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Modified Vaccinia Ankara Virus Vaccination Provides Long-Term
Protection against Nasal Rabbitpox Virus Challenge
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Modified vaccinia Ankara virus (MVA) is a smallpox vaccine candidate. This study was performed to determine if MVA vaccination provides long-term protection against rabbitpox virus (RPXV) challenge, an animal model of smallpox. Two doses of MVA
provided 100% protection against a lethal intranasal RPXV challenge administered 9 months after vaccination.

odified vaccinia Ankara virus (MVA) is a safe smallpox vaccine candidate (1–3) that is being investigated in clinical
trials as a viral vector for vaccination against infectious diseases
(4–6) and cancers (7, 8). MVA is derived from chorioallantois
vaccinia virus Ankara (CVA) that was passaged through chicken
embryo fibroblasts ⬎570 times to reduce the side effects associated with vaccinia virus immunization (9–11). Because smallpox
has been eradicated, the efficacy of any smallpox vaccine, including MVA, cannot be proven directly. Instead, under the guidelines
of the “animal rule,” which often requires two animal species (12,
13), vaccine efficacy may be shown indirectly by the demonstration of protection against poxviruses other than smallpox with the
use of appropriate animal models relevant to the human disease.
Animal models utilized to evaluate the protective efficacy of smallpox vaccines include monkeypox virus (MPXV) challenge of primates (14, 15), ectromelia virus (and other poxviruses) challenge
of mice (16, 17), and rabbitpox virus (RPXV) challenge of rabbits
(18, 19). Despite the numerous studies demonstrating the immunogenicity and protective efficacy of smallpox vaccines in mice,
mice do not provide a physiologically relevant model for humans
when utilizing maternal or intranasal immunization. Due to the
similarities between rabbits and humans in regard to maternalfetal immunoglobulin transfer (20, 21) and the volume of the
upper respiratory tract (22), rabbits represent an ideal second animal model, after nonhuman primates, in which to address the
animal rule for next-generation smallpox vaccines.
MVA has demonstrated efficacy against ectromelia virus (17)
and RPXV (18) challenge shortly after vaccination and has demonstrated long-term protection against MPXV challenge in primates (23, 24). While MVA is known to induce protective immunity against RPXV challenge of rabbits 4 weeks after vaccination,
no studies have determined the long-term protective efficacy of
MVA against RPXV. Thus, the objective of our study was to determine if two doses of MVA can provide protection against lethal
RPXV challenge 9 months after vaccination. We used a well-characterized intranasal RPXV challenge model that provides consistent clinical symptoms and viremia indicative of disease progression (25).
Young (3- to 4-month-old) female New Zealand White
(NZW) rabbits (n ⫽ 4) were vaccinated intramuscularly with 1 ⫻
108 PFU MVA in a volume of 200 l administered into the quadriceps femoris on days 0 and 28. Five rabbits served as naive
controls. Rabbits were bled via the auricular artery on days ⫺7,
42, 245, 289 (prechallenge) and 311 (14 days postchallenge) to
monitor antigen-specific antibody responses. All procedures
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were approved by the Duke University Institutional Animal
Care and Use Committee.
Antibody titers to three vaccinia virus membrane proteins (B5,
A33, and L1) were determined shortly after vaccination (day 42)
and at day 289 by enzyme-linked immunosorbent assay (ELISA)
in a 384-well format as previously described (26–28). By day 42,
MVA immunization induced significantly elevated serum geometric mean IgG titers (log2 endpoint titers) to B5R, A33R, and
L1R of 6.7 ⫻ 107, 1.6 ⫻ 107, and 1.7 ⫻ 105, respectively (data not
shown). By day 289, titers to B5R, A33R, and L1R remained significantly elevated compared to preimmunization titers and decreased by ⬍10-fold compared to day 42 titers (data not shown).
This decrease in antipoxvirus protein-specific serum IgG titers
between days 42 and 289 was significant only for anti-B5R IgG, as
determined by repeated-measures one-way analysis of variance
(ANOVA) with Tukey’s multiple-comparison test. Thus, intramuscular vaccination with MVA on days 0 and 28 induced
high, sustained anti-poxvirus protein-specific antibody titers
for at least 289 days after vaccination.
To quantify the amount of antibody induced by MVA vaccination that would recognize RPXV, serum anti-RPXV IgG titers
were determined by ELISA with plates coated with a 1:200 dilution
of 5.6 ⫻ 106 PFU/ml UV-inactivated RPXV (29). RPXV (ATCC
VR-1591) was grown in CV-1 cells, and the infectious titer was
determined by a standard plaque assay. Vaccination with MVA
induced significantly elevated anti-RPXV IgG antibodies at day
289 (geometric mean titer, 1:262,144) compared to that in control
rabbits (Fig. 1). Since smallpox-neutralizing antibodies correlate
with protection from smallpox in humans (30), we performed a
plaque reduction neutralization assay to determine if the antibodies induced by MVA were capable of neutralizing RPXV as described previously (31), except that dilutions of heat-inactivated
serum mixed with sonicated RPXV were performed overnight at
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MVA Induces Long-Term Protection against Rabbitpox

