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Abstract

The efficacy and safety of plague vaccines based on the modified vaccinia Ankara (MVA) viral
vector was evaluated. MV A recombinants were constructed expressing Yersinia pestis antigens
under the translational control of the encephalomyocarditis virus (EMCV) internal ribosomal entry
site (IRES) and/or fused to the tissue plasminogen activator (tPA) secretory signal. A MVA/Y.
pestis recombinant that expressed a truncated version of the low-calcium response V antigen
(MVAJ/IRES/tPA/V3q7), conferred significant protection (87.5%—-100%) against intranasal or
intraperitoneal challenge with CO92 (encapsulated) or Java 9 (non-encapsulated) strains of Y
pestis, respectively. In contrast, a MVVA/ Y. pestis recombinant that expressed the full-length V
antigen provided only 37.5% protection against challenge with CO92 or Java 9 strains,
respectively. Interestingly, a MVVA/ Y. pestis recombinant that expressed the capsular protein (F1)
did not elicit significant antibody titers but still conferred 50% and 25% protection against CO92
or Java 9 challenge, respectively. The MVVA/'Y. pestis recombinant viruses did not demonstrate
any mortality or morbidity in SCID mice. Based on their safety and efficacy in mice, these MVA/
Y. pestis recombinants are candidates for further development as biodefense and public health
vaccines.

Introduction

Plague is primarily a disease of wild rodents transmitted by fleas, but it can also afflict
humans, domestic pets, and wild animals [1, 2]. The disease has devastated human and
animal populations throughout history. In recent years, Y. pestis, the causative agent of
plague, has caused severe epidemics in many parts of the world, resulting in human deaths
and severe economic losses [3-5]. Yersinia pestisis widespread throughout wild rodent
populations in the southwestern United States, Southeast Asia, Eastern Europe, central and
southern Africa, as well as in South America, and human populations in these areas are
highly susceptible [6-9]. In the United States, plague has spread throughout the Western
states, causing significant mortality in wild rodents [10]. Domestic cats are also susceptible
to Y. pestis infections, and were identified as the main source of infection in many recent
cases of human plague in the western states of the United States [11]. The emergence of
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multi-antibiotic resistant Y. pestis strains [12, 13] and the ability of Y. pestisto spread from
person to person via inhalation of aerosolized infectious droplets [1, 2] heighten the public
health concern. Because of the pathogenicity of the pneumonic form of the disease and its
potential for human-to-human transmission, Y. pestisalso is considered a potential
bioweapon [14, 15]. Therefore, there is an immediate need for novel vaccines that can
protect troops, medical and first-responder personnel from the threat of a Y. pestis
bioweapon, that can limit the spread of disease by vaccination of individuals at risk after a
bioterrorist attack, and that can limit disease outbreaks in endemic countries and in future
epidemics [14, 15].

In recent years the development of novel plague vaccines has been the focus of extensive
research, because the commercially licensed vaccines based on heat or formaldehyde killed
suspension of Y. pestis, were found unsafe, require multiple immunizing doses [16, 17] and
their production requires microbial culture within containment which is costly and
hazardous. Current efforts have centered on the development of subunit vaccines using Y.
pestis fraction 1 (F1) and the low calcium response virulence (V) antigens [16]. The capsular
F1 (17.5 kDa) and V (35 kDa) antigens are natural virulence factors produced by Y. pestis
[18, 19]. Both antigens target innate immune responses required to control bacterial spread
at the early stages of infection. The F1 antigen renders wild-type organisms resistant to
uptake by phagocytes [20]. While F1-based vaccines are immunogenic, they do not protect
against naturally occurring non-encapsulated strains of Y. pestis [21]. The secreted V
antigen plays an important role in the delivery of other Yersinia outer proteins (Yops) and
stimulates the secretion of IL-10 (an anti-inflammatory cytokine) associated with the
suppression of endogenous IL-12, TNF-a and IFN-vy, a hallmark of plague [22]. A short
deletion within the V antigen (variant lacking amino acid residues 271-300) abrogated its
immunosuppressive effect and this truncated V antigen elicited immune responses that
protected mice and non-human primates against a lethal challenge with Y. pestis [23].
Administration of the F1 and V antigens alone, mixed, or delivered as a recombinant fusion
protein elicits a strong immune response and protects against challenge with Y. pestis
[24-26]. The F1-V fusion protein formulated with aluminum hydroxide provides protection
against aerosolized or injected plague challenge in mice [25, 27, 28] and is being tested in
human clinical trials [29]. However, antigens mixed with alum are not suitable for freezing,
lyophilization or mucosal administration. The Yersinia outer proteins (Yops) are necessary
for virulence [30], and have been tested as candidate vaccines [31, 32]. Vaccination with
YopD provided significant protection against challenge with non-encapsulated Y. pestis
strains [32].

