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SUMMARY
The degree of lineage stability achieved by pathogen-specific CD4+ T cells in vivo, and how this
impacts host defense against infection, remains unclear. We demonstrate that in response to Th1-
polarizing intracellular bacterial or viral pathogens, only 80–90% of responding polyclonal T cells
become indelibly committed to this lineage. Th1 commitment was nearly invariant in cells that
proliferated extensively, but perturbations to the extrinsic cytokine milieu or the pathogen’s ability
to enter the cytosol impeded commitment and promoted plasticity for future IL-17 expression.
Conversely, cell intrinsic interferon-γ expression and acquisition of permissive chromatin at the
Ifng gene during priming predicted heritable Th1 commitment. Importantly, CD4+ T cells that
retained plasticity conferred protection against M. tuberculosis, while these protective effects were
abolished with Th17 polarization. These findings illustrate the immune signals that induce
memory CD4+ T cell responses required for maintaining host defense against infection yet are
adaptable in novel environmental contexts.

INTRODUCTION
On initial encounter with cognate antigen, naïve CD4+ T cells proliferate and differentiate
into one of several helper subsets. Th1 cells produce interferon-γ and IL-2 and help to
combat infection by intracellular pathogens; Th2 cells promote the clearance of multicellular
helminths by producing IL-4, IL-5 and IL-13; Th17 cells produce IL-17a, IL-17f, IL-21,
IL-22, and (in humans IL-26) and help to protect against extracellular bacteria and fungi,
particularly at epithelial surfaces (Zhu and Paul, 2008; Curtis and Way, 2009). T follicular
helper lineage, specialized in providing help for B cells, has also been recently proposed
(Silver and Hunter, 2008; Vogelzang et al., 2008; Nurieva et al., 2008). Given the
specialized role of helper T cells in host defense, stable commitment to each defined helper
lineage would ensure recall of qualitatively similar responses upon subsequent re-infection
with the same pathogen.
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The paradigm of T helper (Th) cell lineage commitment originated from studies showing
that when naïve mouse CD4+ T cells are cultured in Th1 or Th2 polarizing conditions in
vitro, irreversible helper lineage commitment occurs by the fourth cell division and is
associated with silencing of cytokines and transcription factors specific to the opposing
helper lineage (Grogan et al., 2001; Mullen et al., 2001). However, the applicability of these
results where CD4+ T cells are stimulated by lineage-inducing cytokines in the presence of
neutralizing antibodies to lineage-opposing cytokines in vitro to conditions when T cells are
primed in vivo is uncertain.

In this regard, recent studies suggesting greater diversity and plasticity of helper cell
phenotypes have brought into question the Th cell paradigm of heritable lineage
commitment (O’Shea et al., 2008; Reiner et al., 2007). For example, human Th1 and Th2
clones can produce lineage-inappropriate cytokines when stimulated in opposite polarizing
conditions (Messi et al., 2002). In the mouse, sustained Th1 immunity against Leishmania
major and Toxoplasma gondii is unstable without continuing exposure to IL-12 (Park et al.,
2000; Stobie et al., 2000; Yap et al., 2000), while in vitro-derived Th17 cells require
continual TGF-β to maintain IL-17 and repress IFN-γ production and revert to a colitis-
inducing Th1 phenotype following adoptive transfer into RAG-deficient mice (Lee et al.,
2009; Nurieva et al., 2009). Similarly, memory Th cells generated in vivo by immunization
with polarized dendritic cells readily produce cytokines associated with other lineages when
stimulated in opposite polarizing conditions, while in vitro-derived Th2 cells gain the ability
to produce Th1 upon challenge in vivo with LCMV (Krawczyk et al., 2007; Lohning et al.,
2007). Based on these results, the immune signals that dictate stability versus plasticity of
pathogen-specific CD4+ T cell differentiation in vivo, and how these changes dictate host
defense against secondary infection, require re-evaluation.

To address this question, we examined the stability of cytokine production by antigen-
specific memory Th cells generated during highly Th1-polarizing intracellular bacterial
(Listeria monocytogenes, Lm) or viral (lymphocytic choriomeningitis virus, LCMV)
infections. Our results show that CD4+ T cell replication during priming created a context
permissive to Th1 commitment, and that perturbations of exogenous type 1 innate immune
cytokine signals arising either from mutations affecting the host or the pathogen’s
intracellular lifestyle eroded commitment. Expression of Il17a and Il17f by effector CD4+ T
cells during priming predicted plasticity for IL-17 production during memory, whereas
robust expression of IFN-γ and acquisition of permissive histone modifications at the Ifng
promoter during priming predicted the silencing of IL-17 and stable Th1 commitment. Using
adoptively transferred cells with specificity against the protective Ag85B protein in M.
tuberculosis (MTb) (Tamura et al., 2004), we further demonstrate that CD4+ T cells that
retain plasticity also maintain protection against MTb, while stimulation under Th17
polarizing conditions prior to transfer eliminated these protective effects. Together, our
findings indicate the events that occur during CD4+ T cell priming, including the stimulation
by inflammatory cytokines and other cell intrinsic and stochastic factors, result in a
polyclonal memory response in which the majority of cells are heritably committed to the
Th1 lineage, while a fraction have acquired the capacity to readily express IFN-γ yet
retained the capacity to express IL-17 in the future. As a result, a cadre of committed Th
cells able to quickly iterate the effector functions instructed by the priming environment was
retained in memory, while the plasticity to adapt to novel environmental conditions that
might be encountered in the future was achieved on a population basis.