FIG 1 Intramuscular immunization with MVA induces serum IgG antibodies

37°C with 5% CO2 in supplemented minimum essential medium
containing 10% fetal bovine serum. Subsequently, the infectious
titers of the virus suspensions were measured by plaque assay on
monolayers of CV-1 cells. MVA vaccination resulted in significantly elevated RPXV neutralizing antibody titers (plaque reduction neutralization titer 50% geometric mean, 1:3,044) at day 289
compared to the results in control rabbits (Fig. 1).
To determine if MVA vaccination provides long-term protection against a lethal RPXV challenge in rabbits, we performed an
intranasal RPXV challenge on day 297, 9 months after the second
MVA vaccination. Rabbits were sedated with 1 mg/kg acepromazine, anesthetized with isoflurane, and then positioned in dorsal
recumbency. RPXV at 1 ⫻ 105 PFU diluted in USP-grade phosphate-buffered saline for a total volume of 170 l was administered intranasally to a single nostril. Rabbits were checked twice
daily for clinical signs, changes in body weight, and changes in
temperature for 14 days postchallenge. Temperature was determined by a BMDS IPTT-300 temperature transponder implanted
intrascapularly. Beginning on the third day postchallenge, the
treatment-naive rabbit group, comprising three rabbits tested in
parallel with the MVA-vaccinated rabbits, and two rabbits tested
in a separate pilot study (to confirm challenge virus phenotype
and dose) experienced significant reductions in body weight compared to MVA-vaccinated rabbits (Fig. 2). Comparison of postchallenge absolute body weight to the prechallenge weight showed
that MVA-vaccinated rabbits did not exhibit significant changes
while naive rabbits exhibited significant weight loss. Additionally,
naive rabbits exhibited increased body temperature starting 2 days
postchallenge compared to the temperature of MVA-vaccinated
rabbits (Fig. 2). Comparison of postchallenge body temperature
to the prechallenge temperature showed that MVA-vaccinated
rabbits did not exhibit any significant change in temperature while
naive rabbits exhibited significantly increased body temperature.
Coinciding with changes in temperature and body weight, naive
rabbits developed clinical signs of ocular and nasal discharge. On
the 4th day postchallenge, two of the naive rabbits were eutha-
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FIG 2 Intramuscular immunization with MVA provides long-term protec-

