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Abstract
Persistent viral infection is often associated with dysfunctional immune responses against
unrelated pathogens. Lymphocytic choriomeningitis virus (LCMV) can establish acute or chronic
infections in mice and is widely used as a model for persistent virus infections in humans. Mice
infected with LCMV develop a transient defect in antigen specific immunity against heterologous
viral infection. Although it has been proposed that LCMV infection induces an immunosuppressed
state within the host, our data show that infected mice successfully clear vaccinia virus through a
mechanism that involves CD8+ T cell-derived IFNγ. This observation demonstrates that chronic
LCMV infection does not impair protective immunity against heterologous viral challenge.
Rather, a natural sterilizing immunity is induced following a primary infection that prevents a
secondary infection. Our findings suggest a need to re-evaluate current thoughts about the immune
suppression that might occur during a persistent infection.

Introduction
HIV and HCV-infected patients develop dysfunctional immune responses through
mechanisms that remain unclear, but that may be related to the chronic nature of the diseases
(1–8). Understanding how chronic viral infections disrupt immune system function is a
major goal in the treatment of infectious diseases. Lymphocytic choriomeningitis virus
(LCMV) is widely used to understand immune suppression and dysfunction during a
persistent viral infection (9–18). Many studies have shown that chronic LCMV infection
causes a transient defect in immune responses directed against subsequent infection
replicating or non-replicating viruses (14, 19–22). As such, there has been intense interest in
understanding the mechanisms of LCMV-induced immune suppression.

There are two LCMV clones that result in dramatically different infection outcomes in mice
(12, 13). Whereas the Armstrong clone causes acute infection that resolves within 7 days,
clone 13 causes a chronic infection in which virus replicates in some tissues for the life of
the mouse. Comparison of the immune responses that develop against these LCMV clones
has brought much insight to our understanding of immunological memory and immune
dysfunction (12, 14, 23–26). Less well understood is how LCMV co-infections with other
viruses affect the ability of the host to respond to either the primary or secondary viral
challenge (14, 19, 21, 22). Most of the studies in this area have shown a decrease or lack of
cell-mediated immunity against a second viral infection after a primary persistent LCMV
infection. One report shows that neutralizing IFNα/β during Poly(I)(C) treatment
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neutralized the inhibition of a primary Vaccinia virus response (22). Alternatively, LCMV
infection may dysregulate antigen presenting cell function to thwart immunity, against the
second infection (19–21).

Given the central role of Type I and type II interferons in anti-viral immunity, LCMV
infection has been widely used to study interferon responses in vivo (14, 27, 28). Type I
interferon (IFN-I) include interferon beta and multiple subtypes of interferon alphas (29).
These all bind to and signal through the same receptors (IFNAR1 and IFNAR2) (30).
Studies with interferon receptor knockout mice demonstrate the importance of the interferon
response following a virus infection in slowing virus replication and dissemination (31), and
IFN has an important role in the activation of acquired immunity (reviewed in (32, 33)).

Like previous investigations, it was our goal to study the dynamics of co-infection between
LCMV and vaccinia virus. We have found that persistent LCMV infection (clone 13) in
mice transiently impairs an antigen specific immune response directed against a second
pathogen. This transient immune suppression during LCMV also occurs in mice infected
with the acute Armstrong strain of the virus. During this transient immune suppression the
mice are surprisingly immune competent in being able to clear the second virus non-
specifically. Our data clearly suggest a need to re-evaluate the natural in vivo antiviral state
and what defines and drives immune suppression during a virus infection.

Materials and Methods
Mice and Infections

Female C57BL/6 from Charles River Laboratories (Wilmington, MA) and C57BL/6J mice
from Jackson Laboratories (Bar Harbor, ME) were used in these experiments. IFNAR mice
were kindly provided by Mehrdad Matloubian. Charlie Kim provided the male perforin
knockout mice. Mice were 6–8 weeks old at the time of primary infection. All mice were
housed in specific-pathogen free conditions at the UCSF SFGH animal facility, and were
used in accordance with university animal welfare guidelines (IACUC). LCMV Armstrong
and LCMV Clone 13 were gifts from Dr. Rafi Ahmed and were propagated on BHK cells,
aliquotted and stored at −80 C. Mice were infected with LCMV by tail vein injection of a
volume of 200ul. Vaccinia Virus Western Reserve was a gift from Joshy Jacobs laboratory,
Emory University. Vaccinia was propagated on Hela cells. Briefly, Helas cells were infected
with Vaccinia at a low MOI, removed from flasks when they showed cytopathic effects,
resuspended in PBS + 1 % FCS, freeze-thawed three times, centrifuged to remove debris,
aliquotted and stored at −80 C. Mice were infected with Vaccinia by interperitoneal
injection in a volume of 200 μl. Virus stocks were titered on Vero cells, as described below.

