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It was shown previously that the highly conserved vaccinia virus A35 gene is an important virulence factor
in respiratory infection of mice. We show here that A35 is also required for full virulence by the intraperitoneal
route of infection. A virus mutant in which the A35 gene has been removed replicated normally and elicited
improved antibody, gamma interferon-secreting cell, and cytotoxic T-lymphocyte responses compared to
wild-type virus, suggesting that A35 increases poxvirus virulence by immunomodulation. The enhanced im-
mune response correlated with an improved control of viral titers in target organs after the development of the
specific immune response. Finally, the A35 deletion mutant virus also provided protection from lethal chal-
lenge (1,000 50% lethal doses) equal to that of the wild-type virus. Together, these data suggest that A35
deletion viruses will make safer and more efficacious vaccines for poxviruses. In addition, the A35 deletion
viruses will serve as improved platform vectors for other infectious diseases and cancer and will be superior
vaccine choices for postexposure poxvirus vaccination, as they also provide improved kinetics of the immune

response.

Poxviruses are large, complex viruses with a broad host
range and worldwide distribution (30). Members of the family
Poxviridae include variola virus, the causative agent of small-
pox, which induced a fatality rate of approximately 30% and
killed hundreds of millions of people before its eradication in
1980 (28). Currently, the most dangerous extant human-infect-
ing poxvirus is monkeypox virus, which is commonly found in
African rodents. Monkeypox virus causes a smallpox-like ill-
ness with a 10% fatality rate. A recent study showed that 1.7%
of people in the Likouala region in Africa had monkeypox-
specific immunoglobulin M (IgM), indicating a significant on-
going infection rate (25). An outbreak of a low-virulence strain
of monkeypox virus occurred in the United States in 2003,
causing more than 80 human infections and several hospital-
izations (6). This outbreak raises concern that monkeypox vi-
rus could establish itself in wild-rodent populations in North
America (34), thus creating a local zoonotic reservoir for this
emerging pathogen. Of further concern are the facts that mon-
keypox is spreading more efficiently in humans (18, 24, 31) and
that the current poxvirus vaccine is not universally protective
against monkeypox infection (27). Both variola and monkey-
pox viruses are considered bioterrorism and biowarfare con-
cerns and are category A select-agent pathogens. There are
also other poxvirus infections that sporadically cause human
outbreaks, including Cantagalo virus in South America (10, 41)
and buffalopox virus in India (23), and the incidence of tanapox
virus appears to be increasing (12, 43). Molluscum contagio-
sum poxvirus accounts for approximately 300,000 doctor visits
each year in the United States alone (29). Thus, the study of
virulence mechanisms in this group of viruses is important.

The eradication of smallpox was accomplished through the
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use of the related vaccinia virus (VV) as a live-virus vaccine.
Despite its phenomenal success, the public vaccination pro-
gram was discontinued because of the high incidence of com-
plications due to the virulence of wild-type VV. It is estimated
that approximately 25% of the population should not receive
this vaccine because of immunodeficiency, eczema, pregnancy,
or heart disease (14, 21, 45). Safer vaccines are necessary to
protect against emerging or released poxviruses. In addition,
poxviruses are being used as platform vaccines for other dis-
eases such as human immunodeficiency virus, malaria, and
cancer because they induce a robust immune response and
accommodate the insertion of large pieces of foreign DNA. It
is therefore of great importance to identify poxvirus virulence
genes in order to develop safer and more effective poxvirus
vaccines. Replication-defective strains, such as Modified Vac-
cinia Ankara, have been used in an effort to reduce the risks
associated with vaccination (8, 47), but the production of these
viruses can be challenging, they require higher doses of vac-
cine, and their protective efficacy against poxvirus infections in
humans is unknown. As poxviruses inhibit the activation of
antigen-presenting cells and antigen presentation (26, 38), an-
other way to construct a safer vaccine is to develop replication-
competent vaccine strains that exclude immunosuppressive
genes (3) while retaining protective antigenic epitopes (17, 32).
We show herein that the A35R gene is an excellent candidate
for removal from vaccine strains.

The VV A35 gene is highly conserved in mammalian-tropic
poxviruses, and a sequence identity search has revealed that
the protein has little similarity to any other poxvirus protein or
any nonpoxvirus protein, suggesting that this gene has an im-
portant and novel function (39). We have shown that the A35
gene is not required for viral replication in vitro but is required
for full virulence in the mouse model (39).