Curtis et al. Page 2

Cell Host Microbe. Author manuscript; available in PMC 2011 August 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
Innate Immune Cytokines Coordinately Instruct Th1 Commitment

The cytokines IL-12, type I IFNs (IFN-αβ), and IFN-γ are each triggered early after Lm
infection (Tripp et al., 1993; Nakane et al., 1984; Leber et al., 2008; Kaufmann et al., 1983).
In addition to innate host protection, these cytokines also drive the development of
pathogen-specific cytotoxic CD8+ T cells and Th1 helper CD4+ T cells. Consequently, mice
with combined defects in both IL-12 and type-I IFN signaling, but not mice lacking just one
of these signals, develop Lm-specific CD4+ T cells with a mixed Th1/Th17 phenotype when
interrogated directly ex vivo (Orgun et al., 2008). Whether this phenotype is stable to
environmental perturbation or more reflects differentiation plasticity is unknown.

To address these questions, we infected mice deficient in type-I IFN signaling and
IL-12/23p40 (IFNAR-p40 double knockout [DKO] mice) or type-I IFN and IL-12 signaling
(IFNAR-IL12Rβ2 DKO mice) with LmΔactA-Ova. LmΔactA-Ova escapes from the
phagosome, invades the cytosol, and induces type 1 immune responses but is attenuated due
to its inability to polymerize host cell actin. Unlike wildtype (WT) Lm, LmΔactA-Ova is not
lethal in the DKO mice. Furthermore, because bacterial numbers in the liver and spleen are
similar in the first days after infection and are cleared soon thereafter in DKO and WT mice,
antigen load is equalized (Orgun and Way, 2008). To compare the response induced by WT
Lm-OVA and LmΔactA-Ova, we infected WT mice and evaluated memory CD4+ T cells 28
days later. The percentage of cells producing IFN-γ and IL-17 in response to stimulation
with cognate LLO189-201 peptide directly ex vivo and after stimulation and culture under
various conditions in vitro for 5 days did not differ between mice infected with these two
strains of Lm (Figure S1). Given that LmΔactA-Ova induces a similar immune response to
WT Lm-Ova, all subsequent experiments were performed using LmΔactA-Ova.

The patterns of cytokine production by splenocytes harvested 28 days following infection
and then stimulated with LLO189-201 peptide directly ex vivo were similar to the patterns we
previously observed for day 8 effector cells from these mice (Orgun et al., 2008). Most
responding memory CD4+ T cells from WT mice produced IFN-γ plus IL-2 and TNF-α but
not IL-17 (Figure 1A, Figure S2). This was also true for cells from IFNAR KO, IL-12Rβ2
KO, or p40 KO mice (data not shown). By contrast, memory CD4+ T cells producing IL-17
were detected in IFNAR-IL12Rβ2DKO and IFNAR-p40 DKO mice, indicating that the
mixed Th1 plus IL-17 phenotype of effector cells from these mice was propagated into
memory.

To determine the plasticity of these memory responses, ex vivo splenocytes were stimulated
in neutralizing (Tn), Th1, or Th17 conditions or media alone (Th0) for 5 days, and cytokine
production reassessed after stimulation with LLO189-201 peptide (Figure 1B, Figure S2). The
patterns of cytokine production observed directly ex vivo were maintained in Th0 conditions
for cells primed by LmΔactA in each type of mice and in Tn conditions for WT mice.
However, the percentage of cells producing IL-17 or IL-17 plus IFN-γ increased
significantly in Tn compared to Th0 conditions for those recovered from IFNAR-IL12Rβ2
DKO and IFNAR-p40 DKO mice (p<0.01). In Th17 conditions, the fraction of cells from
IFNAR-IL12Rβ2 DKO and IFNAR-p40 DKO mice producing IL-17 alone or IL-17 plus
IFN-γ increased further (p<0.0001), and such cells, though in substantially smaller
percentages, were observed in WT mice (Figure 1B). Conversely, in Th1 conditions,
production of IL-17 by CD4+ T cells was abolished and IFN-γ production increased in
IFNAR-p40 DKO mice but not in IFNAR-IL12Rβ2 DKO mice, which are refractory to
IL-12 signaling. The relative abundance of cytokines in the 10 and 72 hr culture
supernatants of re-stimulated cells (Figure S3) generally paralleled the findings obtained by
flow cytometry, with 72-hour supernatants demonstrating greater differences between the
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WT and DKO mice. Cells producing IL-4 were not detected under any of these conditions or
under Th2 conditions (data not shown).

Thus, the strong Th1 and mixed Th1 plus IL-17 responses induced by Lm infection in WT
mice and the IFNAR-IL12Rβ2 DKO and IFNAR-p40 DKO mice, respectively, were
heritable in the absence of alterations in the cytokine milieu. A fraction (10–20%) of
memory cells from WT mice retained the ability to express IL-17 under Th17 conditions,
though most did not. By contrast, the majority of cells from IFNAR-IL12Rβ2 DKO and
IFNAR-p40 DKO mice retained functional plasticity.

Replication plays a permissive role in Th1 lineage commitment
What might account for the inability of 10–20% of memory cells from WT mice to heritably
silence IL-17? Heritable silencing of lineage-inappropriate cytokines in Th1 and Th2 cells is
not consistently achieved even in strong polarizing conditions in vitro before the fourth cell
division (Grogan et al., 2001; Mullen et al., 2001). Therefore, it is possible that the LLO-
specific memory cells that had not silenced IL-17 represent Th cells that had not undergone
the requisite 4 cell divisions. To address this possibility, CD4+ T cells from P25 T cell
receptor (TCR) transgenic mice with specificity for the Ag85B240-254 peptide of MTb were
purified from naïve mice, labeled with CFSE and adoptively transferred into WT recipients,
which were infected 24 hours later with recombinant Lm engineered to express Ag85B
(LmΔactA-Ag85B). All of the transferred cells divided ≥5 times by day 7 (Figure 2A).
Donor-derived memory P25 cells harvested at day 28 efficiently produced IFN-γ plus IL-2
and TNF-α but not IL-17 in response to stimulation with cognate peptide directly ex vivo
(Figure 2B). To determine the relative stability of this Th1 differentiation program, cells
were stimulated in Th0, Tn, Th1 or Th17 conditions for 5 days and cytokine production
reassessed after re-stimulation with cognate peptide. We found >85% of the memory T cells
produced IFN-γ regardless of the culture conditions (Figure 2C, Figure S4). The only
deviation was observed for cells cultured in Th17 conditions, where a small fraction (range
1–3%) of cells also produced IL-17. By contrast to these memory T cells primed by Lm
infection in vivo, naïve CD4+ T cells readily adopted the cytokine profile appropriate for the
specific culture conditions (Figure 2C). Thus, when naïve CD4+ T cells divided >4 times in
vivo in response to Lm infection, they, like cells generated in Th1 cell-polarizing conditions
in vitro, became heritably committed to the Th1 lineage. These findings suggest that the
dominant factor responsible for the incomplete silencing of IL-17 by 10–20% of the Lm-
LLO-specific Th1 cells generated from endogenous, polyclonal naïve progenitors in WT
mice (Figure 1) was not their environment or inability to commit, but the absence of
sufficient numbers of cell divisions.