An alternative approach in the development of plague vaccines is the use of live attenuated
bacterial and viral vectors [26, 33-36]. Oral administration of attenuated Sa/monella
expressing F1 and/or V antigens protected mice against subcutaneous and intranasal
challenge [26, 36]. A single intramuscular vaccination with adenovirus expressing V antigen
also protected mice against intranasal challenge for at least 6 months [35]. A combination of
raccoon pox (RCN) virus constructs expressing F1 and V (V3g7) antigens protect mice and
prairie dogs against lethal plague [37-40]. In these studies, we also demonstrated that a
vaccine containing the internal ribosomal entry site (IRES) from encephalomyocarditis virus
(EMCV) and secretory signal of tissue plasminogen activator (tPA), significantly enhanced
the expression levels of F1 in a recombinant RCN-based vaccine [37-40]. This vaccine was
shown to fully protect mice against intradermal challenge with Y. pestis [37-40]. However,
the RCN-plague vaccines have not been extensively characterized and are not suitable for
use in humans. Another poxvirus, the modified vaccinia Ankara (MVA), was originally
tested in over 120,000 individuals and proved to be a safe and effective vaccine against
smallpox [41]. Recombinant MV A vaccine candidates have been shown to induce protective
humoral and cellular immunity against diseases caused by viruses, bacteria, parasites, or
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tumors from which the antigens were derived [42-47]. Additional features that make MVA a
desirable vector for a plague vaccine include its ability to induce protective immune
responses when administered by different routes and its genetic and physical stability
properties [48, 49].

In these studies, we evaluated the suitability of MV A as a vector to express Y. pestisF1 and
V antigens. The effect of ECMV IRES in combination with the secretory signal of tPA on
the immunogenicity and efficacy of MVVA-based plague vaccines was examined. In addition,
the safety of MVVA-plague recombinants in severe combined immune deficient (SCID)
BALB/c mice was tested. Our findings demonstrated that a recombinant MVA virus
expressing a truncated form of Y. pestisV antigen in the presence of the IRES and tPA
(MVA/IRES/tPA/V3q7) provided increased immunogenicity, safety, and protection against
challenge with different strains of Y. pest/sin mice.

Materials and Methods

Construction of MVA recombinant vaccines

The transfer plasmid pdIIGFP (kindly provided by Dr Joanna Shisler, University of Illinois)
was used to generate recombinant MV A expressing Y. pestis antigens. This plasmid
contained: 1) DNA segments (flank 1 and flank 2) adjacent to deletion 111 within the Hindll
A fragment of MVA, 2) a strong synthetic early/late (SEL) vaccinia virus promoter
upstream to a multiple cloning site (MCS), and 3) the green fluorescent protein (GFP) gene
under the control of a divergent SEL promoter (Figure 1). A second transfer plasmid,
pdlIIGFP/IRES/tPA, containing the ECMV IRES sequence followed by the tPA secretory
signal was generated by insertion of an IRES/tPA cassette into pdlIIGFP. Expression
cassettes for each of the Y. pestis antigens, F1, full lengthV and V truncated at aa 307
(V307), were inserted into pdIIIGFP or pdIIGFP/IRES/tPA. Expression cassettes were
generated by PCR (Table 1) to contain appropriate restriction sites for insertion into
pdIIGFP or pdIIGFP/IRES/tPA. The PCR products were cloned into the MCS of pdIIIGFP
or pdl1IGFP/IRES/tPA and the resulting plasmids were designated as pdIIGFP/F1,
pdIIGFP/IRES/tPA/FL, pdlIIGFP/V, pdIIGFP/IRES/tPA/V, pdIIGFP/V3p7 and pdIIIGFP/
IRES/tPA/V 307.

Recombinant MV A-plague viruses were generated as described elsewhere [50, 51]. Briefly,
chicken embryo fibroblasts (CEF) produced in house [52, 53], were infected with wild type
MVA at a multiplicity of 0.05 and one hour (h) later the cells were transfected with each of
the transfer vectors using Lipofectamine™ (Invitrogen, Carlsbad, CA). At 48 — 72 h post-
transfection, monolayers were harvested, centrifuged at 500 RCF for 5 minutes at 4°C and
cells disrupted by freeze-thaw and sonication (2 times for 15 seconds using a Virtis600 at
setting 3). The disrupted cell extracts containing possible recombinant viruses expressing
GFP were plated onto fresh CEF cells and overlaid with 0.8% agarose. After 48 — 72 h,
recombinant virus-generated plaques were detected by fluorescence and picked into media
with a glass pipette. The cell/virus samples were sonicated and plated as described above.
After three consecutive rounds of plaque isolation, high titer virus stocks were prepared in
CEF cells for subsequent /n vitro and in vivo characterization.

