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Abstract
The Foxp3-expressing subset of regulatory CD4+ T cells have defined antigen-specificity and play
essential roles in maintaining peripheral tolerance by suppressing the activation of self-reactive T
cells. Similarly during chronic infection, pathogen-specific Foxp3-expressing CD4+ T cells expand
and actively suppress pathogen-specific effector T cells. Herein, we used MHC class II tetramers
and Foxp3gfp knock-in mice to track the kinetics and magnitude whereby pathogen-specific Foxp3
+CD4+ and Foxp3-CD4+ cells are primed and expand after acute infection with recombinant Listeria
monocytogenes (Lm) expressing the non-"self' antigen 2W1S52-68. We demonstrate that Lm infection
selectively primes proliferation, expansion and subsequent contraction of Lm-specific Foxp3-
negative effector CD4+ cells, while the numbers of Lm-specific Foxp3+CD4+ regulatory cells
remain essentially unchanged. In sharp contrast, purified 2W1S52-68 peptide primes coordinated
expansion of both Foxp3+ regulatory and Foxp3-negative effector T cells with the same antigen
specificity. Together, these results indicate selective priming and expansion of Foxp3-negative CD4
T cells is a distinguishing feature for acute bacterial infection.
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INTRODUCTION
The adaptive immune system is intricately regulated allowing for potentially detrimental self-
reactive responses to be actively suppressed, while simultaneously allowing protective
responses to be rapidly generated and mobilized during infection. The naturally occurring
Foxp3+ subset of CD4 T cells, regulatory T cells (Tregs), play important roles in maintaining
peripheral tolerance and immune homeostasis. Mice and humans with spontaneous or targeted
defects in foxp3 invariably develop fatal multi-organ systemic autoimmunity (1,2). Tregs, like
other T cell subsets, have diverse antigen-specificity and their suppressive function requires
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cell-intrinsic TCR stimulation (3,4). However, the degree of overlap in the repertoire of
antigens recognized by Tregs and non-Tregs remains uncertain. After adoptive transfer into
naïve recipients, CD4+ T cells transduced with TCR sequences from CD25+CD4+ Tregs
proliferate to a larger extent compared with CD4+ T cells transduced with TCR from CD25-
CD4+ T cells (5). Moreover in transgenic mice that express hemagglutinin (HA) as a neo-“self”
antigen, substantial increases in the number of HA-specific CD4+Foxp3+ Tregs are present
(6). Collectively, these results suggest high-affinity interactions between developing
thymocytes and “self” antigens program their differentiation into self-reactive Tregs. However,
larger scale studies comparing the TCR repertoires between Tregs and effectors among human
peripheral CD4+ cells indicate these two cell subsets recognize a similar and overlapping array
of antigens (7,8). Moreover, the ability of exogenous antigens to prime naïve CD4 T cells to
differentiate in vivo into antigen-specific Foxp3-expressing Tregs with specificity to
non-“self” antigens indicates the potential for a high degree of plasticity in the repertoire of
antigens recognized by Foxp3+CD4+ Tregs (9-11).

