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CD4� T cell responses to aerosol Mycobacterium tuberculosis (Mtb)
infection are characterized by the relatively delayed appearance of
effector T cells in the lungs. This delay in the adaptive response is
likely critical in allowing the bacteria to establish persistent infec-
tion. Because of limitations associated with the detection of low
frequencies of naı̈ve T cells, it had not been possible to precisely
determine when and where naı̈ve antigen-specific T cells are first
activated. We have addressed this problem by using early secreted
antigenic target 6 (ESAT-6)-specific transgenic CD4 T cells to mon-
itor early T cell activation in vivo. By using an adoptive transfer
approach, we directly show that T cell priming to ESAT-6 occurs
only after 10 days of infection, is initially restricted to the medi-
astinal lymph nodes, and does not involve other lymph nodes or
the lungs. Primed CD4 T cells rapidly differentiated into prolifer-
ating effector cells and ultimately acquired the ability to produce
IFN-� and TNF-� ex vivo. Initiation of T cell priming was enhanced
by two full days depending on the magnitude of the challenge
inoculum, which suggests that antigen availability is a factor
limiting the early CD4 T cell response. These data define a key
period in the adaptive immune response to Mtb infection.

priming � transgenic mice

Tuberculosis is a major health problem in the world today (1).
It is estimated that one-third of the world’s population has been

infected with Mycobacterium tuberculosis (Mtb), and although only
5–10% of infected individuals develop disease, �2 million deaths
occur annually. The emergence of multidrug-resistant and exten-
sively drug-resistant strains of Mtb threatens to overcome current
control measures (2). Despite an urgent need to develop new
vaccines and therapies, progress has been limited by a lack of basic
understanding of how and where protective immune responses to
Mtb are initiated and maintained.

Tuberculosis is predominantly a pulmonary disease acquired
via aerosol infection. Protective immunity to Mtb infection
depends upon CD4 T cells (3). Effector CD4 T cell responses
have been detected in the mediastinal lymph node (MLN) and
lung 2–3 weeks after low-dose infections, although studies by
Chackerian et al. (4, 5) detected Mtb-specific IFN-�-producing
CD4 T cells as early as day 12 after infection in the lung-draining
lymph node (LN). Similar detection techniques showed the T cell
responses to other aerogenic infections, such as influenza, to be
much more rapid (6), raising the question of why the response to
Mtb is apparently delayed. Furthermore, the Mtb immune
response has only been detected after Mtb has disseminated
from the lungs (4, 7, 8). Because these studies of aerosol Mtb
infection relied on the detection of effector T cells, it was not
known whether priming had initially occurred in the lung or
MLN or whether effector T cells had trafficked to these sites
after Mtb dissemination. More recent studies of a population of
Ag85-specific CD4 T cells demonstrated that T cell proliferation
occurred first in the MLN, indicating that this tissue is a site of

T cell priming (5). These prior studies relied on indirect assess-
ments of T cell priming (e.g., proliferation and cytokine pro-
duction), however, and did not characterize the earliest events
after antigen encounter. Delineation of these priming events will
be important for understanding how protective immunity is
generated against Mtb.

The reason for the delayed CD4 T cell response to Mtb is not
completely understood. However, the apparent delay in the CD4
T cell response likely allows the bacteria sufficient time to
establish persistent infection. One hypothesis to explain the lag
in the adaptive immune response is that antigen is unavailable
early after infection to initiate an immune response. For exam-
ple, effector T cell responses were detected within 5 days after
i.v. infection (9); these results were likely due to higher antigen
loads. It is also unclear whether T cell priming can occur only
after bacterial dissemination from the lungs to the draining LNs
(4) or whether it requires that professional antigen-presenting
cells (APCs) acquire antigen in infected lungs and migrate to
secondary LNs (10). Another possible explanation for the
delayed T cell response is that Mtb actively subverts antigen
presentation (11).