In vitro expression of Y. pestis antigens

The in vitro expression of recombinant MVA viruses containing the F1, V, V3g7 or IRES/
tPA/F1, IRES/tPA/V, IRES/ItPA/V3p7 antigens was determined by immuno-blot analyses.
CEF or Vero cells were plated into 6-well plates and infected with the recombinant MVA/
F1, MVA/IRES/tPA/F1, MVA/NV, MVA/IRES/tPAIV, MVA/V 337 or MVA/IRES/tPA/V 307
viruses at an MOI of 0.5 or 5, respectively in serum free conditions. At 48 h post-infection,
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the infected cells were harvested in the presence of a protease inhibitor cocktail (Mini
Protease tabs, Roche Diagnostics, Indianapolis, IN), washed, resuspended in 1X loading
buffer and heated to 95°C for 5 min. The supernatants from the infected cells were
centrifuged and concentrated by ultrafiltration with a 3 kDa cutoff membrane (Nanosep 3K
Omega, Pall, Inc., East Hills, NY). The supernatants were then combined with an equal
volume of 2X loading buffer and heated to 95°C for 5 min. Supernatant and cell samples
were resolved by SDS Polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
nitrocellulose membrane for immuno-blot analysis using polyclonal rabbit anti-F1 or anti-V
serum produced in-house. The polyclonal antibodies were generated by inoculating specific
pathogen free (SPF) rabbits with purified F1 (from cafl operon expression system) or V
(ATCC, BEI Resources, Manassas, VA, cat# NR-3832) proteins. These antibodies showed
minor background to MVVA wild type expressed from CEF or Vero when used in
immunoblot analyses.

The F1 glycosylation state was analyzed using a protein deglycosylation enzyme mix (New
England Biolabs (NEB), Ipswich, MA, cat# P6039S). Briefly, Vero and CEF cells were
infected with MVVA/F1 or MVA/IRES/tPA/F1 and harvested as previously described in the
materials and methods. The cell pellets were suspended in 30 pL H20, and the concentrated
supernatants were processed following the manufacturer’s instruction. The re-suspended cell
pellet and concentrated supernatant were denatured for 10 minutes at 100°C. After
denaturation, the samples were treated with NEB deglycosylation enzyme cocktail and
incubated at 37°C for 4 h. This was followed by western blot analysis using the polyclonal
rabbit anti-F1 serum.

Yersinia pestis cultures

Preparation of Y. pestis cultures and subsequent animal challenge experiments were
conducted in a BSL3 laboratory and animal facility in Madison, W1 as previously described
[37]. Briefly, to prepare a working stock, 75 pL of the frozen Y. pestisisolate was thawed,
vortexed, spread onto blood agar plates (Remel, Lenexa, KS), and incubated at 28°C for 48
h. The bacterial lawn was scraped from the agar plates into 200 ml Heart Infusion Broth
(Difco Laboratories, Detroit, MI) with 0.2% xylose and incubated at 28°C for 48 h. Final
stocks were prepared by adding 20% glycerol to the broth culture (v/v) and were stored in
aliquots at —80°C. The bacterial strains CO92 and Java 9 of Y. pestis were kindly provided
by Dr. Arthur Friedlander and Dr. Mark Wolcott, respectively (US Army Medical Research
Institute of Infectious Diseases, Fort Detrick, Frederick, MD). The F~ strain of choice for
these studies would have been the C12 strain; however, we had difficulty in obtaining this
particular strain. Since our main objective was to evaluate the efficacy of the vaccine
construct against encapsulated and non-encapsulated strains of Y. pestrs, we used the F1-
Java 9 that was readily available.

Immunization and Challenge

Groups of eight 4- 6 week-old female BALB/c mice (Harlan Sprague Dawley, Indianapolis,
IN) received primary and booster immunizations (28 days apart) with each vaccine
candidate via intramuscular injections into the hind legs. A dose of 5 X 107 plague forming
units (pfu) in 50l was used for both injections. Control groups were immunized with either
recombinant F1 protein (rF1 — 40 g), empty MVA vector (MVA/GFP -5 X 107 pfu) or
with phosphate buffered saline (PBS — 50 pL). At two weeks post-boost, all animals were
challenged with the wild-type Y. pestis CO92 strain by intranasal instillation of 10 pL (5 pL
into each nostril) of inoculum containing 1 X 10° colony forming units (cfu) (35LDsg) of the
bacteria. Animals challenged with the Java 9 strain of Y. pestisreceived 100 pl inoculum
containing 100 cfu (100LDsg) intraperitoneally. The isolate of Java 9 used in this study was
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less virulent via the intranasal route but highly virulent when used intraperitoneally.
Challenged animals were monitored for two weeks.