Interrelated with their role in suppressing the activation of self-reactive T cells, Tregs also play
important roles in controlling the pathogen-specific adaptive T cell response (12). For each
infection, a delicate balance between expansion of pathogen-specific effector T cells that
mediate pathogen clearance, and Tregs that limit collateral host damage by suppressing
pathogen-specific effector T cells appears to be established. For example during pulmonary
Mycobacterium tuberculosis infection where both Tregs and effector T cells are recruited into
infected tissue, Treg depletion accelerates the kinetics of bacterial clearance (13). Similarly
Tregs potently eliminate the reductions in Mycobacterium tuberculosis CFUs conferred by
effector T cells after T cell reconstitution in RAG-deficient mice (14). Accordingly for
Mycobacterium tuberculosis infection, Tregs delay pathogen clearance. Interestingly however
Tregs through suppression of pathogen specific T cells also play important protective roles
during other infections. For example after corneal HSV-1 inoculation, Treg depletion results
in more severe viral immunopathological lesions and exacerbates stromal keratitis (15). Thus,
for most infections, manipulation of bulk Tregs in a non-antigen specific fashion clearly has
the potential to alter both the kinetics of pathogen clearance and infection outcome. Curiously
however, the antigen-specificity for infection primed Tregs has not been characterized after
most infections, and has been described most extensively in models of Leishmania major or
Schistosoma mansoni infection. In both these chronic parasite infection models, Tregs
recovered from the infection site proliferate and produce IL-10 in an antigen-specific fashion
after stimulation with parasite infected APCs (16-19). More importantly these parasite-specific
Tregs through suppression of effector T cells cause local antigen persistence required for
immunity to re-infection at secondary sites (20,21). Therefore coordinated expansion of both
pathogen-specific Tregs and effectors cells result in local antigen persistence during chronic
infection that appear to offer survival advantages for both host and pathogen. These
observations led us to explore potential differences in how pathogen-specific Tregs and
effectors CD4 T cells are primed after acute infection when antigen persistence does not occur.

In this study, infection with the intracellular bacterium Listeria monocytogenes (Lm) was used
to characterize the magnitude and kinetics whereby acute infection primes the expansion of
pathogen-specific Foxp3+CD4+ Tregs and Foxp3-CD4+ effector T cells. Since the number of
CD4+ T cells specific for each defined antigen is highly consistent among individual naïve
mice and the precursor frequency of CD4+ cells specific for the 2W1S variant of peptides
52-68 from I-Eα is the highest among defined I-Ab antigens in naïve B6 mice (22), we
engineered recombinant Lm to express this surrogate Lm-specific antigen so that a detailed
comparison of 2W1S-specific CD4+ T cells before and after Lm infection can be made using
MHC class II tetramer staining. Recent studies indicate that 2W1S-tetramer staining followed
by magnetic bead enrichment is a highly sensitive and specific method allowing for the
enumeration and characterization of rare 2W1S-specifc CD4+ cells present in naïve B6 mice
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(22). Using this technique, similar percentages of Foxp3+CD25+ Tregs were identified among
2W1S-tetramer+CD4+ cells and the remaining tetramer-negative CD4+ cell population in
naïve mice. In response to either Lm-2W1S52-68 infection or 2W1S52-68 peptide inoculation,
2W1S-specific cells readily expand allowing characterization for how antigen-specific effector
and Treg CD4+ cells are primed under each condition.

MATERIALS AND METHODS
Bacteria

WT Lm (10403s), the isogenic Lm ΔactA mutant (DPL1942) and recombinant Lm-OVA, along
with methods for Lm transformation have been described (23-25). For infection, Lm was grown
and sub-cultured in BHI media to early log-phase (OD600 0.1), washed and diluted in saline
and inoculated IV as described (24). Recombinant Lm-2W1S was grown in media
supplemented with chloramphenicol (20μg/ml).

Expression constructs
The low copy episomal pAM401 plasmid based Lm-expression construct allowing insertion
of recombinant antigens in-frame with the Lm hly promoter, signal sequence, and HA-tag has
been described (24). The following primers were annealed together, and ligated into the Pst1
and Stu1 sites of this vector: 2W1S coding 5'-
gaagcatggggtgcactagcaaactgggcagtagactcagcagg-3', 2W1S non-coding 5'-
cctgctgagtctactgcccagtttgctagtgcaccccatgcttctgca-3'. Relevant portions of this construct were
verified by DNA sequencing.

Western blotting
Lm supernatant protein preparation, SDS gel electrophoresis and protein blotting using anti-
HA antibody (clone HA-11, Covance, Princeton, NJ) were performed as described (24).