We therefore tested the effects of A35R on immune re-
sponses during infection in the mouse model and tested its
protective efficacy against virulent challenge.
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MATERIALS AND METHODS

Cells and virus. VV strain Western Reserve (WR) and A35A mutant virus
stocks were propagated by using BS-C-1 cells in minimal essential medium
containing 10% fetal bovine serum as previously described (39). P815 cells
(ATCC) were grown in Dulbecco’s modified Eagle’s medium.

Mouse infection and sample collection. Four 5-week-old BALB/c mice were
anesthetized using isoflurane and infected intranasally (i.n.), as previously de-
scribed (39), with purified virus in 18 pl (100 pl for intraperitoneal [i.p.] infec-
tion) or were mock infected with phosphate-buffered saline (PBS). Titers were
confirmed for each experiment by using the dilution used to infect mice that day.
Mice were weighed and monitored daily for signs of illness and were euthanized
if 20% weight loss occurred. For experiments assessing immune responses, five
mice from each group were sacrificed, and the spleens were collected in ice-cold
RPMI medium. Splenocytes were obtained as previously described and incu-
bated in RPMI medium (7). Blood was collected using cardiac puncture, fol-
lowed by centrifugation to separate plasma from red blood cells. All experimen-
tal protocols were approved by the Animal Care and Use Committee of East
Carolina University.

ELISA. To determine antibody responses, 96-well enzyme-linked immunosor-
bent assay (ELISA) plates (Immulon H2B; Thermo Electron) were coated over-
night with 0.1 pl/well (100 wl) crude WR virus in ELISA coating buffer (10.3 g
H,BO,, 7.31 g NaCl, 1 liter double-distilled water [pH 8.5]) at 4°C. Plates were
blocked with 1% fetal bovine serum—PBS at room temperature for 30 min. Plates
were washed with ELISA wash buffer (1X PBS, 0.02% Tween 20, 0.1% NaNs),
and a titration of mouse serum was added. Plates were incubated at room
temperature for 2 h and washed. Goat anti-mouse IgG-alkaline phosphatase
(Southern Biotech) was added and incubated at room temperature for 1 h. Plates
were washed three times and developed (alkaline phosphate substrate kit; Bio-
Rad), and the absorbance was read at 405 nm. Anti-B5R ELISAs were similarly
performed, by coating plates with purified baculovirus-expressed B5R protein
prepared by C-PERL (the kind gift of Stuart Isaacs).

Measurement of neutralizing antibody. VV-specific neutralizing antibody was
measured by incubating 25 wl of sera from PBS-, WR-, or A35A-infected mice
(n = 5) with WR virus (200 PFU) in 100 pl of medium containing 10% heat-
inactivated fetal bovine serum for 1 h on ice. The virus-serum mixture was then
added to confluent monolayers of BS-C-1 cells, and plaques were counted 40 h
later.

IFN-y enzyme-linked immunospot (ELISPOT) assay. Numbers of gamma
interferon (IFN-y)-secreting spleen cells were enumerated similarly to methods
described previously (9, 16, 40). Ninety-six-well plates (Immulon H2B; Thermo
Electron) were coated overnight with 0.2 pl anti-mouse IFN-y (1 mg/ml; Phar-
mingen) at 4°C. Plates were washed with blocking buffer before adding a titration
of murine splenocytes in RPMI 1640 medium. The stimulation of splenocytes
was achieved either by the addition of WR virus only (multiplicity of infection
[MOI] of 2) or with the use of 50,000 WR-infected (MOI of 3) P815 stimulator
cells, followed by incubation for 40 h at 37°C. Plates were then washed and
incubated with 0.4 pl biotinylated rat anti-mouse IFN-y (0.5 mg/ml; Pharmingen)
for 2 h at 37°C. Plates were washed again and incubated with streptavidin-AP for
1 h at 37°C. Plates were developed with an agarose-BCIP (5-bromo-4-chloro-3-
indolylphosphate)-AMP mixture, and spots were counted by using a dissection
microscope.