A group of eight 4 - 6 week-old naive mice was passively immunized intraperitoneally with
100 p.L of post-boost pooled serum with a titer of 100,000 from mice immunized with two
doses of MVA/IRES/tPA/V3g7. The passively immunized mice were challenged
intraperitoneally with a 100 pL inoculum containing 100 cfu (100LDsg) of the Java 9 strain
of Y. pestis. Challenged animals were monitored for two weeks. The stability and virulent
phenotype of the Y. pestis CO92 or Java 9 frozen stock cultures were validated by testing
aliquots for bacterial counts and lethal doses. The number of colony-forming units was
determined by plating 100 L of each dilution onto blood agar and incubating at 28°C for 48
h. Lethal dose (LDsp) values were determined by inoculating groups of 11- 12 week-old
BALB/c mice intranasally (10 L) or intraperitoneally (100 L) with 10-fold dilutions of
the Y. pestis CO92 or Java 9 bacterial cultures, respectively. Following inoculation, animals
were monitored for 14 days, mortalities were recorded and LDsg was calculated by Reed
and Muench method [54].

Serum samples were collected on day 28 post-primary vaccination and day 14 post-boost
(pre-challenge) to assess antibody titers against Y. pestis F1 or V antigens. Serum total 1gG
as well as IgG1 and 1gG2a subclass titers were measured by enzyme-linked immunosorbent
assay (ELISA) as described elsewhere [37]. Briefly, 96-well ELISA plates were coated with
purified recombinant F1 or V antigen (0.1p.g in 100 pL carbonate buffer, pH 9.6 per well) at
4°C overnight. Coated plates were washed twice with 0.05% Tween 20 in PBS (washing
buffer) and rinsed with blocking buffer (1% BSA in PBS) for 1 h at room temperature (RT).
Serum samples then were serially diluted from 1:100 — 1:100,000 in ELISA diluent (0.1%
BSA in washing buffer) and added in triplicate to the prepared ELISA plates. Known
negative and positive serum samples from mice inoculated with recombinant F1 or V
antigen from previous studies were used as controls and plates were incubated for 1 h at RT.
After washing, 100pL per well of a 1:10,000 dilution of horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse 1gG (Abcam Inc, Cambridge, MA) was added to each well and
incubated for 1 h at RT. Plates were washed, and 100 pL per well of tetra-methyl-benzidine
(TMB) chromogen (Invitrogen, Calshad, CA) was added to each well and incubated in the
dark for 5minutes. The reaction was then stopped by adding 100 L per well of 2mM H,S04
(Sigma, St Louis, MO). Colorimetry was assessed using a microplate reader (ELx800-
BioTek, Winooski, VT) at test wavelength of 450 nm and a reference wavelength of 630nm.
The highest dilution that was positive (exceeded the mean of known negative serum samples
plus three standard deviations) was considered the endpoint, and its reciprocal value was
recorded as the titer.

Safety of MVA-based vaccine constructs

Groups of six, five-week old BALB/c SCID mice (Harlan Sprague Dawley, Indianapolis,
IN) were inoculated intraperitoneally with 1 X 108 pfu of MVA/F1 MVA/V, MVA/V3q7,
MVA/IRES/tPA/V3q7 or wild type MVA (MVAwt). An additional group received 1 X 10°
pfu of the vaccinia Wyeth strain via the same route. Mice were monitored daily for 3 months
and their weight was recorded weekly. Mice died naturally or were euthanized when
showing body-conditioning score less than two (BCS < 2) as previously described [55].

Statistical analysis

One way ANOVA was used to evaluate the vaccine group effects on pre-boost and pre-
challenge antibody titers. If the vaccine group effect was statistically significant (A<0.05 by
Kruskal-Wallis test), an all pair-wise comparison among groups was performed using an
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unadjusted P-value of 0.05. Survival analysis was performed to assess vaccine effectiveness
against challenge with either CO92 or Java 9; reported P-values are from Fisher's exact test.
Probability values < 0.05 were considered significant using the GraphPad Prism 5 software
(La Jolla, CA) for all statistical analyses.

