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Abstract
Differentiation of antigen specific T cells into IFN-γ producers is essential for protective immunity
to intracellular pathogens. In addition to stimulation through the TCR and costimulatory molecules,
IFN-γ production is thought to require other inflammatory cytokines. Two such inflammatory
cytokines are IL-12 and type-I IFN (IFN-I), which have been shown to have a role in priming naïve
T cells IFN-γ production in vitro. However, their role in priming antigen specific T cells for IFN-γ
production during experimental infection in vivo is less clear. Herein, we examine the requirements
for IL-12 and IFN-I, either individually or in combination, for priming antigen specific T cells for
IFN-γ production after Listeria monocytogenes infection. Surprisingly, neither individual nor
combined defects in IL-12 or IFN-I signaling altered IFN-γ production by antigen specific CD8 T
cells after Lm infection. In contrast, individual defects in either IL-12 or IFN-I signaling conferred
partial (∼50%) reductions, while combined deficiency in both IL-12 and IFN-I signaling conferred
more dramatic (75−95%) reductions in IFN-γ production by antigen specific CD4 T cells after Lm
infection. The additive effects of IL-12 and IFN-I signaling on IFN-γ production by CD4 T cells
were further demonstrated by adoptive transfer of transgenic IFN-IR+/+ and IFN-IR−/− CD4 T cells
into normal and IL-12-deficient mice, and infection with recombinant Lm. These results demonstrate
an important dichotomy between the signals required for priming IFN-γ production by CD4 and CD8
T cells in response to bacterial infection.
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INTRODUCTION
IFN-γ plays an important protective role in both innate and adaptive immunity to infection with
viruses, bacteria, and other intracellular pathogens. Antigen specific IFN-γ-producing T cells
are the hallmark of protective adaptive immunity to this group of pathogens. Inflammatory
cytokines produced early during infection are believed to play an important role in the
differentiation of naïve T cells into IFN-γ producing cells. Two well-characterized
inflammatory cytokines that can influence the differentiation of T cells are IL-12 and type-I
IFN (IFN-I) (1-5). Most of the studies examining the signals required for T cell activation and
priming for IFN-γ production were conducted in vitro by stimulating T cells with plastic beads
coated with MHC ligands + peptide in the presence of exogenously added cytokines (1-3).
These experiments have clearly demonstrated the direct effects of these cytokines on isolated
T cells in vitro, but do not address the role of these cytokines in vivo, and especially in the
context of infection when a myriad of other cytokines and immune stimulatory pathways are
activated. Nevertheless, understanding the role and relative contributions of IL-12 and IFN-I
in T cell activation during in vivo infection is important because of their known direct effects
on T cell IFN-γ production and augmentation or inhibition of the other cytokine during certain
experimental infections (6,7).

Previous studies using infection and vaccination models have limited their analysis to either
IFN-I or IL-12. For example, IFN-I receptor-deficient (IFN-IR−/−) mice can generate IFN-γ
producing CD8 T cells after LCMV infection (7,8). But, since more IL-12 is produced after
LCMV infection in IFN-IR−/− mice, these results suggest that IL-12 can substitute for the lack
of IFN-I signaling in these mice (7). For IL-12-deficient mice, infection with various viral or
other intracellular pathogens, unlike model antigens administered with adjuvants, show that
IL-12 is not required for IFN-γ production by pathogen specific T cells (7,9-12). Yet in these
infection models where IFN-γ is produced by antigen specific T cells in the absence of IL-12,
the role of IFN-I in bypassing the requirement for IL-12 has not been clearly demonstrated.
Given that IFN-I may be compensating for the lack of IL-12, and vice versa, assessing the
combined deficiency of IFN-I and IL-12 is critical to understanding the role of IFN-I and IL-12
plays in priming T cells for IFN-γ production during infection, in vivo. To address this, we
used a well-characterized mouse model of infection with the Gram-positive bacterium Listeria
monocytogenes (Lm) in which both immune mediators of innate host resistance and generation
of antigen specific T cells in response to bacterial infection can be characterized (13). Following
primary Lm infection, both IL-12 and IFN-I are produced (14-17) and antigen specific CD4
and CD8 T cells expand and produce IFN-γ. In this study, we examined the individual and
additive roles of IL-12 and IFN-IR signaling in priming CD8 and CD4 T cells for IFN-γ
production after Lm infection.