Viral Titers
Organs were harvested and frozen at −80 C in DMEM + 1% FCS. Organs were
homogenized in a volume of 1 ml using a Polytron homogenizer (Kinematica). Samples
were then serially diluted in DMEM/1% FCS, and 200 μl was added to confluent
monolayers of Vero cells in 6-well plates. 60–90 minutes later the plates were overlaid with
a 1:1 mixture of 2X Medium 199 (INVITROGEN) 1% Agarose (Lonza). Four days later the
cells were overlaid with additional Medium 199/Agarose supplemented with Neutral Red
dye. Plaques were read the next day. Vaccinia and LCMV plaques have clearly distinct
morphology and were counted separately to calculate the plaque forming units per ovary.
For quantitative PCR, viral DNA was isolated from individual ovaries using the Qiagen All-
Prep kit. 10-fold dilutions of a plasmid standard containing the VACCINIA VIRUS-HA
gene were used to generate a standard curve in each qPCR run. Invitrogen platinum SYBR
green super mix was used. The qPCR primers for Vaccinia virus use are OPHA-F89 –GAT

Valentine et al. Page 2

J Immunol. Author manuscript; available in PMC 2013 December 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



GAT GCA ACT CTA TCA TGT A and OPHA-R219 –GTA TAA TTA TCA AAA TAC
CCG ACG TC, as described (34). Samples were run on an ABI Step One PCR machine.

Intracellular Cytokine Staining
Single cell suspensions of splenocytes were prepared by mashing the spleen through a 70
um strainer and washing with RPMI. Red blood cells were lysed using ACK Buffer (Sigma-
Aldrich, St Louis, MO). For intracellular cytokine staining assays, splenocytes were
resuspended in RPMI supplemented with 10% FCS (Hyclone) and stimulated with 5 μg of
indicated peptides for 5 to 6 hours at 37 C in the presence of GolgiPlug (BD Biosciences)
and then stored at 4 C overnight. Cells were then stained for surface markers for 15–30
minutes at room temperature, washed twice with FACS buffer (PBS + 2% FCS) and fixed
with 1% formaldehyde in PBS. Samples were then washed, permeabilized (FACS Buffer +
0.1% Saponin), stained for 15–30 minutes with antibodies for intracellular antigens, washed
twice with Permeabilization buffer, and fixed in 1% formaldehyde. Monomers (B8R) were
by synthesized by the Microchemical Facility Core (Emory University, Atlanta, GA) and
conjugated into tetramers using Biotin APC (Invitrogen). Samples were read on an LSRII
flow cytometer (BD Biosciences) and results were analyzed using FlowJo software
(TreeStar, Ashland, OR). For FACS plots, CD8+CD4-CD19-cells are shown.

Antibodies and peptides
In vivo depleting antibodies for CD4 depletion (clone GK1.5), CD8 depletion (clone 2.43),
NK depletion (clone PK136) and IFN gamma neutralization (clone XMG1.2) were
purchased from the UCSF Monoclonal Antibody Core; 250 μg of each of these antibodies
were administered interperitoneal at the indicated times. The IFNα/β receptor blocking
antibody (clone MAR1-5A3) was from Leinco Technologies, St Louis, MO). 2.5 mg/mouse
was administered interperitoneal in order to block IFN-I signaling (Sheehan, 2006).
Antibodies used in flow cytometry analysis were CD8 Pacific Blue and CD4 Alexa-700
(Invitrogen), IFNγ FITC (eBiosciences), IL2 APC (ebioscience). Anaspec Corp (Fremont,
CA) synthesized peptides for the immunodominant Vaccinia epitope B8R (TSYKFESV)
and LCMV GP34 (AVYNFATC).

Type I IFN bioassay
Type I interferon bioassay was used to measure IFN-I as described (35). The murine IFN
standard (Biomedical Laboratories PBL, 12100-1) at a final concentration of 100U ml-1 was
used as a control.

