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Abstract
Listeria monocytogenes infection induces a strong inflammatory response characterized by the
production of IL-12 and IFN-γ and protective immunity against this pathogen is dependent on CD8
+ T cells (CTL). Recent studies have suggested that these inflammatory cytokines affect the rate of
memory CD8+ T cell generation as well as the number of short lived effector cells generated. The
role of the closely related cytokine, IL-23, in this response has not been examined. We hypothesized
that IL-12 and IL-23 produced by dendritic cells collectively enhance the generation and function of
memory cells. To test this hypothesis, we employed a DC vaccination approach. Mice lacking IL-12
and IL-23 were vaccinated with wild-type (WT), IL-12−/−, or IL-12/23−/− DC and protection to
Lm was monitored. Mice vaccinated with WT and IL-12−/− DC were resistant to lethal challenge
with Lm. Surprisingly, mice vaccinated with IL-12/23−/− DC exhibited significantly reduced
protection when challenged. Protection correlated with the relative size of the memory pools
generated. In summary, these data indicate that IL-23 can partially compensate for the lack of IL-12
in the generation protective immunity against Lm.

1. Introduction
Cytokines play very important roles in shaping the magnitude and type of immune response
elicited by infection (1,2). These soluble factors can augment or suppress T cell activation at
key points during immune responses (3-6). As a result of their potent effects, the contribution
of these molecules to the generation of memory cells is being extensively investigated for their
therapeutic potential (2,7-12).
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Members of the interleukin-12 (IL-12) family are potent regulators of immune responses, as
reviewed in (13,14). This family is composed of three cytokines-IL-12, IL-23, and IL-27. IL-12
augments and sustains Th1 immune responses which are very important in the eradication of
intracellular pathogens as well as tumors (15-18). In contrast, IL-23 supports Th17 mediated
immune responses which are important in the control of extracellular pathogens as well as the
induction of autoimmunity (19-23). IL-27 promotes Th1 responses, inhibits Th2 responses,
and decreases the proliferative capacity of melonomas (24-29).

The roles of IL-12 in CD8+ T cell activation have been studied in several systems and are well
documented (4,7,30-32). These include inducing IFN-γ production, augmenting proliferation,
and increasing the survival of these lymphocytes (4,30,31,33). Recently, it has been
demonstrated that systemic inflammation can reduce the number of memory CD8+ T cells
generated and slow the rate of memory development (11,34-36). IL-12 has been specifically
implicated as a key inflammatory mediator in the development of memory CD8+ T cells (34,
36). For example, a recent study found that the generation of memory CD8+ T cells was
enhanced while the number of effector cells was diminished in Lm-infected IL-12 deficient
mice (p35−/−) compared to WT mice (36). Likewise, expression of the IL-12 receptor on CD8
+ T cells was found to be required for this regulation. CD8+ T cells lacking expression of the
high affinity chain of the IL-12 receptor (IL-12Rβ2−/−) formed a larger memory pool than WT
T cells following immunization of with recombinant Lm-OVA (36). Other studies have
demonstrated that IL-12 augmented the generation of short-lived effector cells (SLEC- KLRG1
high, IL-7Rα low) during primary responses; however, it did not have a substantial effect on
memory precursor effector cell generation (MPEC- KLRG1 low, IL-7Rα high) (7,37).
Therefore, the importance of IL-12 in the generation of memory CD8+ T cells remains
controversial.

While IL-12 is known to promote Th1 responses, IL-23 has emerged as a key regulator of Th17
responses. In the absence of Th1 or Th2 polarizing cytokines, IL-23 supports a Th17-type
immune response, characterized by the production of IL-17 (38-40). This cytokine response
augments the recruitment of phagocytes and lymphocytes to inflammatory foci (38). In
addition, IL-23 can support Th1 responses by augmenting IFN-γ production and their
proliferation (38-42). Although IL-23’s role in CD4+ T cell activation is now well documented,
its impact on CD8+ T cell activation and memory generation has not been as thoroughly
studied. IL-12 and IL-23 share a common subunit, p40, and a common receptor chain, β1,
which has complicated the study of the specific roles of these two cytokines. Several early
studies focused on IL-12 utilized mice that lacked p40, which had the unintended effect of
targeting both cytokines (43). Thus, the specific roles of these two cytokines in the generation
of CD8 T cell memory have not been thoroughly addressed. Furthermore, it been not been
determined if these cytokines provided by DC are sufficient to prime protective memory or if
other cellular sources of the cytokines are required.