MATERIALS AND METHODS
Mice

C57Bl/6 and Thy1.1 mice were obtained from The Jackson Laboratory. IL-12β-deficient
(IL12P40−/−) (11), and IL-12α-deficient (IL12P35−/−) (7), backcrossed to B6 mice for 11
generations, were purchased from The Jackson Laboratory. IFN-I receptor-deficient (IFN-IR
−/−) mice (18) were backcrossed to B6 mice for 12 generations prior to use (8). IFN-IR−/
−IL12P40−/− double-deficient mice were obtained by intercrossing IL-12P40−/− with IFN-
IR−/− mice. B6-Tg(TcrLCMV)1Aox, LCMV-GP61−80-specific CD4 TCR transgenic mice
(SMARTA) (19) were obtained from Dr. C. Surh (The Scripps Research Institute, La Jolla,
CA) via Dr. M.J. Bevan (University of Washington, Seattle, WA) and intercrossed with Thy1.1
mice or IFN-IR−/− (Thy1.2+) mice to generate SMARTA transgenic IFN-IR+/+ (Thy1.1+)
and SMARTA transgenic IFN-IR−/− (Thy1.1+Thy1.2+) mice, respectively. All mice were
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housed in a specific pathogen free facility at the University of Washington and experiments
performed under IACUC approved protocols.

Infections with Listeria and LCMV
The recombinant Lm strains Lm-OVA and Lm-GP61−80 were kindly provided by Dr. Hao Shen
(University of Pennsylvania). Lm-OVA ΔactA was constructed from Lm-OVA using
homologous recombination after cloning ∼500 base-pair fragments of the Lm actA locus into
the HindIII/Kpn1 sites of the temperature sensitive plasmid pKSV7 with the following primers:
upstream flanking region, forward primer 5’ aagcttgcagcgaccgatagcgaag 3’, reverse primer 5’
gaattccgctgcgctatccgatgg 3’, downstream flanking region, forward primer 5’
gaattcgttaagtccaaaggtatcg 3’, reverse primer 5’ ggtacctaaagagaacacgccaatag 3’ (underlined
sequences indicate introduced restriction sites). Lm were grown to early log phase (OD600 0.1)
in brain heart infusion media (Becton Dickinson Company) at 37°C, washed in saline, and
diluted in 200 μl final volume. For endogenous responses, 106 Lm-OVA ΔactA were injected
intravenously into mice. For adoptive transfer experiments, 105 Lm-GP61−80 were injected
intraperitoneally into mice. LCMV strain Armstrong was plaque purified, grown in baby
hamster kidney cells, and titered on Vero cells. 2 × 105 PFU LCMV diluted in 200 μl final
volume was injected intravenously into mice.

Reagents, Abs, in vitro cultures, adoptive transfer and cell staining
For in vivo depletion, 1.0 mg of purified anti-mouse IL-12P40 (clone C17.8) or rat IgG2a
isotype control (Bioexpress) was injected into mice 1 day prior to infection as described
previously (7). For in vitro culture, splenocytes were plated into 96-well round bottom plates
(5 × 106 cells/ml), and either stained directly with tetramer, or stimulated with the indicated
peptides (10−6 M) for 5 hours (intracellular cytokine staining) or 72 hours (culture supernatants)
as described (8,20). For intracellular cytokine staining, monensin (BD GolgiStop reagent) was
added to cell culture prior to peptide stimulation. For adoptive transfer of SMARTA cells, CD4
T cells were purified by negative selection from SMARTA transgenic IFN-IR+/+ (Thy1.1+)
or SMARTA transgenic IFN-IR−/− (Thy1.1+Thy1.2+) mice using CD4 T cell isolation kits
(R&D Systems). These cells were transferred intravenously into recipient mice one day prior
to Lm infection and contained 1×105 SMARTA transgenic IFN-IR+/+ (Thy1.1+) and 1×105

SMARTA transgenic IFN-IR−/− (Thy1.1+Thy1.2+) CD4 T cells per recipient mouse. The
concentration of IL-12P40 and IL-12P70 in serum, and IFN-γ, IL-4, and IL-13 in splenocyte
culture supernatants was determined by ELISA using reagents from R&D Systems.