tion against RPXV. NZW rabbits (n ⫽ 4) were immunized intramuscularly
with 1 ⫻ 108 PFU of MVA on days 0 and 28. On day 297, rabbits were intranasally inoculated with 1 ⫻ 105 PFU of rabbitpox, Utrecht strain. Rabbit body
weight, temperature, and clinical signs were monitored twice each day. Rabbits
reaching the humane endpoint of 5% weight loss combined with nasal or
ocular discharge were euthanized. *, statistically significantly different (P ⬍
0.05) from MVA-immunized rabbits as determined by repeated-measures
2-way ANOVA with Sidak’s multiple-comparison test. Comparisons of weight
and temperature were not made after day 4.5 due to ⬍100% survival. In naive
rabbits, there was a significant loss of body weight (A) and significant increase in
body temperature (B) when comparing postchallenge to prechallenge absolute
body weight or temperature as determined by repeated-measures one-way
ANOVA (P ⬍ 0.05). Survival was statistically significantly different from that in
naive rabbits, as determined by the Mantel-Cox log-rank test (P ⬍ 0.005). naïve,
n ⫽ 5; MVA, n ⫽ 4 for body weight and survival, and n ⫽ 3 for temperature.

nized because they met the humane endpoint criteria (5% weight
loss and ocular or nasal discharge). By the sixth day, all naive
rabbits were euthanized (Fig. 2). Our observed course of clinical
symptoms in naive rabbits is consistent with the pathogenesis after
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that bind to RPXV and antibodies that neutralize RPXV. NZW rabbits (n ⫽ 4)
were immunized intramuscularly with 1 ⫻ 108 PFU of MVA on days 0 and 28.
Naive rabbits of a similar age and housing duration were used as controls. Day
289 (prechallenge) serum for naive and MVA immunized rabbits and day 311
(postchallenge day 14) serum from MVA immunized rabbits were tested by
ELISA for the presence of IgG antibodies specific for RPXV. Serum was also
tested for its ability to neutralize the infectivity of RPXV. *, statistically significantly different (P ⬍ 0.05) from naive rabbits as determined by ANOVA with
Tukey’s multiple comparisons. No significant difference between prechallenge
and postchallenge titers as determined by a paired parametric t test. MVA
treated, n ⫽ 4; naïve, n ⫽ 5.

Jones et al.

5.

6.

7.

ACKNOWLEDGMENTS
Research reported in the manuscript was supported by the National Institute of Allergy and Infectious Diseases (NIAID) of the National Institutes of Health under award 5R01 AI102747.
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.
The following reagents were obtained through the NIH Biodefense
and Emerging Infections Research Resources Repository, NIAID: recombinant from baculovirus, NR-2622; vaccinia virus (WR) A33R protein
with C-terminal histidine tag, recombinant from baculovirus, NR-545;
vaccinia virus (WR) B5R protein with N-terminal histidine tag, recombinant from baculovirus, NR-546; vaccinia virus (WR) L1R protein with
C-terminal histidine tag, recombinant from baculovirus, NR-2625; and
polyclonal anti-vaccinia virus (immunoglobulin G, human), NR-2632.
Live virus work and rabbit challenge studies were performed in the
NIAID Regional Biocontainment Laboratory (RBL) at Duke (UC6AI058607), a component of the Duke Human Vaccine Institute.
We acknowledge the valuable assistance of RBL staff members Kristina
Riebe, Kimberly Parks, Rose Asrican, and Scott Alderman and the staff of
the Duke Division of Laboratory Animal Resources.

8.

9.
10.
11.

12.

FUNDING INFORMATION
This work, including the efforts of Herman F. Staats, was funded by HHS
| NIH | National Institute of Allergy and Infectious Diseases (NIAID)
(AI102747). This work, including the efforts of Gregory D. Sempowski,
was funded by HHS | NIH | National Institute of Allergy and Infectious
Diseases (NIAID) (UC6-AI058607).

13.
14.