To determine the generality of these findings, similar experiments tracking the stability of
CD4+ T cell differentiation after infection with LCMV were performed. CD4+ T cells from
SMARTA TCR Tg mice with specificity for LCMV glycopeptide GP61-80, were transferred
into WT recipients and their cytokine production tracked after infection with the Armstrong
strain of LCMV. All SMARTA CD4+ T cells divided ≥4 times by day 7 post-infection
demonstrated by the absence of detectable CFSE (Figure 2A). When harvested 28 days after
infection, memory SMARTA CD4+ T cells produced IFN-γ plus IL-2 and TNF-α but not
IL-17 in response to stimulation with cognate peptide directly ex vivo (Figure 2B, Figure
S4). When cultured with cognate peptide for 5 days in different polarizing conditions, they
responded similarly to T cells primed in response to Lm—more than 85% produced high
levels of IFN-γ in all conditions, and only under Th17 conditions did a small fraction (1–
3%) also produce IL-17 (Figure 2C, Figure S4). Together, these results indicate that when
numbers of cell divisions are not limiting, Lm and LCMV infections both induce heritable
Th1 lineage commitment.
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Exogenous type 1 cytokines are critical inducers of Th1 lineage commitment
We next sought to determine whether type 1 innate immune cytokines remained essential for
heritable commitment when numbers of cell divisions were no longer limiting. CD4+ T cells
from P25 TCR Tg mice were transferred into WT and IFNAR-p40 DKO recipients that were
then infected with LmΔactA-Ag85B. In each type of recipient, the transferred T cells
divided ≥5 times by day 7 (Figure 3A) and accumulated to a similar degree by day 28 (data
not shown); more than 60% of memory P25 cells recovered from each recipient mouse
produced IFN-γ directly ex vivo, and after they were activated and cultured for 5 days in
vitro, regardless of the culture conditions (Figures 3Band C , Figure S5). However, when
cells from the IFNAR-p40 DKO recipients were cultured in Tn conditions a population of
cells producing IL-17 plus IFN-γ emerged (p<0.003), as did cells producing IL-17 without
IFN-γ (p<0.002); these percentages were further amplified under Th17 conditions
(p<0.0005). By contrast, <3% of cells from WT recipients produced IL-17 even under Th17
conditions. These results indicate that while heritable IFN-γ production is substantially
maintained in the absence of type I IFNs and IL-12/23p40, silencing of IL-17 production
and thus Th1 commitment is compromised.

Type I IFNs and IL-12 induce NK cells to produce IFN-γ during the innate immune
response to Lm (Orgun et al., 2008), and NK cell-derived IFN-γ may promote Th1
commitment. However, when P25 cells were transferred into IFN-γ KO recipients, they
proliferated during the acute infection and developed into memory T cells whose cytokine
production pattern was indistinguishable from WT recipients (Figure 3). These findings
indicate that the increase in IL-17 producing cells observed in IFNAR-p40 DKO recipients
was not attributable to impaired production of innate IFN-γ.

Entrance of Lm into the cytosol is required for heritable Th1 commitment
Entry of Lm into the cytosol activates an array of pathogen pattern recognition receptors
(Kobayashi et al., 2005; Herskovits et al., 2007; Stetson and Medzhitov, 2006) and is
required for the efficient induction of type 1 innate inflammatory cytokines, including type-I
IFNs, IL-12, and IFN-γ (O’Riordan et al., 2002; Kang et al., 2008; Hara et al., 2008).
Having found that Th1 commitment is impaired in mice with deficits involving these
cytokines, we next sought to determine whether an Lm that cannot invade the host cell
cytosol—and thus does not alert the innate immune system to the presence of an
intracellular pathogen—would have a similar effect. We generated a recombinant Ag85B-
expressing Lm in a parental bacterial strain deficient in listeriolysin O (LLO) and
phospholipases C (PLC) that does not escape from the phagosome into the cell cytoplasm
and therefore does not trigger type I IFN and IL-12 production (O’Riordan et al., 2002;
Kang et al., 2008; Hara et al., 2008). Using LmΔLLO/ΔPLC-Ag85B, which we will refer to
as vacuolar Lm, and LmΔactA-Ag85B, which we will refer to as cytosolic Lm, we
examined how Lm entry into the cell cytoplasm and the distinct inflammatory cytokine
environment this process elicits dictates the pathogen-specific CD4+ T cell response to the
surrogate Ag85B antigen. Given the higher degree of in vivo attenuation of vacuolar
compared with cytosolic Lm, we used a 100-fold higher inoculum of vacuolar Lm, which
results in similar numbers of cytosolic and vacuolar Lm in the spleens and livers of mice at
24 hours (Orgun and Way, 2008). In response to infection with vacuolar Lm, adoptively
transferred P25 cells readily diluted CFSE, and this occurred with similar kinetics compared
with the response following cytosolic Lm infection (compare Figure 4A and Figure 3A).
However, when the response of memory Th cells was assessed directly ex vivo 28 days post-
infection, 5–10-fold fewer P25 cells primed with vacuolar Lm compared with cytosolic Lm
in WT mice produced IFN-γ (p<0.0001) and a larger fraction produced IL-2 but not IFN-γ
(p<0.001) (compare Figure 4B and Figure 3B, and Figures S5 and S6). In stark contrast to
memory P25 cells from mice primed with cytosolic Lm, memory cells from mice primed
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with vacuolar Lm produced IL-17 plus IFN-γ after activation in Th0 conditions, and the
frequency of these cells increased progressively in Tn and Th17 conditions. But unlike naïve
CD4+ T cells cultured in these conditions (Figure 2C), the majority of vacuolar Lm-primed
memory cells produced IFN-γ when cultured under Th0, Tn, and Th1 conditions, and under
Th17 conditions cells producing IFN-γ only, IL-17 only, or IFN-γ plus IL-17 were evident.
These results demonstrate that the majority of memory Th cells in mice infected with
vacuolar Lm had become biased towards the production of IFN-γ (producing this cytokine
when cultured under any of these conditions), but unlike committed Th1 cells induced by
cytosolic Lm, this bias was unstable and could be repressed or amplified, depending on the
cytokine milieu. When these experiments were repeated using IFN-γ KO rather than WT
mice as recipients, the Th1 bias and commitment were further eroded (Figure 4, Figure S6).
Thus, in the absence of cytosolic entry by Lm, exogenous innate IFN-γ was no longer
redundant for Th1 commitment, and memory Th cells with considerable plasticity in regard
to IFN-γ and IL-17 expression were induced.