Statistics
The differences in percentages and numbers of stimulated splenocytes, percentage of cytokine
producing transgenic cells, and cytokine concentrations in culture supernatants between groups
of mice were evaluated by using the Student's t test with P < 0.05 taken as statistically
significant.

RESULTS
Generation of antigen-specific CD8 T cells in the absence of IFN-I receptor after Lm infection

The role of IFN-I on the adaptive T cell response to bacterial infection is unknown. IFN-I
receptor-deficient (IFN-IR−/−) compared with control mice are more resistant to primary Lm
infection (15-17). This may be due to a reduction in IFN-I mediated lymphocyte apoptosis in
the first few days after infection in IFN-IR−/− mice (21). The increased resistance of IFN-IR
−/− mice to Lm infection is in sharp contrast to the protective role that IFN-I plays in both
innate and adaptive immunity during viral infection (22). Thus, we sought to examine the
contribution of IFN-I in the adaptive T cell response after Lm infection, and directly compare
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the relative importance of IFN-I for priming antigen specific T cells after Lm compared with
LCMV infection in either normal or IFN-IR−/− mice. Consistent with previous studies in our
laboratory (8), the expansion of LCMV-specific CD8 T cells was dramatically reduced in IFN-
IR−/− mice compared with B6 control mice confirming the important role of IFN-I for
expansion of CD8 T cells in response to LCMV infection (Figure 1). In contrast following
infection with Lm-OVA, expansion of OVA-specific CD8 T cells occurred with the same
magnitude in both IFN-IR−/− and B6 mice (Figure 1). These results suggest that while IFN-I
plays an important role for the optimal expansion of CD8 T cell response to LCMV infection,
it is not required for expansion of antigen-specific CD8 T cells in response to Lm infection.

Increased production of IL-12 in IFN-I receptor-deficient mice
For CD8 T cells cultured in vitro, either IL-12 of IFN-I can provide in addition to TCR and
costimulation, a third signal allowing for proliferation and IFN-γ production (2). Since Lm
infection in vivo triggers the production of both IL-12 and IFN-I (16,17,23), we hypothesized
that IL-12 produced early after Lm infection may overcome the requirement for IFN-I signaling
and allow for the apparent normal expansion of antigen-specific CD8 T cells in IFN-IR−/−
compared with B6 mice after Lm infection. Consistent with this hypothesis, beginning at 8
hours after Lm-OVA infection, increased concentrations of both IL-12P40 and IL-12P70 were
present in B6 and IFN-IR−/− mice; and by 24 hours after infection, maximal levels of IL-12P40
and IL-12P70 are observed (Figure 2A,B). Of note, the serum concentration of both IL-12P40
and IL-12P70 was ∼ 5-fold higher in IFN-IR−/− compared with B6 mice. In contrast following
LCMV infection, only minimal amounts of IL-12P40 and no IL-12P70 could be detected in
either B6 or IFN-IR−/− mice (Figure 2A,B).

Relative roles of IL-12 and IFN-I for IFN-γ production by antigen-specific T cells during
Listeria infection