The problem in analyzing the earliest events of T cell priming
is that the frequency of naı̈ve antigen-specific T cells is very low
in uninfected mice. To overcome this problem, we have devel-
oped an Mtb-specific T cell receptor (TCR) transgenic mouse
strain and have used T cells from these mice to experimentally
increase the precursor frequency of antigen-specific T cells in
infected mice (12). We show that CD4� T cells specific for
ESAT-61-20/I-Ab are primed in the MLN on day 10 after aerosol
infection with 75 colony forming units (CFU) of Mtb. These data
reveal that CD4 T cell responses during Mtb infection occur
much later relative to many other respiratory infections. We also
demonstrate that priming of naı̈ve T cells during Mtb infection
is limited by antigen and that priming is initially restricted to the
MLN. These studies define directly a key early event in the
development of protective immunity.

Results
Generation of an ESAT-6-Specific TCR Transgenic Mouse Strain.
ESAT-6 is a relatively abundant secreted Mtb protein that is a
major target of CD4� and CD8� T cells in both mice and humans
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during infection (13, 14). Our previous studies (8) demonstrated
that CD4 T cells specific for ESAT-6 are a substantial population
in lungs and lymphoid tissues of Mtb-infected mice after aerosol
infection. These studies relied, however, on indirect measures of
T cell effector functions. To facilitate the direct analysis of CD4
T cell responses, we generated a transgenic mouse strain that
expresses TCR genes that encode a TCR specific for ESAT-61-20

presented by the class II molecule I-Ab (15). The TCR genes
were isolated from a T cell hybridoma (BE1-349.1) that recog-
nizes ESAT-61-20/I-Ab (Fig. 1A). The hybridoma encodes a TCR
containing the V�6 TCR chain, a commonly represented V�
among IFN-�-producing ESAT-61-20/I-Ab CD4 T cells during
both the acute and chronic phases of Mtb infection (8, 14).
Candidate TCR� and TCR� genes were cloned in the human
CD2 expression vector (16), and the construct was used to
generate germ-line transgenic mice. F1 founder mice were
identified based on their expression of V�6 on the majority of
CD4 T cells (Fig. 1B). These F1 founder mice were back-crossed
to C57BL/6J mice. To confirm the specificity of the T cells from
the transgenic mice, we examined the ability of these cells to

up-regulate CD69 in vitro when cultured with APC and ESAT-
61-20 peptide. Transgenic T cells were only activated in the
presence of cognate peptide, demonstrating that the transgenic
T cells exhibited the intended specificity (Fig. 1C).

Naı̈ve T Cells Are First Activated on Day 10 in the MLN After Low-Dose
Aerosol Mtb Infection. To analyze early events in the T cell
response after Mtb infection, we used an adoptive transfer
approach whereby 1 � 106 naı̈ve ESAT-61-20/I-Ab-specific trans-
genic T cells were intravenously transferred into congenic-
recipient Thy1.1 mice (12) 1 day before aerosol infection with 75
CFU of strain H37Rv (17). To directly identify the earliest
encounter of the naı̈ve T cell with antigen, we made use of the
observation that naı̈ve T cells rapidly up-regulate CD69 within
the first few hours of antigenic contact (18). Specifically, we
addressed when CD69 was first expressed on the donor trans-
genic T cells. Relatively high numbers of donor transgenic cells
were used to facilitate the detection of early T cell priming.
Approximately 20% of the transgenic T cells up-regulated CD69
on day 9 after infection in the MLN (Fig. 2 A and B). To address
concerns that the use of supraphysiological numbers of trans-
genic cells affected the results, the experiment was repeated
using fewer transgenic cells. Similar activation kinetics were
observed when 5 � 104 transgenic T cells were transferred on the
same day as the aerosol inoculation, indicating that priming was
independent of donor T cell numbers (Fig. 2C). Although 5 �
104 transgenic T cells were still supraphysiological, the use of

Fig. 1. Generation of an ESAT-61-20/I-Ab-specific TCR transgenic mouse. (A)
The ESAT-61-20/I-Ab-specific T cell hybridoma BE1-349.1 or the irrelevant hy-
bridoma BOMP89.1 was stimulated with splenic APCs alone, APCs plus cog-
nate peptide, an ESAT-6/I-Ab multimer (Trudeau Institute), or the mitogen
concanavilan A (ConA), as indicated. IL-2 production was determined by
measuring 3H-thymidine incorporation by the IL-2-dependent cell line HT-2.
(B) C57BL/6J littermates or C57BL/6J backcross progeny of transgenic founder
mice were stained with antibodies against CD4 and V�6. The right dot plot is
representative of the V�6 expression on CD4 T cells from a transgenic mouse.
(C) Splenocytes from transgenic or littermate control mice were incubated for
24 h with spleen APCs plus Sendai HN419-433 or ESAT-61-20 peptides. The dot
plots show up-regulation of CD69 expression on CD4-positive V�6-expressing
transgenic T cells only after incubation with the specific peptide (upper right
quadrant in bottom right plot).