REFERENCES
1. Vollmar J, Arndtz N, Eckl KM, Thomsen T, Petzold B, Mateo L,
Schlereth B, Handley A, King L, Hulsemann V, Tzatzaris M, Merkl K,
Wulff N, Chaplin P. 2006. Safety and immunogenicity of IMVAMUNE,
a promising candidate as a third generation smallpox vaccine. Vaccine
24:2065–2070. http://dx.doi.org/10.1016/j.vaccine.2005.11.022.
2. Parrino J, McCurdy LH, Larkin BD, Gordon IJ, Rucker SE, Enama ME,
Koup RA, Roederer M, Bailer RT, Moodie Z, Gu L, Yan L, Graham BS.
2007. Safety, immunogenicity and efficacy of modified vaccinia Ankara
(MVA) against Dryvax challenge in vaccinia-naive and vaccinia-immune
individuals. Vaccine 25:1513–1525. http://dx.doi.org/10.1016/j.vaccine
.2006.10.047.
3. von Krempelhuber A, Vollmar J, Pokorny R, Rapp P, Wulff N, Petzold
B, Handley A, Mateo L, Siersbol H, Kollaritsch H, Chaplin P. 2010. A
randomized, double-blind, dose-finding phase II study to evaluate immunogenicity and safety of the third generation smallpox vaccine candidate
IMVAMUNE. Vaccine 28:1209 –1216. http://dx.doi.org/10.1016/j
.vaccine.2009.11.030.
4. Currier JR, Ngauy V, de Souza MS, Ratto-Kim S, Cox JH, Polonis VR,
Earl P, Moss B, Peel S, Slike B, Sriplienchan S, Thongcharoen P, Paris
RM, Robb ML, Kim J, Michael NL, Marovich MA. 2010. Phase I safety

650

cvi.asm.org

15.

16.
17.

18.

19.

