulness of our plague infection models for assessing vaccine
potency by testing two Sa/monella-based plague vaccine candidates expressing F1 and LcrV
in mice immunized i.n. as we previously described [13]. Live vectors are regarded as
promising vaccine candidates because they can prime robust mucosal and systemic
immunity using a practical route of immunization (orally for humans). Other groups have
successfully reported the use of Salmonella expressing Y. pestis antigens as potential plague
vaccines [reviewed in [7]]. For the most part, these studies examined immune responses and
protection after multiple immunizations via the orogastric or intranasal route. We envision
using our vaccines as mucosal priming agents to stimulate an immune response (potentially
through a single-dose) that could be rapidly expanded in levels and quality when followed
by subunit vaccine candidates in “prime-boost” combinations [13]. Interestingly, Sal-F1 and
Sal-LcrV exhibited different protective capacity depending on the route of infection and the
amount of virulent organisms used for challenge. Although both vaccines induced
significant levels of serum 1gG specific for the encoded antigen, only Sal-F1 had a
protective effect in adult mice, which was observed against systemic but not pulmonary
infection. Protection against systemic vs. pulmonary infection involves different
immunological mechanisms and effectors that may or may not be induced, depending on the
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nature and characteristics of the vaccine. The lack of protection in the respiratory challenge
likely reflects insufficient immunity within the lungs and airways to block the overwhelming
infectious dose administered. The challenge dose may also account for the differences
observed. Although lethal doses were used in each model, they may not have represented the
same severity of challenge; it is difficult to match the stringency of infection when using
different routes (and a supplemental nutrient). Nonetheless, these results highlight the
importance of using infection models that employ different routes of infection to thoroughly
assess the potency and overall performance of candidate vaccines.

Results from the adult mouse studies also indicated that F1 appears to be a dominant virulent
factor in our challenge model. Although F1 and LcrV were both expressed by the challenge
strain, F1-specific antibodies alone afforded full protection.

Interestingly, the immunogenicity and protection outcomes were different when the same
vaccines were administered to newborns. They fully protected them against systemic
infection and partially protected them against pulmonary infection (Sal-F1 showing the
highest survival rates). Despite eliciting higher levels of antigen-specific serum IgG than
Sal-F1, Sal-LcrV failed to elicit a mucosal response. In contrast, high IgA responses were
produced by the Sal-F1-immunized newborns.

As with adult mice, all naive mice in the newborn study succumbed to the Y. pestis EV76
challenge, regardless of the route of infection used. We observed, however, that half of the
mice immunized as newborns with Sal/monella alone and challenged i.v. were protected in a
non-specific manner, most likely through innate immunity or some vector-induced response.
Similar findings were reported by others using Sa/monella Typhimurium, alone or as a
carrier for LcrV, when examined for protection against Y. enterocoliticaor Y.
pseudotuberculosis [53]. A higher challenge dose could have increased the death rate in this
control group, as was observed in adults when challenged with a much larger number of
organisms (1.5x108 vs. 6.2x108 CFU). Nevertheless, the agreement between survival, health
scores and body weight loss argues in favor of a real protective effect of our neonatal
vaccination against systemic disease, although regrettably, it did not reach statistical
significance. In a previous study from our group, we successfully used the systemic EV76
infection model to demonstrate LcrVV-mediated protection in mice immunized as newborns
with a probiotic-based mucosal vaccine [14].

Unlike in the adults, it was possible to discriminate potency of our vaccines when we used
the respiratory challenge in mice immunized as newborns. Notably, 60% of the newborns
immunized with Sal-F1 were protected, which is in agreement with the efficacy reported for
other F1 recombinant vaccines in adults [54;55]. The partial protection despite substantial
systemic and mucosal immunity suggests that other immunological effectors and/or immune
responses to other bacterial components (e.g., YadC and Yops) might be required [33;56].
Another possibility is that responses of a higher magnitude might be required to protect
against the large number of organisms used in the pulmonary challenge [50;57;58].
Newborns were vaccinated on day 7 and 14 after birth to capture immune responses early in
life [13]. They were also challenged slightly earlier (4-5 weeks after the boost vs. 6 weeks
for adults) to ascertain protective status at a still young age (i.e., 7-8 weeks). These
differences are unlikely to dramatically affect the vaccine protective outcome but should be
taken into consideration when comparing vaccine performance in both age groups.

A limitation of our studies is the lack of side-by-side comparison of vaccine protective
capacity using the EV76 mutant vs. fully virulent strains. The models described herein,
however, are not meant to replace but to complement fully virulent challenges by
prioritizing potential lead vaccine candidates for further assessment. Conceivably, the use of
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these models, which includes both routes of infection, offers a comprehensive tool to rapidly
and safely evaluate candidate vaccines and distinguish those that appear promising for
further potency testing under BSL-3 conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Survival curves and mouse lethal dose 50% (MLDsq) values in mice infected systemically
or via the respiratory tract with Y. pestis EV76 supplemented with iron. (A) Virulence of Y.
pestis EV76 restored by iron supplementation. Mice (5-6 per group) were administered

1x104 CFU of Y. pestis EV76 intravenously (i.v.) with 40 g FeCl, i.p. or 3x107 CFU

combined with 40 g of FeCl, delivered intranasally (i.n.). Control groups received iron or
bacteria alone. Mice were monitored for 14 days after challenge as described in Section 2.

