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Abstract

A sensitive peptide-major histocompatibility complex II (pMHCII) tetramer-based method was 

used to determine whether CD4+ memory T cells resemble the TH1 and TH-17 subsets described 

in vitro. Intravenous or intranasal Listeria monocytogenes infection induced pMHCII-specific 

CD4+ naïve T cells to proliferate and produce effector cells, about 10% of which resembled TH1 

or TH-17 cells, respectively. TH1 cells were also present among the memory cells that survived 

three months post-infection whereas TH-17 cells disappeared. The short lifespan of TH-17 cells 

was associated with low amounts of Bcl-2, interleukin 15 receptor, CD27 and little homeostatic 

proliferation. These results suggest that TH1 cells induced by intravenous infection are more 

efficient at entering the memory pool than TH-17 cells induced by intranasal infection.
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Vaccination or prior encounter with a microbe generally results in immunity from 

subsequent infection with that microbe. This immunity is mediated by memory T and B 

cells, which are generated from naïve precursors following exposure to microbial antigens. 

T cell antigen receptor (TCR) binding to microbe-derived peptide-major histocompatibility 

complex (pMHC) ligands causes naïve T cells to proliferate and differentiate into effector 

cells capable of producing microbicidal cytokines1. Although ∼90% of the effector cells 

die, some survive to become long-lived memory cells capable of a rapid and protective 

response to re-infection with the relevant microbe2.

Two major subsets of memory T cells have been described, central (Tcm) and effector 

memory cells (Tem)3–5. Tcm express CCR7 [http://www.signaling-gateway.org/molecule/
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query?afcsid=A000630] and L-selectin, allowing for recirculation through lymph nodes. 

Tem lack CCR7 and L-selectin yet express other homing receptors needed for migration into 

non-lymphoid organs6. When stimulated with antigen, Tem are immediately capable of 

effector cytokine production and cytolysis, whereas Tcm proliferate to produce new effector 

cells, which then acquire these functions. Heterogeneity in lymphokine production potential 

also exists in the case of CD4+ T cells. Naïve CD4+ T cells differentiate into TH1, TH2 or 

TH-17 effector cells when stimulated in vitro with antigen and specific combinations of 

cytokines7. In addition, certain infections induce CD4+ effector cells with the properties of 

TH1 or TH2 cells8.

However, it is still not clear that pMHCII-specific CD4+ memory T cells exist as discrete 

TH1, TH2 or TH-17 subsets in vivo because such cells are difficult to detect in normal hosts. 

To circumvent this problem, immune memory by CD4+ T cells has been studied in vitro9 or 

in vivo1,10,11 by adoptive transfer of TCR transgenic T cells. These approaches are 

artificial in that memory T cells are generated from disrupted lymphoid tissue9–11 or are so 

abundant that normal homeostasis is perturbed12–14. Thus, it is not clear how well genuine 

polyclonal CD4+ memory T cells fit into the TH1, TH2, TH-17 or Tcm and Tem categories.

Here we addressed this problem with a sensitive pMHCII tetramer-based approach that 

allowed detection of polyclonal pMHCII-specific CD4+ T cells in normal mice following 

Listeria monocytogenes infection. We found that intravenous and intranasal infection 

induced TH1 and TH-17 CD4+ effector T cells, respectively, although the most abundant 

cells in both cases did not resemble any of the canonical TH subsets. In addition, we found 

that TH1 cells were much more likely than TH-17 cells to enter the memory cell pool.

Results

Detection of pMHCII-specific CD4+ memory T cells

A pMHCII tetramer-based approach was used to identify CD4+ T cells specific for a 

pMHCII produced during bacterial infection. The pMHCII tetramer consisted of the I-Ab 

MHCII molecule bound to a variant of peptide consisting of amino acids 52–68 from the I-E 

alpha chain called 2W1S15. The 2W1S peptide is highly immunogenic in C57BL/6 (B6) 

mice because of a relatively large naïve population capable of recognizing 2W1S:I-Ab (ref. 

16). B6 mice were infected with an attenuated strain of L. monocytogenes (ΔActA) 

engineered to secrete a fusion protein containing a portion of chicken ovalbumin and the 

2W1S peptide (LM-2W1S)17 or a mycobacterial peptide ESAT6 (LM-ESAT6)18. These 

bacteria replicate for several days in mice and are then completely eliminated by innate and 

adaptive immune mechanisms19. Cells from each mouse were stained with a fluorochrome-

labeled 2W1S:I-Ab tetramer and anti-fluorochrome magnetic beads at various times after 

infection and enriched on a magnetized column20. The bound fraction was then stained with 

antibodies specific for CD3, CD4, CD8, CD44 and a cocktail of non-T cell lineage-specific 

antibodies to aid in the identification of CD4+ memory T cells.