CTL assay. Cytotoxic T-lymphocyte (CTL) activity was measured as the re-
lease of lactate dehydrogenase (LDH) into supernatants from WR virus-infected
P815 cells by using a Promega Cytotox kit. P815 target cells were infected (MOI
of 5) for 3 h and added to a titration of splenocytes from the vaccinated mice in
round-bottom 96-well plates at 37°C. After 6 h, 50 pl of supernatant was col-
lected and assayed for LDH by adding an equal volume of substrate and reading
the absorbance at 492 nm. Incubation of splenocytes with uninfected P815 cells
was used to measure nonspecific lysis, which was subtracted from each experi-
mental group to yield specific lysis.

Cytokine measurement. Sera were analyzed by using the LincoPlex Mouse
Cytokine/Chemokine Luminex bead immunoassay kit according to the manufac-
turer’s instructions (Linco Research). Sera were incubated with a panel of anti-
cytokine antibodies immobilized on Luminex beads (murine 23-plex; Bio-Rad
Laboratories), run according to the manufacturer’s instructions, and analyzed on
the BioPlex protein array reader (Bio-Rad) at the Duke University Human
Vaccine Institute Immune Reconstitution Core Facility (Durham, NC).

Virus titrations. Groups of mice (n = 5) were sacrificed at various days
postinfection (p.i.) (dpi), and the organs were placed into 1 ml of ice-cold RPMI
medium. The organs were then freeze-thawed three times, homogenized, and
sonicated. Viral replication was evaluated by the titration of the organ on BS-C-1
monolayers and staining with 0.1% crystal violet in 20% ethanol 40 h later.
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FIG. 1. i.p. infection of mice. Groups (n = 5) of female BALB/c
mice were infected i.p. with 10’ PFU/mouse of WR or A35A virus or
mock-vaccinated with PBS and weighed (grams plus or minus standard
errors of the means [SEM]) at various time points p.i. Asterisks indi-
cate that two mice died in the WR-infected group.

Statistical analysis. Experiments were repeated at least three times, and
representative data are shown. A two-tailed Student’s ¢ test was used to compare
groups. P values of <0.05 were considered significant.

RESULTS

Virulence studies. We had shown previously that the VV
A35 gene is not required for replication and is a major viru-
lence factor in the mouse i.n. challenge model, increasing vir-
ulence almost 100-fold (39). It was unknown whether A35
would also play a role in infection via other challenge routes or
if perhaps A35 was required for replication in certain tissues
such as nasal or lung tissue. We therefore challenged groups of
mice (n = 5) i.p., bypassing the respiratory route, with the
wild-type parental VV WR strain, the A35 deletion mutant
virus (A35A), or PBS as a control. We found that VV (WR and
A35A) injected i.p. did not cause any weight loss at 10° and 10°
PFU/mouse but that at 107 PFU/mouse, the WR virus caused
significant weight loss and death for two of five mice, while the
A35A virus was attenuated, causing only mild weight loss and
no mortality (Fig. 1). These data indicate that the A35 gene is
required for virulence in mice infected by either the i.n. or i.p.
route.

Since A35 is a virulence factor independent of the route of
infection, and VV can block major histocompatibility complex
(MHC) class II antigen presentation in vitro (26, 38), we
wanted to measure the effect of A35 on immune responses in
vivo. We anesthetized and i.n. infected groups of mice (n = 5)
with the VV WR strain, the A35A virus, or PBS as a control.
Since we wanted to evaluate the immune responses in the
presence or absence of the A35R gene without any confound-
ing effects of overall systemic illness in the animals, we titrated
the infectious dose to identify a dose of virus such that the
more virulent WR strain did not cause significant weight loss in
animals (Fig. 2). We found that 10° to 10* PFU/mouse caused
significant weight loss and mortality in >80% of WR-infected
mice (approximate 50% lethal dose [LDs,] of 5 X 10° PFU
[37]) by day 8, while all A35A virus-infected mice survived
(LDs, of 5 X 10° PFU). At 10° PFU/mouse, WR caused
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FIG. 2. in. infection of mice. Groups of mice were infected i.n.
with 500 to 10° PFU/mouse of WR or A35A virus or mock vaccinated
with PBS and weighed (grams plus or minus SEM) for 4 weeks.
Weights increased after day 9. Asterisks indicate that all mice (5/5)
died in the group infected with 10° PFU WR, 6/7 mice died in the
group infected with 10* PFU, and 1/11 mice died in the group infected
with 10> PFU WR. No A35A virus-infected mice died.

significant weight loss, while the A35A virus did not, and 11/12
WR-infected mice and all A35A virus-infected mice survived.
At 500 PFU/mouse, no weight loss was noted at any time point
for either virus (Fig. 2); therefore, we chose 500 PFU/mouse as
our infection dose to study immune responses to these viruses.