Mice
C57Bl/6 (B6) mice were purchased from the National Cancer Institute and Foxp3gfp knock-in
mice (26) backcrossed for ≥ 10 generations to B6 mice were a gift from Dr. Alexander Y.
Rudensky. For BrdU incorporation, mice were administered 500μg of BrdU IP daily for seven
days after primary Lm infection. For priming antigen-specific CD4+ cells in non-infection
conditions, the indicated quantity of 2W1S52-68 peptide (≥ 95% purity, United Biochemical
Research, Inc. Seattle, WA) was dissolved in saline and injected IV. All experiments were
performed under University of Minnesota IACUC approved protocols.

Tetramer and cell surface staining
Techniques for MHC class II tetramer production, cell staining, and magnetic bead enrichment
with fluorochrome-conjugated 2W1S52-68-tetramer have been described (22). Other reagents
for cell staining and quantifying BrdU incorporation (BD Bioscience) were used according to
the manufacture's instructions.

RESULTS
Construction of Lm-expressing Eα-2W1S

The absolute number of CD4+ T cells specific for any specific defined antigen is highly
consistent among individual mice. However, within an individual mouse, there is significant
variation in the absolute numbers of CD4+ T cells with specificity to each defined antigen
(22). For example, using MHC class II tetramer staining and magnetic bead enrichment, naïve
B6 mice are estimated to contain ~200 CD4 T cells specific for the non-“self” 2W1S52-68
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peptide representing the highest frequency of CD4+ T cells among defined I-Ab peptide
antigens (22). Accordingly, we sought to exploit the relatively high precursor frequency of
2W1S52-68-specific CD4 T cell in naïve B6 mice to examine pathogen-specific CD4 T cells
before and after experimental Lm infection. For these experiments, we engineered recombinant
Lm to express the 2W1S52-68 peptide by placing the promoter and signal sequence coding
residues from the Lm hly gene in-frame with the coding residues for 2W1S52-68 peptide using
the previously described “open” Lm expression construct (24) (Fig. 1A). After transformation,
both WT Lm and Lm ΔactA mutant strains each secreted a protein of predicted size (~19kDa)
that was readily detected using standard blotting techniques (Fig. 1B).

Lm-specific CD4 T cells tracked with Class II tetramer
To track the Lm-2W1S-specific CD4+ T cell response, mice were initially infected with
recombinant WT Lm-expressing 2W1S (WT Lm-2W1S). However, at relatively low WT
Lm-2W1S inocula (103 to 104 CFUs), the expansion of 2W1S-specific CD4 T cells above
levels present in naïve mice was not reproducibly detected (Fig. 2). After infection with higher
Lm-2W1S inocula (≥ 105 CFUs), the majority of infected mice became moribund within 72
hours after infection consistent with the previously reported lethal dose of 105 CFUs for WT
Lm in naïve B6 mice (27). Therefore, the virulence of WT Lm precluded infection with higher
WT Lm-2W1S inocula potentially required for more optimal priming and robust expansion of
2W1S-specific CD4+ T cells. To bypass this limitation, we examined the 2W1S-specific
response primed by infection with higher inocula of attenuated Lm containing targeted deletion
the actA locus (Lm ΔactA-2W1S). Lm ΔactA cannot spread from infected into adjacent non-
infected cells, and is rapidly cleared after infection. Therefore the highly attenuated nature of
this mutant allows characterization of the adaptive T cell response after infection with relatively
high inocula of Lm ΔactA even in neonatal and other mice with targeted immune defects
normally highly susceptible to virulent Lm infection (27-30).

During the peak T cell response (day 7 after infection), dose-dependent expansion of 2W1S
tetramer-positive (2W1S-TET+) CD4+ cells was readily detected in mice infected with 105 to
108 CFUs of Lm ΔactA-2W1S (Fig. 2). For mice infected with 106 to 108 CFUs of Lm
ΔactA-2W1S, 2W1S-TET+ cells were uniformly CD62Llo indicating recent activation (31,
32). By contrast the majority of 2W1S-TET+ cells in naïve mice or mice infected with lower
inocula of either WT Lm-2W1S (103 and 104 CFUs) or Lm ΔactA-2W1S (105 CFUs) were
not activated and CD62Lhi (Fig. 2). Thus Lm ΔactA-2W1S primes expansion of 2W1S-specific
CD4 T cells in a dose dependent manner and 106 CFUs of Lm ΔactA-2W1S is the minimum
inocula required for priming a homogenous population of activated 2W1S-specific CD4 T
cells. Accordingly, in subsequent studies, 106 CFUs Lm ΔactA-2W1S was used to further
characterize the Lm-2W1S-specific CD4+ T cell response.