IFNγ ELISA
The IFNγ ELISA was purchased from Invitrogen, mouse IFNγ DuoSet (DY485E). The
assay was carried out according to manufactures instructions.

Results
The kinetics of LCMV and vaccinia virus CD8 T cell responses in co-infected mice

Mice infected intravenously with 2×106 pfu of either LCMV Armstrong (acute) or LCMV
clone 13 (chronic) were co-infected at various times points with 1×106 pfu Vaccinia Virus
(VV) intraperitoneally (i.p.). To study how the CD8+ T cell response to Vaccinia was
altered at different stages of the underlying LCMV infections, mice were sacrificed at 6–7
days after secondary VV infection (Figure 1, experiment design). Splenocytes from the co-
infected mice were harvested and cytokine production was measured after in vitro
stimulation with an immunodominant CD8+ T cell epitope from Vaccinia, B8R
(TSYKFESV) (Figure 2A) and LCMV gp33 peptide (Figure 2B). Co-infection with
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Vaccinia early after the primary LCMV infection (days 1 and 3) resulted in a total lack of T
cell responses to VV, though mice had normal, robust anti-LCMV T cell responses (Figure
2A-B). Furthermore, mice infected with LCMV Clone 13 had undetectable or very low
frequency VV CD8+ T cell responses during the first 21 days after LCMV infection. By 4
weeks, mice infected with LCMV Clone 13 could respond to the VV co-infection resulting
in normal T cell responses to both viruses (Figure 2, representative dot plot Figure 2C).

Clearance of vaccinia virus occurs in LCMV infected mice that lack an antigen specific
vaccinia immune response

With a lack of vaccinia specific T cell response during the first few weeks following the
LCMV infection we measured VV replication in the co-infected mice. LCMV infected mice
that were co-infected with vaccinia during the period of 1– 22 days post clone 13 infection
clear the VV infection (Figure 2D). At 5 days, Armstrong infected mice become susceptible
to VV co-infection (Figure 2D) and this correlates with a return in their ability to respond to
the second infection immunologically (Figure 2A). By 4 weeks, clone 13 infected mice
make immune responses to VV similar to VV infected control mice (Figure 2A) and harbor
high levels of VV titers similar to control infected mice (Figure 2D). Immune responses
against the primary LCMV infection were for the most part unaltered in the co-infected mice
(Figure 2B). We did detect low levels of VV in the co-infected mice by PCR (Figure 2E)
though all mice at these time points following VV co-infection were negative for VV
replication as measured by a standard plaque assay (Figure 2D).

LCMV infected Type I Interferon Receptor Knockout Mice are resistant to Vaccinia Virus
co-infection after 72 hours

We hypothesized that IFN-1 was responsible for the resistance to VV co-infection during
LCMV since type I IFN is known as an innate antiviral cytokine and VV is sensitive to
IFN-1 (36, 37). To test this we infected IFN-1 receptor knockout mice (IFNAR) with clone
13 and co-infected them with VV. Importantly, IFNAR mice infected with 1×106 pfu of VV
alone succumb to the infection. Therefore, the infectious dose of VV was reduced to 1×104

in order that the IFNAR mice would survive. We found that LCMV infected IFNAR mice
were susceptible to VV during the first 2 days following a primary LCMV infection (Figure
3A). Surprisingly, when the clone 13 infected IFNAR mice are co-infected on day 3, the
mice are able to clear the VV infection (Fig 3B) without mounting an anti-VV immune
response (Fig 3A and 3D). Therefore, by 72 hours following a primary LCMV systemic
virus infection IFN-1 signaling was not needed to prevent the secondary VV infection.

The interferon response during an LCMV infection
Since within 72 hours of an LCMV infection, IFNAR mice are capable of clearing VV
nonspecifically (Figure 3C-D), we postulated that IFNγ might have a role. We measured the
type I IFN and IFNγ responses during LCMV. Similar to published data (14, 38), we found
that LCMV infected mice had a robust type I IFN response beginning on the first day
following infection that slowly wanes over time (Figure 4A). The type I IFN response in
IFNAR mice was significantly reduced on day 1 following an LCMV clone 13 infection
(p=0.0001, student two tailed T-test and Figure 4A) and is not detected by 3 days of
infection. Therefore, IFNAR mice can produce type I IFN but not respond to it. We could
detect IFNγ responses also as early as day 3 (Figure 4B). By day 5 following infection there
was a significant increase in IFNγ levels in mice infected with LCMV clone 13 as compared
to LCMV Armstrong (Figure 4B, p=0.01 two tailed student t-Test). The levels of IFNγ were
sustained in LCMV infected mice even in Armstrong infected mice that become susceptible
to VV co-infection at 5 days following the primary LCVM infection (Figure 1). LCMV
clone 13 infected IFNAR mice have a significant reduction in IFNγ production as compared
to clone 13 infected WT mice on days 3 and 5 following infection (Figure 4B, p<0.0001 at
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both time points, IFNAR cl-13 infected mice as compared to WT cl-13 infected mice by non
parametric two tailed student t-Test).

