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Interferon function is not required for recovery
from a secondary poxvirus infection
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IFN function is critical for recovery from most primary viral infec-
tions, including poxvirus infection. In contrast, very little is known
about the requirement for IFN function in mediating recovery from
a secondary virus infection. We have used ectromelia virus (ECTV),
an orthopoxvirus very closely related to variola virus, to investi-
gate the importance of IFN function in recovery from a secondary
infection. Variola virus, the causative agent of smallpox in humans,
and ECTV, which causes mousepox in mice, both encode receptor
homologs that are thought to interfere with host IFN function.
Using a prime-challenge regime, in which avirulent ECTV is used to
prime mice deficient in type I/Il IFN function or IFN regulatory
factor 1 (IRF-1) and then challenging the mice with a virulent strain,
we show that IFN function is redundant for virus clearance during
a secondary ECTV infection. A neutralizing Ab response is gener-
ated in a secondary infection, even in the absence of IFN function,
although when present, IFN strongly influences the neutralizing
titer and subtype of IgG that is produced. Importantly, the deple-
tion of CD8* T lymphocytes during a secondary challenge in
IFN-deficient mice does not affect their capacity to clear ECTV,
indicating that Ab is critical for the control of a secondary infection.
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FN is regarded as part of the first line of defense and is known

to play a central role in response to viral infections (reviewed
in ref. 1). Type I IFN (IFN-«/p) is secreted early and serves to
defend the host by induction of an antiviral state, recruitment of
various leukocyte subsets to the site of infection, and induction
of a T helper 1-biased inflammatory response. On the other
hand, IFN-vy, the only type II IFN, mediates antiviral and
immunoregulatory functions in both the innate and the adaptive
phases of the immune response (2). The transcription factor IFN
regulatory factor 1 (IRF-1) is an important downstream effector
molecule for type I/II IFN signaling (reviewed in ref. 3). Mice
deficient in IRF-1 have been shown to have defects in IFN
responses (4), inducible nitric oxide synthase up-regulation in
macrophages (5), CD8" T cell numbers and survival (6), natural
killer cell activity (7), and generation of a T helper 1-type of
cytokine response (8), all of which are known to be crucial for
recovery from a primary ectromelia virus (ECTV) infection
(9-11).

The importance of type I/IT IFN for the recovery of mice from
a primary ECTV infection has been extensively studied through
the use of IFN receptor- or ligand-deficient animals and IFN-
depleting Ab (11-13). This importance is further underscored by
the fact that the virus, a natural mouse pathogen that has
coevolved with the host, itself encodes viral homologs of secreted
receptors for [IFN-«/B (14) and IFN-v (15, 16). These molecules
are not unique to ECTV, because variola virus (VARV) and
several other poxviruses also encode receptor homologs that
bind to host IFN and modulate their signaling pathways. Re-
cently, by using vaccinia virus recombinants encoding type I1I
IFN (IFN-A2 or IFN-A3), Bartlett et al. (17) have shown that this
class of IFN exhibits antiviral activity in mice.

www.pnas.org/cgi/doi/10.1073/pnas.0505180102

Our understanding of the pathogenesis of smallpox in humans
comes from studies in animal models, such as monkeypox and
mousepox. The need to rely on animal models is largely due to
the fact that smallpox was eradicated before the recent advances
in molecular biology, virology, and immunology. However, we
are still lacking in our knowledge about the determinants of the
immune response that would result in recovery after infection
and those that would protect against reinfection or infection
after vaccination in humans. Mousepox has been extensively
studied and is arguably one of the best available small animal
models to examine the immune response to poxvirus infections.
Like VARV, ECTYV has coevolved with its natural host, encodes
various immune-modifying proteins, and is highly virulent, caus-
ing disease with high mortality rates.