Because effector and memory T cells express many of the same surface markers, the latter 

cells were identified as the population that stabilized after the expansion and contraction 

phases of the primary response21. Initial analyses involved standard intravenous infection. 
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Mice that were not infected contained a small population of about 300 2W1S:I-Ab-binding 

CD3+ CD4+ cells in the spleen and lymph nodes, the vast majority of which were CD44lo as 

expected for naïve cells (Fig. 1a). The tetramer bound to these T cells via the TCR as 

evidenced by the finding that no 2W1S:I-Ab-binding cells were detected among the CD8+ 

MHCI-restricted T cells. Mice infected 7 days earlier with LM-ESAT6 also contained about 

300 CD44lo 2W1S:I-Ab+ CD4+ naïve T cells (Fig. 1b). In contrast, mice infected with 

LM-2W1S 7 days earlier contained a large population of CD44hi 2W1S:I-Ab+ CD4+ T cells 

in the spleen and lymph nodes that could still be detected on day 190 and beyond. The 

2W1S:I-Ab-specific CD4+ T cells peaked at ∼140,000 cells by day 5 after LM-2W1S 

infection and then declined rapidly to 20,000 cells by day 20 (Fig. 2). This contraction phase 

ended abruptly on day 20 after which the population slowly declined until day 250 with a 

half-life of about 40 days (Fig. 2). By day 250, only about 200 CD44hi 2W1S:I-Ab+ CD4+ T 

cells remained in the spleen and lymph nodes, and this number remained stable for the next 

150 days. Although 2W1S:I-Ab+ CD4+ T cells were not detected in the bone marrow in 

uninfected mice (data not shown), about 1,500 CD44hi 2W1S:I-Ab+ CD4+ T cells appeared 

in the bone marrow by day 20 and then declined to 150 cells by day 300. Thus, 2W1S:I-Ab-

specific CD4+ T cells expanded to a peak number on day 5, contracted until day 20, and then 

entered a memory phase characterized by slow numerical decline for the next 230 days. In 

addition, some of the 2W1S:I-Ab-specific memory CD4+ T cells were present in the bone 

marrow, although more were in the spleen and lymph nodes.

Infection route influences CD4+ T cell differentiation

We next determined whether CD4+ memory cells induced by intravenous infection 

resembled any of the canonical TH subsets. Lymphokine production by 2W1S:I-Ab-specific 

CD4+ memory cells was measured by direct ex vivo intracellular staining22 in mice that 

were infected 24 days before with LM-2W1S, and then challenged for 2 h with LM-2W1S 

or LM-ESAT6. Two hours was chosen because this is the time of maximal in vivo 

lymphokine production by antigen-experienced CD4+ T cells stimulated by intravenous 

injection of peptide23 or infection with LM-2W1S (data not shown). 2W1S:I-Ab-specific 

CD4+ memory cells did not express CD69 (Fig. 3a) or produce interferon-γ (IFN-γ) or 

interleukin 17A (IL-17A) after challenge with LM-ESAT6 (Figs. 3a,b). In contrast, about 

30–40% of the memory cells produced IFN-γ after challenge (Fig. 3a,b) with LM-2W1S, 

while none of these cells produced IL-17A (Fig. 3b) or IL-5 (data not shown). The failure of 

the majority of 2W1S:I-Ab–specific CD4+ memory cells to make IFN-γ after challenge was 

not related solely to a lack of 2W1S:I-Ab recognition after challenge since many of the cells 

expressed the TCR signal-dependent CD69 molecule but did not make IFN-γ (Fig. 3a). 

Therefore, about one-third of the 2W1S:I-Ab-specific CD4+ memory cells induced by 

intravenous infection resembled TH1 cells while the remainder did not produce any of the 

canonical TH1, TH2 or TH-17 cytokines.

It was possible that many of the 2W1S:I-Ab-specific CD4+ memory cells that were CD69+ 

but were not making cytokines 2 h after challenge would have gone on to produce cytokines. 

To address this issue, spleen and lymph node cells from mice infected 22 days earlier with 

LM-2W1S were stimulated in vitro with the soluble TCR signal mimics phorbol myristate 

acetate (PMA) and ionomycin in the presence of an exocytosis inhibitor. IFN-γ-producing 
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cells peaked at about 50% of the total 2W1S:I-Ab-specific CD4+ memory population 

between 3.5 and 6 h of stimulation (Fig. 3c). Since IFN-γ should accumulate under these 

conditions, these results indicated that only a subset of the 2W1S:I-Ab-specific CD4+ 

memory cell population had IFN-γ production potential. This conclusion was supported by 

the finding that about 50% of the 2W1S:I-Ab-specific CD4+ memory cells induced by 

intravenous infection expressed the TH1-associated transcription factor T-bet24 before 

challenge, while none expressed the TH-17-associated transcription factor RORγt25 (Fig. 