Selective priming and expansion of Foxp3- antigen-specific CD4 T cells
During chronic infection, expansion of both pathogen-specific Foxp3- “effector” CD4+ and
Foxp3+ “regulatory” CD4+ cells occurs and together both these subsets of pathogen-specific
CD4+ cells play important roles in pathogen clearance and immunity (12,16-19,21). However,
it is uncertain whether priming and expansion of both pathogen-specific Treg and effector CD4
+ cells is unique to chronic infection conditions where antigen-persistence occurs or is more
broadly applicable to acute infection conditions where antigen persistence does not occur.
Accordingly, we used Lm ΔactA-2W1S infection to examine the magnitude and kinetics
whereby pathogen-specific CD4 effectors and Tregs are primed after acute infection. For these
experiments, we used Foxp3gfp reporter mice where the coding sequences for GFP are inserted
in-frame with Foxp3 coding sequences allowing Foxp3-expressing cells to be readily identified
by FACS (26). Similar to naïve B6 mice, naive Foxp3gfp mice contained a small but defined
population of 2W1S-TET+ CD4+ cells (0.002 to 0.003% of total CD4+ cells and between 200
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- 400 cells per mouse) (Fig. 3A). Among this relatively small population of 2W1S-TET+CD4
+ cells present in naïve Foxp3gfp mice, between 6-12% were Foxp3+CD25+ Tregs quantified
using either magnetic bead enrichment or direct tetramer staining, and this percentage of Tregs
among 2W1S-TET+CD4+ cells was similar to the percentage of Foxp3+CD25+ Tregs cells
among all CD4+ cells (Fig. 3A). By contrast, during the peak T cell response (day 7) after Lm
ΔactA-2W1S infection when the percentage of 2W1S-speific CD4 T cells had expanded ~100-
fold, the percentage of Foxp3+CD25+ Tregs among 2W1S-TET+CD4+ cells was reciprocally
reduced 100-fold from ~10% to ~0.1% (Fig. 3A). Importantly, this reduction in percent 2W1S-
TET+ Tregs corresponding to the expansion of 2W1S-specific effector cells was specific to
2W1S-TET+ cells because the overall percentage of Foxp3+ cells among tetramer negative
CD4+ cells did not change significantly after Lm ΔactA-2W1S infection. Furthermore,
selective priming and expansion of 2W1S-TET+Foxp3-CD4+ T cells could not be attributed
to non-specific features related to Lm ΔactA infection because 2W1S-specific CD4 T cells did
not expand, and among these few 2W1S-TET+CD4+ cells ~8-10% remained Foxp3+ after
infection with Lm ΔactA expressing an irrelevant antigen (Fig. 3A).

To more precisely characterize the priming of antigen-specific Foxp3- and Foxp3+ CD4 cells,
we measured the degree of BrdU incorporation among both Foxp3- and Foxp3+ 2W1S-TET
+ or 2W1S TET-negative CD4+ cells after Lm ΔactA-2W1S infection. By day 7, the majority
of 2W1S-TET+ Foxp3- cells were BrdU+ indicating extensive cell division consistent with
their level of expansion. By contrast, 2W1S-TET+ Foxp3+ cells had levels of BrdU similar to
background levels found in 2W1S-TET-negative CD4+ cells or in mice that did not receive
BrdU (Fig. 3B). Additionally, neither Foxp3+ nor Foxp3- 2W1S-TET+ cells had levels of
BrdU above background in mice infected with Lm ΔactA expressing an irrelevant antigen.
Together, these results indicate primary Lm-2W1S infection selectively primes the
proliferation of antigen-specific Foxp3- CD4+ T cells within week one after infection.