Fig. 2. Early activation occurred within 10 days after infection and was
unaffected by donor T cell number. Naı̈ve ESAT-6 transgenic cells (1 � 106)
were isolated by negative magnetic bead selection and injected i.v. into
Thy1.1-congenic recipient mice 1 day before aerosol infection with 75 CFU of
Mtb (strain H37Rv). Four mice were analyzed each day from day 7 through day
10 after infection. (A) Diagram of the flow cytometric gating strategy used to
analyze CD69 and CD44 expression by the activated transgenic T cells. (B)
Expression of CD69 on donor ESAT-6 transgenic T cells in the spleen, MLN, and
the lung on the indicated days after infection. The data are representative of
two independent experiments. (C) B6.SJL-Ptrpca�/� (F1)-congenic hosts were
injected with naı̈ve ESAT-6 transgenic cells (5 � 104) on the day of aerosol
infection. Expression of CD69 on donor ESAT-6 transgenic T cells in the MLN,
spleen, and lung on the indicated days after infection is shown. (B and C) Data
points are representative of individual mice. The horizontal bars indicate the
mean of four to eight mice. The first days in which statistical significance was
noted relative to control mice are indicated by asterisks. Statistical significance
was determined by using the Student’s t test (P � 0.05).
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fewer donor T cells did not allow the recovery of sufficient
numbers of donor cells to perform the analyses.

To eliminate a concern that factors secreted early during Mtb
infection may suppress naı̈ve T cell activation, we performed a
second set of studies wherein we transferred 2 � 106 naı̈ve
ESAT-6/I-Ab-specific transgenic cells into recipient mice that
had been infected 6 days earlier. In these studies, activation of
the transgenic cells was assessed in secondary lymphoid and
peripheral tissues by monitoring expression of the activation
markers CD69, CD62L, and CD44. CD69 up-regulation was first
observed on a portion of donor transgenic cells on day 10 after
infection (Fig. 3 A and B). Activation occurred exclusively in the
MLN, which drains the lower lung (Fig. 3 A and B), with no
evidence of T cell priming in the lungs (Fig. 3B) or the cervical
and mesenteric LNs [supporting information (SI) Fig. S1 A].
Furthermore, the differentiation of newly activated cells (19)
(identified by down-regulation of CD62L and up-regulation of
CD44 surface expression) occurred 1–2 days after CD69 up-
regulation and was initially restricted to the MLN (Fig. 3B and
Fig. S1 A). Within 14–15 days after infection, effector transgenic
T cells were found in peripheral tissues, including the lung and
spleen. The T cells in these tissues no longer expressed CD69.
Because CD69 is rapidly down-regulated before LN emigration,
the data suggest that the transgenic T cells in the lung and spleen
were differentiated effector cells that were primed not locally,
but rather in the MLN. Using the analyses described here, we
were unable to detect activated endogenous T cells, likely
because they were present at very low frequency (Fig. 3C and
Fig. S1B).

In previous studies, effector T cell responses were detected
only after Mtb emigration from the lung to the MLN (4).
Because we observed priming in the MLN on day 10, we
addressed whether viable bacteria were present in the MLN at
this time after low-dose infection. Bacteria were detected in the
MLNs of 4 of 12 mice assayed on day 9; by day 11, all mice
contained viable bacteria in their MLNs (Fig. 3D). These data
confirm the study by Chackerian et al. (4) and suggest that
bacterial dissemination to the MLN and T cell priming are
causally related.