Dendritic cell (DC) vaccination has been quite successful in murine models at eliciting
protective immunity against Lm (7,44,45) and holds promise in clinical trials against tumors
as well (46). Unlike direct infection with live Lm, which has been shown to be a potent inducer
of inflammation, DC vaccination effectively induces immunity presumably in the absence of
systemic inflammation (45). Therefore, we used a DC vaccination approach to determine if
IL-12 or IL-23 produced by DC impacted the generation or function of memory CD8+ T cells
in vivo.

We infected DC with a recombinant strain of Listeria monocytogenes (Lm-OVA) as a stimulus
for DC maturation and a source of model antigen (OVA). We then vaccinated IL-12p40−/−
mice (mice lacking IL-12 and IL-23) with Lm-OVA infected WT, IL-12−/−, or IL-12/23−/−
dendritic cells (DC) and measured protection against Lm-OVA challenge. We found that mice
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vaccinated with Lm-OVA-infected IL-12−/−, or IL-12/23−/− DC were more susceptible to
Lm-OVA challenge compared to mice vaccinated with similarly infected WT DC. Mice
vaccinated with DC lacking IL-12 or IL-12/23 had higher bacterial burdens in the spleens and
livers when challenged and exhibited severe morbidity when compared with mice vaccinated
with WT DC. We found a correlation between the number of OVA-specific memory CD8+ T
cells and resistance to Lm-OVA challenge; however, we did not observe compromised
secondary CD8+ T cell responses to sub-lethal infection, regardless of the DC population used
as vaccine. Our studies demonstrate that when these cytokines are provided exclusively by DC,
both IL-12 and IL-23 contribute to protective immunity against Lm, yet in the absence of IL-12,
IL-23 can serve a compensatory function in support of robust CTL responses. Thus, this study
provides important insights as to the roles of IL-12 and IL-23 in the overall immunogenicity
of DC vaccination.

2. Materials and methods
2.1. Listeria strains

Listeria monocytogenes strains 10403s (WT), was obtained from Dr. Daniel Portnoy (Univ.
of California, Berkeley, CA) and Lm-OVA strain, was obtained from Dr. Hao Shen (University
of Pennsylvania). For experiments, bacteria grown to stationary phase at 30°C in brain–heart
infusion broth (BHI) were washed twice and resuspended in RPMI medium at a concentration
to achieve the desired moi when added to DC monolayers. The moi was confirmed by plating
dilutions of the inoculum on BHI agar and enumerating cfu after 24 h at 37°C.

2.2. Mice
C57BL/6 (WT), IL-12p35−/−BL/6-IL12atm/Jm, IL-12p40−/−BL/6-IL12btm/Jm and OT-1 TCR
transgenic mice specific for OVA(257-264) presented by H-2Kb were purchased from The
Jackson Laboratory (Bar Harbor, ME). All mice were maintained and bred in the animal facility
at Wake Forest University School of Medicine.

2.3. Surface and Intracellular Cytokine Staining
The activation state of OVA-specific CD8+ T cells (OT-1) was determined using MHC class
I tetramers specific for OVA257-264 labeled with APC which were prepared according to
published protocols (47) in combination with various markers of T cell activation. These
markers included CD44 PE (clone IM7), CD62L PE (clone MEL-14), CD69 PE (clone H1.2F3)
all from BD, San Diego, CA, and KLRG1 PE (clone 2F1), from Abcam, Cambridge MA. In
order to determine OVA-specific CD8+ T cell function ex vivo or after restimulation with OVA
peptide (SIINFEKL) for 5 hours, T cells were stained using CD8 Per-CP (clone 53-6.7), IFN-
γ PE (clone XMG1.2), or TNF-α APC (clone MP6-XT22) all from BD. In order to address
cytotoxic potential, T cells were stained using CD8 Per-CP (clone 53-6.7), Perforin PE (clone
δG9) all from BD, and Granzyme B APC (clone GB11) from Caltag Laboratories, Burlingame
CA. Synthetic OVA peptide, residues 257-264 (SIINFEKL), was synthesized at Wake Forest
University School of Medicine Peptide Synthesis facility.