Since systemic administration of peptide antigen without adjuvant primes antigen-specific
Treg expansion (10,11), we next examined the 2W1S-specific CD4 T cell response primed by
purified 2W1S52-68 peptide to determine if the small but defined population of 2W1S-TET
+Foxp3+ cells present in naïve Foxp3gfp mice could expand in non-infection conditions that
favor Treg differentiation. Similar to Lm-2W1S infection, intravenous 2W1S52-68-peptide
inoculation selectively primed dose dependent expansion and BrdU incorporation among
antigen-specific CD4 T cells identified using 2W1S-tetramer (Fig. 4A). Importantly and in
sharp contrast to Lm-2W1S infection, there were no significant differences in the percentage
of Foxp3+ cells found among 2W1S52-68 peptide primed antigen-specific CD4 T cells and the
remaining tetramer negative CD4 T cell population (Fig. 4B, D). Moreover, among these
2W1S52-68 peptide primed 2W1S-TET+ cells, Foxp3+ and Foxp3- cells each incorporated
BrdU to the same extent and to increased levels compared with tetramer negative cells (Fig.
4C). Together, these results indicate 2W1S52-68 peptide readily primes expansion of both
Foxp3+ and Foxp3- 2W1S-specific cells, while Lm-2W1S infection selectively primes
expansion of Foxp3- 2W1S-specific CD4 T cells.

To begin characterizing differences between how purified peptide compared with recombinant
Lm infection primes antigen-specific CD4 T cells, we examined the impact co-administration
of non-recombinant Lm on the CD4+ T cell response primed by 2W1S52-68 peptide. Both the
percentage and absolute numbers of 2W1S-TET+ CD4+ cells were elevated ~10-fold in mice
primed with 125 μg of 2W1S52-68 peptide + Lm ΔactA (106 CFUs) compared with mice primed
with the same quantity of 2W1S52-68 peptide alone (Fig. 5A). While the percentage of Foxp3
+ cells among 2W1S+TET+ cells primed by 2W1S52-68 peptide alone remained consistent
with the percentage of Foxp3+ cells among tetramer-negative cells (each ~10%), the percentage
of Foxp3+ cells among 2W1S+TET+ cells primed by 2W1S52-68 peptide + Lm was reduced
to ~5% (Fig. 5B, C). Notably, despite this modest reduction, the percent Foxp3+ cells among
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2W1S-TET+ cells in mice primed with 2W1S52-68 peptide + Lm was dramatically increased
compared with mice primed with the same inocula of recombinant LmΔactA-2W1S (5%
compared with 0.1%, Fig. 5B and Fig. 3A). Furthermore, while the absolute numbers of 2W1S-
TET+Foxp3+ remained constant after recombinant Lm-2W1S infection, significant expansion
in absolute numbers of 2W1S-TET+ Foxp3+ cells occurred after co-administration of Lm with
2W1S52-68 peptide (Fig. 5D). Together, these results indicate selective priming and expansion
of pathogen-specific Foxp3-negative CD4 T cells observed after recombinant Lm-2W1S
infection are not solely due to the inflammatory milieu triggered by acute Lm infection.

In related experiments, we extended these studies by characterizing the 2W1S-specific CD4 T
cell response at later time points after Lm-2W1S infection. Compared with the day 7 response,
the percent and total number 2W1S-TET+ CD4 T cells had contracted ~60% and 90% by days
14 and 30 after infection, respectively. Despite the contraction in absolute numbers of 2W1S-
TET+CD4+ cells between days 7 and 30 after infection, the number of 2W1S-specific Foxp3
+CD4+ cells remained essentially unchanged (Fig. 6A). Accordingly, the ~90% decline in
numbers of 2W1S-TET+ cells between the second and fourth weeks after infection are
exclusively among 2W1S-TET+ Foxp3- CD4+ cells. This reduction in absolute numbers of
2W1S-specific Foxp3- CD4+ cells resulted in reciprocal increased percentages of Foxp3+ cells
among 2W1S-TET+CD4+ cells from ~0.1% day 7 after infection to ~1% and ~5% by days 14
and day 30, respectively (Fig. 6A). Thus, primary Lm infection selective primes the expansion
and subsequent contraction of antigen-specific Foxp3-CD4+ cells, while the numbers of Foxp3
+CD4+ cells with the same antigen specificity do not change significantly.