3d) and none became Foxp3+ regulatory T cells17. Since T-bet expression controls the TH1 

differentiation program in most cases24, this finding indicates that only a subset of the 

memory cells induced by intravenous infection had differentiated into TH1 cells.

It was possible that the induction of TH1 but not TH-17 or TH2 cells was related to the 

intravenous route of infection. We therefore studied the effect of intranasal administration of 

LM-2W1S organisms based on reports that IL-17A-producing T cells are induced during 

mucosal bacterial infections26,27. Indeed, we found that about 7% of the 2W1S:I-Ab-

specific CD4+ T cells in the spleen and lymph nodes of mice 24 days after intranasal 

LM-2W1S infection produced IL-17A, while very few produced IFN-γ, 2 h after challenge 

with LM-2W1S but not LM-ESAT6 (Fig. 3b). In addition, about 15% of the 2W1S:I-Ab-

specific T cells induced by intranasal infection expressed RORγt, as evidenced by green 

fluorescent protein (GFP) expression in Rorc(gt)+/GFP mice or intracellular RORγt staining 

(Fig. 3d). These results demonstrate that intranasal LM-2W1S infection induced some of the 

2W1S:I-Ab-specific T cells to differentiate into TH-17 cells. However, as in the case of 

intravenous infection, the major population showed no evidence of committing to any 

canonical lineage.

TH-17 cells are shorter-lived than TH1 cells

We next measured the survival of IFN-γ- or IL-17A-producing T cells to determine if these 

subsets were equally efficient at entering the memory pool. Mice infected at various earlier 

times were challenged with an intravenous injection of LM-2W1S organisms to identify the 

lymphokine-producing cells. Intravenous LM-2W1S infection generated about 12,000 IFN-

γ-producing 2W1S:I-Ab-specific effector T cells in the spleen and lymph nodes by day 7, 

which comprised about 10% of all 2W1S:I-Ab-specific T cells. At all times after the 

contraction phase, IFN-γ-producing cells accounted for about 25% of the 2W1S:I-Ab-

specific memory cells (Fig. 4a). Therefore, IFN-γ-producing 2W1S:I-Ab-specific T cells 

were as good or better than non-IFN-γ-producing cells at entering the memory pool.

Intranasal infection induced a similar pattern of 2W1S:I-Ab-specific CD4+ T cell expansion, 

contraction and memory cell formation as intravenous infection albeit to a lower extent (Fig. 

4b). The reduced magnitude of this response was probably related to the fact that the nasal 

mucosal lymphoid tissues, which are the main sites of priming after intranasal infection28, 

contain many fewer naïve T cells than the spleen where priming occurs following 

intravenous infection. About 2,000 IL-17A-producing 2W1S:I-Ab-specific effector cells 

were present on day 7, which as in the case of IFN-γ-producing cells in intravenously 

infected mice, comprised about 10% of all 2W1S:I-Ab-specific T cells at this time. 

However, unlike IFN-γ-producing cells, IL-17A-producing 2W1S:I-Ab-specific cells were 
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progressively lost such that fewer than 10 cells (or 0.5% of all 2W1S:I-Ab-specific T cells) 

remained at day 110 post infection. Thus, IL-17A-producing cells did not enter the memory 

pool as efficiently as IFN-γ-producing cells.

CD27 marks functional heterogeneity in CD4+ memory T cells

Additional markers were sought that could give clues about the differential longevity of 

IFN-γ- and IL-17A-producing CD4+ T cells and determine if they fit the definition of Tcm or 

Tem. Previous work demonstrated that CD8+ memory T cells can be divided based on 

expression of the tumor necrosis factor (TNF) receptor family member CD27 [http://

www.signaling-gateway.org/molecule/query?afcsid=A000546]29,30. In addition, CD8+ 

memory cells that lack expression of CD27 have been shown to be short-lived30–33. 

Therefore, we assessed expression of CD27 and CCR7, a marker used to distinguish Tcm or 

Tem3. Most of the IFN-γ+ or T-bet+ 2W1S:I-Ab-specific CD4+ T cells present greater than 

20 days after intravenous infection were CCR7lo CD27+ (Fig. 5a,b). Although cells with this 

phenotype were also present amongst the IFN-γ− or T-bet− cells in the same mice, these 

populations also contained many CCR7hi CD27+ and CCR7hi CD27− cells. In contrast, most 

of the IL-17A+ 2W1S:I-Ab-specific CD4+ T cells present after intranasal infection were 

CCR7hi CD27− (Fig. 5c), while the IL-17A− cells contained more CCR7hi CD27+ and 

CCR7hi CD27− cells like the IFN-γ− cells in intravenously infected mice. Although the 

RORγt+ 2W1S:I-Ab-specific CD4+ T cells contained CCR7hi CD27− cells as in the case of 

IL-17A-producing cells (Fig. 5d), the RORγt+ populations also contained CD27+ cells. 