To determine the relative contribution of IL-12 produced in response to Lm infection on the
antigen-specific adaptive T cell response in normal and IFN-IR−/− mice, we examined the
effects of IL-12 depletion on the expansion and priming of CD8 and CD4 T cells for IFN-γ
production in IFN-IR−/− compared with B6 mice. Since IL-12 plays a protective role, and IFN-
I plays a detrimental role early in the course of WT Lm infection (10,15-17,24), a comparison
of the adaptive T cell responses in mice that lack of each of these cytokines (or cytokine
receptors) is complicated by potential differences in Lm antigen load. To bypass this potential
limitation, we examined the immune response to the attenuated Lm mutant containing a
targeted deficiency in actA instead of WT Lm. Within an infected cell, unipolar expression of
ActA by Lm facilitates and is required for bacterium to recruit host cell actin into organized
tails allowing for intracellular spread leading to a productive infection (25). We and others
have demonstrated that infection with the ΔactA Lm mutant is able to prime Lm-specific CD8
and CD4 T cells, and yet is non-lethal even at relatively high inocula (up to 106 CFUs) in mice
deficient in components of innate immunity such as MyD88, IFN-γ, or TNF-α receptor
normally essential for protection from WT Lm infection (20,26,27). To verify that the absence
of either IL-12 or IFN-IR signaling does not significantly alter the Lm load following infection
with Lm-OVA ΔactA, we examined the number of bacteria in the spleen of IFN-IR−/−,
IL-12P40−/−, and control mice following infection with 106 CFUs of Lm-OVA ΔactA (Figure
3). For Lm infection, the amount of antigen 24 hours after infection as reflected by the amount
of live bacteria is an important determinant of the magnitude of the ensuing T cell response
since administration of antimicrobials before this time point abrogates the response and
administration of antimicrobials after this time point has no effect (28). For either IFN-IR−/−
or IL-12P40−/− mice compared with B6 mice, no differences in Lm CFUs could be detected
in the spleen 24 hours after infection with 106 CFUs of Lm-OVA ΔactA; and by day 8 after
infection no Lm could be recovered (Figure 3). Moreover, consistent with what we observe
for Lm-OVA infection, infection with this inocula of Lm-OVA ΔactA triggered the production
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of IL-12P40 and IL-12P70 in both B6 and IFN-IR−/− mice with similar kinetics, and conferred
a similar reciprocal increase in IL-12 serum concentration in IFN-IR−/− compared with B6
mice (Figure 2C,D). Therefore to overcome potential limitations related to differences in
antigen load following infection in mice with increased resistance (IFN-IR−/− mice) or
increased susceptibility (IL-12-deficient mice) to WT Lm infection, all subsequent experiments
analyzing the endogenous adaptive T cell response were performed with the ΔactA mutant in
Lm.

To examine the relative contribution of IL-12 on the antigen specific T cell response after Lm
infection, IFN-IR−/− and B6 were treated with the anti-mouse IL-12P40 antibody (hybridoma
clone C17.8) or an isotype control antibody one day prior to infection with Lm-OVA ΔactA.
Eight days after infection, similar expansion of OVA-specific CD8 T cells and priming of
OVA-specific CD8 T cells to produce IFN-γ could be detected in B6, B6 depleted of IL-12,
IFN-IR−/− mice, or IFN-IR−/− depleted of IL-12 (Figure 4A-D). These data suggest that during
Lm infection, neither IL-12 nor IFN-I is required for expansion or priming antigen-specific
CD8 T cells for IFN-γ production. In contrast, examination of IFN-γ production by antigen-
specific CD4 T cells in these same mice revealed important and additive roles for IL-12 and
IFN-I. In either IFN-IR−/− mice or B6 mice depleted of IL-12 compared with B6 control mice,
there was a modest (∼50%), but significant (P < 0.05) reduction in both percentage and absolute
number of IFN-γ producing CD4 T cells following stimulation with the LLO189−201 peptide
(Figure 4E,F). However for IFN-IR−/− mice depleted of IL-12 compared with B6 mice treated
with control antibody, there was a substantial reduction (∼75−80% reduction, P < 0.05) in both
the percentage and number of IFN-γ producing CD4 T cells. To determine if these differences
in percentage and absolute numbers of IFN-γ producing CD4 T cells (and the lack of differences
for CD8 T cells) reflect differences in the total amount of IFN-γ produced by these cells, we
measured the concentration of cytokine in culture supernatants of cells from B6 mice, B6 mice
depleted of IL-12, IFN-IR−/− mice, IFN-IR−/− depleted of IL-12 after stimulation with the
MHC class II (LLO189−201) or MHC class I (OVA257−264) peptides (Figure 4G). Following
stimulation with the MHC class II, LLO189−201 peptide, there was an ∼70% reduction in
concentration of IFN-γ in splenocytes from IFN-IR−/− mice or B6 mice depleted of IL-12
compared with splenocytes from B6 control mice (P < 0.05 for each group compared with B6),
and a 90% reduction (P < 0.05) in IFN-γ production by splenocytes from IFN-IR−/− depleted
of IL-12 compared with splenocytes from B6 control mice. For these same splenocytes,
stimulation with the MHC class I, OVA257−264 peptide revealed no differences in IFN-γ
production by splenocytes from IFN-IR−/− mice, B6 mice depleted of IL-12, or IFN-IR−/−
mice depleted of IL-12 compared with splenocytes from B6 control mice (Figure 4G).
Furthermore, the reduction in IFN-γ production by CD4 T cells in IFN-IR−/− mice, B6 mice
depleted of IL-12, or IFN-IR−/− mice depleted of IL-12 was not associated with a reciprocal
increase in antigen-specific IL-4 or IL-13 production (data not shown).

