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Abstract

Central memory CD4* T cells provide a pool of lymph node-homing, antigen-experienced cells that
are capable of responding rapidly after a secondary infection. We have previously described a
population of central memory CD4* T cells in Leishmania major infected mice that were capable of
mediating immunity to a secondary infection. Here we show that the Leishmania-specific central
memory CD4* T cells require IL-12 in order to produce IFN-y, demonstrating that this population
needs additional signals to develop into Thl cells. In contrast, effector cells isolated from immune
mice produced IFN-y in vitro or in vivo in the absence of IL-12. In addition, we found that when
central memory CD4* T cells were adoptively transferred into I1L-12 deficient hosts many of the cells
became IL-4 producers. These studies indicate that the central memory CD4* T cell population
generated during L. major infection is capable of developing into either Thl or Th2 effectors. Thus,
continued IL-12 production may be required to ensure the development of Th1 cells from this central
memory T cell pool, a finding that has direct relevance to the design of vaccines dependent upon
central memory CD4 T cells.
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Introduction

Leishmania major is an intracellular protozoan parasite that causes considerable morbidity and
mortality throughout the world. An IL-12-dependent CD4* Th1 cell response is critical for the

control of leishmaniasis and resolution of disease leads to life-long immunity (1,2).

Nevertheless, a vaccine for human leishmaniasis continues to prove elusive, a problem shared

with several other diseases that require cell-mediated immune responses for protection. To a
large extent, this is due to our limited understanding of memory CD4* T cells. Two distinct

populations of memory T cells have been described. The first, termed effector memory T cells,

are similar to effector cells. They home to tissues and maintain the ability to rapidly produce
cytokines upon re-stimulation. The other subset, termed central memory T cells (Tcm)3, act

asareservoir of antigen-specific T cells that can expand upon re-challenge and become effector

T cells (3). Tcm cells express CD62L, which promotes their migration through the lymph
nodes, a characteristic which enhances their ability to interact with dendritic cells presenting
antigen (3). We found that CD4" Tcm cells can confer immunity in mice that were re-

challenged with L. major, and more importantly that they do not require the persistence of
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parasites to be maintained (4). Thus, CD4* Tcm cells could be critical for the development of
vaccines against a variety of pathogens, including Leishmania.

In addition to showing that Tcm cells can mediate immunity, we also found that IL-12 is
required not only at the initiation of the infection to promote Th1 cell development, but also
to maintain resistance to L. major in immune mice (5,6). This could be because IL-12 enhances
IFN-y production by Th1 cells (7). Alternatively, if CD4" Tcm cells have not yet differentiated
into IFN-y producing cells, they may require IL-12 to do so. Therefore, to distinguish between
these possibilities, we analyzed both the IFN-y responses of Th1 cells and the ability of Tcm
cells to differentiate into Thl cells in the absence of IL-12. These studies allow us to begin to
draw conclusions regarding the nature of the Tcm cell population in L. major-infected mice.
Although we have shown that L. major specific Tcm cells can become IFN-y producers and
promote resistance (4), it was unclear whether the Tcm cells were already predetermined to
become Th1 cells. Therefore, to determine the level of plasticity in the L. major specific Tcm
population, we made use of the ability of CD4* T cells to differentiate into different effector
cell subsets depending upon the cytokine environment. If the Tcm cell population isolated from
an immune animal has developed directly from the effector pool then these cells should be
fully differentiated, and should not require IL-12 to produce IFN-y. However, if Tcm cells
develop prior to effector cells than we might expect these cells to become IFN-y producers
only in the presence of IL-12. Here we show that the production of IFN-y by L. major specific
effector T cells is not dependent upon IL-12, and that there is no decrease in the frequency or
amount of IFN-y produced by T cells at the site of infection in the absence of IL-12. In contrast,
the Tcm cell population generated in response to L. major infection required I1L-12 to produce
IFN-y, and in the absence of IL-12 produced IL-4. These data show that the L. major specific
CD4* Tcm population is not fully differentiated since these cells maintain the ability to adopt
different fates, and indicate that a major role for IL-12 in established infections may be to
promote Th1 cell development from a pool of uncommitted Tcm cells.