Spleen enlargement. Visual observation during necropsy
suggested that spleens of infected/vaccinated mice were larger
than spleens of uninfected mice and that spleens of A35A
virus-infected mice were larger than spleens of WR-infected
mice. These observations suggested that A35A virus might
generate a superior immune response with robust lymphocyte
proliferation. B and T lymphocytes proliferate in response to
antigen, and a spike of T-cell proliferation in the spleens and
lymph nodes of mice at days 5 to 7 after VV infection was
reported previously (48). To begin to understand the effects of
A35 on the immune response, mice were infected i.n. with 500
PFU of WR or the A35A virus. In all experiments, on at least
one day (days 6 to 8 p.i.), the spleens from A35A virus-
infected mice were significantly (P < 0.05) larger than those
from WR-infected mice (Fig. 3A). Enlarged spleens corre-
lated with increased numbers of splenocytes isolated from
spleens. This difference was reproducible but not significant.
A35A virus-infected mice had higher numbers of spleno-
cytes than WR-infected mice; however, the difference was
lost by 9 dpi (Fig. 3B).

Antibody response. The effects of A35 on VV-specific Ig
production in mice were assessed. The generation of anti-VV-
specific antibody was previously shown to be crucial in protect-
ing mice from poxvirus infections (2, 5, 33). VV-specific Ig was
not detected above background levels on days 5 and 6 p.i. (i.n.).
By day 7, there was measurable anti-VV Ig in the serum, and
mice vaccinated with the A35A virus produced significantly
more VV-specific Ig than did mice infected with WR (Fig. 4A),
and this difference was maintained to 34 dpi (Fig. 4B), the
latest time point tested. These data reveal that A35 inhibits the
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FIG. 3. Spleen weights and counts. Mice were infected with WR or
A35A virus i.n. on day 0 with 500 PFU/mouse. Five mice per infection
group were sacrificed, their spleens were weighed on day 7 (A), and
total splenocytes were counted (B). Data show the averages (=SEM).

production of Ig during a specific immune response and that
even a highly attenuated virus can induce an equal, or even
superior, antibody response compared to that of the wild-type
vaccine strain. The BSR antigen is the major target of virus-
neutralizing Ig in anti-VV serum (1); therefore, we also mea-
sured the Ig-recognizing BSR protein in the sera of VV-in-
fected mice. A35A virus-infected mice also produced high
titers of BSR-specific Ig, but the difference was not significant
(Fig. 4C).

Since A35A virus-infected mice produced higher VV-spe-
cific antibody titers, we next compared the levels of neutraliz-
ing antibody present in the sera from WR- and A35A virus-
infected mice on day 34 p.. Sera from WR-infected mice
reduced plaque formation by an average of twofold compared
to sera from mock-infected mice (data not shown). Impres-
sively, sera from the A35A virus-infected mice were able to
reduce plaque formation nearly sixfold compared to sera from
mock-infected mice and threefold compared to sera from WR-
infected mice. Together, these data indicate that infection with
the A35A virus not only generated larger amounts of total
VV-specific Ig but also led to the production of larger amounts
of neutralizing Ig.

IFN-vy-secreting splenocytes. The ELISPOT assay allows the
enumeration of cells secreting IFN-y, a cytokine known to be
protective against VV, in response to stimulation by VV anti-
gen presented in the context of MHC (9, 16, 40). We tested
how the presence of the A35 gene in the virus infecting mice
i.n. affects the induction of IFN-y-secreting cells in the spleens
by using two methods for the antigenic stimulation of IFN-y:
the addition of VV-infected P815 cells (16) or the addition of
infectious virus directly to the splenocytes (9). As shown in Fig.



VoL. 84, 2010

A *p < 0.05

WR

09

0.7

1
0.8 B
0.6
04
0.2
0

VV-specific Ig (OD405)

]

15 C
13

11
09

N -
05

FIG. 4. VV- and B5R-spec1ﬁc antlbody (Ab) response. Mice (n=
5) were infected i.n. with WR or A35A virus, and blood was collected
on various days p.i. Serum reactivity was measured by ELISA of VV-
coated plates for day 7 (A) or day 34 (B) sera or purified BSR-coated

plates (C) for day 7 p.i. sera. Data show the average absorbances
(=SEM). OD405, optical density at 405 nm.