In contrast to a primary poxvirus infection where IFN is
known to play a critical role (12, 13, 18, 19), very little is known
about the contribution of IFN in a secondary infection, for
example, during reinfection or infection in a vaccinated individ-
ual. To investigate the contributions of type I/II IFN and IRF-1
function in control of a secondary ECTV infection, we used a
panel of targeted gene knockout (KO) mice where one or more
of these molecules were absent. A prime—challenge approach,
where groups of mice were first primed with avirulent ECTV 4
weeks before a challenge with virulent ECTV, was used to
investigate correlates of protection after a secondary challenge.
These responses were compared with a primary infection in
which mice received only virulent ECTV. We found that,
although mice deficient in type I and II IFN function were highly
susceptible to a primary ECTV infection, they were able to
control virus effectively and recover from a secondary infection
without developing any signs of disease. The capacity of these
mice to overcome a secondary infection was associated with their
ability to generate neutralizing Ab and was not dependent on
CD8* T lymphocyte function.

Materials and Methods

Viruses. Plaque-purified ECTV Moscow (VR 1374, American
Type Culture Collection), hereafter referred to as virulent
ECTV, was propagated as described in ref. 20 in BS-C-1 cells
(CCL26, American Type Culture Collection) and used to infect
and challenge mice. The thymidine kinase-deficient strain of
ECTYV Moscow kindly provided by R. J. Jackson (21), hereafter
referred to as avirulent ECTV, also propagated in BS-C-1 cells,
was used to prime mice.

Mice. Female, specific pathogen-free mice were used between 8
and 12 weeks of age. The following mice with deficiency in IFN
function were used: mice lacking the IFN-a/B receptor (IFN-
a/BR), designated IFN-a/BR ~/~ (22); mice deficient in [FN-yR,
designated TFN-yR ™/~ (23); mice deficient in both IFN-«a/BR
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Table 1. Mice lacking IFN function are highly susceptible to
virulent ECTV infection

Virus Mean time to death, days

dose,

pfu  WT IFN-yR~/~  IFN-a/BR~/~ IFN-a/B/yR~/~  IRF-I-/~
100 ND 23.0x1.8 10.2 = 1.1 9.6 = 1.5 104 =19
10" ND 17.2=*15 7.4 +0.5 7.4+0.9 8.2+0.8
102 ND 138+1.8 6.6 = 0.5 6.8 = 0.8 7.0 0.7
103 ND 9.6 £ 0.9 6.2 04 6.0 = 0.7 6.2+ 04

Mice were infected with virulent ECTV at the doses indicated in the hind
footpad. Data presented are mean *+ SD of five animals per group. ND, no
deaths.

and IFN-yR, designated IFN-a/B/yR™/~ (22); and mice defi-
cient in IRF-1, designated IRF-17/~ (24). Because all of these
strains were generated on a 129S7/SvEvBrd (129S7) back-
ground, 12957 mice were used as WT controls. All experiments
were performed according to institutional guidelines for animal
care and use.

Infection. Groups of mice were primed through the i.p. route with
10° plaque-forming units (pfu) of avirulent ECTV. Priming with
this poorly replicating, avirulent virus induced both cell-
mediated immunity and neutralizing Ab responses, which
peaked at days 8 and 14 after infection, respectively. Both these
responses were undetectable by 4 weeks. After 4 weeks, these
mice were challenged in the left hind footpad with 10° pfu of
virulent ECTV. A highly virulent dose of virus, used for chal-
lenge experiments, was determined by infecting groups of mice
with a range of doses, as indicated in Table 1. Unprimed, age-
and sex-matched animals also were infected with 10° pfu of
virulent ECTV in parallel experiments. Before challenge and 2
weeks after challenge, all mice were bled from the tail vein, and
sera were collected. Animals were observed for signs of disease,
such as ruffled fur and hunched back. For some experiments,
mice were killed by cervical dislocation, and sera were collected
by means of cardiac puncture 5 days after challenge. Organs were
removed aseptically, and virus titers were determined by the
virus plaque assay using BS-C-1 cells as described in ref. 20.

In experiments where CD8* T cells were depleted, groups of
mice from each strain were treated with mAb clone 2.43.1 (1 mg
per mouse per dose) before and after challenge (on days —1, 1,
and 3 after challenge) as described in ref. 10. The efficiency of
depletion was assessed by flow cytometric analysis and routinely
found to be >99%.