Protein Expression

The expression of the F1, V and V3q7 antigens of Y. pestis was assessed by immuno-blot
analyses of proteins from cells infected with the MVVA/ Y. pestis recombinant viruses.
Expression levels were evaluated in whole cell extracts and in cell culture supernatants after
infection of MVVA permissive CEF cells and non-permissive mammalian Vero cells (Figure
2). Expression of the F1 protein by the MVVA/F1 recombinant was detected in both the
cellular pellet and cell culture supernatants. In MVVA/F1 infected CEF cells, the F1 capsular
antigen was observed as two lower molecular weight forms consistent with the predicted
protein (approximately 18 kilodaltons, kd; predicted protein) and a higher molecular weight
form at approximately 23 kd (Figure 2A). The 23 kd form was more prevalent in the cell
supernatant, suggesting that it is preferentially secreted. The capsular F1 protein has one
predicted N-glycosylation site and six predicted o-glycosylation sites for vertebrate cells.
Thus, we postulated that the 23 kd form could represent a glycosylated protein. Indeed,
deglycosylation of CEF-expressed F1 eliminated the 23 kd form and only the 18 kd form
remained (Figure 2E). Higher molecular weight forms of approximately 34 kd and above
also were observed in the cell pellets. These forms are consistent with dimers and other
multimers; the F1 capsular protein avidly forms multimeric structures upon secretion [56,
57]. These forms were not observed upon extensive denaturation (see Figure 2E for an
example). In CEF cells infected with the MVVA/IRES/tPA/F1 virus, only low levels of
expression of the lower molecular weight forms could be observed in the cell pellets.

In mammalian Vero cells infected with the MVVA/F1 recombinant virus, the lower molecular
weight form of 18 kd was more predominant than the 23 kd glycosylated form in both the
cell pellet and the cell supernatant (Figure 2B). Again, the 23 kd form disappeared upon
deglycosylation (data not shown). Higher molecular weight forms of apparent molecular
weights 33, 36 and 39 kd also were detected and were relatively more prominent in the
culture supernatants. In Vero cells infected with the MVA/IRES/tPA/F1 recombinant virus,
only low levels of expression of the F1 antigen were detected in the cell pellets. The reduced
level of expression directed by the IRES/tPA constructs is in stark contrast to similar
constructs made in raccoon poxvirus [37]. In that case, IRES/tPA directed higher levels of
expression and secretion in infected cells.

The expression patterns of V and V37 antigens were simpler and were similar in both
infected CEF and Vero cells (Figure 2, C and D). Cells infected with either MVA/V or

MV A/V 347 recombinant viruses expressed a single form of approximately 36 and 35 kd,
respectively, consistent with predicted sizes (37 and 35 kd). Cells infected with MVA/IRES/
tPA/V expressed two molecular forms of approximately 36 and 40 kd. The higher molecular
weight form was consistent with the size of tPA/V fusion and was preferentially secreted. In
contrast, cells infected with the MVVA/IRES/tPA/V 337 recombinant virus expressed only a
single form of 35 kd. The predicted V and V3g7 open reading frames do not encode
consensus glycosylation sequences for vertebrate cells. In the case of V antigen expression,
the addition of IRES/tPA only slightly reduced protein expression levels. In infected CEF
cells, the ratio of secreted to cellular V antigen seemed slightly enhanced with the addition
of the IRES/tPA sequence (Figure 2C). However, the ratios seemed consistent between all
the constructs in infected Vero cells (Figure 2D).
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Immunogenicity of MVA constructs

Groups of BALB/c mice were immunized intramuscularly with MVVA/ Y. pestis constructs
encoding the F1, V or Vg7 antigens. Antibody titers after a single immunization (pre-boost)
and after two immunizations (pre-challenge) were assessed by ELISA analysis. Pre-
challenge antibody titers elicited by the MVVA/V construct were significantly higher
(P<0.05) than the MVVA/V3p7 construct, however, there was no significant difference
between pre-boost titers induced by these constructs (Figure 3B). The effect of the IRES and
tPA sequences on immunogenicity was examined. As shown in figure 3B, expression of
V307 under the control of IRES and secretory signals (MVA/IRES/tPA/V3q7) significantly
enhanced its immunogenicity. Both pre-boost and pre-challenge antibody titers were
significantly higher (P<0.05) in mice immunized with MVA/IRES/tPA/V 337 than with
MVA/V3q7. Analysis of 1gG subclasses elicited by the MVA/IRES/tPA/V 337 and MVA/
V307 constructs showed a balanced response between 1gG1 and 1gG2a subclasses (data not
shown). MVA constructs expressing the V antigen induced a significant booster effect
(P<0.05) on antibody responses in all immunized mice as compared to primary
immunization (Figure 3B). Surprisingly, no booster effect was detected in mice immunized
with the MVVA/F1 or MVA/IRES/tPA/F1 constructs. Moreover, pre-challenge antibody titers
elicited by the MVVA/F1 or MVA/IRES/tPA/F1 constructs were significantly lower (P>0.05)
than titers induced by constructs expressing the V antigen (Figure 3A and 3B).