(B) MLDsg following systemic and pulmonary infection. Mice (5-6 per group) were

inoculated i.v. or i.n. with increasing doses of bacteria in the presence of iron and monitored
for survival for 14 days as described above. (C) Age-dependent susceptibility of infection.
Mice of different ages (8 to 24 weeks old) were infected i.v. or i.n. with Y. pestis EV76 plus

iron as described above, and MLDsgg values were determined. The data shown are

representative from three experiments.
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Figure2.

Physical health assessment of mice infected with Y. pestis EV76 plus iron. Mice (25 per
group, 10-11 weeks old) were challenged i.v. or i.n. with sublethal doses of Y. pestis EV76
administered with FeCl, (160 CFU corresponding to 8 MLDsg and 1.6x107 CFU
corresponding to 3.3 MLDsgp, respectively). The data represent mean health scores and
percent of initial weight +SE during days 1-4 after challenge.
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Figure 3.

Bacterial colonization in mice infected with Y. pestis EV76 plus iron. Mice were infected
i.v. or i.n. with sublethal doses of Y. pestis EV76 as described in Fig 2. The blood, spleen,
liver and lungs were collected, homogenized, and plated (in serial dilutions) on agar CIN
base plates, and the plates were incubated to determine the number of colonizing organisms.
The results are expressed as individual CFU/g of organ or ml of blood. Horizontal lines
indicate the mean bacterial counts; the dotted line shows detection limit.

Comp Immunol Microbiol Infect Dis. Author manuscript; available in PMC 2014 March 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Mellado-Sanchez et al. Page 20

Controls ected

Iron i.p.
T
Intravenous

Ironi.n.
T
Intranasal

Figure4.

Representative histological analysis of the spleen, liver and lungs from mice infected with

Y. pestis EV76 plus iron as described in Fig. 2. Mice treated with iron i.p. or i.n. were
included as controls. Histological sections from spleen (A and B), liver (C and D), and lungs
(E-J) were fixed, processed and stained with H&E to visualize tissue architecture on days 2
and 4 for i.n. and i.v.-infected mice, respectively. Mice infected i.v. with Y. pestisEV76
exhibited necrotic areas in the spleen (B), a microabscess in the liver (D), and very early
pneumonia in the lung (F) and are indicated with arrowheads (B and D) and arrows (F).
Mice infected i.n. showed signs of bronchopneumonia (H and higher magnification in J)
with a massive neutrophil infiltration in the lungs (J, insert). Mice that received only iron i.n.
had a mild transient peribronchial inflammation consistent with chemical injury (G, higher
magnification in J). Magnifications: 20x (A-D, G and H), 40x (E, F, I and J) and 60x (J
insert).
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Figureb5.

Expression of Y. pestisF1 and LcrV in S. Typhi recombinant vaccine strains (A) and Y.
pestis strain EV76 (B) determined by western blot. Lysates from log late-phase cultures of
S. Typhi recombinant strains were separated by SDS-PAGE, transferred to nitrocellulose
membranes and treated with monoclonal antibodies anti-F1 (left) or anti-LcrV (right). To
test the expression of antigens in EV76, overnight culture supernatants were precipitated
with trichloroacetic acid; proteins were separated and detected by western blot as described
above.
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Figure6.

Immunogenicity and protective efficacy of S. Typhi-based plague vaccine candidates. Live
attenuated S. Typhi strains expressing F1 and LcrV (1x10° CFU) were administered to adult
mice via the nasal route in 2 occasions, 3 weeks apart (days 0 and 21). A control group
received Sa/monella alone. Six weeks after the second immunization, they were challenged
with Y. pestisEV76 via i.v. or i.n. (A) F1 and LcrV-specific serum 1gG titers were measured
by ELISA. The data represent individual titers measured 1 month after the second
vaccination and geometric mean titers for each group (horizontal line). Survival curves are
presented following systemic (B) and pulmonary (C) infection; mice were administered
2.3x10° CFU (3,150 MLDsp) and 1.5x108 CFU (15.8 MLDxg) i.v. and i.n., respectively (D
and E). Health scores (mean values) following i.v. or i.n. infection are shown. (F and G)
Weight assessment after i.v. or i.n. infection; results are expressed as percent of initial
weight (mean values). The dotted line indicates the time point of the last death in the control
group, which was used for group comparisons (*p<0.05).
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Figure7.

Serum and mucosal antibody responses in mice immunized as newborns with S. Typhi
expressing F1 or LcrV. Newborn (7-day-old) mice were immunized i.n. on days 7 and 21
after birth (arrows) with 1x10° CFU of Sal-F1 or Sal-LcrV (A) F1 and LcrV-specific serum
IgG titers measured by ELISA,; the results shown are geometric mean titers+SE. (B) F1 and
LcrV-specific IgA antibodies were measured in nasal lavages; the data shown are individual
titers from a subset of 7 mice measured on day 35 after birth. (C) F1 and LcrV-specific IgA
titers were measured in fecal pellets; the data represent individual titers from 15 mice per
group measured on day 35.
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Protection of mice immunized as newborns with Sal-F1 and Sal-LcrV. Mice were
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immunized as described in Fig. 7 and challenged i.n. or i.v. with Y. pestisEV76 4-5 weeks
after the last immunization. (A) Survival curves from mice challenged with 2.3x10* CFU
(1,150 MLDspg) i.v. or (B) with 6.2x108 CFU (4.7 MLDxp) i.n. (C and D) Health scores
(mean values) following i.v. or i.n. infection. (E and F) Weight assessment after i.v. or i.n.
infection; results are expressed as the mean percent of initial weight (mean values). The
dotted line indicates the time point of the last death in the control group, which was used for
group comparisons (*p<0.05).
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