Anti-ECTV Ab Determination. Serum samples that were collected
from primed mice before challenge and 2 weeks after challenge
were assayed by ELISA for total ECTV-specific IgG and IgG
subtypes as described in ref. 11. The ELISA used here predom-
inantly detects Ab directed against the intracellular mature virus.
Briefly, U-bottom 96-well plates (Immulon 2, Dynatech) were
coated with purified ECTV. Sera from uninfected and infected
mice were assayed at various dilutions (ranging from 1:50 to
1:1,000), and ECTV-specific Ab was detected by using horse-
radish peroxidase-conjugated goat anti-mouse IgM, IgG, or IgG
subclasses (Southern Biotechnology Associates), with color de-
veloped by using TMB One-Step substrate (DAKO). Based on
this titration, a serum dilution of 1:200 was selected for the
determination of relative Ab levels.

Plaque-Reduction Neutralization Test. The plaque-reduction neu-
tralization test, used to determine the virus-neutralizing activity
of the Ab present in serum samples, was based on the method
used for vaccinia virus (25). Briefly, serum samples were inac-
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tivated at 56°C for 30 min, and serial dilutions were made in PBS.
Samples were incubated at 37°C for 1 h with 100 pfu of virulent
ECTYV before being adsorbed for 1 h on BS-C-1 cell monolayers.
Overlay media containing 1% methylcellulose and 2.5% FCS in
MEM (Invitrogen) was then carefully added. The plates were
incubated at 34°C for 4 days, and resulting plaques were visu-
alized by crystal violet staining. Heat-inactivated sera from
uninfected mice were used as controls. The neutralization titer
was taken as the reciprocal of the dilution of sera that caused a
50% reduction in the number of virus plaques over and above the
number of plaques in the samples with sera from naive mice.

Statistical Analysis. For comparison of viral titers, the nonpara-
metric Mann—Whitney test was used, employing the statistical
program PRISM (GraphPad, San Diego). P < 0.05 was considered
significant.

Results

Outcome of a Primary ECTV Infection in the Absence of IFN Function.
The WT strain of mice effectively controlled a primary virulent
ECTV infection at doses ranging from 10° to 10° pfu (Table 1)
with 100% survival. However, mice deficient in one (IFN-a/
BR ™/~ or IFN-yR /™) or both IFN receptors (IFN-a/B/yR /")
or in IRF-1 (IRF-1"/7) succumb to infection with doses as low
as 1 pfu of virus with 0% survival. Although the mean time to
death varies between the KO strains, with IFN-yR~/~ animals
surviving the longest, it decreases with increasing dose of virus
from 109 to 10° pfu (Table 1). Hence, the absence of either type
I or type II IFN function resulted in death from a primary ECTV
infection.

Outcome of a Secondary ECTV Infection in the Absence of IFN Function.
To ascertain the role of IFN in a secondary infection, we chose
to challenge primed animals with the highest dose of virulent
ECTV (10° pfu) used in Table 1. As expected, WT mice survived
a virulent ECTV infection with 10° pfu in both unprimed
(primary) and primed (secondary) groups (Fig. 14). Further, as
anticipated, mice deficient in IFN-«/BR (Fig. 1B), IFN-yR (Fig.
1C), IFN-a/B/yR (Fig. 1D), or IRF-1 (Fig. 1E) were highly
susceptible to primary ECTV infection and exhibited 100%
mortality by 6-12 days. Strikingly, and in contrast to the outcome
of a primary infection, each one of these gene KO strains was
able to survive a virulent secondary infection, with no signs of
disease (Fig. 1, open squares).

Control of Viral Load in the Absence of IFN Function. To establish that
priming allowed recovery from a secondary infection through
effective virus control, we determined viral titers in organs from
primed ECTV-infected animals and compared these with titers
in organs from unprimed animals. Fig. 2 shows that viral titers
in most organs from mice lacking one or more IFN functions
were several orders of magnitude higher than corresponding
titers in organs from WT mice. Notably, viral titers were
significantly lower in primed mice, compared with those of
unprimed animals of the same strain, for all strains and in all
organs tested (Fig. 2). Thus, the effective control of virus in the
primed animals deficient in IFN function resulted in survival of
the host.

