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CD4™ T Cedlls Are Required for the Development of Cytotoxic
CD8* T Cells During Mycobacterium tuberculosis I nfection*

Natalya V. Serbina,? Vanja Lazarevic, and JoAnnelL. Flynn®

The control of acute and chronic Mycobacterium tuberculosisinfection is dependent on CD4* T cells. In avariety of systems CD8*
T cell effector responses are dependent on CD4* T cell help. The development of CD8™ T cell-mediated immune responsesin the
absence of CD4* T cells was investigated in a murine model of acute tuberculosis. In vitro and in vivo, priming of mycobacteria-
specific CD8* T cells was unaffected by the absence of CD4" T cells. Infiltration of CD8* T cellsinto infected lungs of CD4™/~
or wild-type mice was similar. IFN-y production by lung CD8" T cells in CD4~'~ and wild-type mice was also comparable,
suggesting that emergence of | FN-y-producing mycobacteria-specific CD8* T cellsin the lungs was independent of CD4™ T cell
help. In contrast, cytotoxic activity of CD8* T cells from lungs of M. tuberculosis-infected mice was impaired in CD4~'~ mice.
Expression of mMRNA for IL-2 and IL-15, cytokines critical for the development of cytotoxic effector cells, was diminished in the
lungs of M. tuberculosis-infected CD4~'~ mice. Astuberculosis is frequently associated with HIV infection and a subsequent loss
of CD4* T cdls, understanding the interaction between CD4* and CD8* T cell subsets during the immune response to M.
tuberculosis is imperative for the design of successful vaccination strategies. The Journal of Immunology, 2001, 167: 6991—7000.

and maintenance of CD8effector cells in vivo has been the absence of CD4 helper cells (13). Progressive loss of both

examined in studies using viral infections or noninfec- cytotoxic and cytokine-secreting functions of CD¥ cells during
tious Ags. It was proposed that the role of CDZ cells is to  gammaherpesvirus infection in the absence of CO4cells was
condition APCs for the optimal priming of cytotoxic responses viaalso reported (14). In most cases, the mechanisms by which CD4
CD40-CD40 ligand (CD40L%) interactions (1-3). However, the T cells participate in maintaining CO8T cell responses in viral

T he importance of the CD4T cell subset for generation responses (12) and CD&TL memory responses are exhausted in

requirement for APC conditioning by CD4T cells before CD8 infections have not been clearly elucidated.
T cell priming can be overcome by virally infected APCs. Al- CD8" T cells contribute to immune protection against certain
though in some viral infections, such as HSV (4), CD# cell intracellular noncytoplasmic pathogens, but the interaction be-

help is required for the induction of primary CD cell-mediated  tween CD4 and CD8" T cell subsets during bacterial infections
responses, development of CD§ cell effector responses during has not been investigated. Protective immunity agdihgtobac-
a number of viral infections appears to be independent of helpeterium tuberculosis involves CD4™ and CD8 T cells and mice
cells. Indeed, induction of primary CD8T cells against influenza lacking either or both T cell subsets are more susceptible to infec-
A virus (5), ectromelia virus (6), and lymphocytic choriomeningi- tion than the wild-type (WT) mice (15-20). Previously we reported
tis virus (LCMV) (7, 8) can occur in the absence of CD7 cell that although IFNy-secreting CD8 T cells emerge in the lungs of
help, although the presence of CD4 T cells can augment the rénfected CD4 '~ mice, they are not sufficient for protection (15).
sponse (9). However, CO4T cells have been shown to be4m Chronically infected mice depleted of CD4T cells were unable
portant for the maintenance of CD8 cell effector functions and  to prevent reactivation of infection despite normal levels of H#N-
control of chronic viral infections. During LCMV infection, the and nitric oxide synthase 2 production, suggesting roles forCD4
development of CD8 memory T cells and subsequent resistanceT cells in addition to cytokine production and macrophage activa-
to challenge is impaired in CD4T cell-deficient mice (10) and a tion (21). In the present study, we examined the effect of CD4
virus carrier state is established in the absence of T cell help (11kell deficiency on the development of cytokine production and
Furthermore, CD4 T cells are required to sustain CD&ytotoxic cytotoxic functions of CD8 T cells during acute tuberculosis. Our
data indicate that priming and amplification of mycobacteria-spe-
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Mak, respectively, and then from The Jackson Laboratory. These mice
were bred in the pathogen-free facility at the University of Pittsburgh
School of Medicine (Pittsburgh, PA). All mice were maintained in specific
pathogen-free Biosafety Level 3 facilities.