Protection against plague challenge

All mice vaccinated with the MVA/IRES/tPA/V3q7 survived lethal plague challenge with
either the CO92 (35 LDsg) or Java 9 (100 LDsg) strain of Y. pestis (Figures 4A and 4B).
Moreover, passive transfer of pooled immune serum from mice immunized with MVA/
IRES/tPA/V 37 to naive BALB/c mice conferred significant protection (£<0.05) against the
Java 9 strain of Y. pestisas compared to the control mice (data not shown). In contrast, only
25%, 37.5% to 50% of mice immunized with MVA/V3q7, MVA/V, or MVA/IRESIHPAIV
survived challenge with the CO92 strains of Y. pestis, respectively (Figure 4A). Mice
immunized with MVA/F1 or MVA/IRES/tPA/F1 had 50% or 25% survival rate against
challenge with CO92 or Java 9 strain of Y. pestis, respectively (Figures 4A and 4B).

Minimal protective dose of MVA/IRES/tPA/V357 vaccine

To establish the minimal protective dose of the lead candidate vaccine, groups of 8 BALB/c
mice were immunized (prime and boost) with increasing doses (5 X 10° pfu, 5 X 108 pfu or
5 X 107 pfu) of MVA/IRES/tPA/V3q7 and then challenged with either 35 or 350 LDsgs of
the CO92 Y. pestis strain. Mice immunized with increasing doses of MVA/IRES/tPA/V3y7
elicited corresponding increased immune responses with pre-challenge antibody titers of
3.38, 3.75 or 4.25 (log10), respectively. The highest immunization dose (5 X 107) elicited
significantly higher antibody titer (£<0.05) compared to the lower doses and it conferred
significant protection (87.5%) against challenge with either 35 or 350 LDsggs of the CO92 Y.
pestis strain, respectively (Table 2). There was no significant difference (~>0.05) between
survival rates of mice immunized with the two lower doses of the MVA/IRES/tPA/V 357
vaccine following challenge with 35LDsq of Y. pestis (Table 2). A 10-fold increase in the
challenge dose (350 LDsg) reduced the survival conferred by the lowest dose (5 X 10° pfu)
of the MVVA/IRES/tPA/V 37 vaccine and was not significantly different (£>0.05) from that
of the MVVA/GFP control group (Table 2). However, significant protection (£=0.01) was
conferred on mice immunized with 5 X 10° pfu of the vaccine against challenge with
350LDs5g of Y. pestis compared to the control group.
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Safety of MVA/Plague vaccine candidates in immunocompromised mice

All mice in the vaccinia-Wyeth inoculated-group developed clinical disease symptoms
characterized by pox lesions on their tails and feet and persistent weight loss; they died
within 5 — 7 weeks post-infection. None of the animals from the MVAwt or MVVA/ Y. pestis
vaccine constructs developed any pox lesions. Weight loss in the vaccinia-Wyeth group was
significantly greater (£<0.0001) than in groups that were infected with MVVAwt or MVA/
plague vaccine constructs (Figure 5).

Discussion

In recent years, efforts to develop a suitable human plague vaccine have focused on subunits
for the F1 and V antigens. Despite their success in inducing protective immune responses
[23, 25, 26, 58, 59], subunit vaccines have several disadvantages. They generally require
strong adjuvants, elicit poor CD8* T cell responses and have short shelf lives [60]. The use
of adjuvants often induces tissue reactions and multiple doses are required for a durable
immunity [61]. Viral vectors, on the other hand, are capable of inducing both antibody and
T-cell-mediated immunity in the absence of an adjuvant [62]. In this study, we describe the
construction, expression, and preclinical efficacy and safety of novel MVA-plague vaccines
containing IRES and strong secretory signals in mice. Immunogenicity studies in BALB/c
mice demonstrated that MV A-vectored vaccines expressing the V antigen elicited robust
antibody responses. Given the strong immunogenicity of the MVVA/V construct and because
V is currently one of the leading Y. pestis subunit vaccine candidates being developed for
use in humans [25, 26], we focused our subsequent studies on this antigen. In particular, we
examined the efficacy of MV A expressing a V gene with a deletion in the segment
associated with the stimulation of the anti-inflammatory cytokine IL-10 [22]. Moreover, we
examined the combined effect of the IRES and tPA on the immunogenicity and efficacy of
MVA vaccines expressing the V3g7 gene. The insertion of molecular elements such as IRES
and tPA in vaccine constructs, has been shown to facilitate the expression of target antigens
and significantly enhance their immunogenicity [37-40].