P25 CD4+ T cells primed by vacuolar Lm confer protection against MTb
The emergence of cells producing IFN-γ plus IL-17 in response to vacuolar Lm infection
suggests that memory CD4+ T cells can emerge in vivo following multiple rounds of cell
division that are biased towards the production of IFN-γ yet incompletely committed to the
Th1 lineage because they retain the capacity to express IL-17. To identify the potential
significance of CD4+ T cell plasticity primed by vacuolar Lm on host defense, memory P25
cells from mice primed 28 days previously with vacuolar Lm were FACS purified and
adoptively transferred into naïve B6 mice that were subsequently infected by aerosol with
virulent MTb. In comparison with control mice that did not receive cells, recipients of
“plastic” P25 cells (vacuolar Lm-primed memory cells cultured under Tn conditions)
contained significantly reduced (>70-fold) numbers of recoverable MTb CFUs (Figure 5).
By contrast, these protective effects were eliminated for the same P25 cells primed by
vacuolar Lm and cultured under Th17 conditions prior to adoptive transfer. Interestingly, co-
transfer of Th1 cells (cytosolic Lm-primed memory cells cultured under Tn conditions)
(Figure 2C) with Th17-polarized P25 cells (vacuolar Lm-primed memory cells cultured
under Th17 conditions) restored the level of protection comparable to that conferred by
“plastic” P25 cells (Figure 5). Consistent with the previous demonstration that optimal
protection against mucosal MTb infection in immunized mice requires a mixed Th1/Th17
response (Khader et al., 2007), these results confirm that a plastic or mixed Th1/Th17
response confers protection against MTb while a more Th17-polarized response is not
protective.

Previous expression of Ifng predicts Th1 commitment by memory cells
Although IL-17 producing Th17 CD4+ T cells represent a defined cell lineage distinct from
IFN-γ producing Th1 CD4+ T cells, Th17 cells retain the capacity to express IFN-γ even
after 4 weeks in polarizing cultures unless constantly exposed to TGF-β, whereas no such
flexibility was detected in Th1 cells generated in parallel (Lee et al., 2009; McGeachy and
Cua, 2008). Interestingly, memory P25 cells producing IFN-γ plus IL-17 were consistently
much more frequent than cells producing only IL-17 in WT and IFN-γ KO mice infected
with vacuolar Lm and in IFNAR-p40 DKO mice infected with cytosolic Lm. This finding
suggested that the capacity to produce both of these cytokines either arose concomitantly or
that some IFN-γ-producing memory cells had not silenced and later expressed IL-17. To
address these possibilities, we inter-crossed P25 TCR transgenic mice to IFN-γ-YFP
reporter (Yeti) mice (Stetson et al., 2003), and used cells from these mice to trace the origin
of cells capable of making both cytokines. In Yeti mice, cells that have previously produced
IFN-γ continue to produce YFP protein, which is translated from an internal ribosomal entry
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site, even after the production of IFN-γ protein has ceased. Thus YFP expression is a durable
marker that denotes previous production of IFN-γ by these cells.

P25 x Yeti CD4+ T cells were transferred into WT recipients, which were infected with
cytosolic or vacuolar Lm 24 hours later. When assessed on day 28, the majority (65–70%) of
memory cells that had been primed with cytosolic Lm expressed YFP, whereas only 3–4%
of memory cells primed with vacuolar Lm expressed YFP (Figure 6A). Following
stimulation with cognate peptide directly ex vivo, nearly all IFN-γ-producing cells from mice
primed with cytosolic Lm were YFP+, but only ~50% of IFN-γ-producing cells from mice
primed with vacuolar Lm were YFP+ (Figure 6A,B), suggesting reduced or more labile Th1
commitment in this context. To address this possibility, YFP+ and YFP− cells were purified
by FACS to more than 95% purity, stimulated under Th0 or Th17 conditions, then
restimulated with cognate peptide; due to the low frequency of YFP+ cells primed during
vacuolar Lm infection, we were unable to sort this population in sufficient purity and
numbers to accurately assess Th1 commitment. In Th0 conditions, the vast majority of cells
from each of these populations produced IFN-γ (Figure 6C). When cells from the YFP+
population of mice infected with cytosolic Lm were cultured under Th17 conditions, strong
IFN-γ production was maintained and IL-17 was silenced in all but a very small fraction
(<3%) of cells, representing either the progeny of rare, truly YFP+ cells or an occasional
YFP− cell not removed from this population by cell sorting. In contrast, IFN-γ production
was markedly repressed and cells producing IL-17 plus IFN-γ or IL-17 alone were readily
induced when the YFP− populations were cultured in Th17 conditions, with this shift in
cytokine production being more marked for the YFP− population from mice infected with
vacuolar Lm compared to cytosolic Lm. Thus, expression of Ifng during priming predicted
heritable IL-17 silencing and Th1 commitment by memory CD4+ T cells.