Lastly, we sought to examine the dynamics of antigen-specific CD4 T cell priming after
secondary Lm infection by re-challenging with WT Lm-2W1S in mice primed 30 days
previously with Lm ΔactA. For both immune-competent, and mice with targeted defects in
various cytokines required for T cell activation, a single 106 CFU dose of Lm ΔactA efficiently
primes protective immunity to subsequent re-challenge with inocula of virulent Lm normally
lethal for naïve mice (27,28,30). Protective immunity after secondary challenge is associated
with more rapid expansion of both Lm-specific CD8 and CD4 T cells. Interestingly, CD25
+CD4+ Tregs under some conditions may limit secondary expansion of protective CD8 T cells
during Lm infection, however the antigen-specificity of these Tregs were not characterized
(33). Within the first three days after secondary challenge with WT Lm-2W1S, the numbers
of 2W1S-TET+CD4+ cells increased ~10-fold in mice primed initially with Lm ΔactA-2W1S
and increased an additional ~2-fold by day 5 reflecting the accelerated kinetics of antigen-
specific T cell expansion after secondary infection (Fig. 6B). By contrast, for mice that were
initially primed with Lm ΔactA expressing an irrelevant antigen, the numbers of 2W1S-TET
+ cells did not increase significantly within the first three days but increased dramatically
between days 3 and 5 after WT Lm-2W1S challenge reflecting primary expansion kinetics for
2W1S-specific CD4 T cells (Fig. 6B). In these mice, the susceptibility to this normally lethal
inocula of WT Lm-2W1S for naïve mice is bypassed by prior infection with Lm ΔactA allowing
characterization for how WT Lm-2W1S primes antigen-specific Tregs and effector CD4+ cells.
Consistent with the selective priming and expansion of Lm-specific Foxp3- CD4+ cells
observed after primary Lm ΔactA infection, both secondary expansion of 2W1S-specific CD4
T cells after WT Lm 2W1S challenge in Lm ΔactA-2W1S primed mice and primary expansion
of 2W1S-specific CD4 T cells after WT Lm 2W1S challenge in mice primed initially with Lm
ΔactA expressing an irrelevant antigen occurred selectively among Foxp3- CD4+ cells, while
the absolute numbers of Foxp3+2W1S-TET+ cells remained unchanged from numbers present
in naïve mice (Fig. 5B). Taken together, these data demonstrate that primary and secondary
Lm infection selectively primes antigen-specific Foxp3-CD4+, and not Foxp3+CD4+ cells.
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DISCUSSION
In this report, we used MHC class II tetramer staining to track the antigen-specific CD4 T cell
response after Lm infection. For these studies, we engineered recombinant Lm to express the
non-“self” 2W1S antigen and measured the expansion of Lm-2W1S-specific Foxp3-CD4+ and
Foxp3+CD4+ T cells after infection using 2W1S-specific tetramer (22). Using this approach,
we demonstrate that recombinant Lm-2W1S infection selectively primes expansion and
subsequent contraction of 2W1S-specific Foxp3-CD4+ cells in a dose-dependent fashion,
while the numbers of 2W1S-specific Foxp3+CD4+ cells remain essentially unchanged
throughout the course of infection. Importantly in naïve mice prior to Lm infection, a small
but defined population of 2W1S-specific CD4+ cells was consistently identified; and similar
percentages of Foxp3+CD25+ cells (~ 6 to 12%) were found among this 2W1S-specific CD4
+ cell population compared with all CD4+ T cells. Thus, in naïve B6 mice, specificity for the
non-“self” 2W1S52-68 peptide antigen is present in the repertoire of both Foxp3+ and Foxp3-
CD4+ T cells. These findings suggest that overlap is present for Tregs and effector CD4 T cells
at least for some TCR specificities, and these cells have the potential to respond to the same
antigen. Accordingly and in sharp contrast to Lm-2W1S infection, the percentage of Foxp3+
cells among 2W1S tetramer positive cells remained at ~10% after systemic administration of
purified 2W1S52-68 peptide. These results, together with the ability of purified peptide and not
Lm-2W1S infection to prime BrdU incorporation among 2W1S tetramer+ Foxp3+ cells,
suggest that Lm infection selectively inhibits the clonal expansion of antigen-specific Tregs.
However, using our currently available tools, we cannot distinguish whether expansion of
2W1S-specific Foxp3+CD4+ cells after peptide administration results from the clonal
expansion of pre-existing 2W1S-specific Foxp3+ cells or de-novo differentiation of antigen-
specific cells into Foxp3+CD4+ Tregs. Both possibilities are consistent with other reports
demonstrating that purified antigen administered without adjuvant primes antigen-specific
Treg expansion (10,11). Nevertheless, these results collectively demonstrate that although
expansion of both 2W1S-specific Foxp3- and 2W1S-specific Foxp3+ CD4+ T cells can occur,
features related to Lm-2W1S infection primes the selective expansion of only antigen-specific
Foxp3-CD4+ T cells.