Primed ESAT-6/I-Ab-Specific Transgenic T Cells Rapidly Acquire Effec-
tor Functions. We next investigated when and where the trans-
genic T cells acquired effector functions. The capacity of donor
T cells to undergo cell division was examined by using a
carboxyfluorescein diacetate succinimidyl ester (CFSE)-dilution
assay (Fig. 4A). Cell division first occurred in the MLN on day
12 in most animals (Fig. 4B and Fig. S2 A), and division was
responsible for an increase in the number of transgenic T cells
by day 14 in the MLN (Fig. 4C and Fig. S2B). We also addressed
whether the transgenic CD4 T cells could produce inflammatory
cytokines in response to specific antigen. Transgenic T cells
isolated from the spleen, MLN, and lung of infected recipient
mice produced IFN-� and TNF-� in response to ESAT-61-20 as
early as day 15 after infection (Fig. 4D). The majority of the T
cells in the cultures produced cytokines in vitro, suggesting that
most of the donor T cells had participated in the response in vivo.
These data suggest that, by day 10, CD4 T cell responses are
initiated in the MLN and are followed by cell proliferation,
acquisition of effector functions, and migration to other ana-
tomical locations.

The Kinetics of Naı̈ve T Cell Priming Depends on the Challenge
Inoculum During Mtb Infection. It is unclear why the initial CD4 T cell
response to Mtb is delayed relative to other bacterial and viral
infections. One possibility is that the late initiation of the Mtb-
specific T cell response is a consequence of the slow replication of
Mtb (the bacterium has a doubling time of 28 h), which limits the
amount of available antigen. Although studies by North et al. (20)

Fig. 3. Kinetics of ESAT-6/I-Ab-specific transgenic T cell activation during
Mtb infection. Naı̈ve ESAT-6 transgenic cells (2 � 106) were injected into
Thy1.1-congenic hosts that had been aerosol-infected 6 days earlier with 75
CFU of Mtb. Six mice were analyzed each day from day 8 through day 15
after infection. Four noninfected control mice were included on days 8 and
15 after infection (Control 8 and 15, respectively). The data are represen-
tative of three independent experiments of similar design. (A) Represen-
tative dot plots of CD69 and CD62L expression on CD4�/CD90.2� transgenic
T cells isolated from MLNs and lungs of uninfected and Mtb-infected mice
on days 8, 10, and 12 after infection. (B) Expression of CD69, CD44, and
CD62L on donor ESAT-6 transgenic T cells in the MLN, lung, and spleen. (C)
Expression of CD69 on endogenous (host) CD4 T cells within the same
animals analyzed in B. (D) Dissemination of Mtb after aerosol infection.
Mice were killed, and the Mtb CFUs in the indicated tissues was determined.
The open symbols below the dashed line indicate that no viable bacteria
were detected within the entire organ homogenate. Data points are
representative of individual mice. The horizontal bars indicate the mean of
four to six mice. The first days in which statistical significance was noted
relative to control mice are indicated by asterisks.
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have shown that esat6 (Rv3875) mRNA is detected in vivo within 10
days after infection, it is possible that ESAT-6 becomes available to
T cells only after bacterial infection reaches a critical threshold. If
bacterial burden and antigen availability are limiting factors, in-
creasing the bacterial inoculum would be predicted to accelerate
the kinetics of CD4 T cell priming. To test this hypothesis, mice
were aerosol-infected with three doses of H37Rv (75 � 25, 600 �
90, and 1,200 � 200 CFU), and naı̈ve transgenic T cells were
transferred to the infected mice on day 5 after infection. In mice that
received the highest Mtb inoculum, naı̈ve T cell activation was
detected as early as day 8 after infection, 2 days earlier than was
observed after our standard inoculum (Fig. 5). Having observed in
Fig. 3D that dissemination is concomitant with T cell priming, we
analyzed bacterial dissemination under these three challenge inoc-

ulum conditions (Fig. 5C). Inoculum dose and bacterial dissemi-
nation were linked, demonstrating that T cell priming depends upon
bacterial load and dissemination, which suggests that antigen avail-
ability is at least one factor influencing when T cell priming first
occurs. Bacterial dissemination to the spleen was also enhanced by
the higher inoculum doses on day 9 (data not shown).