2.4. Dendritic Cell Propagation
Bone marrow derived DC were generated as previously described (3). Bone marrow was
removed from the tibias and femurs of 8- to 10-week-old WT (C57BL/6), IL-12p35−/−, or
IL-12p40−/− mice. Red blood cells were lysed, and the progenitor cells (5 × 105/ mL) were
resuspended and plated in RPMI 1640 containing 10% FCS supplemented with 10 ng/mL GM-
CSF (generated from a recombinant baculovirus expression system). Dendritic cells were
cultured for 6 days at 37° in 5% CO2 and given fresh medium and cytokine on days 2 and 4.
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DC used for the described experiments were between 90-95% CD11c+ and expressed low
levels of CD40, CD80, and CD86 prior to infection.

2.5. Infection of Dendritic Cells
Dendritic cells were seeded at 5 × 105/ well in a 48 well plate and infected with Lm-OVA (H.
Shen, University of Pennsylvania) at a multiplicity of infection (MOI) of 1. Four hours post
infection penicillin/streptomycin was added at 10 μg/ml. Twenty-four hours post-infection,
mice were vaccinated with 2.5 × 105 DC/ mouse intravenously. Parallel samples of DC were
stained for CD80, CD86, and CD40 to ensure that each DC population expressed similar levels
of costimulatory molecules (data not shown). At the MOI used for these studies each DC
population exhibited a 4-5 fold increase of CD86, a 1.5 fold increase in CD80, and a 2 fold
increase in CD40 expression compared to the levels found on untreated DC (data not shown).
A portion of the Lm-OVA infected DC that were treated with antibiotics were lysed and plated
on BHI agar plates overnight at 37°C to check for viable bacteria. No colonies were detected,
indicating that no viable bacteria were transferred with the DC used for vaccination (data not
shown).

2.5. Adoptive Transfer of OT-1
OT-1 TCR transgenic CD8+ T cells specific for ovalbumin257-264-H-2Kb were adoptively
transferred i.v. into mice 2 days prior to DC vaccination at 105 OT-1/ mouse. Prior to transfer,
cells were stained for their surface expression of CD69, CD62L, and CD44. Staining for these
markers indicated that > 97% of these cells exhibited a naïve phenotype (CD69 and CD44 low/
CD62L high).

2.6. DC Vaccination
Mice were vaccinated using a modification of a previously published protocol (44). Briefly,
Lm-OVA infected DC were seeded at a concentration of 2.5 × 105 DC/ 500 μl in serum free
media. Mice were administered the 500 μl of DC in serum-free RPMI media intravenously via
the lateral tail vein. To compare DC vaccination with direct infection, control mice were
infected with Lm-OVA (H. Shen, Univ. Pennsylvania) in PBS at a concentration 3 × 103/mouse.

2.7. Bacterial Enumeration ex vivo
To assess the numbers of bacteria colonizing the liver and spleen, portions of each organ were
removed and weighed. The organs were then homogenized and lysed in 5 ml of sterile water
while vortexing. Serial dilutions were made in 96-well plates and plated on BHI agar. The total
number of colonies per gram of liver or spleen was calculated after incubating overnight at 37°
C.