Therefore, based on CCR7 expression, the TH1 cells resembled Tem while the TH-17 cells 

resembled Tcm.

The finding that IL-17A-producing CD4+ T cells lacked CD27 and were short-lived caused 

us to explore whether all CD27− CD4+ memory cells had this property. This possibility was 

tested in an adoptive transfer experiment involving total CD4+ memory T cells since 

2W1S:I-Ab-specific memory cells were too infrequent to detect reliably after transfer. 

Purified total CD27+ or CD27− CD4+ CD44+ T cells were sorted from L. monocytogenes-

infected B6 mice (CD90.2+) and transferred into naïve B6.PL-Thy1a (CD90.1+) recipients 

(Fig. 6a). The CD27+ CD4+ memory cells survived stably over a 14-day period after 

adoptive transfer, while purified CD27− CD4+ memory cells declined by about 80% (Fig. 

6b). Thus, CD27− CD4+ memory T cells were short-lived compared to CD27+ CD4+ 

memory T cells. Although this observation was based on total CD4+ memory cells, it 

correlated with the finding that a subset of CD27+ 2W1S:I-Ab-specific CD4+ memory T 

cells expressed larger amounts of the Bcl-2 survival protein than CD27− memory T cells of 

the same specificity (Fig. 6c).

Minimal homeostatic proliferation by CD27− CD4+ T cells

It was also possible that poor homeostatic proliferation contributed to the short lifespan of 

CD27− CD4+ memory T cells. This possibility was tested with a bromo-2-deoxyuridine 

(BrdU) labeling experiment. B6 mice were infected with LM-2W1S and 40 days later given 

BrdU in the drinking water for 2 weeks. About 10% of the 2W1S:I-Ab-specific CD4+ 

memory T cells induced by intravenous or intranasal infection labeled with BrdU (Fig. 7a 

and data not shown). Among the 2W1S:I-Ab-specific CD4+ memory T cells, about 15% of 
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the CD27+ and only 3% of the CD27− cells labeled with BrdU (Fig. 7a,b). The homeostatic 

proliferation results correlated with expression of the beta chain of the IL-15 receptor 

(IL-15R; also known as CD122). CD122 was expressed on some CD27+ CD4+ but very few 

CD27− CD4+ memory T cells (Fig. 7c). Together, these results showed that CD27− CD4+ 

memory T cells were poor homeostatic proliferators, perhaps as a result of a lack of IL-15R 

expression.

To further test this hypothesis, mice were injected with IL-15–IL-15Rα complexes, which 

have been shown to be superagonists for IL-15R signaling in vivo34. Injection of IL-15–

IL-15Rα complexes into B6 mice 40 days after intravenous LM-2W1S infection led to a 

∼30-fold increase in the fraction of 2W1S:I-Ab-specific CD4+ memory cells that underwent 

homeostatic proliferation over a short 5 day BrdU labeling period, and the cells that 

proliferated were enriched for CD27+ cells (Fig. 7d). These results indicate that a lack of 

IL-15R expression limits the homeostatic proliferation of CD27− CD4+ memory T cells.

Discussion

We found that intravenous or intranasal infection with LM-2W1S induced polyclonal 

2W1S:I-Ab-specific CD4+ memory T cells. The emergence of memory-phenotype cells was 

preceded by robust expansion of naïve cells, which peaked in the secondary lymphoid 

organs about a week after infection. In both infections, the number of 2W1S:I-Ab-specific 

CD4+ T cells declined rapidly after the peak. This contraction phase ended on day 20, after 

which the cells declined slowly. The abrupt change in survival observed at day 20 indicated 

that this is when the memory phase of this response begins. Most of the 2W1S:I-Ab-specific 

CD4+ T cells induced by intravenous infection were in the secondary lymphoid organs 

during the memory phase, with many fewer in the bone marrow. Thus, the secondary 

lymphoid organs are the main reservoir of endogenous polyclonal CD4+ memory T cells 

induced by intravenous bacterial infection, and not the bone marrow as described for TCR 

transgenic memory cells induced by peptide plus adjuvant immunization35.

Our results suggest that some but not all aspects of the TH1 or TH-17 and Tem or Tcm 

paradigms apply to all CD4+ memory T cells. The IFN-γ-producing memory cells induced 

by the transient bacterial infections studied here resembled TH1 and Tem cells because of 

immediate IFN-γ but not IL-17 production capability and lack of CCR7 expression3. 