Discussion
A key finding from our studies is that T cell responses to Mtb are
initiated in the MLN �10 days after aerosol infection. This
finding suggests that it takes at least 9 days for dendritic cells or
other APCs to acquire antigen, mature, migrate to the LN, and
initiate a T cell response (21). These kinetics are much delayed
compared with those observed for acute viral infections (22, 23).
Our conclusions are very similar to those from recently pub-

Fig. 4. ESAT-61-20/I-Ab-specific transgenic T cells undergo differentiation and
exhibit effector functions after Mtb infection. CFSE-labeled or unlabeled
naı̈ve ESAT-6 transgenic cells (2 � 106) were i.v. administered on day 6 to
recipients that had been aerosol-infected with 75 � 25 CFU of H37Rv. (A) A
representative histogram of CFSE expression on CD4�/CD90.2� transgenic T
cells in the MLN on days 9–12 after infection. (B) The fraction of transgenic T
cells that had undergone cell division were determined on the basis on CFSE
dilution. Data are presented from the spleens, MLNs, and the lungs of six mice
analyzed on each day from days 8–15 after infection. Four noninfected control
mice were included on days 8 and 15 after infection (Control 8 and 15,
respectively). The data are representative of two independent experiments of
similar design. (C) The number of transgenic cells shown in B are indicated. (D)
Mice that received unlabeled naı̈ve ESAT-6 transgenic cells were analyzed on
day 15 after infection for the production of IFN-� and TNF-�. Cells isolated
from each tissue were stimulated with either an irrelevant peptide (Sendai
HN421-436) or ESAT-61-20 for 6 h in the presence of brefeldin A. CD4�/CD90.2�

transgenic T cells are shown in the dot plots.

Fig. 5. The timing of naı̈ve T cell activation and bacterial dissemination
depends on the size of the Mtb inoculum. Naı̈ve ESAT-6 transgenic cells (2 �
106) were i.v. injected into Thy1.1 congenic mice that had been aerosol-
infected 5 days earlier with 75 � 25, 600 � 90, and 1,200 � 200 CFU. (A) The
expression of CD69 on donor ESAT-61-20/Ab transgenic T cells was analyzed in
the MLN, lung, and spleen. (B) Expression of CD69 on host CD4 T cells in the
high-inoculum-infected mice. The data are representative of two indepen-
dent experiments of similar design and used three to six mice at each time
point. Expression of CD69 on either host or transgenic CD4 T cells detected in
individual Mtb-infected recipient mice is shown. (C) Mice were killed at the
indicated times after infection, and the Mtb CFU in the indicated tissues was
determined. The symbols indicate the CFU detected in each tissue after aerosol
inoculation with 75 CFU (gray squares), 600 CFU (black circles), and 1200 CFU
(white circles). Each datum represents a single mouse. Symbols below the
horizontal dashed line indicate that viable bacteria were not detected within
the entire organ homogenate. The asterisks are representative of statistical
significance examined on each day between groups by using one-way ANOVA
(P � 0.05). Statistically significant differences in lung bacterial burden be-
tween the groups were observed on each day after infection.
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lished studies of the early activation of Mtb Ag85-specific CD4
T cells (5). In these related studies, activation was inferred to
occur on day 11 based on proliferation data. The 1-day differ-
ence in activation kinetics may result from the use of an indirect
vs. a direct measurement of T cell activation. Alternatively, the
processing and presentation of the Ag85 peptide may be delayed
relative to ESAT-6, or subtle differences in the experimental
conditions may be responsible. Although our study and that by
Wolf et al. (5) used supraphysiological numbers of naı̈ve trans-
genic T cells in order to facilitate the detection of the early
responding T cells, we demonstrated that our findings were not
affected by the number of naı̈ve T cells transferred or the timing
of transfer relative to infection, because the transfer of as few as
5 � 104 transgenic cells on the day of infection yielded data
equivalent to that obtained using larger numbers of donor cells
on day 6 after infection. Although it is well known that naı̈ve T
cell frequency is an important factor in the generation of fully
functional effector and memory T cells (24), our use of supra-
physiological numbers of T cells allowed us to precisely deter-
mine when and where ESAT-6 was presented to CD4 T cells
within Mtb-infected animals.