Therefore, features related to Lm infection distinguish it from non-infection and other infection
conditions where both antigen-specific Tregs and effector CD4 T cells are primed (9-11,
16-19). For example, after infection with other pathogens such as Schistosoma or
Leishmania that normally cause chronic infection, parallel expansion of both pathogen-specific
Foxp3+ and Foxp3-CD4 T cells occurs. Moreover, these pathogen-specific Tregs indirectly
confer protective immunity to secondary infection by maintaining local antigen persistence
required for sustaining pathogen-specific effector CD4 T cells (17,20,21). Interestingly, despite
the lack of antigen persistence and detectable priming of pathogen-specific Tregs, Lm-ΔactA
readily primes protective immunity to secondary challenge with virulent Lm that is mediated
by pathogen-specific CD8 T cells (27,28,30). We are currently exploring whether these
differential requirements for pathogen-specific Tregs in protective immunity are specific to
these infections, relate to unique features of pathogen-specific CD4 versus CD8 T cell
immunity, or reflect more general features related to the immune response primed by pathogens
that primarily cause acute versus chronic infection. The inability of non-recombinant Lm co-
administered with 2W1S52-68 peptide to reproduce the selective expansion of antigen-specific
Foxp3- cells observed after recombinant Lm-2W1S infection indicates that these differences
are not caused solely by acute inflammatory cytokines produced in response to Lm infection.
Therefore, studies that dissect key features related to acute Lm infection that allows selective
priming and expansion of antigen-specific effector CD4 cells are important areas for future
investigation.
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FIGURE 1.
A. Construct map indicating placement of coding sequences for 2W1S52-68 peptides expressed
and secreted behind the hly promoter and signal sequence (SS) within the pAM401 parent
vector (cat, chloroamphenicol acetyltransferase). B. Western blot of supernatant protein from
WT Lm (WT Lm-2W1S, lane 1) or Lm ΔactA (Lm ΔactA-2W1S, lane 2) each transformed
with this construct, and Lm-OVA (lane 3) used as a positive control (25).
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FIGURE 2.
Expansion of 2W1S-specific CD4 cells after WT Lm-2W1S or Lm ΔactA-2W1S infection.
FACS plots indicating the percent 2W1S-TET+ cells among CD4+ cells before or seven days
after infection with the indicated inocula of WT Lm 2W1S and Lm ΔactA-2W1S (top).
Histogram plots (bottom) indicating CD62L expression among 2W1S-TET+CD4+ cells (solid
line) and 2W1S-TET+CD4+ cells (filled shaded). These data are representative of four
independent experiments each with similar results.
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FIGURE 3.
Lm-2W1S does not prime expansion of 2W1S-specific Foxp3+CD4+ cells. A. Representative
FACS plots indicating the percent 2W1S-TET+CD4+ cells before or seven days after infection
with either 106 CFUs of Lm ΔactA-2W1S (Lm-2W1S) or Lm ΔactA expressing an irrelevant
antigen (Lm-CONTROL) (top). Percent Foxp3+ cells among 2W1S-TET+ cells (middle) and
2W1S-TET- (bottom) cells for the indicated mice. B. BrdU incorporation for Foxp3+ (line
histogram) and Foxp3- cells (filled histogram) among 2W1S-TET+CD4+ cells (top) or
tetramer negative CD4+ cells (bottom) in mice treated with either daily BrdU or no BrdU.
These data are representative of three independent experiments each with similar results.