Materials and Methods

Animals

C57BL/6J (B6 Thy1.2), C57BL/6J (B6 CD45.1) B6.PL-Thyla/CyJ (B6 Thy1.1), and
B6.129S1-1L-12a ™1M/3 (B6 1L-12p35-/-) mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). B10.D2 ABLE mice (8) were a generous gift from the laboratory of Dr.
Steven Reiner (University of Pennsylvania). Groups of two to five female mice were used at
4-8 wks of age. Animals were maintained in a specific pathogen-free environment and tested
negative for pathogens in routine screening. All experiments were conducted following the
guidelines of the University of Pennsylvania institutional animal care and use committee.

Parasites and Antigens

A clone of L. major (WHO/MHOM/IL/80/Friedlin) was used for these studies. Parasites were
grown to stationary phase in Grace’s insect cell culture medium (Life Technologies, Grand
Island, NY) with 20% FBS (HyClone, Logan, UT; 0.125 EU/mI) and 2 mM glutamine (Sigma-

3Abbreviations used in this paper:

Tcm

dLN

FTAg

central memory T cell

draining lymph node

freeze thaw antigen.
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Aldrich, St. Louis, MO). Stationary-phase promastigotes were harvested and washed three
times in PBS prior to use for infection. Mice were either infected by injecting 5 x 10° parasites
suspended in 50 xI of PBS into the hind footpad or by injecting 1 x 10° parasites suspended in
10 ul of PBS into the ear dermis (9). LACK (Leishmania homologue of receptor for activated
kinase) (LACK156.173) peptides were obtained from the Protein Chemistry Laboratory at the
University of Pennsylvania. Freeze-thaw antigen (FTAg)3 was prepared from L. major
stationary-phase promastigotes that were washed four times in PBS, re-suspended at 10%/ml,
and frozen (-80°C) and thawed rapidly (37°C) for five cycles. Mice were injected with 1-5 x
10 stationary-phase L. major parasites. Immune mice were greater than 12 weeks post-primary
infection. Some animals were also treated with anti-IL-12 mAb (C17.8, 1 mg/mouse) on day
-1 and day 3 post challenge.

Spleens and lymph nodes were mechanically dissociated and depleted of red blood cells using
ammonium chloride potassium lysis buffer and re-suspended in complete tissue culture
medium (DMEM supplemented with 10% heat-inactivated FBS, 2 mM glutamine, 100 U/ml
penicillin, 100 ug/ml streptomycin, 25 mM HEPES, and 5x10> M 2-ME). Cells were stained
with CFSE (Molecular Probes, Eugene, OR) as previously described (9), and cultured at 1-5
x 106 cells/ml in flat-bottom 24-well plates. Purified CD4* T cells were cultured at 1:5 ratio
in the presence of feeder cells consisting of splenocytes from Thy disparate naive animals.
Cells were cultured with L. major FTAg (5x108 parasites/ml), anti-1L-4 mAb (11B11, 50 pg/
ml), and rIL-12 (1 ng/ml) for three days. For the rest and re-stimulation experiments cells were
then cultured under Th1l conditions (LACK peptide (1 ug/ml), anti-1L-4 (10 pg/ml), rIL-12 (1
ng/ml)) for three days, followed by five days of rest in media and re-stimulated with a
combination of LACK peptide, rIL-12, or anti-1L-12 (20 pg/ml) for 3 days.

In some experiments, lymphocytes were isolated from lesions for analysis as previously
described (9). Briefly, the ventral and dorsal sheets of the infected ears were separated,
deposited dermal side down in DMEM containing 100 U/ml penicillin, 100 xg/ml
streptomycin, and liberase Cl enzyme blend (Roche, Indianapolis, IN). Ears were incubated
for 30 min at 37°C. The sheets were dissociated in DMEM media using a medimachine (BD
Bioscience, San Jose, CA) according to the manufacturer’s protocol. The tissue homogenates
were filtered using a 50 um filcon filters (BD Bioscience, San Jose, CA) and cell suspensions
were then stained for flow cytometry.