Although the CD4 T cell response to ESAT-6 does not appear
to be initiated until day 10 after infection, the response
progresses rapidly thereafter. Indeed, after the initial activation
event (measured by CD69 up-regulation), the rate at which cells
acquire an activated phenotype and begin to proliferate during
Mtb infection is similar to that observed in other studies that
have used CD4 T cell transgenic mouse models to study infec-
tions (for examples, see refs. 22 and 23). These data reveal that
there is no difference in the kinetics of effector CD4 T cell
responses between Mtb and other viral and bacterial systems.
Once T cell activation is initiated, Mtb does not inhibit CD4 T
cell responses during acute infection. Thus, the apparent delay
in the appearance of effector cells during Mtb infection is due to
a lack of sufficient antigen presentation before day 10 after
infection rather than a delay in effector T cell differentiation.

It is unclear whether the relatively late initiation of the
adaptive immune response is due to insufficient numbers of
APCs or limited availability of antigen. One possibility is that
slow bacterial growth and/or tissue sequestration results in a
delay in antigen presentation (10). Because priming depends on
the challenge inoculum, our data suggest that antigen is limiting.
An alternative possibility is that antigen simply fails to trigger
naı̈ve T cells, perhaps because of bacterial subversion. In this
regard, the 19-kDa lipoprotein from Mtb, which has been shown
to inhibit class II expression in macrophages, could potentially
interfere with naı̈ve T cell priming (11).

Our work demonstrates that after low-dose aerosol infection
naı̈ve T cells become primed in the MLN but not in the lung.
Although some other studies have suggested that T cell priming can
be initiated in the lung itself (perhaps through the development of
local lymphoid structures) (25), our data are consistent with reports
that early T cell priming occurs only in the MLN (5). The role of
dendritic cells in this process is unresolved. The dissemination of
viable bacteria to the spleen before the appearance of activated
transgenic cells (CD62Llo/CD44hi) and/or activation of naı̈ve trans-
genic cells (CD62Lhi/CD44lo) indicates that dissemination and
antigen presentation are not always concurrent (Fig. 3D) (4).
Although this study has addressed initial priming events, which are
restricted to the MLN, we have yet to resolve whether bacterial
dissemination is required to prime naı̈ve T cells in secondary
lymphoid organs, such as the spleen.

Taken together, our data identify the early events of a T cell
response to an important early secreted protein using a low-dose
aerosol Mtb infection. The development of successful vaccina-
tion strategies will be facilitated by a better understanding of how
both CD4 and CD8 T cell responses are generated and sustained
during an Mtb infection.

Methods
Generation of the Transgenic Mice. The CD4 T cell hybridoma BE349.1 was
generated and cloned by using standard methods after s.c. immunization of
C57BL/6 mice with ESAT-61-20 peptide emulsified in complete Freund’s adju-
vant (26). A panel of V�-specific antibodies were used to identify the TCR
�-chain used (V� 6). To identify TCR transcripts expressed by the hybridomas,
cDNA was screened by PCR by using a panel of oligonucleotides designed to
identify each of the V� and V� chain mRNAs (Table S1; provided by John
Kappler, National Jewish Medical and Research Center, Denver). Amplicons
were cloned into the TA Cloning Vector (Invitrogen), and the nucleotide
sequences were determined to confirm that the V� genes were intact. The
cloned regions containing each of the genes were excised by using 5� and 3�
EcoRI sites within the cloning vector and were inserted separately into the
expression vector phCD2 (27) that had been restricted by using EcoRI.

To verify that the expressed genes encoded a TCR of the intended speci-
ficity, the expression plasmids were restricted with NotI and were introduced
into the TCR loss-variant hybridoma 5KC.53.6.1 (28). After identification of
transfectants that responded to I-Ab/ESAT61-20, the entire mouse coding and
noncoding regions were excised from the hCD2 expression plasmid by using
KpnI and NotI and were used for microinjection of mouse embryos (performed
at the Van Andel Institute, Grand Rapids, MI).