Virus Control in the Absence of Both IFN Function and CD8* T Cells.
Immunological memory and protective immunity against a
secondary infection are functions of B and T lymphocyte re-
sponses (26). Because CD8" T cells are known to be critical for
recovery from a primary ECTV infection (10), it is possible that
this cell subset also contributes to virus control during a sec-
ondary infection. To test this, we depleted ECTV-primed WT
and KO mice of CD8* T cells immediately before and after a
virulent secondary ECTV infection. The data show that WT and
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Fig. 1. Outcome of primary and secondary ECTV infections in mice lacking
IFN function. Groups of five female WT (A), IFN-a/BR~/~ (B), IFN-yR~/~ (C),
IFN-a/B/yR~/~ (D), and IRF-1~/~ (E) mice were primed i.p. with 10° pfu of
avirulent ECTV and 4 weeks later challenged in the hind footpad with 103 pfu
of virulent ECTV (O). At the same time, similar age-matched groups of
unprimed mice from each strain were infected with 103 pfu of virulent ECTV
(m). Mice were monitored for clinical signs of disease, and survival after
challenge was recorded. Data shown are representative of two independent
experiments.

all KO strains of mice are able to control virus load in a
secondary infection equally well in the presence or absence of
CD8" T cells (Fig. 3). The infected animals did not exhibit any
signs of morbidity in either group for each strain.

Ab Response in a Secondary ECTV Infection in the Absence of IFN
Function. Because virus was controlled effectively in the absence
of CD8™" T cells, we therefore investigated the contribution of an
antiviral Ab response in recovery from a secondary ECTV
infection, in both the presence and the absence of IFN function.
Groups of primed mice were bled before and 2 weeks after
challenge with virulent ECTV, and sera were assayed for ECTV-
specific IgG by ELISA. Fig. 44 shows that WT 12957 and all KO
strains (IFN-a/BR~/~, IFN-yR~/~, IFN-a/B/yR~/~, and IRF-
17/7) produced substantial levels of virus-specific IgG. Further,
for each strain, this was significantly higher than the prechal-
lenge levels.

Next, we determined the virus-neutralizing activity of the Ab
in serum from the above experiment. Fig. 4B shows that there is
no neutralizing activity in sera, of any mouse strain, before the
secondary challenge with virulent ECTV virus. Significantly
however, 2 weeks after the challenge, neutralizing Ab was
produced in all strains tested. Serum from the WT group had the
highest neutralizing titer of ~1,600. The other strains had
neutralizing titers that ranged from 300 in the IFN-a/BR ™/, 400
in the IRF-17/7, 600 in the IFN-a/B/yR~/~, and 1,200 in the
IFN-yR~/~ groups (Fig. 4B).

Because IFN can influence the composition of IgG subclasses
and this may, in turn, affect the neutralizing activity of the Ab,
we measured the virus-specific IgG subclasses levels (Fig. 4C).
Serum from WT 12957 animals contained high levels of IgG1,
IgG2a, and IgG2b. Levels of IgG2a were reduced to a similar
extent in all of the KO strains in the absence of one or more IFN
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Fig. 2. Virus load during primary and secondary ECTV infections. Groups of
five female WT (A), IFN-a/BR~/~ (B), IFN-yR~/~ (C), IFN-a/B/yR~/~ (D), and
IRF-1-/~ (E) mice were primed and challenged as in Fig. 1 (shaded column). At
the same time, groups of unprimed mice from each strain also were infected
asin Fig. 1 (open column). On day 5 after challenge, mice were killed and their
organs were collected aseptically for the determination of viral titers, as
described in Materials and Methods. The broken line indicates the limit of
detection of the assay, which, for these experiments, is 100 pfu. Data shown
are mean = SEM from one of two independent experiments. The differences
between primed and unprimed groups for each organ in each strain were
analyzed statistically by the Mann-Whitney test and were found to be signif-
icant at P < 0.05.

pathways. Although levels of IgG2b also were reduced in all KO
groups, these were most notable in sera from IFN-a/BR™/~ and
IRF-17/~ mice. In contrast, only the IFN-a/BR ™/~ group showed
considerably reduced levels of IgG1. Finally, levels of IgG3 were
low and did not change in any of the groups.