CD4* T cell purification and adoptive transfer

Naive or immune B6 Thy1.1 mice were depleted of CD8* T cells by injection of 250 ug of
H35 (Rat 1gG2b) prior to being sacrificed (>95% effective). Cells were isolated from lymph
nodes and spleens, and CD4* T cells were purified using a T-cell purification column (R&D
Systems, Minneapolis, MN) according to the manufacturer’s recommendations. In some
experiments, CD4* T cells were further separated based on expression of CD62L using MACs
magnetic bead columns (>80% purity) (Miltenyi Biotec Inc., Auburn, CA) or CD44 expression
by using a fluorescence activated FACS ARIA cells sorter (BD Biosciences, San Jose, CA).
CD4* T cells were then stained with CFSE and 5-8 million CFSE-labeled CD4* T cells were
transferred via the retro-orbital plexus into naive Thy1.2 B6 or Thyl.2 B6 1L-12p35-/-
recipients (4). Mice were challenged 24 hrs later with L. major as described above. Donor
lymphocytes were then isolated for analysis either from the draining lymph node (dLN)3 or
the ear (10).

Flow cytometry and intracellular cytokine staining

Cells were analyzed by flow cytometry for surface markers and cytokines directly ex-vivo as
previously described (4). Intra-nuclear T-bet staining (eBiosciences, San Diego, CA) was
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performed by fixation with 1% PFA in PBS, followed by permeabilization and staining in 0.1%
Triton X-100 and 1% FBS in PBS. Data acquisition was on a FACSCalibur flow cytometer
(BD Bioscience, San Jose, CA) and analysis was carried out using CellQuest Pro software
(Version 5.1, BD Pharmingen) or FlowJo Software (Version 6.4.1, Tree Star Inc., Ashland,
OR).

Total RNA was extracted from homogenized ear tissues with RNeasy columns following the
manufacturer’s instructions (Qiagen, Valencia, CA). The cDNA was generated using
SuperScript I reagents (Invitrogen, Carlsbad, CA). Expression of IFN-y relative to B-actin was
determined by quantitative PCR using SYBR Green primers (Qiagen, Valencia, CA).

IL-12 at the site of infection is not required for IFN-y production

We have previously shown that IL-12 is necessary for the maintenance of immunity in mice
that have resolved a primary infection with L. major (5,6). It is possible that IL-12 is either
acting to promote the development of Th1 cells from a pool of Tcm cells that are not terminally
differentiated or it may be required to ensure maximal IFN-y production from fully
differentiated effector T cells. Consistent with previous studies (11), we found that in vitro-
generated effector cells do not require IL-12 to maintain IFN-y production (data not shown).
However, while IL-12 may not be required for Th1l cells to produce IFN-y, IL-12 can
substantially increase the amount of IFN-y produced by T cells by prolonging IFN-y synthesis
(7). Therefore, we wanted to determine if the absence of IL-12 would influence the ability of
in vivo-generated CD4* effector T cells to produce IFN-y. We challenged naiive mice or mice
that healed a primary infection (referred to here as immune mice) with L. major in the presence
or absence of anti-1L-12/23p40 mAb. As expected, by 5 days there was a much higher
frequency of CD4* T cells producing IFN-y at the site of infection in immune mice compared
to naive animals (Fig.1A). In naive animals treated with neutralizing anti-1L-12/23p40 mADb,
the frequency of IFN-y producing CD4* T cells decreased relative to untreated animals (25%
to 14%), consistent with a role for IL-12 in promoting Th1 cell development from naive T cells
(12). In contrast, anti-1L-12/23p40 mAb treatment of immune mice did not result in a decreased
frequency of IFN-y producing cells at the site of infection.