Ertelt et al. Page 12

J Immunol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Expansion of 2W1S-specific Foxp3+ and Foxp3-CD4+ cells day seven after 2W1S52-68
peptide inoculation. A. Representative FACS plots indicating percent 2W1S-TET+CD4+ cells
(top), and BrdU incorporation among 2W1S-TET+CD4+ cells (line histogram) or tetramer-
negative CD4+ T cells (filled histogram) (bottom). B. FACS plots indicating percent Foxp3+
cells among 2W1S-TET+ (top) and tetramer-negative CD4+ cells (bottom). C. BrdU
incorporation among Foxp3+ (line histogram) or Foxp3- cells (filled histogram) among 2W1S-
TET+CD4+ cells (top) and tetramer-negative CD4+ T cells (bottom). D. Total numbers of
2W1S-TET+CD4+ Foxp3- and Foxp3+ cells among splenocytes at each peptide dose.
Numbers indicate the mean (± standard error) percentage of Foxp3+ cells among 2W1S-TET
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+CD4+ cells. These data are combined from three independent experiments each with similar
results containing 6-8 mice per group. Bar, one standared error.
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FIGURE 5.
Expansion of 2W1S-specific CD4+ cells after inoculation with 2W1S52-68 peptide (125 μg)
alone (Peptide) or peptide co-administered with non-recombinant Lm (LmΔactA 106 CFUs)
(Peptide + Lm). A. Representative FACS plots indicating percent 2W1S-TET+CD4+ cells
among all CD4+ splenocytes for each condition day 7 after inoculation. B. FACS plots
indicating percent Foxp3+ cells among 2W1S-TET+ (top) and tetramer-negative CD4+ cells
(bottom) after inoculation with either peptide alone or peptide + Lm. C. Percent Foxp3+ cells
among either 2W1S-tetramer positive or 2W1S-tetramer negative CD4+ cells for each
condition. D. Total numbers of 2W1S-TET+CD4+ Foxp3+ cells per mouse spleen day 7 after
inoculation with 2W1S52-68 peptide alone or peptide co-administered with non-recombinant
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Lm. These data are combined from three independent experiments each with similar results
containing 5-6 mice per group. Bar, one standared error.
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FIGURE 6.
Kinetics of 2W1S-specific CD4 T cell expansion after primary (A) and secondary (B)
Lm-2W1S infection. Total numbers of 2W1S-TET+CD4+ cells (top), total numbers of 2W1S-
TET+Foxp3+ or 2W1S-TET+Foxp3- cells (middle), and percent Foxp3+ cells among 2W1S-
TET+ or all CD4 cells (bottom), at the indicated time points after primary infection (A) with
either Lm ΔactA-2W1S (Lm-2W1S) or Lm ΔactA expressing an irrelevant antigen (Lm-
CONTROL) or secondary challenge with WT Lm-2W1S (B). The percentage of Foxp3+ cells
among all CD4 T cells in the bottom panels reflect data for mice after Lm-2W1S infection,
although similar percentages were obtained after Lm-CONTROL infection. These data are
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combined from four independent experiments each with similar results that together contain 8
- 12 mice per group per time point.
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