Bacteria and infections

M. tuberculosis (Erdman strain; Trudeau Institute, Saranac Lake, NY) was
passaged through mice, grown in culture once, and frozen in aiquots.
Before infection, an aliquot was thawed, diluted in PBS containing 0.05%
Tween 80, and sonicated for 10 s in a cup horn sonicator. Mice were
infected by aerosol with ~50—100 live bacilli as determined by viable
counts on 7H10 agar plates (Difco, Detroit, M1); 10” CFU/mI were placed
in anebulizer, and mice were exposed for 20 min, followed by 5 min of air
only, using a nose-only unit (Intox, Albuguerque NM) as previously de-
scribed (23). For the CTL assay in which cells were cultured before use in
lysis assays, mice were injected i.v. viatail vein with 2 X 10° live bacilli
in 100 ul.

Culture and infection of DCs

Dendritic cells (DCs) were grown from murine bone marrow precursors
and cultured for 5 days using methods described previously (24). For DC
infection, nonadherent cells were harvested, adjusted to 0.5 X 10° cells/m
in DC medium containing recombinant murine GM-CSF, and dispersed
into 25-cm? culture flasks (Costar, Cambridge, MA) for infection. Cells
were infected for 16—18 h at multiplicity of infection of 3-5. Extracellular
bacteria were separated from cells by low-speed centrifugation and fresh
medium was added to the cells. For FACS analyses, infected and unin-
fected DCs were cultured in fresh medium for an additional 24 h. The
percentage of infection was estimated by staining aiquots of cells by the
Kinyoun method for acid-fast bacteria (Difco). Routinely, ~50% of DCs
were infected.

FACS analyses of cell surface markers

Lung and mediastinal lymph node cells were obtained from mice infected
for various periods of time as described previously (24). Cells were stained
for cell surface markers using Abs against CD8 (anti-CD8 CyChrome Ab,
clone 53-6.7), CD4 (anti-CD4 CyChrome Ab, clone H129.19), CD44 (anti-
CD44 FITC Ab, clone IM7), CD45RB (anti-CD45RB FITC Ab, clone
16A), CD69 (anti-CD69 FITC Ab, clone H1.2F3), and CD25 (anti-CD25
PE Ab, clone PC61). DCs were stained for surface markers using Abs
against MHC class |1 (anti-1-AP FITC Ab, clone AF6-120.1), MHC class |
(anti-H2D® PE Ab, clone KH95), ICAM-1 (anti-CD54 FITC Ab, clone
3E2), B7.1 (anti-CD80 FITC Ab, clone 16-10A1), and B7.2 (anti-CD86
FITC Ab, clone GL-1). All staining procedures were performed in PBS
containing 20% mouse serum, 0.1% BSA, and 0.1% sodium azide (FACS
buffer) for 30 min at 4°C. All Abs were used at 0.2 ug/10° cells and
obtained from BD PharMingen (San Diego, CA). Cells were fixed with 4%
paraformaldehyde for at least 1 h and analyzed by flow cytometry using
CellQuest software (BD Immunocytometry Systems, San Jose, CA). Cells
were gated on the lymphocyte or monocyte population by forward and side
scatter.

Intracellular staining

Single cell suspensions of lungs at various times postinfection were pre-
pared and staining for intracellular cytokines was performed as described
previously (24). Briefly, cells were either stimulated with anti-CD3 (clone
145-2C11, 0.1 pg/ml) and anti-CD28 (clone 37.51, 1 wg/ml) Abs (BD
PharMingen) or left unstimulated for 5-6 h in the presence of 3 uM mo-
nensin (Sigma-Aldrich, St. Louis, MO). At the end of the stimulation pe-
riod, cellswere stained for CD4 and CD8, fixed, permeabilized, and stained
for intracellular cytokines.

Measurement of BrdU incorporation in vivo

Mice infected with M. tuberculosis for 4 wk were administered 1 mg of
bromodeoxyuridine (BrdU) in PBS i.p. (catalog no. B5002; Sigma-Ald-
rich) 24 h before harvest of lungs. Single cell suspensions of lung tissue
were stained with FITC-anti-BrdU Ab or FITC-1gG isotype Ab (catalog no.
36634K; BD PharMingen) according to the manufacturer’s instructions.
Briefly, cells were stained for CD4 and CD8 cell surface Ags, permeabil-
ized in ice-cold 70% ethanol, washed, and incubated in denaturing solution
(2 M HCl, 0.5% BSA) for 20 min at room temperature. Cells were washed
and pellet was resuspended in 0.1 M Na,B,O,, pH 8.5. Cells were incu-
bated for 2 min at room temperature, washed, and stained with FITC-anti-
BrdU or FITC-1gG isotype Abs for 30 min. Cells were washed and fixed
with 4% paraformaldehyde and analyzed by flow cytometry.