VV B5R-specific Ig

5, splenocytes were stimulated to produce IFN-y by the addi-
tion of infectious virus directly to the cells, and the presence of
the A35 gene in the WR virus significantly reduced the number
of VV-specific IFN-y-secreting splenocytes developed by the
mouse, in some cases by 10-fold. Similar results were obtained
when virus-infected P815 cells were used to stimulate the
splenocytes (data not shown). A35-dependent differences were
seen at early times p.i. (days 5 to 8), were significant on days 7
to 8, and were not consistently significantly higher at later
times as the immune response waned (no significant differ-
ences were seen at day 9, 14, or 34). No IFN-y production was
detected in PBS mock-infected mice or in any group without
the addition of virus or infected P815 cells as stimulators.
CTL activity. Since CTL are important for killing virally
infected target cells and have been shown to be important for
the defense against poxviruses (5, 19, 49), we measured the
effect of A35 on CTL generated in spleens of i.n. infected mice.
Splenocytes from PBS-, WR-, or A35A virus-infected mice
were incubated with VV-infected P815 target cells at various
ratios, and the specific lysis of the P815 cells was measured
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FIG. 5. VV-specific IFN-y-producing cells. On days 6, 7, and
8 p.i. (i.n.), the spleens from five mice/group were harvested, and
splenocytes were analyzed by ELISPOT for virus-specific IFN-y
production 48 h after stimulation with VV WR virus. Data show
averages (*SEM).

through the release of LDH into the supernatants. As shown in
Fig. 6, A35A virus-infected mice developed significantly stron-
ger VV-specific cytolytic activities than WR-infected mice. Dif-
ferences were significant only on days 6 and 7 p.i. Together, the
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FIG. 6. CTL. Mice were infected i.n. on day 0 with 500 PFU/mouse
of WR or A35A virus. On day 7, the spleens from five mice/group were
harvested, and the splenocytes were incubated with WR-infected
(MOI of 5 for 3 h) P815 cells as targets. After 6 h, supernatants were
collected and analyzed for the presence of LDH. Data show average
lysis (+ standard deviations). OD492, optical density at 492 nm.
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immune data suggest that an A35A virus induces a significantly
stronger B- and T-cell immune response especially early after
infection/vaccination than wild-type virus.

Cytokine production. In order to determine whether a cyto-
kine signature could be identified for effective immune re-
sponses against poxvirus infection and which cytokines might
be mediating immune response differences in WR- and A35A
virus-infected mice early after infection, we infected mice and
harvested sera at days 2 and 3 p.i. and measured 23 cytokines.
As shown in Fig. 7, VV infection altered the serum cytokine
composition on day 2 p.i. compared to that of PBS mock-
infected mice, increasing levels of interleukin-6 (IL-6), granu-
locyte colony-stimulating factor, and macrophage inflamma-
tory protein la significantly. However, there was no significant
difference between WR- and A35A virus-infected mouse sera
that might explain the later differences in immune responses to
these virus infections. Serum levels of 1L-2, IL-3, IL-4, IL-5,
IL-10, IL-12 p70, and eotaxin were below the standard-curve
values and are not shown. Day 3 data (not shown) were similar
to day 2 data, with smaller differences between groups. Thus, it
was not possible to predict the effectiveness of an immune
response based on early p.i. serum cytokine levels. We also
assessed cytokine levels on days 6 and 7 p.i. On day 6 p.i.,
differences were small; however, on day 7 p.i., serum levels of
monocyte chemoattractant protein 1, IFN-y, and granulocyte
colony-stimulating factor were elevated at least twofold in
WR- compared to A35A virus-infected mice; however, as dis-
cussed below, viral titers were much higher in WR-infected
mice at this time point, suggesting that the levels of these
cytokines might be elevated in response to viral infection
rather than the immune response per se.