In additional experiments we sought to more stringently test the role of IL-12 for priming CD4
and CD8 T cells for IFN-γ production. For these studies, the antigen specific immune response
to Lm infection in IL-12-deficient mice (resulting from targeted deficiency in either the
IL-12P40 or IL-12P35 subunits) and mice deficient in both IL-12P40 and IFN-IR (IFN-IR−/
−IL12P40−/−) generated by intercrossing IL12P40−/− mice with IFN-IR−/− mice was
examined. Combined deficiency in both IFN-IR and IL-12P40 did not affect Lm antigen load
as there was no difference in the number of bacteria recovered in the spleen 24 hours after
infection with 106 CFUs of Lm-OVA ΔactA in IFN-IR−/−IL12P40−/− compared with IFN-
IR−/−, IL12P40−/−, or B6 mice (Figure 3). Consistent with results using IL-12 depleting
antibody, examination of the antigen specific CD8 T cell response day 8 after infection with
Lm-OVA ΔactA revealed similar percentages of IFN-γ producing CD8 T cells, absolute
numbers of IFN-γ producing CD8 T cells, or accumulation of IFN-γ in splenocyte culture
supernatants after stimulation with OVA257−264 peptide between B6, IFN-IR−/−, IL12P40−/
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−, IL12P35−/−, or IFN-IR−/−IL12P40−/− mice (Figure 5A,B,F). In these experiments, we also
examined the CD8 T cell response by stimulation with a subdominant MHC class I peptide
within LLO, LLO296−304 (29,30). Although the percentage and total number of CD8 T cells
that respond to the LLO296−304 peptide is much lower than response to OVA257−264, no
differences were observed in either percentage or absolute number of CD8 T cells that produce
IFN-γ in B6, IFN-IR−/−, IL12P40−/−, IL12P35−/−, or IFN-IR−/−IL12P40−/− mice to this
subdominant antigen (Figure 5A,C). These data demonstrate that in response to Lm infection,
neither IL-12 nor IFN-I signaling is required for priming antigen specific CD8 T cells for IFN-
γ production.

In these same mice infected with Lm-OVA ΔactA, we examined the antigen-specific CD4 T
cell response. Consistent with results from these previous studies using IL-12 depleting
antibody, IL12P40−/−, IL12P35−/−, and IFN-IR−/− mice compared with B6 mice each had
partial (40−60%) reductions in percentage and absolute numbers of IFN-γ producing CD4 T
cells after stimulation with the LLO189−201 peptide, while combined deficiency of both IL-12
and IFN-IR signaling in IFN-IR−/−IL12P40−/− mice revealed in a dramatic (95%) reduction
in both percentage and absolute numbers of IFN-γ producing CD4 T cells (Figure 5D,E). Taken
together, these data demonstrate that during Lm infection, IL-12 and IFN-I each have important
and together have additive roles for priming IFN-γ production by CD4 T cells while neither
IL-12 nor IFN-I are required for priming CD8 T cells for IFN-γ production.