Interestingly, in the absence of IL-12, we consistently observed an increase in the frequency
of CD4" T cells producing both IFN-y and 1L-4 double producers in immune mice (Fig. 1A,
upper), suggesting that perhaps a small portion of effector cells maintain a level of plasticity.
However, despite the slight increase in IFN-y/IL-4 double producers, the overall level of IFN-
v mMRNA was unchanged at the site of infection in immune mice treated with anti-1L-12/23p40
mAb compared to untreated immune mice (Fig. 1B). In order to confirm this result we
transferred CD4* T cells from immune Thy1.1 mice into congenic wild-type or 1L-12p35
deficient hosts and examined their ability to produce IFN-y. The presence or absence of I1L-12
did not affect the ability of effector cells at the site of infection to produce IFN-y (Fig. 1C).
Taken together, these data suggest that the majority of effectors cells generated following L.
major infection are fully differentiated and do not require IL-12 to produce IFN-y.

In vitro and in vivo generated Tcm cells require IL-12 in order to produce IFN-y

We have shown thus far that IL-12 is not required to ensure IFN-y production from fully
differentiated effector T cells, although it is required for the maintenance of immunity to L.
major (5,6). We hypothesized that IL-12 may be required to promote the differentiation of Tcm
cells into Th1 effectors. Previous studies have shown that following the removal of antigen
and cytokines, in vitro generated effector cells rapidly transition into a population of long-

J Immunol. Author manuscript; available in PMC 2009 June 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pakpour et al.

Page 5

lived, antigen-specific CD62LM9" central memory and CD62L!°W effector memory T cells
(13,14). In order to determine the requirement of in vitro-generated Tcm cells for IL-12 we
sorted in vitro cultured CD4* memory T cells into CD62L"9" (central memory) and
CD62L'oW (effector/effector memory) populations and restimulated them in the presence or
absence of IL-12. Upon re-stimulation, a small percentage of CD4* CD62L"9" cells produced
IFN-y and this was not affected by the addition of alL-12 mAb (Fig. 2A). However, it was
only when CD62LN9" cells were restimulated in the presence of peptide and rlL-12 that the
frequency of IFN-y producing cells increased to a level similar to that of CD62L!°W effector
cells, suggesting that the CD62LM9N central memory population generated in vitro requires
IL-12 to become Th1 effectors. Here again, we observed a marked increase in both the
frequency and mean fluorescence intensity of IFN-y by CD62L'°W cells upon re-stimulation.
These results are similar to those obtained by analyzing T cells from the peak of a leishmanial
infection, where CD62LN9N T cells were also found to require 1L-12 to produce IFN-y (15,
16).

In the in vitro system, TCR transgenic CD4" T cells receive a strong stimulus resulting in the
majority of the cells proliferating and producing IFN-y (data not shown). This is in contrast to
the heterogeneous effector T cell response that we observe following an L. major infection.
Therefore, we next wanted to ask whether L. major specific CD62LMNI" CD4* T cells isolated
from an immune animal also require 1L-12 in order to become IFN-y producers. In order to
address this question, CD62LM9" and CD62L!°W populations were sorted from L. major
infected animals, labeled with CFSE to track proliferation, and restimulated with antigen in
the presence or absence of 1L-12. We found that CD62L W cells stimulated with antigen and
anti-1L-12/23p40 mAb produced similar levels of IFN-y production as cells stimulated with
antigen alone (Fig. 2B). This observation confirmed that while effector cells maintain the
ability to respond to IL-12, as evidenced by the increased MFI and frequency of IFN-y
producers when cells were given rlL-12, they do not require IL-12 to produce IFN-y. Similar
to what we observed with in vitro-generated Tcm cells, CD62LM9N cells sorted from infected
animals proliferated in response to antigen, but were only able to become IFN-y producers in
the presence of IL-12. Thus, in vivo-generated Tcm cells isolated from an infected animal
appear to require IL-12 in order to produce IFN-y, suggesting that these cells are not developing
from fully differentiated effector cells.