Similarly, the IL-17A-producing cells induced by intranasal infection resembled TH-17 and 

Tem cells because of immediate IL-17A but not IFN-γ production capability. However, these 

cells expressed CCR7 and thus were phenotypically similar to Tcm and were short-lived. In 

addition, the dominant population of memory cells induced by either infection route did not 

produce IFN-γ, IL-17A or IL-5 and were heterogeneous with respect to CCR7 and CD27 

expression. Therefore, these cells did not fit easily into the TH1, TH2, TH-17 or Tcm and Tem 

paradigms. These cells may be less differentiated and thus capable of becoming TH1, TH2 or 

TH-17 cells following secondary infection. Alternatively, these cells could be highly 

differentiated cells that produce lymphokines other than those that define the classical 

subsets.
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The tendency of different routes of infection to induce different memory cells may be 

related to the innate cytokine environments of the relevant secondary lymphoid organs. 

Anatomic constraints make it likely that naïve CD4+ T cells first become activated in the 

nasal-associated mucosal lymphoid tissue following intranasal infection28. A previous 

study26 found that IL-17A-producing CD4+ effector T cells are preferentially induced in 

mice exposed to Francisella tularensis organisms via the respiratory mucosa. Similarly, 

another study 27 showed that infection of the upper airway with Streptococcus pneumoniae 

organisms generated a population of IL-17A-producing CD4+ T cells. Thus, it is possible 

that the environment within mucosal secondary lymphoid organs is especially conducive to 

the differentiation of IL-17A-producing T cells. Since IL-6 is required for differentiation of 

these cells36,37 it is noteworthy that dendritic cells from the intestinal mucosal tissue have 

been reported to be better IL-6 producers than splenic dendritic cells38. In addition, 

transforming growth factor-β, which is also essential for the differentiation of IL-17A-

producing T cells, is abundant in the mucosal tissues39. Conversely, splenic dendritic cells 

are potent producers of IL-12 (ref. 40), which is required for the differentiation of IFN-γ-

producing T cells41.

Our results confirm the idea that CD4+ memory T cells decline slowly over time, at least in 

some cases. Previous work42 reported this finding for IFN-γ-producing CD4+ memory T 

cells induced by lymphocytic choriomeningitis virus infection. We also found that the total 

population of 2W1S:I-Ab-specific CD4+ memory T cells induced by intravenous bacterial 

infection including those with IFN-γ-production potential declined slowly with a half-life of 

about 40 days between days 20 and 250 of the memory phase. It is worth noting that the 

aforementioned viral infection42 and the bacterial infections studied here were cleared very 

quickly from the host. Thus, the decline of CD4+ memory T cells described in both cases 

may be related to a lack of persistent antigen presentation. It will be of interest to determine 

if CD4+ memory T cells also decline during persistent infections caused by organisms like 

Salmonella typhimurium43.

After day 250, the number of 2W1S:I-Ab-specific memory cells stabilized at a level that was 

only about twice that of the naïve level of 300 cells. This survival pattern was remarkably 

similar to that observed for polyclonal naïve T cells12. Thus, it is possible that many murine 

CD4+ memory T cells do not live longer than their already long-lived naïve precursors.

The decline of CD4+ memory T cells induced by transient infections is in contrast to the 

remarkable numerical stability of CD8+ memory T cells42. Since IL-15 is important for the 

homeostatic proliferation of both types of memory cells44, it may be telling that most CD4+ 

memory T cells induced by bacterial infection, especially those lacking CD27, did not 

express the IL-15R. It is therefore reasonable to suspect that a low rate of IL-15-driven 

homeostatic proliferation contributed to the numerical decline of the CD4+ memory T cell 

populations observed in our experiments. Our finding that increasing the availability of 

IL-15 in the form of IL-15–IL-15Rα complexes increased the homeostatic proliferation of 

CD4+ memory T cells is consistent with this possibility.

IL-17A-producing effector cells did not efficiently enter the memory cell pool. One possible 

explanation for this finding is that these cells simply lost the capacity to produce IL-17A37. 
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Alternatively, the IL-17A-producing cells could have died because of a lack of CD27. 

CD27–CD70 interactions have been shown to be important for the maintenance of CD8+ 

memory cells31,45 perhaps via CD27 signaling through TRAF5 (ref. 46). The lack of a 

CD27 signal may have also lead to reduced expression of the anti-apoptosis protein Bcl-2 

and a greater rate of apoptosis than that of CD27+ CD4+ memory cells. In contrast, IFN-γ-

producing memory cells may gain a survival benefit from expression of T-bet, which has 

been reported to control CD122 expression and thus the capacity for IL-15-dependent 

homeostatic proliferation47. Against this scenario is the finding that T-bet expression is a 

marker of terminal differentiation and death in CD8+ memory T cells48.