Ifng and Il17 expression and chromatin modifications in effector cells predict future Th1
heritability vs. plasticity

To further explore cell-intrinsic epigenetic changes during priming that predicted future T
helper cell heritability or plasticity, we analyzed P25 cells at the peak of T cell expansion
(day 7) after infection with either cytosolic or vacuolar Lm. Similar to what was observed
with memory cells, cytosolic Lm induced a much greater fraction of P25 cells that were YFP
+ directly ex vivo and produced IFN-γ following re-stimulation compared with effector cells
from mice infected with vacuolar Lm (Figure 7A, B). By contrast, a greater percentage of
effector cells from mice infected with vacuolar Lm produced IL-2 or TNF-α in the absence
of IFN-γ (Figure 7B). Consistent with these findings, when we purified cells from these
mice based on YFP expression and used RT-PCR to enumerate relative mRNA abundance
for the transcripts that encode these cytokines, we found that the YFP− cell populations
from mice infected with cytosolic or vacuolar Lm had significantly reduced expression of
Ifng mRNA (cytosolic: p<0.01; vacuolar: p<0.006) compared to the YFP+ population from
mice infected with cytosolic Lm (Figure 7C). Moreover, the YFP− cell populations
expressed more Il17a and Il17f mRNA directly ex vivo, whereas YFP+ cells from mice
infected with cytosolic Lm did not express Il17f above background and had lower amounts
of Il17a than the YFP− cell populations. None expressed detectable amounts of Il4 mRNA.

Epigenetic processes, including post-translational modifications of histones, help to assure
the heritability of cell fate decisions, including Th cell lineage commitment (Wilson et al.,
2009). To determine if epigenetic modifications during priming foretold differences in Th1
commitment vs. plasticity in memory CD4+ T cells, we performed chromatin
immunoprecipitation (ChIP) on these purified cell populations using antibodies to H3K4me2,
a mark of poised and active chromatin, or H3K27me3, a mark of repressed chromatin (Figure
7D). YFP+ cells from mice infected with cytosolic Lm exhibited a pattern of histone
modifications at the Ifng promoter most similar to that seen in Th1 cells generated in vitro—
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substantial H3K4me2 enrichment without enrichment for K3K27me3. Conversely, YFP−
cells from mice infected with vacuolar Lm had minimal H3K4me2 enrichment and greater
enrichment for H3K27me3 than seen in the other cell populations; findings in YFP− cells
from mice infected with cytosolic Lm were intermediate between those seen in the YFP+
cells from these mice and the YFP− cells from mice infected with vacuolar Lm. The Il17a
promoter was marked by permissive H3K4me2 in Th17 cells and by repressive H3K27me3 in
Th1 cells generated in vitro, but neither of these marks was substantially or consistently
above background in YFP+ or YFP− cells from Lm-infected mice. Thus, the ability of
memory CD4+ T cells generated in vivo to heritably iterate strong IFN-γ production and to
silence IL-17 even under Th17 conditions was foretold by strength of Ifng expression and of
permissive histone modifications acquired at the Ifng promoter and the paucity of Il17a and
Il17f expression during priming. Cells that expressed Il17a and IL17f but little Ifng during
priming–but nonetheless acquired permissive histone modifications at the Ifng promoter—
were primed to produce IFN-γ in the future, yet retained the plasticity to produce IL-17.

DISCUSSION
The degree whereby Th CD4+ T cells undergo committed differentiation into each defined
lineage after in vivo priming, and the functional consequences of lineage stability versus
plasticity on the protective potency of these cells against infection remains largely
undefined. Our studies on the polyclonal T cell response to cytosolic Lm in WT mice
demonstrated that while the majority of antigen-specific memory CD4+ T cells were
heritably committed to the Th1 lineage, 10–20% remained plastic and produced IL-17
(almost always in concert with IFN-γ) when exposed to Th17 conditions. The major factor
accounting for this residual population-based plasticity appeared to be heterogeneity in the
numbers of times cells had divided during the primary infection, because only 1–3% of
adoptively transferred Lm-specific cells, all of which had divided >4 times during priming,
exhibited such plasticity. Thus, proliferation was an important antecedent of Th1
commitment in vivo as it was shown previously to be in vitro (Grogan et al., 2001; Mullen et
al., 2001). Commitment at the single cell level was conditioned during priming by the
extrinsic cytokine milieu and by cell intrinsic cytokine production and chromatin
modifications.

Alterations to the inflammatory cytokine milieu, induced either by engineered mutations to
the host or to Lm, affected the differentiation of naïve CD4+ T cells and compromised the
degree of Th1 commitment even when cell division was not limiting. In hosts deficient in
either type-I IFN or IL-12 signaling, Th1 commitment was not compromised. However,
when both signals were missing, the memory response shifted from a heritable Th1 response
to a more plastic and mixed response in which cells produced IFN-γ, IL-17 or both these
cytokines. The endogenous memory Th cell response in IFNAR-p40 DKO mice exhibited
this shift (Figure 1), as did adoptively transferred IFNAR wildtype (Figure 3) or IFNAR
deficient (unpublished observations) memory Th cells in IFNAR-p40 DKO mice. These
results show that the essential functions of type-I IFNs in Th1 commitment were extrinsic to
the responding T cells.