The CD62L"9" compartment of an L. major infected animal contains a mixture of both Tcm
and naive cells. It is therefore possible that the naive cells, and not the Tcm cells, require IL-12
to produce IFN-y. In order to rule out this possibility, we sorted cells from immune mice based
upon their expression of the activation marker CD44 into three groups, naive (CD4*
CD62LNgh CD44low) effector (CD4* CD62L'°W CD44NigM) and Tcm cells (CD4*
CD62LNgh CD44high) and re-stimulated them in vitro. As expected, naive cells were unable
to produce IFN-y upon antigen stimulation in the absence or presence of exogenous IL-12. In
contrast, effector cells were able to produce IFN-y in response to antigen and this response was
further augmented by the addition of IL-12 (Fig. 3). However, only a small frequency (5%) of
Tem cells were able to produce IFN-y when stimulated with antigen alone. They only acquired
the ability to produce IFN-y at high frequencies (17%) when cultured in the presence of rIL-12,
suggesting that the L. major specific Tcm population is not fully differentiated and requires
additional signals to promote IFN-y production.

Central memory CD4* T cells do not express high levels of T-bet

It is well established that as CD4* T cells differentiate, they up-regulate lineage specific
transcription factors such as T-bet, which leads to the up-regulation of IFN-y, and the
suppression of Th2-associated cytokines (7,17-19). Recently, T-bet has also been shown to
regulate memory T cell potential (7,20,21). Decreases in T-bet expression levels have been
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linked to increases in Tcm cell numbers (20). Additionally, the levels of T-bet induced by the
initial immune response have been shown to affect the number of memory precursors generated
(21). These studies would suggest that Tcm cells are not fully differentiated. Although we have
shown that L. major specific Tcm cells are capable of becoming IFN-y producers (4), it remains
unclear whether this population is terminally differentiated or maintains the ability to adopt
different cells fates. If the Tcm cells generated during L. major infection are not fully
differentiated, as our data so far would suggest, then these cells should express low levels of
T-bet and these levels should increase as the cells proliferate, become activated, and down-
regulate CD62L.

In order to test this, we transferred cells from naive or immune animals into congenic recipients
and challenged them with L. major. Two weeks following infection we examined the ability
of these to cells to home to lymph nodes and proliferate. As we would expect, CD4* T cells
from immune animals proliferated at much higher frequencies than cells from naive animals
(Fig. 4A). We next wanted to determine the levels of T-bet expression in the responding
populations. We gated on CFSEYM CD4* T cells and analyzed expression of CD62L and T-
bet. While a portion of CD4* T cells from naive animals had proliferated and down-regulated
CD62L, only a very small frequency (3%) expressed T-bet (Fig. 4B). In contrast, CD4* T cells
from immune mice that had proliferated and down-regulated CD62L had a marked much higher
frequencies of T-bet* cells (27%), indicating that these cells were on their way to becoming
Th1 effectors. However, there was minimal T-bet expression in proliferating CD62L"igh T
cells from either naive or immune animals (Fig. 4B), suggesting that the majority of Tcm cells
generated in response to L. major infection are not committed to a Thl lineage. This result is
consistent with the requirement for IL-12 to promote Th1 cell development from the Tcm cell
population.

In the absence of IL-12, central memory CD4* T cells become IL-4 producers

If the Tcm cell population generated in response L. major infection is not derived from Thl
effector cells, then these cells should maintain the ability to develop into different effector cell
subsets. To test the capacity of L. major specific Tcm cells to develop into Thl or Th2 cells,
T cells from an immune mouse were transferred into either a wild-type or an IL-12p35 deficient
mouse. Adoptive transfers were done using polyclonal CD4* T cells (4), therefore avoiding
any confounding variables that might arise from non-physiologic frequencies of antigen
specific T cells (22-24). Donor T cells proliferated extensively in the dLN, but only minimally
in the non-dLNs, during the first 2 weeks of infection (Fig. 5A). We observed no significant
differences in the ability of donor cells from immune mice to proliferate in the presence or
absence of IL-12 (Fig. 5A). We also examined the ability of the immune T cells to become
activated in the absence of IL-12 by measuring the down regulation of CD62L, and found no
significant difference between proliferating donor T cells in wild-type or IL-12 deficient mice
(data not shown).