Animals. C57BL/6J and B6.PL-Thy1a/Cy (Thy1.1) mice were purchased from The
Jackson Laboratory. B6.SJL-Ptrpca�/� (F1) mice were generated and maintained
in specific pathogen-free facilities at Trudeau Institute. ESAT-6 transgenic mice
were generated as described above at the Van Andel Institute and subsequently
back-crossedontoC57BL/6J.ESAT-6transgenicmicewerescreenedforexpression
of V�6 on CD4� T cells from the peripheral blood. Experimental mice were age-
and sex-matched and used between 8 and 12 weeks. Mice were used in accor-
dance with the Institutional Animal Care and Use Committee guidelines of the
National Research Council and the Trudeau Institute.

Infections. The H37Rv stain of Mtb was grown in Proskauer Beck medium
containing 0.05% Tween 80 to mid-log phase and frozen in 1-ml aliquots at
�70°C. For aerosol infections, subject animals were infected with a low dose
(�75 CFU) unless otherwise stated by using a Glas-Col airborne infection
system as described (17). Bacterial burden was measured either through serial
dilutions or with whole organ homogenate as described (17). CFUs from serial
dilutions were determined based on total volume of tissue homogenate.

Lymphocyte Isolation and Flow Cytometry. Lung tissue was prepared by
injecting tissue with a 0.5 mg/ml solution of Collagenase (Roche); the tissue
was coarsely chopped and was incubated for 30–45 min at 37°C. Single-cell
suspensions were prepared from lung tissue, LNs, or spleens by dispersing the
tissues through a 70-�m nylon tissue strainer (Falcon). Single-cell suspensions
were treated with Gey’s solution to remove any residual red blood cells.
Lymphocytes were enriched from lung tissue by isolation by using an 80/40%
Percoll gradient. Single-cell suspensions were stained with fluorochrome-
labeled antibodies for anti-CD4 (clone RM4-5), anti-CD8 (clone 5H10), and
anti-CD62L (clone MEL-14) from Caltag; anti-CD90.2 (53-2.1) and anti-CD69
(H1.2F3) from BD Biosciences; and anti-CD44 (IM7) from eBioscience. The
samples were analyzed on a CyAn ADP flow cytometer (DakoCytomation). The
data were analyzed with FlowJo software (Tree Star).

CFSE-Labeling and Adoptive Transfer. Naı̈ve transgenic CD4� T cells were
isolated from various lymphoid tissues from transgenic mice. Single-cell sus-
pensions were prepared as described above and were panned on goat anti-
mouse IgG H�L (Jackson ImmunoResearch)-coated Primaria flasks (Falcon) for
30–45 min at 37°C to remove B cells and macrophages. The transgenic cells
were next enriched by using a CD4� T cell negative isolation kit (Miltenyi
Biotech). A sample of the sorted cells was analyzed to confirm purity and to
evaluate the expression of the activation markers CD69, CD62L, and CD44. In
some studies, transgenic T cells were labeled with 0.5 �M CFSE for 10 min at
37°C. Transgenic T cells (200 �l) were transferred i.v. into congenic mice on day
6 after infection with Mtb unless otherwise stated.

Intracellular Cytokine Detection. Lymphocytes isolated from infected mice as
described above were incubated in a 96-well plate at a concentration of 3 �
106 cells. Cells were incubated in the presence of ESAT-61-20 or Sendai HN421-436

peptide (5 �g/ml each) for 2 h at 37°C; Brefeldin A (50 �g/ml) was added, and
the incubation was continued for an additional 4 h. Surface staining for CD4,
CD8, and CD90.2 was performed as described previously (8), and the cells were
fixed in 2% formaldehyde in PBS overnight. For detection of intracellular IFN-�
and TNF-�, the cells were incubated for 30 min in PBS containing 0.5% saponin
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(Sigma–Aldrich) followed by incubation in the same buffer with anti-IFN-�
(clone XMG1.2) and anti-TNF-� (clone MP6-XT22) for 30 min; the cells were
then washed and analyzed as described above.

Statistical Analysis. Differences between the means of experimental groups
were analyzed by using Student’s t test (Prism 4 software, GraphPad). Differ-
ences were considered significant when P � 0.05.
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