A similar shift from a Th1 to a plastic and mixed Th1 and IL-17 response was observed
when mice were infected with mutant Lm that did not invade the cytosol. Absent entry into
the cytosol, vacuolar Lm resides within the phagosome and no longer efficiently induces the
type I innate immune cytokines that promote protection against intracellular pathogens.
Accordingly, our results demonstrate that CD4+ T cells primed by vacuolar Lm confer
significant reductions in MTb pathogen burden (Figure 5) and are consistent with the
primary residence of MTb within the phagosome of macrophage cells during in vivo
infection. Following aerosolized MTb infection, Th17 cells have been suggested to traffic to
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the site of infection first where they may acquire the capacity to produce IFN-γ and help to
recruit Th1 cells from the blood to control infection (Khader et al., 2007). Interestingly,
protection against MTb primed by Bacille Calmette-Guerin (BCG) is significantly enhanced
when engineered to express Listeriolysin-O (LLO) that allows entry into the cytoplasm of
host cells (Grode et al., 2005). Based on our results, we predict that cytosolic LLO-
expressing BCG, compared with regular BCG, would prime a more stable Th1 response.
Whether this change mechanistically dictates or contributes the increased protective efficacy
of this strain represents an important area for future investigation.

To gain a better understanding of the events occurring in the responding T cells during the
primary response that are later manifest in memory, we assessed cytokine expression and
chromatin modifications in effector cells. Heritable and robust IFN-γ production and loss of
the plasticity to express IL-17 even under future Th17 conditions was strongly correlated
with cell intrinsic expression of IFN-γ during priming. This correlation is consistent with the
observation that the IFN-γ receptor is recruited to the immunological synapse upon T cell
activation (Maldonado et al., 2008), which places this receptor where it can respond to
autocrine IFN-γ and thereby foster Th1 differentiation and heritable repression of IL-17.
Stable Th1 commitment was also associated with the acquisition of permissive histone
modifications at the Ifng promoter and lack of Il17a and Il17f expression during priming. It
is perhaps notable that IL-17 production was silenced in such cells even though the Il17a
promoter was not marked by repressive H3K27me3, unlike Th1 cells generated in vitro, in
which this modification was readily detected; silencing of IL-17 during Th1 commitment in
vivo may result from acquisition of H3K27me3 in amounts below those we could
reproducibly detect, at other regulatory elements or by other mechanisms. Conversely, cells
that expressed I17a and IL17f during priming retained the plasticity to produce IL-17 in the
future, suggesting that locus activation in primary effector cells promotes the potential for
future expression within those that persist as memory cells.

These results show that infection with an intracellular pathogen such as Lm induces a highly
skewed yet balanced polyclonal Th1 response in which the preponderance of CD4+ T cells
heritably commit to the Th1 lineage, while a fraction retain the plasticity to produce IL-17 in
response to future alterations in their environment. Why retain a measure of functional
plasticity at the population level? In addition to the protective roles described for MTb, it
may be advantageous for the immune system to retain the flexibility to recognize an
identical antigen but respond in accordance to shifts in the pathogen’s lifestyle. Candida
albicans represents an example where this plasticity appears to be of benefit—in its yeast
form, it initiates a Th1 response but in its hyphal form, it induces a Th17 response (Acosta-
Rodriguez et al., 2007). Furthermore, memory CD4+ T cells with the capacity to produce
multiple cytokines have also been implicated in providing enhanced protection against
pathogens like Leishmania major (Darrah et al., 2007).

In conclusion, our results show that Th1 commitment in vivo is dependent on cells
proliferating sufficiently in an environment where type 1 innate immune cytokines are not
limiting and is strongly promoted by T cell intrinsic production of IFN-γ during priming.
Plasticity reflects limitations in one or more of these events, stochastic factors and perhaps
other determinants, such as asymmetric cell division (Reiner et al., 2007). These findings
illuminate factors that vaccines will need to emulate if they are to induce stable, long-lasting
memory Th cell responses that are simultaneously resistant to deviation by pathogen evasion
tactics yet sufficiently adaptable to allow some memory cells to produce additional or
alternative cytokines when useful.
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EXPERIMENTAL PROCEDURES
Mice

C57BL/6, IL-12Rβ2 KO, IL-12/23p40 KO and IFN-γ KO mice on a B6 background were
purchased from The Jackson Laboratory. Type-I IFN receptor-deficient (IFNAR KO) mice
backcrossed to B6 mice for 12 generations. IFNAR KO mice were intercrossed to IL12Rβ2
KO or IL-12/23p40 KO mice to generate IFNAR-IL12Rβ2 DKO or IFNAR-p40 DKO mice,
respectively. P25 TCR-transgenic (Tg) mice specific for the I-Ab MTb epitope
Ag85B240-254 (Tamura et al., 2004) and congenic for Ly5a were originally provided by Dr.
K. Takatsu (University of Tokyo). SMARTA TCR-Tg mice (Oxenius et al., 1998) specific
for the I-Ab LCMV epitope GP61–80 and congenic for Thy1.1 were obtained from Dr. C.
Surh (The Scripps Research Institute). IFN-γ reporter Yeti mice (Stetson et al., 2003) were
obtained from Dr. R.M. Locksley (University of California, San Francisco) and intercrossed
to the P25 TCR-Tg mice. Mice were housed in a specific pathogen free facility at the
University of Washington. All experiments were performed under IACUC approved
protocols.