Additive roles for IL-12 and IFN-I in priming transgenic CD4 T cells for IFN-γ production
IFN-I can be produced and exert biological responses in multiple cell types, and thereby
influence the T cell response to infection directly by signaling on T cells or indirectly through
stimulation of other cell types (8,31,32). Therefore, a comparison of CD4 T cell responses in
Lm infected B6 and IFN-IR−/− mice does not specifically address the role of IFN-I signaling
in antigenic specific T cells. To examine if the modest reductions in percentage and numbers
of IFN-γ producing CD4 T cells in IFN-IR−/− mice, and the more dramatic reductions in IFN-
γ production by CD4 T cells in mice with combined defects in both IL-12 and IFN-IR is due
to defects in IFN-IR signaling on CD4 T cells, we measured expansion and IFN-γ production
by IFN-IR+/+ and IFN-IR−/− TCR transgenic CD4 T cells after adoptive transfer into normal
or IL-12-deficient mice. For these experiments, we utilized CD4 SMARTA cells specific for
LCMV GP61−80, and transferred an equal number of IFN-IR+/+ SMARTA and IFN-IR−/−
SMARTA cells into either B6 or IL12P35−/− mice. These mice were then infected with a
recombinant strain of Lm expressing the MHC class II LCMV antigen, Lm-GP61−80. As
expected, for cells transferred into B6 or IL-12P35−/− mice that were uninfected, SMARTA
donor cells were recovered at a relatively low frequency (∼5−10% of transferred cells) (Figure
6A). By day 5 post infection, both IFN-IR+/+ and IFN-IR−/− SMARTA cells expanded ∼10
−20-fold in both B6 and IL12P35−/− recipient mice, and at day eight post-infection, the
numbers of SMARTA cells had undergone significant contraction in both B6 and IL12P35−/
− mice. At the peak of expansion, the response of SMARTA donor T cell population to
stimulation with the GP61−80 peptide was examined in splenocytes from B6 and IL12P35−/−
mice. In both B6 and IL12P35−/− mice, there was only a modest reduction in the percentage
of IFN-γ producing SMARTA IFN-IR+/+ compared with IFN-IR−/− cells (Figure 6B),
however there was a more dramatic (37±6 compared with 14±4, P < 0.05) reduction in IFN-
γ production for SMARTA IFN-IR+/+ cells in B6 mice compared with IFN-IR−/− cells in
IL12P35−/− mice. Importantly, the reduction in IFN-γ production by IFN-IR−/− SMARTA
cells in either IL12P35−/− or B6 mice compared with IFN-IR+/+ cells in B6 mice is not due
to general defects in cell-activation because under the same stimulation conditions, there were
no differences in CD40 ligand expression by these cells (Figure 6B). Taken together, these
results demonstrate that during Lm infection, IFN-I acting directly on CD4 T cells primes them

Way et al. Page 6

J Immunol. Author manuscript; available in PMC 2009 January 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for IFN-γ production, and IFN-I and IL-12 synergize to prime CD4 T cells for maximal IFN-
γ production.

DISCUSSION
In this study we utilized the well-characterized Lm infection model in mice to examine the
individual and combined roles of IFN-I and IL-12 in priming antigen specific T cells for IFN-
γ production after in vivo infection. We first compared the number and percentage of antigen-
specific IFN-γ producing CD8 and CD4 T cells in Lm infected B6 mice, IFN-IR−/− mice, B6
mice depleted of IL-12, and IFN-IR−/− mice depleted of IL-12. These experiments showed
that the percentage and number of IFN-γ producing antigen specific CD8 T cells is not
substantially affected by individual or combined defects in IL-12 or IFN-IR signaling. In
contrast, both the percentage and number of IFN-γ producing CD4 T cells were partially
reduced (∼50%) in both IFN-IR−/− and B6 mice treated with anti-IL-12 antibody, and
substantially reduced (∼90%) in IFN-IR−/− mice treated with anti-IL-12 antibody. These
results with IL-12 depleting antibody in normal and IFN-IR−/− mice were confirmed using
mice with targeted deficiency in IL-12, and in mice deficient with targeted deficiency in both
IL-12 and IFN-IR. We then performed further experiments to examine the direct action of IFN-
I on antigen specific CD4 T cells by comparing the response of adoptively transferred IFN-IR
+/+ versus IFN-IR−/− TCR transgenic CD4 T cells in Lm infected B6 or IL-12 deficient mice.
These experiments demonstrated that in the presence of IL-12, IFN-I stimulation of CD4 T
cells contributes to IFN-γ production only partially; while in the absence of IL-12, IFN-I
stimulation of CD4 T cells plays a more significant role in IFN-γ production. Together these
results demonstrate that during Lm infection, IL-12 and IFN-I act synergistically for priming
CD4 T cells for IFN-γ production, while neither IFN-I nor IL-12 are required for priming CD8
T cells for IFN-γ production.