and immunogenicity evaluation of MVA-CMDR, a multigenic, recombinant modified vaccinia Ankara-HIV-1 vaccine candidate. PLoS One
5:e13983. http://dx.doi.org/10.1371/journal.pone.0013983.
Kreijtz JH, Goeijenbier M, Moesker FM, van den Dries L, Goeijenbier
S, De Gruyter HL, Lehmann MH, Mutsert G, van de Vijver DA, Volz
A, Fouchier RA, van Gorp EC, Rimmelzwaan GF, Sutter G, Osterhaus
AD. 2014. Safety and immunogenicity of a modified-vaccinia-virusAnkara-based influenza A H5N1 vaccine: a randomised, double-blind
phase 1/2a clinical trial. Lancet Infect Dis 14:1196 –1207. http://dx.doi.org
/10.1016/S1473-3099(14)70963-6.
Webster DP, Dunachie S, McConkey S, Poulton I, Moore AC, Walther
M, Laidlaw SM, Peto T, Skinner MA, Gilbert SC, Hill AV. 2006. Safety
of recombinant fowlpox strain FP9 and modified vaccinia virus Ankara
vaccines against liver-stage P. falciparum malaria in non-immune volunteers. Vaccine 24:3026 –3034. http://dx.doi.org/10.1016/j.vaccine.2005
.10.058.
Meyer RG, Britten CM, Siepmann U, Petzold B, Sagban TA, Lehr HA,
Weigle B, Schmitz M, Mateo L, Schmidt B, Bernhard H, Jakob T, Hein
R, Schuler G, Schuler-Thurner B, Wagner SN, Drexler I, Sutter G,
Arndtz N, Chaplin P, Metz J, Enk A, Huber C, Wolfel T. 2005. A phase
I vaccination study with tyrosinase in patients with stage II melanoma
using recombinant modified vaccinia virus Ankara (MVA-hTyr). Cancer
Immunol Immunother 54:453– 467. http://dx.doi.org/10.1007/s00262
-004-0616-7.
Harrop R, Connolly N, Redchenko I, Valle J, Saunders M, Ryan MG,
Myers KA, Drury N, Kingsman SM, Hawkins RE, Carroll MW. 2006.
Vaccination of colorectal cancer patients with modified vaccinia Ankara
delivering the tumor antigen 5T4 (TroVax) induces immune responses
which correlate with disease control: a phase I/II trial. Clin Cancer Res
12:3416 –3424. http://dx.doi.org/10.1158/1078-0432.CCR-05-2732.
Stickl HA. 1974. Smallpox vaccination and its consequences: first experiences with the highly attenuated smallpox vaccine “MVA.” Prev Med
3:97–101.
McCurdy LH, Larkin BD, Martin JE, Graham BS. 2004. Modified
vaccinia Ankara: potential as an alternative smallpox vaccine. Clin Infect
Dis 38:1749 –1753. http://dx.doi.org/10.1086/421266.
Meisinger-Henschel C, Schmidt M, Lukassen S, Linke B, Krause L,
Konietzny S, Goesmann A, Howley P, Chaplin P, Suter M, Hausmann
J. 2007. Genomic sequence of chorioallantois vaccinia virus Ankara, the
ancestor of modified vaccinia virus Ankara. J Gen Virol 88:3249 –3259.
http://dx.doi.org/10.1099/vir.0.83156-0.
U.S. Food and Drug Administration. 2011. The development and evaluation of next-generation smallpox vaccines. U.S. Food and Drug Administration, Washington, DC. http://www.fda.gov/downloads/Biologics
BloodVaccines/NewsEvents/WorkshopsMeetingsConferences/UCM277
095.pdf.
Burns DL. 2012. Licensure of vaccines using the Animal Rule. Curr Opin
Virol 2:353–356. http://dx.doi.org/10.1016/j.coviro.2012.01.004.
Stittelaar KJ, van Amerongen G, Kondova I, Kuiken T, van Lavieren
RF, Pistoor FH, Niesters HG, van Doornum G, van der Zeijst BA,
Mateo L, Chaplin PJ, Osterhaus AD. 2005. Modified vaccinia virus
Ankara protects macaques against respiratory challenge with monkeypox
virus. J Virol 79:7845–7851. http://dx.doi.org/10.1128/JVI.79.12.7845
-7851.2005.
Nalca A, Livingston VA, Garza NL, Zumbrun EE, Frick OM, Chapman
JL, Hartings JM. 2010. Experimental infection of cynomolgus macaques
(Macaca fascicularis) with aerosolized monkeypox virus. PLoS One
5:e12880. http://dx.doi.org/10.1371/journal.pone.0012880.
Chapman JL, Nichols DK, Martinez MJ, Raymond JW. 2010. Animal
models of orthopoxvirus infection. Vet Pathol 47:852– 870. http://dx.doi
.org/10.1177/0300985810378649.
Coulibaly S, Bruhl P, Mayrhofer J, Schmid K, Gerencer M, Falkner FG.
2005. The nonreplicating smallpox candidate vaccines defective vaccinia
Lister (dVV-L) and modified vaccinia Ankara (MVA) elicit robust longterm protection. Virology 341:91–101. http://dx.doi.org/10.1016/j.virol
.2005.06.043.
Garza NL, Hatkin JM, Livingston V, Nichols DK, Chaplin PJ, Volkmann A, Fisher D, Nalca A. 2009. Evaluation of the efficacy of modified
vaccinia Ankara (MVA)/IMVAMUNE against aerosolized rabbitpox virus
in a rabbit model. Vaccine 27:5496 –5504. http://dx.doi.org/10.1016/j
.vaccine.2009.06.105.
Nalca A, Hatkin JM, Garza NL, Nichols DK, Norris SW, Hruby DE,
Jordan R. 2008. Evaluation of orally delivered ST-246 as postexposure

Clinical and Vaccine Immunology

July 2016 Volume 23 Number 7

Downloaded from http://cvi.asm.org/ on November 18, 2019 by guest

intranasal challenge previously reported by others (25, 32). MVAvaccinated rabbits were monitored for a total of 14 days postchallenge. None of the MVA-vaccinated rabbits developed clinical
symptoms or any temperature or body weight changes of ⬎2.5%.
Additionally, RPXV-specific serum IgG and neutralization increased after challenge (postchallenge day 14), although the increases were not significantly different from the day 289 titers (Fig.
1). Therefore, two intramuscular doses of MVA provided 100%
protection against a lethal high-dose intranasally administered
RPXV challenge 9 months after vaccination. Our results indicate
the ability of MVA to induce durable protection against an RPXV
challenge in rabbits. These results parallel those showing the ability of MVA to produce long-term protection against MPXV in
nonhuman primates and support the use of rabbits as a host species suitable for evaluating next-generation smallpox vaccines developed for maternal or intranasal immunization (23, 24).
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