Expression constructs and infections
Recombinant Lm expressing MTb Ag85b was constructed by amplifying the full-length
coding sequence from MTb genomic DNA using the primers 5′-
ggtaccgacgtgagccgaaagattcgag-3′ and 5′-gcatgcgccggcgcctaacgaactct-3′, which was TA
cloned into the topo2.1 vector, sequenced, and then cloned in-frame behind the promoter
and signal sequence for Lm-hly (N-terminus) and HA tag (C-term) in the gram-positive
expression vector pAM401; plasmids were verified by sequencing and used to electroporate
Lm strains DPL1942 (ΔactA) and DPL2319 (ΔLLO/ΔPLC) using previously described
methods (Orr et al., 2007; Park et al., 1990). Each of these strains was confirmed to express
Ag85B by Western blotting (not shown). For infection, Lm was grown and subcultured in
BHI containing chloramphenicol (10 μg/mL) to early log-phase (OD600 0.1), washed,
diluted in PBS to a final concentration of 1×106 CFUs/200μl (LmΔactA-85B) or 1×108

CFUs/200μl (LmΔLLO/ΔPLC-85B) and inoculated i.v into mice 24 hours after transfer of
P25 Tg+ CD4+ T cells. Lm-Ova and LmΔactA-Ova were prepared for infection using
methods described (Orgun et al., 2008). For LCMV infections, mice were infected i.p. with
2×105 PFU of LCMV (Armstrong strain) 24 hours after transfer of SMARTA Tg+ CD4+ T
cells as described (Kolumam et al., 2005). For MTb infection, the WT H37Rv strain was
infected in an aerosol infection chamber with 100 CFU deposited in the lungs of each mouse
as described (Scott-Browne et al., 2007).

Adoptive cell transfer and CFSE labeling
Naïve splenocytes harvested from TCR transgenic mice were stained with a cocktail of PE-
conjugated antibodies for B220, CD8, CD11b, CD11c, I-Ab, and NK1.1 (BD Pharmingen)
and purified by negative selection on a FACSAria (BD) to a purity of >85%. 5×104 purified
CD4+ T cells were transferred i.v. into recipient hosts. To track cell divisions, purified CD4+

T cells were labeled with 2 μM CFSE. Splenocytes were harvested at 48 hours or 7 days
after infection, and dilution of CFSE was analyzed by flow cytometry.

Cell culture, activation and functional analysis in vitro
I-Ab-restricted peptides LLO-2 (WNEKYAQAYPNVS), LCMV-GP P13
(GLNGPDIYKGVYQFKSVEFD) and MTb-Ag85B P25 (FQDAYNAAGGHNAVF) were
purchased from United Biochemical Research, Inc. (Seattle, WA). For in vitro polarization,
splenocytes were stimulated with peptide in Iscove’s modified Dulbecco’s medium
supplemented with 10% FBS, penicillin, streptomycin, gentamycin, and 50 nM 2-
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mercaptoethanol. Tn culture conditions included 10 μg/mL anti-IFN-γ (AMC4834;
BioSource), 10 μg/mL anti-IL-12 (AMC0122; Biosource), and 10 μg/mL anti-IL-4 (11B.11;
NCI Biological Resources Branch); Th1 culture conditions included 5 ng/mL recombinant
IL-12 (R&D Systems) and 10 μg/mL anti-IL-4; Th2 culture conditions included 50 ng/mL
recombinant IL-4 (R&D Systems), 50 μg/mL anti-IL-12 and 50 μg/mL anti-IFN-γ; Th17
culture conditions included 10 ng/mL recombinant IL-23 (eBioscience), 5 ng/mL rhTGF-β1
(R&D Systems), 20 ng/mL recombinant IL-6 (PeproTech), 10 μg/mL anti-IFN-γ, and 10 μg/
mL anti-IL-4. Cell populations were split on day 3 in fresh cIMDM plus cytokines. After 5
days in culture, cells were washed twice in cIMDM, plated in the presence of naïve
splenocyte feeder cells and stimulated for 5 hours in the presence of Brefeldin A (Golgi
Plug, BD Biosciences) for intracellular cytokine staining, or for 10 or 72 hours for
supernatant analysis. Direct ex vivo analysis of cytokine secretion was done in a similar
manner, with the exception that feeders were not added. Antibodies for flow cytometry were
purchased from BD Pharmingen or eBioscience. IL-17, IFN-γ, IL-4 and TNF-α
concentrations were analyzed using Luminex Beadlyte Mouse Multi-Cytokine Flex Kit
(Upstate) on the Bio-Plex System (Bio-Rad).

RT-PCR and ChIP
Effector P25 CD4+ T cells were generated by adoptive transfer as described above,
harvested on day 7, and sorted by YFP expression on a FACSAria (BD). 5×104 of each
population were purified, stimulated with PMA/ionomycin for 4.5 hours, and total cellular
RNA was extracted (Qiagen). SuperScript II RNase H Reverse Transcriptase (Invitrogen)
was used to create cDNA and transcript abundance was analyzed by RT-PCR using TaqMan
probes (Applied Biosystems) and the following primer sets: Ifng (Mm00801778_m1); Il17a
(Mm00439619_m1); Il17f (Mm00521423_m1); Il4 (Mm00445259_m1); Il22
(Mm00444241_m1); eukaryotic 18s ribosomal RNA. Alternatively, donor P25 cells were
purified based on YFP expression and microChIP was performed as previously described
(Dahl and Collas, 2008). Samples were analyzed by a SybrGreen-based quantitative PCR
reaction. Data are expressed as (specific IP- rIgG)/input normalized to total histone H3 to
account for differences in underlying histone density.

Statistics
The differences in percentages of cytokine producing cells and cytokine concentrations in
culture supernatants between groups of mice were evaluated by using the unpaired Student’s
t test (Graph Pad, Prism software).