The precise mechanisms that govern the differentiation of CD4 T cells into IFN-γ producing
Th1 or IL-4/IL-13 producing Th2 cells after infection in vivo are incompletely understood.
IL-12 is essential for IFN-γ production and Th1 differentiation by CD4 T cells in the context
of immunization with dead antigens (e.g., KLH or toxoplasma extract) and some infections
(e.g., Lm, Mycobacterium avium, Leishmania major,) while for other infections (e.g., LCMV)
a deficiency of IL-12 appears to have little or no effect on IFN-γ production by antigen-specific
CD4 T cells (9-12,33). Herein we demonstrate that this alternative IL-12 independent pathway
for IFN-γ production by antigen specific CD4 T cells during Lm infection is mediated by IFN-
I. To our knowledge, this is the first report demonstrating functional redundancy between IL-12
and IFN-I in priming IFN-γ production and Th1 differentiation of CD4 T cells in response to
any infection or immunization. Importantly, in the absence of IL-12 and IFN-I signaling, Lm
specific CD4 T cells do not have a reciprocal increase in production of the Th2 cytokines IL-4
or IL-13. These data suggest for Lm infection despite the absence signals that prime CD4 T
cells to undergo a Th1 differentiation pathway, additional Th2 “promoting” signals are
necessary for priming antigen-specific CD4 T cells to produce cytokines such as IL-4 and
IL-13.

The reciprocal regulation of IL-12 and IFN-I and their functional redundancy in priming CD8
T cell for IFN-γ production has been previously described after infection with LCMV (7). In
this study, depletion of IL-12 or IFN-I, or targeted deficiency in IL-12 or IFN-IR signaling
reciprocally increased the concentration of the other cytokine. Therefore depletion of either
IL-12 or IFN-I alone had little or no effect, whereas combined ablation of both IL-12 and IFN-
I resulted in dramatic reductions in IFN-γ production by LCMV specific CD8 T cells. Overall,
the data we present here are consistent with their conclusions that IL-12 and IFN-I play
functionally redundant roles for priming CD8 T cells during LCMV infection. However, our
finding that IFN-IR−/− mice (backcrossed extensively to B6) compared with B6 mice have
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reduced CD8 T cell expansion after LCMV infection is inconsistent with their finding of a
relatively normal CD8 T cell response in IFN-IR−/− mice on a 129s/v background compared
with 129s/v mice. The reasons for this difference are unclear, but may relate to mouse strain
specific differences in IL-12 production following LCMV infection. Indeed, in our hands, even
after infection with a ∼10-fold increased inocula of virus used in our present study, we could
not detect biologically active IL-12P70 production in response to LCMV infection in either
B6 or IFN-IR−/− mice. Thus, the dramatic reduction in LCMV-specific CD8 T cells in IFN-
IR−/− compared with B6 mice that we describe is most likely due to the lack of biologically
active IL-12 produced in response to LCMV infection in these mice.

Stimulation of naïve CD8 T cells in vitro with artificial antigen presenting cells coated with
TCR + peptide and costimulation molecules does not trigger proliferation or IFN-γ production;
but under these same conditions, addition of either IL-12 or IFN-I results in both proliferation
and IFN-γ production (2,34,35). Our finding that antigen-specific CD8 T cells have no defects
in expansion or IFN-γ production in the absence of both IL-12 and IFN-IR suggest that Lm
infection triggers other cytokines or immune pathways that can provide a functionally
redundant third signal for priming CD8. A likely candidate for this cytokine is IL-18 since it
can trigger activation and IFN-γ production by T cells in the absence of IL-12 in other contexts
(36-38). However, when tested in vitro with artificial APCs coated with TCR and costimulation
molecules, IL-18 could not restore activation of naïve CD8 T cells (2). We are currently
investigating whether this reflects inherent differences between priming during in vivo
infection and culture in vitro, and if priming T cells in the absence of IL-12 and/or IFN-IR will
impart a functional defect in their ability to confer protective immunity in response to WT Lm
rechallenge.
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Figure 1.
Antigen-specific CD8 T cell expansion after LCMV or Lm-OVA infection. Mice were infected
with LCMV Armstrong (2×105 PFUs) or Lm-OVA (104 CFUs) and splenocytes were analyzed
by LCMV-GP33−41 and OVA257−264 tetramer and cell surface staining day 8 after infection.
The number in each quadrant indicates the percentage ± standard error of gated cells in each
quadrant from 3−4 mice per group, and is representative of two independent experiments.