2.8. Survival Analysis
p40−/− mice were challenged with 5 LD50 Listeria-OVA forty days after being vaccinated
with either Lm-OVA infected WT DC, p35−/− DC, or p40−/− DC. Mice were sacrificed when
they exhibited the following signs of morbidity: ruffled fur, hunched posture, labored
breathing, unresponsiveness to auditory or tactile stimulation, and severe weight loss. The
weights of the mice were recorded prior to challenge with Lm-OVA, and every day thereafter
for two weeks. The mice were monitored 3 times daily in accordance with the guidelines
outlined by the Animal Care and Use Committee (ACUC) of Wake Forest University School
of Medicine.
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2.9. T cell Enumeration
The total number of cells isolated from the spleens and livers of vaccinated mice were
determined based on counts of trypan blue-excluding cells. The total number of OVA-specific
or functional T cells (tagged by tetramer or cytokine-specific antibody) isolated from each
organ was determined by multiplying the percentage of tagged T cells (determined via FACs
analysis) by the total number of cells recovered. Numbers of tetramer positive cells correlated
with the number of functional cells detected by ICS in all cases.

3. Results
3.1. Mice Vaccinated with IL-12/23 Deficient DC were Susceptible to Lm Challenge

To determine if IL-12 or IL-23 produced by DC was required for the generation of protective
immunity against L. monocytogenes, IL-12/23 deficient mice (p40−/−) were vaccinated with
Lm-OVA-infected DC generated from either C57BL/6 (WT DC), IL-12 deficient (p35−/− DC),
or IL-12/IL-23 deficient mice (p40−/− DC). Forty days after vaccination, mice were challenged
with 5 LD50 Lm-OVA and protection was monitored for two weeks. Mice were euthanized if
they exhibited severe morbidity. We observed that mice vaccinated with WT DC were
completely protected from lethal challenge with Lm-OVA and exhibited very mild illness,
including slightly ruffled fur and only moderate weight loss (Fig. 1A and 1B). Mice immunized
with p35−/− DC were also quite resistant to lethal challenge, with 80% of the vaccinated mice
surviving the infection. However, the weight loss in mice immunized with p35−/− DC was
more marked than that observed in mice vaccinated with WT DC (Fig. 1B). Yet, by one week
post challenge the surviving mice had fully recovered and did not exhibit any signs of
morbidity. In contrast, the p40−/− DC immunized mice failed to control the challenge infection,
and only 40% of these mice survived for the duration of the study (Fig. 1A). The morbidity in
the surviving mice in this group was also more pronounced, indicated by severe and prolonged
weight loss (Fig. 1B). As a positive control, p40−/− mice were directly vaccinated with Lm-
OVA which has been shown to elicit protective immunity (48). When challenged, 100% of
these mice survived the infection (data not shown).

3.2. DC Vaccination with IL-12p40−/− DC Induced Organ-Specific Reduction in Secondary
Effector CD8+ T cells Following Challenge

It has been established by several groups that CD8+ T cell mediated immunity is critical for
protective immunity against Lm (49,50), but it is not clear what specific roles IL-12 and IL-23
produced by DC play in initiating this response. Thus, we next addressed whether the decreased
protection we observed in mice vaccinated with DC lacking IL-12 and IL-23 correlated with
reduced secondary CD8+ T cell responses upon challenge. CD8+ T cell function in the spleens
and livers of DC-vaccinated mice was analyzed ex vivo on day 3 post challenge with a sub-
lethal dose of Lm-OVA (Day 43).

Direct ex vivo analysis of CD8+ T cells from the liver indicated that the number of OVA-
specific CD8+ T cells in the livers of mice vaccinated with p40−/− DC was decreased over 5-
fold on day 3 post-challenge with Lm, compared to mice vaccinated with WT or p35−/− DC
(Fig. 2A). In contrast, the number of splenic OVA-specific CD8+ T cells in mice vaccinated
with WT, p35−/−, or p40−/− DC on day 3 post challenge was not significantly different (Fig.
2B and 2D). Further, we found that the number of splenic CD8+ T cells producing IFN-γ was
not significantly different between any of the DC vaccinated groups directly ex vivo (data not
shown) or upon restimulation with OVA peptide (Fig. 2C and 2E). The mean fluorescence
intensities (MFI) of IFN-γ and TNF-α of the T cells also was not different indicating that the
amount of cytokine produced on a per cell basis was similar (data not shown). We also observed
no significant differences in the number of OVA-specific CD8+ T cells expressing Granzyme
B or perforin (data not shown). Taken together, these observations indicate that in the absence