Our results also demonstrate an association between CD27 expression and lymphokine 

production potential. This finding adds to other evidence indicating that signaling through 

CD27 is causally related to acquisition of IFN-γ production potential49,50, perhaps by 

contributing to the induction of T-bet51. However, it is worth noting that about half of the 

RORγt+ 2W1S:I-Ab-specific memory cells induced by intranasal infection expressed CD27 

but did not produce IFN-γ or IL-17A, and could have been committed to IL-22 or IL-17F 

production52. Thus, CD27 may be necessary but not sufficient for IFN-γ production by 

CD4+ memory cells and not permissive for IL-17A production. This possibility is supported 

by recent work indicating that CD27+ γδ T cells cannot become IL-17-producing cells53.

Finally, our results have implications for protective immunity. Intranasal immunization of 

mice with S. pneumoniae organisms induces protective immunity that is dependent on 

IL-17A and CD4+ T cells54. Our findings suggest that this immunity may be short-lived 

because IL-17A-producing CD4+ effector T cells do not survive to become memory cells. 

Supporting this suggestion is the clinical observation that streptococcal infections, for 

example otitis media, tend to recur55.

Methods

Mice

Six- to eight-week-old B6, B6.129S6-Tbx21tm1Glm/J, B6.129P2(Cg)-Rorctm2Litt/J and 

B6.PL-Thy1a/CyJ mice were purchased from the Jackson Laboratory or National Cancer 

Institute (B6). All mice were housed in specific pathogen-free conditions in accordance with 

University of Minnesota and NIH guidelines. All animal experiments were approved by the 

Institutional Animal Care and Use Committee of the University of Minnesota.

L. monocytogenes infections

Mice were injected intravenously with 107 or intranasally with 109 L. monocytogenes 

organisms expressing a recombinant protein consisting of chicken ovalbumin fused to the 

2W1S (EAWGALANWAVDSA)17 or ESAT6 (ref. 18) peptides. In some experiments, 

animals were challenged intravenously after the primary infection with 5 × 108 live 

LM-2W1S or LM-ESAT6. Challenged animals were sacrificed 2 h later for analysis.
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BrdU labeling

To analyze homeostatic proliferation, mice were infected with LM-2W1S and at least 40 

days later were given BrdU (0.8 mg/ml) in the drinking water for 12–14 d. In some cases, 

mice were injected intraperitoneally with complexes of recombinant mouse IL-15Rα–Fc 

chimera (7 μg per animal) and recombinant mouse IL-15 (1.5 μg per animal; both from 

R&D Systems) formed as described previously34,56. Animals were injected with IL-15–

IL-15Rα complexes and BrdU (2 mg/animal by intraperitoneal injection) for 2 d and then 

BrdU was added to the drinking water (0.8 mg/ml) for an additional 3 d prior to harvesting 

spleen and lymph nodes and staining as described above.

Tetramer production

Biotin-labeled soluble 2W1S:I-Ab molecules were produced, expressed in drosophila S2 

cells, purified and tetramerized with streptavidin (SA)-PE- or SA-APC (Prozyme) as 

described previously16,20.

Tetramer enrichment and flow cytometry

Spleen and lymph node cells or leg bone marrow cells were prepared, stained with 2W1S:I-

Ab–SA-PE or SA-APC tetramer and PerCP-Cy5.5–anti-CCR7 (4B12) (eBioscience) at 25°C 

for 1 h and then with anti-PE and/or anti-APC magnetic beads. Bead-bound cells were then 

enriched on magnetized columns and a sample was removed for counting as described 

previously16. It was assumed that the leg bones contained 1/5th of the bone marrow in the 

body57. All antibodies were from eBioscience unless otherwise noted. The rest of the 

sample underwent surface staining on ice with Pacific Blue or eFluor450-anti-B220 

(RA3-6B2), anti-CD11b (MI-70), anti-CD11c (N418), and anti-F4-80 (BM8) (Caltag); 

Pacific Orange-anti-CD8α (5H10) (Caltag); FITC-anti-CD27 (LG.7F9); APC-AlexaFluor 

750 or APCeFluor780-anti-CD4 (RM4-5); PE-Cy7-anti-CD3ε (145-2C11), PE-anti-CD122 

(5H4), and AlexaFluor 700-anti-CD44 (IM7) antibodies. For intracellular cytokine 

experiments, spleen and lymph node cells from challenged animals or in vitro stimulated 

cultures containing PMA(50 ng/ml), ionomycin (200 ng/ml), and brefeldin A (10 μg/ml, 

Sigma) underwent the tetramer enrichment and anti-CCR7 staining mentioned above in 10 

μg/ml brefeldin A-containing buffer (Sigma) to prevent cytokine secretion. The enriched 

cells were surface stained with combinations of antibodies listed above then treated with BD 

Cytofix/Cytoperm, and then stained with PE-Cy7-anti-IFN-γ (XMG1.2) or PE-anti-IL-17A 

(TC11-18H10) (BD Pharmingen). In some experiments, the enriched cells were surface 

stained, then treated with eBioscience Foxp3 Fixation/Permeabilization Concentrate and 