Viral titers in organs. We showed previously that the A35
gene was not required for replication in numerous tissue cul-
ture cell lines (39), but it was possible that A35 increased
virulence by allowing VV to replicate in certain animal tissues.
We therefore wanted to compare virus replication levels in
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FIG. 8. Viral titers in organs. Mice were infected in. with 500
PFU/mouse of WR or A35A virus, and organs were harvested from five
mice per group per day into 1 ml cold RPMI medium. To quantify viral
replication, organs were freeze-thawed three times, homogenized, and
sonicated before titration on BS-C-1 cells. Monolayers were stained
~40 h later with crystal violet, and the plaques were counted. Data
show averages (+SEM). Lung and nose titers were divided by 2, and
heart, liver, and kidney titers were multiplied by 20, 50, and 100,
respectively, in order to make data more visible.

tissues at both early and late times after infection i.n. with WR
and A35A viruses. Furthermore, since A35 inhibits the gener-
ation of an anti-VV immune response in terms of VV-specific
antibody production, IFN-y secretion, and CTL activity, we
assessed viral titers in the organs at time points after the
development of the specific immune response (later than day
6) to assess whether the immune response was more effective
in controlling virus in A35A virus-infected mice. On days 1, 2,
and 3 p.i., there were no reproducible significant differences in
WR and A35A virus titers in the tissues infected early after
infection: lung, brain, nose, blood, and spleen (data not
shown). However, on days 6 to 9 p.i., WR-infected mice usually
had approximately 2- to 10-fold-higher viral titers in most or-
gans (sometimes >100-fold) than A35A virus (Fig. 8), suggest-
ing that the improved immune response in A35A virus-infected
animals was better controlling viral replication. Peak titers
were reached on day 7 for most organs, and after day 9 in these
sublethally infected animals, titers dropped precipitously in the
organs from both WR- and A35A virus-infected mice.
Protection from lethal challenge. We wanted to determine
whether the A35A virus would act as a protective vaccine.
Since immune recognition of A35 epitopes has not been found
in the analysis of human or mouse B (antibody) or T cells (19,
35), we hypothesized that its deletion would not harm vaccine
efficacy. Furthermore, the improved immune responses (Fig. 3
to 6) suggest that, in addition to being safer (Fig. 1 and 2), the
A35A virus might be a more efficacious vaccine. Mice were
infected/vaccinated i.n. with a low dose of WR or A35A virus
(10° PFU/mouse) or mock vaccinated with PBS. Four weeks
later, the mice were challenged with a high dose (450 LDs,) of
virulent WR virus. Mock-vaccinated mice rapidly lost weight,
and all died by 4 days postchallenge (Fig. 9A). However, all
WR- or A35A virus-vaccinated mice survived to 3 weeks, with
only slight weight loss immediately after challenge. The A35A
mutant virus delivered i.p. also protected mice from virulent
WR challenge (600 LDs,) as well as the WR virus vaccination
(Fig. 9B). We tested vaccination over a range from 10 to 107
PFU i.p. and 10° to 10° PFU i.n., with challenge of up to 1,000
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FIG. 9. Protection from lethal challenge. (A) Mice were vaccinated
in. on day 0 with 1,000 PFU of WR or A35A virus or mock vaccinated
with PBS. Four weeks later, the mice were challenged i.n. with 450 LDs,
of virulent WR virus. (B) Mice were vaccinated i.p. with 10° or 10’ PFU
and challenged 4 weeks postvaccination with 600 LDs, of WR.

LDs,, and found that in every case, the A35A virus-vaccinated
mice were fully protected from weight loss and death and were
protected as well as the surviving WR-vaccinated mice. We
therefore predict that A35A mutant viruses will be superior
vaccines.

DISCUSSION

We have previously shown that the A35 gene is required for
full virulence in the mouse respiratory infection model and that
the protein is not required for viral replication (39). Here we
demonstrate that the A35 protein is also important for viru-
lence when introduced i.p. In the i.n. mouse model, our data
here, together with our previous data (39), show that 10° PFU
of A35A mutant virus is required to reach the same level of
weight loss caused by 10° PFU of WR virus, a 1,000-fold
difference. It is difficult to compare the virulences of various
gene deletion mutants because many have not been tested in
the i.n. model measuring weight loss; intracranial inoculations
or measures of viral titers in organs have often been performed
instead. Available data indicate that the A35A virus is similar
in virulence to the IL-18 binding protein knockout virus (36),
more attenuated than the A46R deletion mutant (42), and less
attenuated than the E3L deletion, which causes a 1,000-fold
attenuation (46).
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The A35 gene affects the development of the host adaptive
immune response. Compared to WR-infected mice, mice in-
fected with the A35A virus had larger spleens, generated
higher titers of VV-specific Ig and neutralizing antibody, and
developed higher numbers of VV-specific IFN-y-secreting
cells and improved CTL responses. The faster and greater-
magnitude immune response that developed in the A35A-in-
fected/vaccinated mice correlated with reduced viral replica-
tion in tissues. It is important that viral titers 1 to 4 dpi (before
the development of a specific immune response) were not
significantly different. Thus, the control of virus replication
correlates with the enhanced immunogenicity of the A35A
virus, suggesting that the immune response is responsible for
decreases in virus titers. The relatively uniform reduction in
viral load in multiple organs further implicates the immune
control of virus rather than a tissue-specific replication defect
of the A35A mutant.