All the MVA-V constructs were immunogenic, but when tested for protection against plague
in mice, the MVA/IRES/tPA/V 357 induced 87.5 to 100% protection against lethal challenge
with the highly virulent Y. pestis CO92 strain. This finding is in agreement with earlier
reports indicating improved immunogenic properties of a subunit candidate vaccine based
on Vg7 in offering enhanced protection against plague [23]. It is interesting to note that the
protection conferred by the MV A/V3q7 construct was significantly lower (P<0.05) than that
induced by the MVA/IRES/tPA/V 37 vaccine. Thus, the IRES and tPA secretory signal
significantly enhanced the protective immune response, consistent with our previous studies
demonstrating a similar effect in raccoon pox based vaccines against plague [63].
Interestingly, the IRES and tPA expression signals failed to significantly enhance the
protective immune responses elicited by the full-length V and the F1 recombinant viruses. In
our previous studies with other poxviruses, IRES/tPA both increased expression levels and
improved protective efficacy [63]. In MVA vectors, IRES/tPA reduced expression levels yet
still enhanced the protective efficacy of the V3p7 antigen. Since expression levels are not
increased, we can only postulate that these post-transcriptional signals might improve
antigen conformation, presentation and/or processing. In our studies, the MVA/F1 as well as
the MVA/IRES/tPA/F1 vaccines did not elicit significant antibody responses against the F1
antigen. It can be speculated that the glycosylation of the expressed F1 proteins as seen in
immunoblot analysis could mask epitopes, affecting the optimal induction of immune
responses. However, 50% of mice immunized with the MVA/F1 or the MVA/IRES/tPA/F1
vaccine were protected against challenge with Y. pestis CO92 strain with a median survival
times of 11 and 9 days, respectively. The weak anti-F1 antibody responses might have been
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sufficient to confer this level of protection. Alternatively, the development of cell-mediated
immunity could have played a critical role in clearing the bacteria from the host.

Currently, although there are no strong correlates of protection against Y. pestis, antibodies
have been shown to play an important role [64]. The production of high levels of antigen-
specific antibodies elicited by the MVVA/IRES/tPA/V 337 construct may account for the high
level of protection observed in these studies. However, the MVVA/V construct generated high
anti-V antibody yet demonstrated less protection from challenge. This finding is in contrast
to previous studies demonstrating the protective capacity of this antigen when administered
as a subunit vaccine [23, 65]. In non-human primate studies, Bashaw et al [66] showed that
the presence of high antibody titers to F1 and V does not necessarily correlate with
protection since some of the animals succumbed to challenge despite possessing high
antibody titers. Similar reports have also asserted that humoral responses alone might not be
sufficient to completely protect against plague[37, 67] Although the assessment of cellular
immunity to our vaccine components were not within the scope of this paper, in future
studies we plan to examine the role of humoral and cellular immune responses in protection.

Naturally occurring non-encapsulated variants of Y. pestisas well as isogenic non-
encapsulated derivatives of encapsulated Y. pestis have been shown to be virulent [68-73].
An effective plague vaccine should be able to protect against infection with both
encapsulated and non-encapsulated variants of Y., pestis. As reported in this study, our lead
vaccine candidate MVA/IRES/tPA/V 37 conferred complete protection against a non-
encapsulated strain of Y. pestis (Java 9). Java 9 is a naturally occurring pathogen and despite
the presence of a cryptic virulence plasmid [68-73], the lead vaccine candidate was very
effective in protecting mice against challenge with this pathogen, an indication of the broad
efficacy of the vaccine against diverse strains of Y. pestis. Preliminary data suggest that this
protection was at least partially mediated by antibodies; passive transfer of anti-MVA/IRES/
tPA/V 37 antibodies protected mice from Java 9 challenge (data not shown).

These MV A vectored plague vaccines also were tested for safety. Infection of SCID BALB/
¢ mice with replication competent poxviruses causes significant weight loss and poxvirus
lesions analogous to the disseminated viremia that can occur in vaccinated individuals with
underlying immune deficiencies. In our studies, the MV A-plague constructs were highly
safe in SCID mice and no systemic disease was detected during the 12-week observation
period.