The nonspecific clearance of Vaccinia is dependent on IFNγ
Since LCMV infected IFNAR mice are susceptible to a VV co-infection during the first 2
days but resistant by day 3 and since we can detect IFNγ in the serum of LCMV infected
mice on day 3 (Figure 4B) we postulated that IFNγ might have a role. In wild type mice, we
administered an IFNγ neutralizing antibody at days 1 and 3 after LCMV, and infected with
VV on day 3. Surprisingly, these mice were highly susceptible to Vaccinia infection,
harboring very high titers of VV (Figure 5A, p=0.0004 two tailed student t-Test). These
mice also do not have detectable Vaccinia-specific CD8+ T cells (Figure 5B, p=0.0001 two
tailed student t-Test) suggesting that the transient immune suppression is independent of the
in vivo antiviral state. The type I IFN response in these WT mice was intact (Figure 5C). In
addition, if we bock IFNγ in LCMV infected IFNAR mice, the mice are susceptible to a day
3 VV co-infection (data not shown). Therefore, by 72 hours of an LCMV infection IFN-I
was insufficient to render mice resistant to a secondary infection without IFNγ.

Type I IFN signaling is required for an IFNγ response capable of clearing high doses of VV
in LCMV infected mice

Because the resistance of VV in IFNAR mice was with a lower dose of the virus we wanted
to test infection with the high dose of VV by blocking the IFN signaling in WT mice. We
blocked IFN-I signaling by administering 2.5mg of an IFN receptor-blocking antibody 1 day
before infection of WT mice with LCMV clone 13. WT LCMV infected mice were then
injected with Vaccinia at 1×106 pfu 3 days later, and sacrificed 6 days following VV. These
results are consistent with our original hypothesis that IFN-I was required for the in vivo
resistance to Vaccinia; these mice had high Vaccinia titers and normal frequency Vaccinia-
specific CD8+ T cell responses at the time of sacrifice (Fig 6A and 6B respectively).
However, it is known that type I IFN signaling is necessary for a robust CD8+ T cell
response (39) and these anti-IFNAR treated mice have a significant reduction in their
LCMV specific CD8 T cell responses (Figure 6C, p<0.0001 t-test). Therefore, we
hypothesize that low levels of IFNγ produced in the absence of IFN-1 signaling can resist
low dose VV infection (Figure 2). Whereas, IFN-1 signaling is required to generate an IFNγ
response necessary to resist high dose VV (Figure 6) and this dose response effect has been
suggested previously (21).

The in vivo antiviral state is dependent on CD8+ cells
Having observed that IFNγ is required for LCMV-induced resistance to Vaccinia infection,
we next determined what particular subsets of lymphocytes mediated this resistance. Subsets
of cells that produce IFNγ include NK, CD4+ and CD8+ T cells (40). NK cells are activated
and produce IFNγ very early after LCMV infection in an IFN-I-dependent mechanism (41),
so we expected these cells to be crucial for Vaccinia resistance. However, depletion of NK
cells at the time of LCMV infection did not affect whether animals were susceptible to
Vaccinia infection 3 days later (Figure 7A and B). Similar to intact mice, co-infected
NK1.1-depleted mice did not have detectable Vaccinia-specific CD8+ T cell responses
(Figure 7A) and had very low Vaccinia titers (Figure 7B). Likewise, depletion of CD4+ cells
had no effect on susceptibility to the second infection. CD4-depleted animals had negligible
CD8+ T cell responses to Vaccinia (Figure 7C), though were still able to clear VV from the
ovaries by day 6 after Vaccinia (Fig. 7D). In contrast, depletion of CD8+ cells showed a
dramatic effect. Mice depleted of CD8s at the time of LCMV infection were susceptible to
Vaccinia, having high titers at the time of sacrifice (Fig. 7E). In these anti-IFNγ treated
mice, there was no significant change in the levels of type I IFN (Figure 7F).
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The IFNγ antiviral state is independent of perforin, sub-dominant, or cross-reactive T cell
responses