The strong correlation between survival from a secondary
ECTYV infection and an antiviral Ab response suggested that this
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Fig. 3. Effect of CD8* T cell depletion on virus control during a secondary
infection in mice lacking IFN function. Groups of WT, IFN-a/BR~/~, IFN-yR~/~,
IFN-a/B/yR~/~, and IRF-1~/~ mice were primed as in Fig. 1 and challenged after
4weeks. Immediately before and after challenge, mice were depleted of CD8*
T cells as described in Materials and Methods. On day 5 after challenge, mice
were killed and their organs were collected and used for the determination of
viral titers. Data shown here are for lung, as a representative organ, and are
mean = SEM of five individual samples per group. There were no significant
differences in virus titers between CD8" T cell-depleted and nondepleted
groups for any strain.
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Anti-ECTV Ab responses generated during a secondary infection in mice lacking IFN function. Groups of female WT, IFN-a/BR~/~, IFN-yR™/~,

IFN-a/B/yR~/~, and IRF-1~/~ mice were primed and challenged as in Fig. 1. (A-C) Animals were bled before challenge and 2 weeks after challenge, and serum
samples were collected for the following determinations. (A) ECTV-specific IgG for individual animals by ELISA. (B) Neutralizing Ab titers of sera by the
plaque-reduction neutralization test, where the neutralizing titer is taken to be the reciprocal of the serum dilution at which 50% of the virus is neutralized
(represented by the dotted line). (C) IgG subtype by ELISA as described in Materials and Methods. The prechallenge sera for all strains had undetectable
neutralizing activity; therefore, for clarity, only the data for WT group are shown (m, B). Data shown are mean * SEM of five individual samples and are from
one of two separate animal experiments. (D) In a separate group of animals, CD8" T cells were depleted before and after challenge as described for Fig. 3. On
day 5 after challenge, mice were killed and serum was collected for the determination of anti-ECTV IgG levels. Data shown are mean + SEM of five individual

samples per group.

component of the immune system plays a significant role in virus
control, even in the absence of CD8" T cells. To test this
hypothesis, we measured Ab responses during a virulent sec-
ondary virus infection in CD8" T cell-depleted ECTV-primed
WT and KO mice. Fig. 4D shows that WT and KO mice generate
normal secondary anti-ECTV IgG responses in the absence of
CDS8* T cells that are comparable to responses in mice with
CD8" T cells intact. This observation is consistent with effective
virus control in secondary ECTV infection by Ab, with or
without CD8" T cells.

Discussion

Data presented here confirm that control of ECTV in a primary
infection is highly dependent on the functions of type I/II IFN.
Mice deficient in one or more of these cytokines exhibit 100%
mortality to primary ECTV infection. In vivo studies have shown
the importance of IFN-a/B and IFN-y in recovery from ECTV
in the genetically resistant strains of mice, such as C57BL/6 and
129 (11-13, 27, 28). ECTV-infected C57BL/6 mice treated with
anti-IFN-y Ab showed 100% mortality within 7 days of infection,
with the mean time to death approaching that of the highly
susceptible BALB/c or A/J strains (11, 12). The latter strains
make little or no IFN-v, respectively. The importance of type
I/IITFN in ECTV infection is further highlighted by the fact that
the virus itself encodes secreted receptors for IFN-«/B (14) and
IFN-vy (15, 16), which bind to and modulate cytokine function.
Many other poxviruses adopt similar strategies to counteract the
host IFN response, most notably myxoma virus (19), vaccinia
virus (16), and VARV (29).

In contrast to a primary infection, we have shown here that
mice lacking type I/II IFN function effectively control virus
replication (Fig. 2) and survive a secondary infection with
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virulent ECTV (Fig. 1). Interestingly, this virus control occurred
even in the absence of CD8" T cells (Fig. 3) and strongly
correlated with the generation of a virus-neutralizing Ab re-
sponse (Fig. 4B). Because the role of type III IFN was not tested
in this study, we cannot exclude a role for this class of cytokines
in response to a secondary infection.

