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Analysis of T-cell subsets accumulating in the lungs of C57BL/6 mice chronically infected with Mycobacte-
rium tuberculosis revealed that both CD4 and CDS8 T-cell populations expressed a cell surface phenotype
consistent with that of effector T cells and that a significant proportion of these cells were in the process of

secreting gamma interferon.

An alarming aspect of the present global tuberculosis epi-
demic caused by Mycobacterium tuberculosis is that an esti-
mated minimum of 100 to 200 million people carry the bacillus
in an active or latent form (7-10, 17, 18, 21-24). All immuno-
competent inbred mouse strains initially contain and control
M. tuberculosis infection induced by aerosol exposure. Further-
more, the highly resistant strains of mice, such as C57BL/6,
then exhibit a chronic or persistent disease state that can last
200 to 300 days with only minimal increases in the bacterial
load (17). However, whether this chronic stage truly represents
a form of bacterial latency is still a matter of debate. For
example, surviving bacilli can still be killed by chemotherapeu-
tic agents such as isoniazid (1, 5, 19), proteins recognized early
in the infection such as ESAT-6 can still be recognized by T
cells (25), and the restraining granulomatous pathology still
has a dynamic rather than static profile (26).

Theoretically, if the M. tuberculosis infection is latent,
then one would expect reactive T cells in the lung lesions to
be in a state of memory, as can indeed be observed if the
infection is cleared by drugs (1). However, other models of
immunological memory, particularly those following more
acute viral infections, have provided convincing evidence
that the differentiation of naive T cells into effector cells and
subsequently into memory immune cells is a tightly con-
trolled process (15, 16). A central determining factor is the
availability of antigen, and it has been suggested by Bevan
(2) that the transition of T cells from effector to memory
would be unlikely in a situation such as chronic tuberculosis,
where a source of antigen persists.
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To address the issue of antigen persistence and its influence
on the activation state of T cells during a pulmonary tubercu-
losis infection, T cells were harvested from the lungs of mice
chronically infected with M. tuberculosis and then analyzed for
their cell surface molecule expression. Throughout the chronic
stage of infection, the majority of cells consistently exhibited a
phenotype consistent with that of effector T cells. The data
suggest that some surviving M. tuberculosis bacilli may slowly
and continuously replicate during the chronic stage of infec-
tion, thus providing sufficient antigen to maintain the T-cell
population in the lung lesions in a state of effector immunity.

Mice and bacterial strain. C57BL/6 mice, 8 to 10 weeks old,
were purchased from Jackson Laboratories, Bar Harbor,
Maine. M. tuberculosis strain Erdman was grown to mid-log
phase in Proskauer-Beck liquid medium containing 0.05%
Tween 80 and then frozen in aliquots at —70°C until needed.
Mice were infected by aerosol exposure procedures described
previously (5, 6).

Lung cells and flow cytometry. In order to obtain single-cell
suspensions from the lungs, the organs were treated and pro-
cessed strictly as described previously (11, 12). Cells were la-
beled with the following specific antibodies: fluorescein iso-
thiocyanate (FITC) anti-CD44, phycoerythrin anti-CD45RB
or anti-CD122, peridinin chlorophyll a protein anti-CD8 or
anti-CD4, and allophycocyanin anti-CD62L. All antibodies
were purchased from BD Pharmingen and were used at a
concentration 0.2 pg per 10° cells in phosphate-buffered saline
for 30 min at 4°C. The cells were analyzed on a Becton Dick-
inson FACScalibur and the data were analyzed with CellQuest
software (Becton Dickinson Immmunocytometry Systems, San
Jose, Calif.). All the analyses were done with an acquisition of
100,000 events.