CD8 T cytotoxic T cells have a variety of effector functions. To determine whether other
CD8 functions are required for this non-specific antiviral state we infected perforin
knockout mice with LCMV clone 13 and co-infected the mice with Vaccinia three days
later. We found that perforin knockout mice are also resistant to the Vaccinia co-infection
(Figure 8A) and do not mount as high an antigen specific immune response to the secondary
Vaccinia infection (Figure 8B). We also measured sub-dominant VV specific responses to
the A47L epitope (Figure 8C) and to published cross-reactive CD8 T cell epitopes in the co-
infected mice (42). Some of these cells were detected 21 days following an Armstrong
infection but not at any time during the LCMV clone 13 infection (Figure 8D and data not
shown). Therefore, perforin, subdominant Vaccinia specific response or published cross-
reactive T cells do not have a role in the CD8 mediated IFNγ non-specific antiviral state.

Discussion
Here we describe the susceptibility and T cell responses to a secondary viral infection
following infection of mice with either acute or chronic LCMV. We found that mice
infected with either strain of LCMV were transiently resistant to subsequent infection with
VV for different periods of time. This resistance required IFN-I signaling but rapidly
becomes dependent on IFNγ and CD8+ cells. We do not believe that the resistance observed
here is due to cross-recognition of VV epitopes by LCMV-specific CD8+ T cells or by the
activation of subdominant epitopes that were not detected in the co-infected mice. Rather,
the mechanism of preventing a secondary virus infection during a primary LCMV systemic
viral infection appears to be the non-specific establishment of a potent antiviral state. This
state results in sterilizing immunity against the second VV infection since neither VV virus
replication nor VV specific immunity is detected up to 27 days post VV co-infection in
IFNAR mice (data not shown and Figure 3A).

Several labs have reported diminished cell mediated immune responses towards a second
infection in LCMV infected mice (14, 19–22). These studies concluded that the inability to
respond to the second infection is due to the immune suppressive qualities of the strain of
LCMV used. However, even mice that are infected with an acute strain of LCMV do not
mount an antigen specific response to the second VV infection. This suggests this transient
suppression is independent of disease outcome. Additionally, mice infected with either acute
or persistent strains of LCMV are immune competent and clear the secondary VV infection
non-specifically. Further, we found that in vivo this non-specific clearance is rapidly
dependent on IFNγ production by the acquired immune response.

We found that, when IFNγ is blocked, the LCMV infected mice become susceptible to the
VV co-infection. However, in these susceptible mice, an immune response to the second VV
infection is still prevented. Treating mice with anti-IFNγ followed by infection with VV
alone has been shown to have no effect on the VV immune response (43). This suggests that
the IFNγ non-specific clearance of the secondary VV infection and the inability to mount a
specific immune response to the secondary VV infection are independent. We therefore
propose that the inability of the LCMV infected mice to mount an antigen specific response
to the VV secondary infection in a partial immune suppression. The purpose of the partial
immune suppression may reflect defects in antigen presenting cell function and this has been
studied extensively (44). We conclude that the partial immune suppression occurs during
both acute and persistent LCMV infections as soon as 24 hours following infection, and that
it is independent of the final outcome of the infection, clearance or persistence.
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In our model, the exact role of the type I IFN response, which is potent during the first few
days of the LCMV infection, is not clear. VV is both sensitive and resistant to type I IFN
and IFNγ (reviewed (36, 45)). Treating mice with exogenous type I IFN can prevent VV
infection in mice (37). In out studies, we found that type I IFN signaling without IFNγ
signaling was not sufficient to prevent VV. Type I IFN has recently been shown to stimulate
direct IFNγ production by NK cells (28), though we found that depletion of NK cells had no
effect on the IFNγ clearance of VV. In addition type I IFN signaling is important to activate
dendritic cells and T cells (46–53) and can promote IFNγ production by T cells (54). In
addition, neutralizing IFNα/β during Poly(I)(C) treatment in mice neutralized the inhibition
of a primary VV immune response (22). We found that wild type mice given an anti-IFNAR
blocking antibody prior to the LCMV infection were susceptible to the VV co-infection.
These mice had a significant reduction in their LCMV specific responses. Our findings
suggest that type I IFN is required during the first few days of infection but following 72
hours supports IFNγ production through direct or indirect activation of CD8 T cells that is
required for the extended in vivo antiviral state.