IFN-y ELISA

DCs uninfected or infected (multiplicity of infection 4) for 24 h as de-
scribed were plated in 96-well U-bottom plates (Corning Glass, Corning,
NY) at 10* cells/well in DMEM supplemented with 10% certified FBS, 1
mM sodium pyruvate, 2 mM L-glutamine, 25 mM HEPES (Life Technol-
ogies, Grand Island, NY), 50 uM 2-ME (Sigma-Aldrich), 30 ng/ml gen-
tamicin (Life Technologies, Gaithersburg, MD), 15-20 U/ml murine IL-2
(Boehringer Mannheim, Indianapolis, IN), and 1 mM aminoguanidine
(Sigma-Aldrich). Lung cells were harvested from mice infected for 4 wk
via aerosol, and single cell suspensions were obtained as described (24).
Macrophages were depleted by adherence on plastic petri dishesfor 2 h at
37°C. Lung cells were added at 10° cells/well and cultured with APC for
3 days. Culture of cellsin medium alone served as abaseline. As a positive
control, cells were stimulated with Con A (Boehringer Mannheim) at 5
ng/ml. Supernatants were harvested after 3 days of culture and IFN-y
production was measured by sandwich ELISA using Abs R4-A62 and
XMG1.2 (biotinylated) (BD PharMingen), according to the manufacturer’s
protocol. Recombinant murine IFN-y used to generate a standard curve
was a gift from Genentech (San Francisco, CA).

Culture of lung and lymph node cells

Lung and lymph node cells from mice uninfected or infected for 2-5 wk
were obtained as described above and plated in 96-well U-bottom plates
(Corning Glass) in DMEM supplemented with 10% certified FBS, 1 mM
sodium pyruvate, 2 mM L-glutamine, 25 mM HEPES (Life Technologies),
50 uM 2-ME (Sigma-Aldrich), 30 ug/ml gentamicin (Life Technologies),
15-20 U/ml murine IL-2 (Boehringer Mannheim), and 1 mM aminogua-
nidine (Sigma-Aldrich) at 2 X 10° cells/well. MHC class Il '~ DCs in-
fected for 18—24 h as described above were added to the cell cultures at
6.5-7 X 103 viable cells/well. After 2-3 days of culture, 100 ul of medium
were removed from each well and replaced with fresh medium containing
IL-2. Cellswere cultured for an additional 3—4 days before FACS analyses
and CTL assays.

Cytotoxicity assays

Lymphocytes harvested from 5- to 7-day stimulation cultures were tested
in a4-h >Cr release assay as previously described (23). Macrophages were
infected for 48 h or left uninfected, labeled with 100 wl of Na®'CrO,
(Amersham, Arlington Heights, IL) and used as targets. Target cells were
added to wells of 96-well U-bottom plates (Corning) at 4 X 10° cells'well
and allowed to adhere for 20 min before addition of T cells. Cultured cells
were added at various E:T ratios in a total volume of 0.1 ml in DMEM
supplemented with 10% certified FBS, 1 mM sodium pyruvate, 2 mM
L-glutamine, 25 mM HEPES, and 50 uM 2-ME, and assay was conducted
for 4 h. After 4 h, 85 ul of supernatant was removed from each well
without disturbing the cells and counted in a gamma counter. Spontaneous
release was determined by culturing target cellsin medium alone, and total
release was determined by adding 0.1% Triton X-100 to target cells. Per-
cent of specific lysis was calculated by the formula: 100 X (experimental
counts per minute — spontaneous counts per minute/total counts per
minute — spontaneous counts per minute).

Ab-dependent redirected target lysis assay

Lung cells harvested from WT mice treated with anti-CD4 Ab (GK1.5, 0.5
mg/injection) i.p. 6 days before CTL assay or CD4~/~ mice were directly
used as effectors in a 4-h 51Cr release assay. FcR™ P815 (H-2) murine
mastocytoma tumor cells were labeled with 100 ul of Na>'CrO, (Amer-
sham) for 1 h, washed extensively, and added to wells of 96-well U-bottom
plates (Corning) at 4 X 10° cells’well. Lung cells were added at various
E:T ratios and the assay was conducted in the presence or absence of
anti-TCRa8 mADb (clone H57-597, used at 10~ * wg/ml; BD PharMingen)
for 4 h. Percentage of specific lysis was calculated as described above.