Henry et al. Page 5

Cell Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of both IL-12 and IL-23 during priming, secondary CD8+ T cell responses were decreased in
nonlymphoid organs such as the liver upon Lm challenge but that in the absence of IL-12 alone,
IL-23 played a compensatory role. Intriguingly, there were no differences in CD8+ T cell
responses in the spleen, regardless of cytokines expressed by the DC.

3.3. Vaccination with DC lacking IL-12 and IL-23 Promoted Only Weak Bacterial Clearance
from the Liver and Spleen Upon Sub-Lethal Challenge

In addition to monitoring CD8+ T cell responses in vaccinated mice challenged with a sub-
lethal dose of Lm, we sought to determine if these responses correlated with bacterial clearance.
Mice were vaccinated as previously described and challenged forty days later with 1 LD50 of
Listeria. Bacterial loads were assessed in the liver and spleen 3 days post challenge. In general,
liver colonization was observed more frequently in the DC vaccinated groups than colonization
of the spleen (Fig. 3A and B). Again, the positive control mice, (p40−/− mice immunized with
Lm-OVA at 3 × 103 CFU/ mouse) were highly resistant to this challenge dose as evidenced by
the lack of detectable bacteria in the liver (Fig. 3A), in agreement with previously published
data (32). Vaccination with WT DC infected with Lm-OVA also conferred resistance to this
challenge (Fig. 3). We found that 85% of the p40−/− mice immunized with WT DC had no
detectable Lm-OVA in their livers, and all had cleared bacteria from the spleen by day 3 post
challenge (Fig. 3B and 3D). Additionally, in the few mice from this group that were still
infected, the bacterial loads were significantly lower than those observed in challenged naïve
WT mice (Fig. 3A).

Vaccination of the p40−/− mice with Lm-OVA infected p35−/− DC led to a slight increase in
susceptibility to Lm-OVA challenge, most notably in the liver (Fig. 3A). We observed that
56% of mice vaccinated with p35−/− DC contained no detectable bacteria in their livers on
day 3 post challenge (Fig. 3B). However, the mice in this group that had detectable colonies
in this organ had high burdens that were comparable to those observed in naïve animals (Fig.
3A). Interestingly, this group of mice had more efficient clearance of bacteria from the spleen
than in the liver. In fact, we found that 89% of the p35−/− DC vaccinated mice had no
recoverable bacteria in the spleen (Fig. 3D). These data suggest that in the absence of IL-12,
IL-23 can partially compensate by stimulating T cell responses that more readily localize to
non-lymphoid organs.

Strikingly, p40−/− DC vaccination provided little protection to challenge as evidenced by
substantial colonization of both the spleen and liver. We found that 40% of the vaccinated mice
had a heavy bacterial burden in the liver (Fig. 3B) and 50% demonstrated colonization of the
spleen (Fig. 3D), similar to the naïve WT mice (Fig. 3A and 3B). These data indicate that DC-
derived IL-12 and IL-23 augment protective immunity against Lm which is evident even at
lower challenge doses.

3.4. IL-12 and IL-23 Produced by DC Increase the Generation of Memory CD8+ T cells
Since we observed that IL-12 and IL-23 increased protective immunity against Lm, and
augmented secondary CD8+ T cell responses in the liver by day 3 post challenge, we next
wanted to determine how these cytokines affected the generation of memory CD8+ T cells. To
measure this effect, mice were vaccinated with either WT, p35−/−, or p40−/− DC and their T
cell responses were analyzed forty days after immunization. We chose this time point to
determine the functional capacity of memory CD8+ T cells prior to challenge with Lm, which
could potentially explain the differences we observed in our challenge studies (survival and
bacterial burden).