Interestingly, the improved immune response seen in the
A35A virus-infected/vaccinated mice was most evident on early
days (days 6 to 8) p.i., suggesting that A35 delays the genera-
tion of virus-specific immunity, allowing the virus an advantage
in establishing a generalized infection. We have shown (Fig. 2)
that differences in weight loss between WR- and A35A virus-
infected mice occur at the time when the specific adaptive
immune response is developing in A35A virus-infected mice
and delayed in WR-infected mice. This A35-mediated delay
may allow enough time for the virus to replicate throughout
the host organs and establish an infection in the mouse, result-
ing in weight loss and death. In contrast, the superior immune
response in the A35A-infected mice results in a reduction in
viral replication, clearance of the infection, and survival. While
A35 seemed to delay T-cell responses early, and the differences
waned later during infection, the antibody response remained
elevated in the A35A virus-infected mice to day 34 p.i. (the
latest time point tested), indicating that the immune response
is not only delayed by A35 in WR but also persistently dimin-
ished even a month after infection. Impressively, this enhanced
antibody response in A35A virus-infected mice occurs despite
the increased antigen load and persistence of antigen in WR-
infected mice (demonstrated by viral titer data for days 6 to
8 p.i.).

Sublethal viral infection in a host may be simplistically con-
sidered in several overlapping steps: (i) viral replication in
tissues initially infected, (ii) viral stimulation of and interaction
with the innate immune system, (iii) development of the spe-
cific immune response, (iv) viral replication in target organs,
and (v) control of virus by immune mechanisms. Our data
suggest that A35 interferes with the development of the spe-
cific immune response, because early viral replication up to day
4 is not diminished in the A35A mutant, and the difference
seen between the A35A strain and WR occur with the same
kinetics as the development of specific immunity. Since both B-
and T-lymphocyte immunities are impeded by A35, it seems
likely that A35 acts at an early stage in the initiation of a
specific immune response or potentially at the interface be-
tween innate immunity and specific immunity. VV is known to
block MHC class II antigen presentation to CD4" T lympho-
cytes (26). This would be predicted to result in a smaller spleen
size, which is indicative of decreased lymphocyte proliferation
in this organ, and may also be expected to decrease Ig and
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CD8™" T-lymphocyte responses that are dependent on CD4™"
T-helper cells. CD4", CD8", and B lymphocytes are known to
be important for protection from poxvirus infections (2, 5, 15,
33, 49).

The fact that the A35A mutant virus is highly attenuated and
more immunogenic suggests that the deletion of A35 will cre-
ate superior vaccine strains. Indeed, in a lethal i.n. challenge
model, the A35A virus vaccine, even at low doses, was as
efficacious as WR in multiple challenge experiments with up to
1,000 LDs,. It is important not to delete viral genes that con-
tain protective epitopes from vaccine strains. Several groups
have identified the CD4" (4) and CD8™ (13, 19, 22, 32, 44)
T-cell epitopes that confer protection to poxviruses. None of
these studies has identified A35 as a T-cell determinant. Other
groups have analyzed human vaccinia immune globulin in an
effort to determine the VV antigens that it recognizes (11, 20).
Again, A35 was not among the reactive VV antigens. Thus, the
removal of the A35 gene is anticipated to improve vaccine
safety while having no detrimental effect on the generation of
a protective immune response in mammals. Indeed, the im-
mune response is enhanced in A35A virus-infected animals.
This is important for the development of poxvirus vaccines,
especially for postexposure vaccination, which requires a rapid
immune response for protection. In addition, poxvirus plat-
form vaccines for other infectious diseases and cancer will
likely benefit from the removal of the A35 gene.
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