In conclusion, these studies demonstrate the potential of MVA to effectively express Y.
pestis antigens and generate protective plague immune responses. The MVVA construct
expressing the Vg7 antigen in conjunction with the IRES and tPA signal sequence was very
immunogenic and safe, conferring protection against intranasal or intraperitoneal challenge
with Y. pestis. These findings can lead to novel approaches to biodefense immunization
since MVA has been stockpiled for use as a second-generation smallpox vaccine. A vaccine
that simultaneously generates protective immune responses to two important biological
threats such as smallpox and plague can be of high value in biodefense vaccination
programs.
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Figure 1. Construction of recombinant MV A-plague viruses

Expression cassettes were generated by PCR for each of the Y. pestisantigens, F1, V and
V3p7 as described in the materials and methods. The cassettes were cloned into either the
pdlIIGFP or pdlIIGFP/IRES/tPA vectors and the resulting plasmids were designated as
pdIIGFP/F1, pdIIIGFP/IRES/tPA/FL, pdIIGFP/V, pdIIIGFP/IRES/tPA/IV, pdlIIGFP/V3q7
and pdIIGFP/IRES/tPA/V3p7. Homologous recombination into MVA was
successfullycompleted and recombinant MVVA/ Y. pestis viruses were identified by GFP

expression.
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Western blot analysis of expression patterns from recombinant MV A-plague viruses.
Monolayers of CEF or Vero cells were transfected with recombinant MV A-plague viruses at
MOI of 0.5pfu/cell. After 48 h post transfection cells were harvested and subjected to SDS-
PAGE followed by western blot analysis as described in the methods. (A) F1 expression in
CEF cell (c) and supernatant (s) fractions. (B) F1 expression in Vero cell (c) and supernatant
(s) fractions. (C) V and V3p7 expression in CEF cell (c) and supernatant (s) fractions. (D) V
and V3g7 expression in Vero cell (c) and supernatant (s) fractions.
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Groups of eight 4-6 week-old BALB/c mice were vaccinated intramuscularly with MVA-
plague vaccines. Following two immunizations separated by 28 days, serum samples
collected on days 28 and 42 post-initial vaccinations and analyzed by ELISA to determine
humoral immune responses to F1 or V antigens. (A) Antibody responses to F1 antigen. (B)
Antibody responses to V antigen from mice immunized with MV A/plague vaccines.
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Figure 4.

Survival analysis of mice immunized with MVVA-plague vaccines.

Two weeks following booster immunizations, mice were challenged (A) intranasally with 1
X 10° pfu (35LDsg) of Y. pestis (CO92) or (B) intraperitoneally with 100 cfu (100 LDsg) of
Y. pestis (Java 9) and survival rates were recorded over a period of 2 weeks.
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Figureb5.

Safety of MV A-plague vaccines in severe combined immune deficient (SCID) mice.

SCID mice were infected intraperitoneally with MV A/plague constructs (dose: 1 X 108 pfu),
wild type MVA (MVAwt, dose: 1 X 108 pfu), or vaccinia virus Wyeth strain (dose: 1 X 10°
pfu) and were weighed weekly for 12 weeks. Mice were euthanized when showing body
conditioning score less than two (BCS < 2) or died naturally.
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Table 1
Yersinia pestis antigen PCR primer sequences
Primer PCR Primer Sequence? RE Site
5" FL/IRES/tPA | 5’-cgcgcGTCGACgaggtaatatatgaaaaaaatcag-3” Sal |
5 F1 5’-gtgaG T CGA Catgaaaaaaatcagttccgttatc-3” Sal |
3'F1 5’-gcGAAT T Cttattggttagatacggttacggt-3 EcoR |
5V 5’-gtgaGT CGA Catgattagagcctacgaacaaaacc-3” Sal |
5 V/IRES/tPA 5’-tgacGCCGGCattagagcctac-3” NgoM 1V
3’V 5’-cgcGAAT T Ctcatttaccagacgtgtcatc-3” EcoR |
3" Va7 5’-gcGAAT T Ctcaacggttcagtgcttcaatag-3” EcoR |

a - . -
Restriction enzyme sites are capitalized.
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Survival rate of miceimmunized with increasing doses of MVA/IRES/tPA/V 357 and

Table 2

subsequently challenged via the intranasal route with CO92 strain of Y. pestis

Vaccination Dose (PFU)

Challenge Dose (L Dsp)

% Survival (14 days post-challenge)

Median Survival Time (Days)@

5X 105 35 62.5 N/A
5X 106 35 375 10.5
5X 107 35 87.5 N/A
5 X 107 (MVA/gfp) 35 125 3.0
5X 10 350 125 3.0
5X 106 350 375 6.0
5X 107 350 87.5 N/A
5 X 107 (MVA/gfp) 350 0.0 3.0

a. . S . . . . . . . . .
Median survival time is the time at which 50% of animals have died. This value is not applicable (N/A) for groups with >50% survival rates.

Vaccine. Author manuscript; available in PMC 2013 January 31.