Vaccination with WT and p35−/− DC elicited large numbers of OVA-specific CD8+ T cells
in both the spleen and liver at day 40 post-challenge. However, immunization with p40−/− DC
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generated substantially fewer memory CD8+ T cells in both organs (more than ten-fold fewer
in the liver and over three-fold less in the spleen) compared to that generated by WT DC
vaccination (Fig. 4A and 4B). In addition, the frequency of T cells producing IFN-γ and TNF-
α ex vivo was significantly lower in p40−/− DC vaccinated mice than in WT DC and p35−/−
DC-vaccinated mice. We observed almost a three-fold decrease in the number of CD8+ T cells
that produced IFN-γ in response to OVA peptide stimulation compared to vaccination with
WT DC (Fig. 4C and 4D). Further examination of the memory T cells revealed that IL-12 and
IL-23 did not affect the surface expression of CD44, CD62L, or KLRG1 (data not shown)
suggesting that there were no striking phenotypic differences in the T cell populations elicited,
only in the number of these cells generated.

3.5. IL-12 and IL-23 Produced by DC Do not Affect CD8+ T cell Numbers or IFN-γ Production
During the Primary T cell Response

Studies using the Lm model system have revealed that immunization strategies using heat-
killed (HKLM) or LLO(−) Lm results in sub-optimal primary CD8+ T cell responses
characterized by decreased numbers of CTL and diminished IFN-γ production compared with
WT Lm immunization which is known to generate protective immunity (51-54). Surprisingly,
the same defects observed in primary CD8+ T cell responses elicited by HKLM and LLO-
Lm were also observed in secondary CD8+ T cell responses, suggesting that if primary CD8+
T cell responses do not reach a certain activation threshold this may result in the suboptimal
generation of memory CD8+ T cells and ultimately their inability to confer protective immunity
(53). Further examination of the innate immune responses in vivo revealed that diminished DC
maturation (costimulatory molecule upregulation and cytokine production) induced by HKLM
or LLO- Lm may account in part for the decrease in T cell response and resulting lack of
protection (52). Since IL-12 and IL-23 are produced by Lm-infected mature DC, and are known
to be important modulators of T cell responses, we next wanted to determine if primary
responses were compromised in the absence of DC-derived IL-12 and IL-23 delivered during
vaccination. In order address this question, we monitored T cell responses (total number of
OVA-specific CD8+ T cells, and IFN-γ production) at the peak of the T cell response (day 7)
after vaccination of the p40−/− mice with WT, p35−/−, or p40−/− DC. We observed that
expansion of CD8+ T cells was not affected by the absence of IL-12 and IL-23 during priming,
indicated by similar total numbers of OVA-specific cells (mean = 8 × 106/mouse) on day 7 in
all DC vaccination strategies in the spleen (Fig. 5C). Surprisingly, the numbers of IFN-γ
producing, OVA-specific CD8+ T cells were not affected by the presence or absence of DC-
produced IL-12 or IL-23 (Fig. 5A and 5B). Although IL-12 has been shown by several
investigators to augment IFN-γ production and proliferation of CD8+ T cells, we postulate that
IL-12 and IL-23 produced exclusively by DC do not affect the expansion phase of the T cell
response. Instead, these cytokines appear to affect a later stage of the immune response,
ultimately impacting the number of memory cells maintained.

4. Discussion
The members of the Interleukin-12 cytokine family, specifically IL-12 and IL-23, are known
to impact T cell responses in distinct ways, reviewed in (13,14). Dendritic cells, thought to be
critical for priming of T cell responses, are also known to produce these cytokines in response
upon infection with bacteria (our paper and another on Il-23 from DC). However, it remains
to be determined if these cytokines provided exclusively by DC are sufficient to regulate the
number and functional profile of the primary, secondary, or memory T cell response. Here, we
report that IL-12 and IL-23 produced exclusively by DC are key to the development of
protective T cell responses against Listeria monocytogenes. Intriguingly, our results reveal that
although the cells producing IL-12 or IL-23 are present only during the initiation of the primary
response (in the form of DC vaccination) these cytokines have a profound effect on the
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secondary and memory responses as well. Furthermore, in the absence of IL-12, IL-23 can play
a compensatory role, enhancing the localization of Lm-specific T cells to non-lymphoid organs
such as the liver.