Specific immune response. Bone marrow macrophages (2 X
10° cells/ml) were either infected with 2.5 X 10° CFU of M.
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FIG. 1. Bacterial load and influx of inflammatory cells in the lung after aerosol infection with M. tuberculosis. (A) Bacterial load in the lungs
after aerosol infection. Data are expressed as the log,, CFU per lung from four mice per group (means = standard deviations). (B) Total lung
cells obtained during the chronic phase of the disease. (C and D) Total numbers of CD4* and CD8™ T cells in the lung measured by flow cytometry.
Infected mice (filled circles) were compared to uninfected control mice (open circles) to allow for known changes in T cells as animals age. Data
shown are the means * standard errors of the means (six mice per group) and are representative of three separate infections. (E and F)
Representative photomicrographs of a typical C57BL/6 pulmonary granuloma stained for CD4 (E) and CD8 (F) cells at 90 days postinfection

(magnification, X100).

tuberculosis Erdman per ml in a final volume of 1 ml of com-
plete Dulbecco minimum essential medium or pulsed with
culture filtrate protein from M. tuberculosis (10 wg/ml; supplied
by John T. Belisle) for 4 h. The plates were incubated for 18 h
at 37°C in 5% CO, with lung cell suspensions of control age-
matched or infected mice. For the final 6 h of the incubation
period, 3 pM monensin (Golgi Stop; BD Pharmingen) was

added to the cultures. The lung cells were labeled with allophy-
cocyanin anti-CD4 and peridinin chlorophyll a protein anti-CD8
and fixed and permeabilized according to the manufacturer’s di-
rections with a Golgi Stop kit (BD Pharmingen); cells were then
stained for intracellular FITC anti-gamma interferon (IFN-vy) or
FITC rat immunoglobulin G1 isotype control (BD Pharmingen).
The samples were analyzed by flow cytometry.
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FIG. 2. Surface marker expression by isolated lung CD4 T cells. (A) In the representative example, lung lymphocytes were stained for CD4 and
CD62L cells. CD62L"e" (R3) and CD62L'" (R4) cells were further analyzed for the expression of CD44 and CD45RB. (B) Kinetics of effector
CD4 cells (CD44"e" CD45RB™, and CD62L'°%) over the chronic phase of the infection. (C) Kinetics of memory CD4 cells (CD44"eh,
CD45RB"Y, and CD62L"#"), Data are expressed as the means = the standard errors of the means and are from six mice per group per time point,
representative of two independent experiments. Open bars, control aged-matched mice; filled bars, infected mice. Statistical significance based on
a comparison of control and infected mice is indicated by an asterisk (P < 0.01).

IHC analysis. In order to execute an immunohistochemical
(IHC) analysis for CD4 and CD8 T cells, the right first lobe
from each mouse was collected. The IHC analysis was done as
previously described (11). All experiments were performed
three times, and statistical significance between the different
groups was determined using the Student ¢ test.

Maintenance of a stable bacterial load and number of in-
flammatory cells in the lung. In order to follow the inflamma-
tory response during the chronic stage of infection, mice were
infected by the aerosol route with M. tuberculosis, and at var-
ious time points after exposure, the bacterial load and the total
number of cells recovered from individual lungs were enumer-
ated and analyzed by flow cytometry for CD4* and CD8" T
cells. As expected, after the initial exponential growth phase, a
stable bacterial load and homeostatic maintenance of inflam-

matory cells in the lung were observed through 150 days of the
experiment (Fig. 1A and B). The numbers of CD4™ T cells that
could be isolated from the infected lungs increased up to 90
days postinfection (P = 0.01), while a smaller increase in
CD8™" T cells was observed (Fig. 1C and D). THC analysis of
lung granulomas 90 days postinfection corroborated the flow
results showing a prevalence of CD4 cells that were both sur-
rounding and within the lesions (Fig. 1E), while CD8" cells
were sparsely distributed around the perimeter of the granu-
loma (Fig. 1F), as has been previously observed (11).

CD4* T cells predominantly express an effector cell surface
phenotype. Next, we addressed whether T cells entering the
sites of the pulmonary infection with M. tuberculosis transi-
tioned from a state of effector immunity to one of memory as
the bacterial load became stable during the chronic stage of
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FIG. 3. Similar analysis for effector CD8" cells isolated from the lungs during chronic infection with M. tuberculosis. As above, cells were stained
for CD8 and CD62L and then further analyzed for the expression of CD44 and CD122 cells. (B) Kinetics of effector CD8™" cells (CD44 "eh,
CD122'°%, and CD62L'"). (C) Kinetics of memory CD8™ cells (CD44 M&" CD122 " and CD62L "&"). Data are expressed as the means * the
standard errors of the means and are from six mice per group per time point, representative of two independent experiments. Open bars, control
aged-matched mice; filled bars, infected mice. Statistical significance based on a comparison of control and infected mice is indicated by an asterisk