Diluent, and stained with PE-anti-T-bet (eBio 4B10) or PE-anti-RORγt (AFKJS-9), or with 

BD Cytofix/Cytoperm and stained with PE-anti-Bcl-2 (3F11) (BD Pharmingen). In cases 

where BrdU labeling was performed, the enriched cells were surface stained and 

incorporated BrdU was detected with the BrdU Flow kit (BD Pharmingen) according to the 

manufacturer's specifications (BD Pharmingen). In all cases, the cells were then analyzed on 

an LSR II flow cytometer (Becton Dickinson). Data were analyzed with FlowJo software 

(TreeStar).
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Memory cell transfer

Spleen and lymph nodes were collected from B6 mice infected at least 20 days earlier with 

LM-2W1S. For CD27− transfers, samples were depleted of CD27+ cells (95–97% purity) 

using biotin-anti-CD27, anti-biotin beads (Miltenyi), and LD columns (Miltenyi). For 

CD27+ transfers, samples were enriched for CD4+ memory cells by adding 0.1 μg/ml biotin-

anti-CD45RB to the biotin-labeled antibody cocktail provided in the Miltenyi CD4 Isolation 

kit and removing the biotin-labeled cells on an LS column. The remaining cells were stained 

with fluorochrome-labeled anti-CD44 and anti-CD27 prior to sorting CD44+ CD27+ events 

using a Becton Dickinson FACSAria. The purified cells were injected intravenously into 

B6.PL-Thy1a recipients. One or 14 d later, spleen and lymph node cells from the recipients 

were harvested, stained for 2W1S:I-Ab–SA-APC tetramer and Percp-Cy5.5-anti-CCR7 

(4B12) for 1 h at 25°C, then with PE-anti-CD90.2 (53-2.1) and anti-PE magnetic beads. 

Bead bound cells were then stained with the non-T lineage-specific; anti-CD8α; anti-CD4; 

anti-CD27; and anti-CD44 antibodies listed above and the cells were then analyzed on an 

LSR II flow cytometer (Becton Dickinson). Data were analyzed with FlowJo software 

(TreeStar).

Statistical analysis

Differences between data sets were analyzed by paired or unpaired two-tailed Student's t-

test. In Figure 3 a two-way ANOVA with a Bonferroni post-test was used to determine 

significance.
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Figure 1. 
Infection with LM-2W1S induces the clonal expansion of 2W1S:I-Ab-specific memory 

cells. CD4+ or CD8+ T cells were identified in enriched fractions by flow cytometry from 

CD11c− CD11b− F4/80− B220− CD3+ gated events. (a) CD4+ T cells (left) or CD8+ T cells 

(right) from an uninfected B6 mouse with gates on CD44high 2W1S:I-Ab+ (left) or all 

2W1S:I-Ab+ cells (right). (b) CD4+ T cells in enriched samples from a B6 mouse 7 days 

after intravenous infection with LM-ESAT6 (left) or 7 (middle) or 190 (right) days after 

intravenous LM-2W1S infection. The percentages of cells in the indicated gates are shown. 

The plots are representative of greater than twenty (a) or 2-5 independent experiments (b).
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Figure 2. 
2W1S:I-Ab-specific CD4+ memory T cells decay after infection with LM-2W1S. Mean 

number of CD4+ 2W1S:I-Ab+ T cells ± SD (n ≥ 3 for each data point) in the spleen and 

lymph nodes (circles) or bone marrow (triangles) after intravenous infection with 

LM-2W1S. A non-linear regression fit of the spleen and lymph node data yielded a T1/2 of 

43 days (R2 = 0.94, 95% confidence interval of 30 – 73 days) for points between days 20 

and 248.
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Figure 3. 
Lymphokine production by 2W1S:I-Ab-specific CD4+ memory T cells. CD69 expression 

(a), IFN-γ (a,b), and IL-17A production (b) by 2W1S:I-Ab-specific memory T cells, 2 h 

after challenge with LM-ESAT6 (left) or LM-2W1S (right). 2W1S:I-Ab-specific memory T 

cells were induced by intravenous (a,b) or intranasal (b) infection. (c) Percent of 2W1S:I-

Ab-specific IFN-γ+ CD4+ memory T cells after stimulation with PMA and ionomycin in the 

presence of brefeldin A for 3.5 h, 6 h, or 22 h. (d, top) T-bet expression (left) in 2W1S:I-Ab-

specific memory T cells (black line) induced by intravenous infection compared to CD44+ 

CD4+ T-bet deficient cells (gray histogram). eGFP expression in Rorc(γt)+/GFP mice after 

intranasal infection (right) in 2W1S:I-Ab-specific memory T cells (black line) compared to 

wild-type 2W1S:I-Ab-specific memory T cells (gray histogram) after intranasal infection. 