Most pathogens contain multiple TLR agonists, and during infection with virulent pathogens,
multiple inflammatory cytokines and chemokines are often produced. If the pathogen is a potent
inducer of inflammation and elicits a broad cytokine response (IFN-γ, IFN α/β, TNF-α, and/
or IL-12/23), the redundant activities in this broad response could mask the individual activities
of each cytokine (55). Therefore, the role of specific cytokines such as IL-12 vs. IL-23 may be
more readily discerned under conditions of less extensive inflammation (such as immunization
with attenuated pathogens or DC vaccination) (45). These types of studies are particularly
important for the continued improvement of vaccines, since they are designed to generate the
desired T cell response without extensive inflammation.

There is mounting evidence to suggest that high level inflammatory cytokine production (IL-12
and IFN-γ in particular) during primary responses can delay the generation of memory CD8+
T cells (2,7,8,36,37,56). In conditions under which inflammation is attenuated including live
Lm infection followed by antibiotic treatment, DC vaccination, and in IL-12 deficient (p35−/
−) mice, T cells with the characteristics of memory cells are detectable at earlier timepoints or
at higher frequency following infection or immunization (11,35-37,45,57,58). Another related
study has demonstrated that high level IL-12 production during primary responses increases
the number of short-lived effectors cells (SLEC) that develop during this phase of T cell
activation (34). More recent studies however, have demonstrated that IL-12 does not alter the
generation of memory precursor effector cells (MPEC) (7,37). In addition, several reports have
observed that IL-12 enhances the generation and function (increased secondary expansion upon
antigen reencounter) of memory CD8+ T cells (12,59,60). Together, these studies highlight
the importance of IL-12 in memory cell generation, but the nature of the effect may be
modulated based on the relative intensity of the overall inflammatory response. The data from
our study, along with previously published work, suggests that IL-12 and IL-23 produced by
dendritic cells augment protective CD8+ T cell responses when inflammation is limiting and
the only source of the cytokine is the DC. However, if inflammation is robust (i.e. infection
with virulent pathogens) other cytokines may compensate for the lack of IL-12 and IL-23 in
the generation of CD8+ T cell mediated protective immunity.

A major difference between our study and the previous studies examining the role of IL-12
and IL-23 on CD8 T cell memory, was the experimental approach. In the current study we
vaccinated mice lacking IL-12 and IL-23 (p40−/−) with DC either expressing or lacking these
cytokines. Thus, naïve CD8+ T cells could only receive these cytokines from the DC we
vaccinated with or not at all. Using this system, we were able to determine how a transient
exposure to IL-12 and/or IL-23 effected memory T generation, secondary T cell responses,
and protective immunity in vivo. Specifically, we have concluded that both IL-12 and IL-23
are important in the generation of memory CD8+ T cells, under conditions where inflammation
is not robust. Our results revealed that in the absence of IL-12, IL-23 could augment memory
CD8+ T cell responses, indicating a previously unrecognized compensatory role for this
cytokine. However, if neither cytokine was present (in p40−/− DC vaccination), the mice were
significantly less protected upon challenge than those vaccinated with p35−/− or WT DC.

In addition to augmenting the number of memory CD8+ T cells, IL-23 enhanced secondary
responses in the liver upon challenge (Fig. 3). Interestingly, the increased number of memory
CD8+ T cells observed in the presence of IL-23 was not the result of enhanced T cell expansion
during the primary response (Fig. 5). Therefore, we hypothesize that IL-23 may enhance the
survival of T cells during contraction, increase the survival of memory cells, or increase the
rate of homeostatic proliferation of these cells resulting in the larger memory pool. It especially
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intriguing that we observed a striking effect of IL-23 on the number of secondary effector cells
in the liver than in the spleen upon challenge (Fig. 4). These data suggest that IL-23 may impact
the homing of T cells to lymphoid vs. non-lymphoid organs. Support for this notion is provided
by a recent study demonstrating that IL-23 is required for the production of IL-17 and
recruitment of PMN to the liver upon Lm infection (61). Likewise, a recent study focused on
the chemokines CCL19 and CCL21, indicates that the capacity of T cells to migrate in an EAE
model is dependent not on these CCR7 ligands, but CCR7-dependent induction of IL-23
(62). Thus, we are only beginning to appreciate the role of IL-23 in determining the migratory
fate of T cells.