We previously demonstrated that Tcm cells from immune mice not only migrate to the dLN
and proliferate, but that after several cell divisions develop the ability to produce IFN-y (4).
However, these same Tcm cells when transferred to IL-12 deficient hosts were unable to
become IFN-y producers (Fig. 5B). In addition, associated with the decrease in the generation
of IFN-y producing cells from the Tcm population was an increase in the frequency of IL-4*
cells (Fig. 5C). These results further suggest that the Tcm population generated in response to
L. major is not fully differentiated. To confirm that the cells that were becoming IFN-y and
IL-4 producing cells were derived from the CD4* Tcm pool, we purified CD62LN9" CD4* T
cells from immune mice, and transferred these cells to either normal or IL-12 deficient hosts.
Similar to our results with unfractionated immune T cells, we found that 1L-12 was required
for the development of a population of IFN-y producing T cells and in its absence there was a
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marked increase in the number of CD4* T cells producing IL-4 (Fig. 5D). These results confirm
that the Leishmania specific Tcm population is not fully differentiated and remain capable of
becoming either Thl or Th2 effector cells.

Although our studies suggested that CD62LN9M cells from immune mice have the flexibility
to differentiate into either IFN-y or IL-4 producing cells, the transferred population of cells
contained both immune and naive T cells, and the naive T cells may contribute to the responses
we observed. This did not seem likely, since when we transferred naive T cells alone the
proliferative response was limited. Nevertheless, we considered the possibility that the
response of naive T cells within the context of an immune T cell response might be enhanced.
To address this issue, we tracked the response of naive CD4* T cells following adoptive transfer
with or without immune T cells using allelic T cell markers to identify the two populations.
Whether naive T cells were transferred with or without immune T cells, they failed to
substantially contribute to the cytokine response observed by the immune T cells (Fig. 5E).
Taken together, these results suggest that the Tcm cell population generated during L. major
infection is not fully differentiated and requires IL-12 in order become Th1 cells.

Discussion

L. major infection induces a pool of antigen-specific Tcm cells that are capable of mediating
immunity (4). Tecm cells can be identified by their expression of CD62L, which facilitates entry
of Tcm cells into lymph nodes. Here we show that the CD62LN9" Tem cells require IL-12 in
order to produce IFN-y, while CD62L'°W effector T cells from immune mice produce IFN-y
in the presence or absence of IL-12. Furthermore, we found that Tcm cells retain the ability to
develop into either Thl or Th2 cells. Thus, when Tcm cells from immune animals were
transferred into wild-type mice that were subsequently infected, many of these cells
proliferated and began to produce IFN-y. In contrast, when these same cells were transferred
into IL-12p35-/- mice, few of the cells were able to produce IFN-y after proliferation, but an
increased frequency produced IL-4. These results demonstrate that in addition to the previously
reported role of IL-12 in the differentiation of naive CD4* T cells into Th1 cells, IL-12 is also
required to promote the differentiation of Tcm cells into Thl effector cells.

IL-12 is essential for generating a protective Th1l immune response following infection with
L. major, acting directly to promote the survival of T cells that are expressing the Th1l
transcription factor T-bet, and indirectly by inhibiting the Th2 inducing transcription factor,
GATAZ3 (7,18,25). The requirement for IL-12 at the initiation of the infection is demonstrated
by the fact that normally susceptible BALB/c mice are rendered resistant to L. major by 1L-12
administration (26-28). In addition, our previous studies demonstrate that IL-12 is also required
to maintain immunity. Thus, when we treated B6 1L-12p35-/- mice infected with L. major with
exogenous IL-12 they mounted a Th1 response, were able to control the primary infection, but
were unable to maintain long-term immunity (5,6). Similar results have been reported in
Toxoplasma and Mycobacterium tuberculosis infections (29,30). Our current findings suggest
that one role for IL-12 in the maintenance of immunity is to promote the differentiation of Tcm
cells into IFN-y-producing Th1 cells. This is a process that may be continually required, since
even during the peak of the leishmanial infection there are CD62LN9N T cells that exhibit the
capacity to differentiate into either Th1 or Th2 cells (15,16).