At least two lines of evidence indicate that CD8" T cells do
not play a role in the recovery of mice from a secondary ECTV
infection. First, ECTV-primed WT or KO mice depleted of
CD8" T cells immediately before and after a virulent secondary
ECTV challenge generate a normal secondary IgG response
(Fig. 4D) and control virus effectively (Fig. 3). Second, with the
exception of mice lacking IFN-yR, KO strains deficient in
IFN-a/BR, IFN-a/B/yR, or IRF-1 do not mount a measurable
virus-specific, primary (day 7 after infection), or secondary (day
5 after challenge) cytotoxic T lymphocyte response (unpublished
observations). This finding suggests that the priming of naive and
activation of memory CD8* T responses in mice lacking IFN-
a/BR, IFN-a/B/yR, or IRF-1 is defective. Indeed, it also has
been reported that IRF-17/~ mice have reduced numbers, as well
as defective CD8* T cell responses (6). Our findings are signif-
icant, given the currently held view about the importance of
memory CD8% T cells in protection against secondary viral
infections (30).

Prospective studies have indicated that high levels of neutral-
izing Ab after vaccination, or after infection in individuals who
recovered from smallpox, may be associated with protective
immunity (31-33). More recently, it has been shown that serum
antiviral Ab levels remained stable up to 75 years after vacci-
nation, whereas antiviral T cell responses declined slowly, with
a half-life of up to 15 years (34). Other investigators also have
found that B cell memory persists for >50 years after smallpox

Panchanathan et al.
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vaccination and that a robust Ab recall response is elicited upon
revaccination (35). Although CD4 and CD8 T lymphocytes may
play an important role in a recall response, it should be noted
that CD4 T cell memory is maintained for much longer than CD8
memory (36). The persistence of memory CD4 T cells may be
important for maintenance of long-term B cell memory and
protective recall responses.

Using the mousepox model, we have shown here that virus
control and recovery from secondary infection is strongly cor-
related with the generation of a neutralizing Ab response. In
another model of poxvirus infection, macaques immunized with
a vaccine strain of vaccinia virus were protected against mon-
keypox virus challenge with concurrent elevation of both T cell
and Ab responses (37). At the time this manuscript was being
finalized, an advance online publication by Edghill-Smith ez al.
(38) showed that in Dryvax (Wyeth Laboratories)-vaccinated
macaques, B cell responses are critical for recovery from a
high-dose i.v. monkeypox virus challenge. Although the levels of
virus-neutralizing Ab were high at the time of challenge, it does
support our findings on the critical role for Ab in recovery from
a secondary poxvirus infection. The model we have used in the
present study affords the advantage that there was no detectable
neutralizing Ab present at the time of challenge. As may be the
case in the above study (38), our data are not confounded by the
possibility that a secondary virus infection is controlled by
preexisting neutralizing Ab. Importantly, the dose of virus and
route of infection used here more closely resemble a natural
infection.

The subclass of IgG generated has a direct effect on the
efficiency of virus clearance through its ability to recruit other
arms of the immune system, specifically, complement and mac-
rophages. This function of IgG might explain why the subclasses
generated after a virulent challenge in mice deficient in IFN
function have differing virus-neutralizing activity. Given the
ability of IFN-vy to direct the Ab response toward a predomi-
nantly IgG2a subclass and IL-4 toward an IgG1 response (39), it
is not surprising that, in the absence of IFN-y function, the
secondary ECTV-specific IgG subtype response has a higher
contribution from IgG1 in IFN-yR~/~, IFN-«/B/yR~/~, and
IRF-17/~ (Fig. 4C) mice, compared with the WT animals.
Despite the change in subclass profile, the mice were able to
control the infection and fully recover.

ECTV-specific IgG2a concentrations were reduced to similar
levels in the absence of different facets of IFN function in primed
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extracellular enveloped virus. It has been suggested that Ab
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infection strongly correlated with the neutralizing Ab response
that was measured.
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These findings have important implications in the engineering of
the memory immune response and in vaccine design. These
findings also establish that it is feasible to induce protective
immunity in the complete absence of IFN function, and hence,
it should be possible to vaccinate individuals with defective IFN
responses. Efforts to secure safer and more effective vaccines
against smallpox that provide broad coverage to include indi-
viduals with a variety of immunodeficiencies are of paramount
importance.
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