Our study taken together with current literature, collectively support a model in which IL-12
and IL-23 serve as rheostats, translating the severity of an infection and influencing the resultant
level of response (2,7,8,11,32,34,36,56,59,60,63). If IL-12/23 is abundant, memory generation
is delayed in favor of the generation of SLECs with the intent of resolving the infection.
However, if these cytokines are present in low amounts, SLEC formation is reduced, and more
cells are committed to the generation of memory CD8+ T cells. We have identified a previously
unrecognized role for IL-23 in increasing CD8+ T cell mediated immunity particularly in the
absence of IL-12. Thus, these cytokines remain important targets for consideration in the design
of vaccines aimed at generating protective CD8+ T cell responses.
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Fig. 1.
Survival of lethal Lm challenge is augmented by IL-12 and IL-23 delivered by DC during
vaccination. p40−/− mice were immunized with WT, p35−/−, or p40−/− DC. Forty days post
vaccination mice were challenged with a lethal dose of Lm-OVA. Survival (A) and weight loss
(B) were monitored over two weeks in the challenge mice (N=5/group). Statistical analyses
were performed using a Student’s t-Test with the WT DC vaccinated group serving as the
positive control.
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Fig. 2.
DC-produced IL-12 and IL-23 augment secondary CD8+ T cell responses in the liver of
challenge mice. Mice vaccinated as described were challenged with 1 LD50 of Lm-OVA forty
days post immunization. CD8+ T cell responses were determined in the spleen and liver on
day 3 post challenge. The number of OVA-specific CD8+ T cells in the liver (A) and spleen
(B and D), and the function of these T cells isolated from the spleen (C and E) were determined
via FACs analysis after surface and intracellular cytokine staining. Statistical analyses were
performed using a Student’s t-Test with the WT DC vaccinated group serving as the positive
control.
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Fig. 3.
IL-12 and IL-23-enhanced resistance to Lm which is also evident at lower challenge doses. p40
−/− mice were immunized with WT, p35−/−, or p40−/− DC. Forty days post vaccination mice
were challenged with 1 LD50 of Lm-OVA. Lm-OVA colonization of the liver (A) and the spleen
(C) were determined on day 3 post-challenge. The percentage of mice that had cleared Lm-
OVA from the liver (B) and spleen (D) was determined by the following formula: (# of mice
with no detectable bacteria/# of mice with detectable bacteria) x 100.
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Fig. 4.
Memory CD8+ T cell development is compromised in the absence of IL-12 and IL-23. Mice
were vaccinated as described and forty days post-immunization CD8+ T cell responses were
assessed in the spleen and liver. The number of OVA-specific CD8+ T cells in the spleen and
liver (A and B), and the function of these T cells isolated from the spleen (C and D) were
determined via FACs analysis after surface and intracellular cytokine staining. Statistical
analyses were performed using a Student’s t-Test with the WT DC vaccinated group serving
as the positive control.
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Fig. 5.
Primary CD8+ T cell responses are not augmented by the presence of DC-produced IL-12 and
IL-23. Mice were vaccinated as described and 7 days post-immunization CD8+ T cell responses
were determined in the spleen. The number of OVA-specific CD8+ T cells (C), and the function
of these T cells isolated from the spleen (A and B) were determined via FACs analysis after
surface and intracellular cytokine staining. Statistical analyses were performed using a
Student’s t-Test with the WT DC vaccinated group serving as the positive control.
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