(d, bottom) Scatter plot showing the percentage of T-bet+ or RORγt+ 2W1S:I-Ab-specific 

memory T cells in individual mice based on the gates in (d, top) (asterisk, P < .01 for T-bet 
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samples, P < 0.05 for RORγt samples). Plots are representative of three (a), six (b), two (c) 

or four independent experiments examining T-bet and RORγt expression by intracellular 

staining and one with Rorc(γt)+/GFP mice (d).
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Figure 4. 
Survival of IFN-γ and IL-17A-producing 2W1S:I-Ab-specific CD4+ memory T cells. Mean 

number (± SD, n = 3–5 at each time point) of total 2W1S:I-Ab-specific CD4+ T cells 

(circles) induced by intravenous (a) or intranasal (b) infection and 2W1S:I-Ab-specific 

CD4+ T cells that made IFN-γ but not IL-17A (a, triangles) or IL-17A but not IFN-γ (b, 

squares) after challenge with LM-2W1S.
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Figure 5. 
Surface phenotype of 2W1S:I-Ab-specific T cells. Representative plot of CCR7 and CD27 

expression on 2W1S:I-Ab-specific T cells in mice at least 20 days after intravenous (a,b) or 

intranasal (c,d) infection.The quadrant lines were based on 2WIS:I-Ab− CD44low naive cells 

in each sample. This population was uniformly CCR7high and contained CD27low and 

CD27high subsets. The horizontal line was set at the lowest level of CCR7 on the entire 

population and the vertical line at the midpoint between the CD27low and CD27high subsets. 

(a) Cells that produced IFN-γ but not IL-17A (left) or neither (right) after challenge with 

LM-2W1S. (b) T-bet+ (left) or T-bet − (right) antigen-experienced cells without challenge 

(c) Cells that produced IL-17A but not IFN-γ (left) or neither (right) after challenge with 

LM-2W1S. (d) RORγt+ (left) or RORγt − (right) antigen-experienced cells without 

challenge. The values on the plots represent the mean percentage of cells (± SD, n ≥ 4) in 

the indicated quadrants. Data are representative of seven (a), four (b), six (c), or two 

independent experiments (d).
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Figure 6. 
CD27− CD4+ memory T cells are short-lived. (a) Representative contour plots of CD90.2-

enriched fractions of spleen and lymph node cells from mice that received purified CD90.2+ 

CD27+ (left) or CD27− (right) total CD4+ memory T cells one day earlier. (b) Mean number 

(± SD, n = 3-4) of CD90.2+ CD27+ (left) or CD27− (right) cells recovered 1 or 14 days after 

transfer into B6.PL-Thy1a recipients. The number of CD27– cells recovered on day 14 was 

significantly lower than the number recovered on day 1, P = 0.0005 (asterisk). (c) Bcl-2 

expression by total naïve CD4+ T cells (dashed line), or CD27− (gray histogram) or CD27+ 

(black line) 2W1S:I-Ab+ memory T cells. Data are representative of three (a,b) or two 

independent experiments (c).
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Figure 7. 
CD4+ memory T cells undergo limited homeostatic proliferation. (a) Representative BrdU 

histograms for total (left), CD27+ (middle), or CD27− (right) 2W1S:I-Ab+ CD4+ memory 

cells in mice fed BrdU for 14 days beginning 40 days after intravenous LM-2W1S infection, 

along with a histogram of total CD4+ T cells (gray) from a mouse that did not receive BrdU 

(left). Gates used to identify BrdU+ cells are shown. (b) Scatterplot of the percentage of 

BrdU+ 2W1S:I-Ab+ CD4+ memory T cells that were CD27+ or CD27− in individual mice, 

based on the gates shown in (a). (c) Representative contour plot of CD122 and CD27 on 

2W1S:I-Ab+ CD4+ memory T cells induced by intravenous infection. Mean percentages (± 

SD, n = 5) of CD122+ cells are shown in the relevant quadrants. (d) Scatterplot of the 

percent BrdU+ 2W1S:I-Ab+ CD4+ memory cells in individual mice that were not injected 

(circles) or injected with IL-15–IL-15Rα complexes (triangles) and given BrdU for 5 days 

beginning 20 days after intravenous LM-2W1S infection. BrdU+ cells were identified as 

shown in (a). Representative histograms of BrdU incorporation by CD27+ (solid line) or 

CD27− (gray) 2W1S:I-Ab+ CD4+ memory T cells in mice that were not injected (left) or 
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injected with IL-15–IL-15Rα complexes (right) and given BrdU for 5 days beginning 20 d 

after intravenous LM-2W1S infection. Horizontal bars on each scatter plot indicate the 

means for each population. The number of BrdU+ cells in the IL-15–IL-15Rα complex-

treated group was significantly greater than in the untreated group (asterisk, P = 0.003). Data 

are representative of three (a,b), two (c), one experiment (d).
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