The down modulation of the IFNγ antiviral state occurred five days following an LCMV
Armstrong infection, although high levels of IFNγ are still detected in the serum of the
mice. In addition, the in vivo antiviral state is still in place in mice 15 days following
infection with LCMV clone 13, though there is no detection of IFNγ in the serum at this
time. Therefore, the presence of IFNγ alone is not sufficient for the in vivo antiviral state.
Other factors must be important in maintaining the in vivo antiviral state such as the
expression of interferon receptors, the translation of interferon response genes, or a
threshold of virus present. The in vivo bioactive levels of IFNγ may also be below the level
of detection by our assays.

The antiviral properties of type I IFN and IFNγ are well characterized and similar to many
virus infections, VV is sensitive to interferon. Type I IFN and IFNγ have been shown to be
key to clear a poxvirus infection independently (37, 55, 56). Using the LCMV system we,
we have shown that there is a close interplay between the innate and acquired immune
response during the antiviral state. The innate response very early seems to pass this role
onto the acquired immune response, which may reflect the evolution of IFNγ produced by
activated CD8 T cells as a mechanism to sustain the antiviral state following more complex
infections. Our results do not support a model in which animals experiencing an LCMV
chronic viral infection are immune compromised with regard to secondary infection. Rather,
this result highlights the effectiveness of the non-specific antiviral response at protecting
against infection, even in diseased hosts. Additionally, we found our work here demonstrates
that the in vivo antiviral state is ineffective without IFNγ signaling. Further analysis will be
required to carefully understand this early interplay between the innate and adaptive immune
response and whether the host in response to the LCMV infection initiates the partial
immune suppression.
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Figure 1. Experimental Design
Naïve mice are infected i.v. with LCMV clone 13 or clone Armstrong (2×106 pfu). Mice are
then are co-infected i.p. with Vaccinia virus (1×106 pfu) at different times (n). Mice are
sacrificed 6 days following the secondary Vaccinia infection for analysis.

Valentine et al. Page 11

J Immunol. Author manuscript; available in PMC 2013 December 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2. The kinetics of the non-specific antiviral state during LCMV infection in mice
Mice are infected i.v. with LCMV clone 13 (C) or clone Armstrong (A) (2×106 pfu) at
various time-points following i.p. infection with Vaccinia virus (V)(1×106). Virus-specific
responses were evaluated 6 days following Vaccinia infection. In vitro peptide stimulation
was used to determine (22)the percentage of CD8+ IFN-g+ cells in response to the Vaccinia
B8R epitope A. and the LCMV gp34 epitope B C. A representative dot plot of cytokine
production. D. A standard plaque assay or E. quantitative real time PCR measured vaccinia
virus titers in the ovaries. The numbers (D3, D5 and D7) indicate the time following LCMV
that mice were co-infected with Vaccinia virus. A total of 3 independent experiments with
similar results were done. Error bars represent mean + SD. All statistical comparisons were
made using the two tailed students t-Test.
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Figure 3. IFNAR mice can clear a secondary VACCINIA VIRUS infection non-specifically by 72
hours following a primary LCMV infection
Type I IFN receptor knockout mice (IFNAR) were infected with LCMV clone 13 (c) and co-
infected either on day 2 or 3 (the day is indicated in parentheses) with 1×104 pfu of Vaccinia
virus (v). Vaccinia specific B8R responses were measured in the spleen 30 days following
co-infection. A. % IFNγ+ CD8 cells. IFNAR mice were infected with LCMV clone 13 and
infected with Vaccinia virus 3 days later. Mice were sacrificed 6 days following VACCINIA
VIRUS infection and, B. VACCINIA VIRUS titers in the ovaries and VACCINIA VIRUS
specific B8R responses were measured in the spleen, C. % IFNγ+ CD8 cells. D.
Representative dot plot of B8R specific IFNγ producing CD8 cells. Data are representative
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of four to five mice per group and of two to three individual experiments with similar
results. Error bars represent mean + SD. Statistics were analyzed by student two-tailed t-
Test.