In addition to promoting the differentiation of Tcm cells into Th1 cells, we cannot exclude the
possibility that IL-12 is also playing other roles. For example, we considered the possibility

that IL-12 might be acting on effector cells to increase their production of IFN-y, since IL-12
has also been reported to act as a trans-activator of IFN-y production (7). We found that in vitro
addition of IL-12 increased the production of IFN-y by Th1 effector T cells. However, when
we treated mice in vivo with an IL-12 blocking antibody there was no change in the production
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of IFN-y by T cells at the site of infection. Additionally, IL-12 has been reported to promote
the expression of tissue homing chemokines, and can induce anti-apoptotic factors involved

in T cell survival, such as Bcl-2 and Bcl-3 (31-35). Each of these might play some role in the
ability of IL-12 to maintain immunity in L. major infected animals.

Tcm cells were initially described as a population of cells that could home to the lymph nodes,
due to the expression of CD62L, and that had not yet gained the capacity to make effector
cytokines (3). However, later studies showed convincingly that effector memory CD8* T cells
could re-express CD62L., suggesting that Tcm cells may develop from effector T cells (36).
Consistent with this, we found that Trichuris muris infection induces a population of IL-4
competent memory CD4* T cells that express CD62L (37). In contrast, we show here that Tcm
cells generated by L. major infection can become either IFN-y or IL-4 producing T cells,
suggesting that these cells were not derived from effector T cells. These divergent results raise
questions as to the true lineage of Tcm cells. The most straightforward interpretation of these
results is that differences in the immune response determine the nature of the memory T cells
generated. Factors such as the type of innate immune response induced, the replication rate of
the pathogen, the site of pathogen replication, and whether CD4* or CD8" T cells dominate
the response may all be critical. In the case of leishmaniasis, we and others have found that no
effector memory develops (4,38,39), while other infections clearly generate effector memory
cells (40-42). It may be that when no effector memory T cells are generated, there is no
opportunity to develop CD62LN9" memory T cells that are committed to producing IFN-y.
Defining the pathogen-associated factors responsible for these differences will be important
in fully understanding how infections induce immunologic memory.

Currently there are no vaccines for human leishmaniasis, in spite of the fact that control of a
primary infection leads to resistance to re-infection. This resistance is now known to be due in
part to the presence of persistent parasites (38,39). However, we have previously found that
immunization of mice with an attenuated parasite led to the generation of protective Tcm cells
that could be maintained in the absence of persistent parasites (4). Our findings here indicate
that the majority of the Tcm population is not destined to become Th1 cells, which raises the
issue of how to ensure that the CD4* Tcm cells generated by a vaccine develop into Thi cells
upon re-challenge. One solution might be to promote the expansion of both CD4* and CD8*
Tem cells, since we have previously demonstrated that CD8* T cells play a critical role in
promoting Thl cell development (43). An alternative approach would be to determine if some
Tcm cells are pre-committed to developing into Thl cells, and discern how to enhance their
development (44,45). In our studies, we did find a low frequency of Tcm cells that produced
IFN-y even in the absence of IL-12, and these might represent such pre-committed cells.

IL-12 is known to promote the IFN-y production necessary to eliminate intracellular
Leishmania parasites and is a critical cytokine in initiating immunity to leishmaniasis. Our
results suggest that the continued presence of IL-12 is also required to ensure that non-
committed Tcm cells differentiate into Thl effector cells thereby highlighting the need for
additional studies to better understand how IL-12 production is induced and regulated in
leishmaniasis.
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Figure 1.