(P < 0.01).

disease. To discriminate between effector and memory cells,
four-color flow cytometric analysis was used to characterize
CD4 effector cells as CD44Meh CD62LY, and CD45SRB™
and memory cells as CD44"#" CD62L"e" and CD45RB™". It
was consistently found (Fig. 2) that most T cells present in the
lungs between day 40 and day 150 were CD62L'°%, and further
analysis of this gated region showed that most of these cells
were CD44"e" and CD45RB™, Plotting these data versus the
course of the infection (Fig. 2B) indicated the predominance
of a stable effector CD4 cell population. Minimal numbers of
memory CD4 cells could be identified (Fig. 2C).

Changes in CD8"-T-cell populations. To enumerate lung
CD8" T cells, we performed flow cytometry with CD44 high,
CD122 M2 and CD62L M&® as surface markers for memory
cells and CD44"e" CD122'°%, and CD62L"°Y as surface mark-
ers for effector cells (Fig. 3). Similar to the results obtained for

CD4 cells, the number of CD8" effector cells in the lung
predominated during the chronic phase of the disease (Fig.
3B), with only a limited number of cells expressing a memory
T-cell phenotype (Fig. 3C).

Cytokine-secreting CD4*- and CD8*-cell populations in the
lung. The critical cytokine induced during M. tuberculosis in-
fection is IFN-y, and its production is directly correlated with
protection in the mouse model (6, 7). In addition, however,
both innate and acquired mechanisms induced by pulmonary
tuberculosis can drive the production of this cytokine (4, 7,
13-14, 20). As shown in Fig. 4A, an increase in CD4 T cells
secreting IFN-y was observed up to the 90-day time point, and
a smaller, yet still significant, increase was seen within the CD8
cell population (Fig. 4B). In both cases, cells producing this
cytokine were predominately from within the effector T-cell
subsets.
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FIG. 4. T cells producing IFN-y during the chronic stage of infec-
tion. Data are expressed as the means * the standard errors of the
means and are from eight mice per group per time point, representa-
tive of two independent experiments. Open circles, control aged-
matched mice; filled circles, infected mice. Statistical significance
based on a comparison of control and infected mice is indicated by an
asterisk (P < 0.01).

The results of this study show that the vast majority of T cells
that can be isolated from the lungs of M. tuberculosis-infected
mice up to 150 days postinfection possess a CD62L'°* pheno-
type that is associated with effector immunity. Moreover, a
significant proportion of these cells are in the process of pro-
ducing the key protective cytokine IFN-vy. These results are
fully consistent with the recent hypothesis put forth by Bevan
(2) that chronic diseases such as tuberculosis and leprosy prob-
ably create a state of immunity characterized by the continuous
presence of effector T cells. This process is probably driven by
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antigen, because prolonged chemotherapy which clears M. fu-
berculosis leads to the establishment of memory immunity (1,
13, 20). If such a hypothesis is correct, then it implies that the
persisting bacteria produce sufficient antigen to maintain the
lung immune response in a state of effector immunity and
argues against the notion that bacteria present at this time are
in some state of latency.

It is not known at this point if CD4 T cells in a state of
memory immunity control challenge infections directly or
whether they must first revert to effector cells. Since the bac-
teria are contained but not cleared in animal vaccination mod-
els of tuberculosis, one must assume that prolonged control of
persistent low-level infection in such models requires the sus-
tained presence of effector T cells. One must also assume that
initially establishing a population of antigen-specific memory T
cells is the most efficient way to achieve this outcome, but it
may also be predicated on efficient transition to a more pro-
tective phenotype, as recent results from Andersen and Sme-
degaard (1) tend to suggest. To complicate matters even fur-
ther, the CD62L'" populations probably include some cells in
a state of memory immunity (3). These findings may provide
new strategies for rational tuberculosis vaccine design efforts

@21).
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