HIGHLIGHTS

1. Cytokines IL-12 or type I IFNs are required for CD4+ Th1 differentiation
stability

2. Listeria cytoplasmic entry dictates CD4+ Th1 lineage differentiation stability

3. Listeria restricted to the vacuole prime a “plastic” mixed Th1/Th17 response

4. “Plastic” memory CD4+ T cells confer protection to Mycobacterium
tuberculosis

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Type-I IFNs and IL-12 contribute to Th1 stabilization among endogenous pathogen-
specific CD4+ T cells
A. Representative FACS plots demonstrating IFN-γ and IL-17 production by CD4+ T cells
from the indicated groups of mice. Splenocytes were harvested 28 days post-infection with
LmΔactA-OVA and stimulated for 5 hours with LLO189-201 peptide. B. Representative
FACS plots showing percent IFN-γ and IL-17 production by Lm-specific CD4+ T cells after
re-stimulation with LLO189-201 following culture in the indicated cell polarizing conditions
for 5 days.
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Figure 2. Pathogen-specific CD4+ T cells primed by Lm or LCMV are heritably committed to
the Th1 lineage
A. CFSE-labeled CD4+ T cells from P25 TCR or SMARTA TCR transgenic mice were
transferred into B6 control recipients that were subsequently infected with LmΔactA-85B or
LCMV, respectively. Histograms display number of cell divisions among donor CD4+ T
cells 7 days post-infection. B. Representative FACS plots indicating IFN-γ, IL-17, IL-2 and
TNF-α production by naive P25, or donor P25 or SMARTA CD4+ T cells recovered day 28
after infection and stimulation with cognate peptide directly ex vivo. C. Representative
FACS plots demonstrating IFN-γ and IL-17 production by donor P25 or SMARTA CD4+ T
cells following culture in the indicated conditions for 5 days and re-stimulation with cognate
peptide.
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Figure 3. Type-I IFNs and IL-12 promote Th1 commitment among adoptively transferred
pathogen-specific CD4+ T cells
A. CFSE-labeled CD4+ T cells from P25 TCR transgenic mice were transferred into B6
control (WT), IFNAR-p40 DKO, or IFN-γ KO recipients that were subsequently infected
with LmΔactA-85B. Histograms display number of cell divisions among adoptive
transferred CD4+ T cells 7 days post-infection. B. Representative FACS plots indicating
IFN-γ, IL-17, IL-2 and TNF-α production by P25 CD4+ T cells recovered day 28 after
infection and stimulation with cognate peptide directly ex vivo. C. Representative FACS
plots demonstrating IFN-γ and IL-17 production by P25 CD4+ T cells primed in vivo with
LmΔactA-85B following culture in the indicated conditions for 5 days and re-stimulation
with cognate peptide.
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Figure 4. Lm restricted from the cell cytoplasm primes pathogen-specific CD4+ T cells with
plasticity for IL-17 production
A. CFSE-labeled P25 CD4+ T cells were transferred into B6 control (WT) or IFN-γ-
deficient recipients and subsequently infected with LmΔLLOΔPLC-85B (vacuolar Lm).
Histograms display number of cell divisions among donor CD4+ T cells 7 days post-
infection. B. Representative FACS plots indicating IFN-γ, IL-17, IL-2 and TNF-α
production by P25 CD4+ T cells recovered day 28 after infection and stimulation with
cognate peptide directly ex vivo. C. Representative FACS plots demonstrating IFN-γ and
IL-17 production by donor P25 CD4+ T cells primed in vivo with LmΔLLOΔPLC-85B
following culture in the indicated conditions for 5 days and restimulation with cognate
peptide.
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Figure 5. Impacts of differentiation on CD4+ T cell protective potency
Recoverable pathogen burden in the lung day 28 after aerosol infection with 102 MTb in
mice transferred P25 cells (5 × 105) one day prior to infection or no cell transfer control.
“Plastic” and Th17 polarized cells were recovered from mice infected with vacuolar
LmΔLLOΔPLC-85B and cultured under neutral (Tn) or Th17 conditions, respectively, for
five days as described in the Experimental Procedures. Th1 cells were recovered from mice
infected with cytoplasmic LmΔactA-85B and cultured under neutral (Tn) conditions. **, p <
0.01.
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Figure 6. Previous Ifng expression marks Th1 committed cells
A. P25 x Yeti CD4+ T cells were transferred into control B6 recipients 24 hours prior to
infection with cytosolic or vacuolar Lm-Ag85B. Histograms represent percent donor cells
that express Ifng (YFP+) directly ex vivo day 28 after infection. B. Representative FACS
plots demonstrating IFN-γ and IL-17 production or YFP expression by cytosolic Lm or
vacuolar Lm-primed CD4+ T cells after stimulation with cognate peptide directly ex vivo. C.
Representative FACS plots (top) and composite bar graphs (bottom) demonstrating IFN-γ
and IL-17 production by YFP− or YFP+ donor memory cells after culture in the indicated
conditions for 5 days and restimulation with cognate peptide.
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Figure 7. Histone modifications at the Ifng loci coincide with Th1 differentiation stability
A. P25 CD4+ T cells were transferred into B6 control recipients that were infected with
cytosolic or vacuolar Lm. Donor CD4+ T cells were harvested at day 7 and sorted based on
YFP expression. Histograms indicate gates used to sort YFP+ and YFP− donor CD4+ T
cells. B. Representative plots indicating IFN-γ, IL-17, IL-2 and TNF-α production by
cytosolic or vacuolar Lm-primed effector CD4+ T cells after stimulation with cognate
peptide directly ex vivo. C. Bar graphs indicate expression of Ifng, Il17a and Il17f by
cytosolic or vacuolar Lm-primed CD4+ T cells purified based on YFP expression. D. Bar
graphs display enrichment of H3K4Me2 and H3K27Me3 normalized to total histone H3 at the
Ifng and Il17a promoters. Day 7 YFP+ and YFP− P25 cells from mice infected with
cytosolic (Cyto) or vacuolar (Vac) Lm are plotted for comparison with Th1 and Th17 cells
generated by culturing naïve P25 cells under the respective polarizing conditions for 5 days
in vitro. Representative graphs from one of three independent experiments are shown
depicting the average and standard deviation of three technical replicates.
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