IL-12 at the site of infection is not required for IFN-y production. (A) Naive or immune C57BL/
6 mice were infected and treated with 1mg alL-12/23p40 mAb on day -1 and day 3, and on
day 5 cells were isolated from infected ears. IL-4 and IFN-y levels were determined by
intracellular cytokine staining. Plots are gated on live CD4" T cells and are representative of
two experiments. Quadrant numbers are shown. (B) RNA was isolated from total ear dermis
homogenate, reverse-transcribed and real-time quantitative PCR was performed with primers
specific for IFN-y. Graph shows arbitrary units relative to B-actin. (C) 20 x10% CD4* T cells
from the spleens and lymph nodes of immune mice were transferred via the retro-orbital plexus
into wild-type or IL-12p35-/- mice that were subsequently infected. After 5 days, cells were
collected from infected ears and the percentage of IFN-y* cells is shown. Plots are gated on
live Thy1.1* donor cells and are representative of two experiments.
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In vitro and in vivo generated Tcm cells require IL-12 in order to produce IFN-y. (A)
Splenocytes from B10.D2 LACK TCR transgenic ABLE-2 mice were stimulated in vitro for
3 days with LACK peptide, rIL-12, and alL-4 mAb. Cells were then rested for five days, sorted
based upon their CD62L expression and restimulated in the presence of feeder cells with LACK
peptide with or without IL-12. Plots are gated on live CD4" cells, numbers in bold represent
the frequency of IFN-y* cells, numbers on axis represent MFI of IFN-y* cells. (B) CD4* T
cells from immune C57BL/6 mice were isolated and sorted into CD62L"9" or CD62L oW
groups, CFSE labeled, cultured at 1:5 ratio with splenocytes from naive Thy disparate mice,
and stimulated for four days with FTAg in the presence or absence of IL-12. Numbers represent
percentage of CD4* IFN-y* cells and plots are representative of two experiments.
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Figure 3.

Central memory CD4* T cells generated by Leishmania infection require IL-12 to become
IFN-y producers. CD4* T cells from immune C57BL/6 mice were sorted into naive
(CD62LNigh CD44low) effector (CD62L'OW CD44MdM), or central memory (CD62LNigN
CDA44highy and cultured at a 1:5 ratio with splenocytes from naive Thy disparate animals, and
stimulated with FTAg alone or in the presence of IL-12 and alL-4. After 4 days cells were
harvested and stained for CD4 and IFN-y. Numbers represent percentage of CD4* IFN-y* cells
and plots are representative of two experiments.
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Figure 4.

Central memory CD4+ T cells do not express high levels of T-bet. CD4* T cells from immune
mice were labeled with CFSE and transferred into wild-type mice that were subsequently
infected and two weeks later donor cells from the draining and non-draining lymph nodes were
isolated and analyzed by flow cytometry. (A) Plots are gated on live CD4* donor T cells.
Numbers represent percentage of cells that have diluted CFSE. Plots are indicative of three
experiments (B) Plots are gated on proliferated live CD4* donor T cells. Average quadrant
numbers + SD are shown.
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Figure 5.

In the absence of I1L-12, the Tcm cell population becomes IL-4 producers. CD4* T cells from
immune mice (Thy1.1) were CFSE labeled and transferred into wild-type or IL-12p35-/- mice
that were subsequently infected and two weeks later donor cells were isolated and analyzed by
flow cytometry. (A) Numbers represent average percentage of cells that had diluted CFSE +
SD. (B) Numbers represent average percentage of proliferated IFN-y* + SD. (C) Numbers
represent average percentage of proliferated IL-4* + SD. Plots are representative of three
experiments, three mice per group (D) CD4* CD62LN9" T cells from immune mice (Thy1.1)
were sorted and transferred into wild-type or IL-12p35-/- mice that were subsequently infected,
two weeks later donor cells were isolated from the dLN and analyzed by flow cytometry. Graph
represents average percent of proliferated cells that are cytokine positive = SD. *=p < 0.05 by
T-test. (E) CD4* T cells from immune (Thy1.1, CD45.2) and/or naive C57BL/6 mice (CD45.1)
were transferred into wild-type or IL-12p35-/- mice (Thy1.2, CD45.2) that were subsequently
infected and two weeks later donor cells from the dLNs were isolated and analyzed by flow
cytometry. Numbers represent average percent of proliferated cells that are cytokine positive
+ SD. Plots are representative of two experiments.
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