Valentine et al. Page 14

J Immunol. Author manuscript; available in PMC 2013 December 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 4. Type I and type II interferon production following LCMV infection
WT mice are infected with LCMV clone 13 or Armstrong at 2×106 pfu i.v. n=5–10/ group.
IFNAR mice were infected with LCMV clone 13 at 2×106 pfu i.v. n=5–10/group. WT mice
were bled on 1, 2, 3, 5, 14 and 22 days following infection. IFNAR mice were bled out to 5
days post infection. A. Type I IFN responses were measured using a standard bioassay. B.
IFNγ responses were measured by a standard ELISA. Day 1 IFN-I levels are significantly
decreased in IFNAR mice as compared to all other groups. Day 5 WT LCMV clone 13
IFNγ levels are significantly increased as compared to day 5 Armstrong levels. Day 5 clone
13 infected IFNAR IFNγ levels are significantly decreased as compared to day 5 WT clone
13 IFNγ levels. Error bars represent mean + SD. Statistics performed using the two tailed
students t-Test.
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Figure 5. The nonspecific clearance of Vaccinia is dependent on IFNγ
Wild type mice were infected with LCMV clone 13 at 2×106 pfu i.v. Mice were co-infected
with Vaccinia on day 3. Six days after co-infection mice were sacrificed. A. Levels of
Vaccinia in ovaries by standard plaque assay. B. % Vaccinia B8R IFNγ producing cells in
the spleen. C. Day 1 and 2 post clone 13 infection IFN-I bioactivity as measured by the
standard IFN-I bioassay white bars are untreated and grey bars are anti-IFNγ treated. Error
bars represent mean + SD. Two independent experiments combined n=8–10/group. Statistics
performed using the two tailed students t-Test.
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Figure 6. Type I IFN signaling is required for an IFNγ response capable of clearing high dose
VACCINIA VIRUS infection
WT mice were treated with 2.5mg of an anti-IFNAR antibody. One day later the mice were
infected with LCMV clone 13 at 2×106 pfu i.v. Three days after the LCMV infection mice
were co-infected with VACCINIA VIRUS. Six days following Vaccinia infection mice were
analyzed. A. Vaccinia titers in the ovary. Splenocytes were harvested and antigen specific
responses to B. Vaccinia B8R and. C. LCMV gp34 were measured. Two independent
experiments were combined n=8–10/group. Error bars represent mean + SD. Statistics
performed using the two tailed students t-Test.
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Figure 7. The in vivo antiviral state is dependent on CD8+ T cells
Wild type mice were infected with LCMV clone 13 (c). Three days later some mice were
co-infected with vaccinia virus (c+v). Some mice were treated with the NK depleting
antibody (PK136) on day’s 0 and 3 post LCMV infection. A, Vaccinia virus titers in the
ovaries and B, % CD8+ T cell response to the dominant vaccinia epitope B8R responses.
Some infected mice were treated at the time of LCMV infection with anti-CD4 antibody
(GK1.5) and C. Vaccinia virus titers in the ovaries and D, CD8+ T cell response to the
vaccinia epitope B8R responses. Some mice were treated with anti-CD8 antibody (2.43) on
day’s 0 and 3 post LCMV infection and E, Vaccinia virus titers in the ovary measured. F.
Type I IFN bioactivity was measured day 2 post clone 13 infection. Plots represent the
combined data from at least 2 independent experiments. Error bars represent mean + SD.
Population distributions were compared by nonparametric two-tailed student t-Test.
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Figure 8. The IFNγ antiviral state is independent of perforin, sub-dominant, or cross-reactive T
cell responses
Perforin knockout mice were infected with LCMV clone 13 (c) and some were co-infected
with Vaccinia (c+v) three days later. A, Vaccinia virus titers in the ovaries and B, % CD8+
T cell response to the dominant vaccinia epitope B8R responses. WT mice were infected
with LCMV clone 13 (C) and co-infected with VACCINIA VIRUS on day 8 post primary
LCMV infection. Six days after VACCINIA VIRUS co-infection mice were sacrificed and
C, VACCINIA VIRUS specific A47L responses were measured. WT mice infected with
either LCMV Arm (A) or clone 13 (C) and were co-infected with VACCINIA VIRUS 21
days later. E, % IFNγ produced by cross reactive a11r CD8 T cell responses were measured
in uninfected controls, singly or co-infected mice. Vaccinia virus titers represent the data
from one of at least 2 independent experiments with similar results. Error bars represent
mean + SD. Population distributions were compared by nonparametric two-tailed student t-
Test.
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