Way et al. Page 11

J Immunol. Author manuscript; available in PMC 2009 January 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mean serum concentration of IL-12P40 (A,C) or IL-12P70 (B,D) within the first 96 hours after
infection with Lm-OVA (104 CFUs), LCMV (2×105 PFUs) (A, B) or Lm-OVA ΔactA (106

CFUs ) (C,D) in B6 or IFN-IR−/− mice. Each data point represents 3−4 mice per group, and
is representative of at least two independent experiments. Bar, standard error.
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Figure 3.
Number of recoverable bacteria per mouse spleen 24 hours (shaded bars) and 8 days (clear
bars) after infection with 106 Lm-OVA ΔactA in B6, IFN-IR−/−, IL12P40−/−, and IFN-I−/
−IL12P40−/− mice. Each bar represents 4−6 mice per group, and is representative of two
independent experiments. Bar, standard error.
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Figure 4.
Expansion and IFN-γ production by CD8 and CD4 T cells day 8 after infection with 106 Lm-
OVA ΔactA in B6 mice, B6 mice depleted of IL-12, IFN-IR−/− mice, or IFN-IR−/− depleted
of IL-12. Percent (A) and total number (B) of OVA257−264 tetramer positive CD8 T cells per
mouse spleen, and FACS plots demonstrating percent (C) and total number (D) of IFN-γ
producing CD8 T cells per spleen after stimulation with OVA257−264 peptide or no peptide.
FACS plots demonstrating percent (E) and total number (F) of IFN-γ producing CD4 T cells
per spleen after stimulation with LLO189−201 peptide or no peptide. G. Concentration of IFN-
γ in splenocytes culture supernatants 72 hours after stimulation with OVA257−264 peptide
(MHC class I), LLO189−201 peptide (MHC class II), or no peptide determined by ELISA. Each
data point represents 6−8 mice per experimental group from two independent experiments.
Bar, one standard error.
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Figure 5.
IFN-γ production by CD8 and CD4 T cells day 8 after infection with 106 Lm-OVA ΔactA in
B6 mice, IFN-IR−/− mice, IL12P40−/−, IL12P35−/−, or IFN-IR−/−IL12P40−/− mice. FACS
plots demonstrating percent (A) and total number (B,C) of IFN-γ producing CD8 T cells per
spleen after stimulation with the MHC class I peptides: OVA257−264, LLO296−304, or no peptide
control. FACS plots demonstrating percent (D) and total number (E) of IFN-γ producing CD4
T cells per spleen after stimulation with LLO189−201 peptide or no peptide. G. Concentration
of IFN-γ in splenocytes culture supernatants 72 hours after stimulation with OVA257−264
peptide (MHC class I), LLO189−201 peptide (MHC class II), or no peptide as determined by
ELISA. Each data point represents 4−6 mice per experimental group from two independent
experiments. Bar, one standard error.

Way et al. Page 15

J Immunol. Author manuscript; available in PMC 2009 January 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
A. Number of SMARTA CD4 T cells (IFN-IR+/+, Thy1.1+ closed diamond; IFN-IR−/−,
Thy1.1+Thy1.2+, open square) in congenic (Thy1.2+) B6 or IL-12 deficient (IL12P35−/−)
recipient mice prior to infection (day 0), and day 5 and 8 after infection with rLm-GP61−80. B.
IFN-γ production and CD40 ligand (CD40L) expression by IFN-IR+/+ (Thy1.1) or IFN-IR−/
− (Thy1.1, Thy1.2) SMARTA transgenic cells day 5 after infection with rLm-GP61−80 in B6
or IL-12-deficient (IL12P35−/−) mice after in vitro stimulation with GP61−80 peptide (line
histogram) or no peptide (filled histogram). The numbers in each histogram represent the mean
± standard error for three mice per experimental group, and are representative of three
independent experiments with similar results. Bar, one standard error.
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