Ribonuclease protection assay

Mice were infected via aerosol with ~100 viable bacilli, and lungs were
harvested at various times postinfection and flash-frozen. Total RNA was
isolated from frozen tissues using TRIzol (Life Technologies) according to
the manufacturer’s instructions, with an additional phenol-chloroform ex-
traction after the TRIzol extraction. Expression of cytokine genes was ex-
amined using the RiboQuant ribonuclease protection assay system (BD
PharMingen) using mCK-1 ribonuclease protection assay template set. In-
tensities of the bands on the autoradiographs were quantitated by densi-
tometry (Personal Densitometer SI; Molecular Dynamics, Sunnyvale, CA).
The results are expressed as the ratio of band intensities of genes of interest
and housekeeping gene, GAPDH or L32.
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Satistical analysis

Data were analyzed by comparison of WT and CD4~/~ mice at each time
point, with 3—4 mice per time point (see text and figures); unpaired t tests
were used. Prism 2.0 (GraphPad, San Diego, CA) was used for statistical
analysis. Values of p < 0.05 were considered significant, and p values are
not shown for nonsignificant differences. Each experiment was repeated at
least once to ensure reproducibility (see text and figures).

Results
Priming of mycobacteria-specific CD8" T cellsin vivo and in
vitro does not require CD4" T cell help

To address the requirement for CD4™ T cell help in priming my-
cobacteria-specific CD8™" T cellsin vitro, we used DCs from MHC
class Il ~/~ mice; the absence of MHC class || blocks their ability
to specifically stimulate CD4™ T cell responses. It is believed that
CD4* T cells function to condition APCs via CD40-CD40L in-
teractions for improved T cell priming interactions (1-3). Substan-
tial increases in cell surface expression of MHC class |, B7.1, and
B7.2 were observed when MHC class |l =/~ DCs were infected
with M. tuberculosis for 64—66 h (Fig. 1A), suggesting that, as
demonstrated previously by our group and others (25-27), infec-
tion with M. tuberculosis was by itself sufficient to induce pheno-
typic maturation of DCs in the absence of CD4™ T cells. Expres-
sion of MHC class Il molecules on the surface of these DCs was
not detectable (data not shown).

The ability of M. tuberculosis-infected MHC class 11—/~ DCsto
prime responses of naive CD8" T lymphocytes was evaluated.
Lymph nodes from naive CD4 '~ mice were cultured with in-
fected MHC class |l =/~ DCsin the presence of IL-2 for 5 days. At
the end of culture period, the resultant CD8™ T cell population
(~98% CD8*, data not shown) was tested for cytotoxic activity
against uninfected or M. tuberculosis-infected macrophages.
Primed CD8" T cells lysed infected targets, but not uninfected
targets (Fig. 1B). Therefore, priming, expansion, and acquisition of
cytotoxic function by mycobacteria-specific CD8" T cells can oc-
cur in the absence of CD4" T cells in vitro. However, IL-2 was
supplied to these in vitro cultures during priming, which would
bypass an important function of CD4* T cells.

To address in vivo priming of M. tuberculosis-specific CD8* T
cellsin aCD4" T cell-deficient environment, the activation pro-

A B

A Uninfected 40 h infected
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5 10:1 20:1
ET
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MHC Class 1

FIGURE 1. Invitro priming of cytotoxic CD8" T cells in the absence
of CD4" T cell help. A, Bone marrow-derived DC were infected with M.
tuberculosis or left uninfected for 40 h, stained for MHC class |, B7.1, and
B7.2, and analyzed by flow cytometry. Cells were gated on monocyte
population by size, and expression of markers within monocyte gate was
analyzed. Shown is a representative experiment that was repeated twice. B,
Lymph node cells from three CD4~/~ naive mice were pooled and cultured
for 5 days with M. tubercul osis-infected MHC class |1 =/~ DC and used as
effectors in a 4-h 5Cr release cytotoxicity assay. Targets: uninfected bone
marrow-derived macrophages (O) and macrophages infected for 42 h with
M. tuberculosis (@). Error bars represent SE.

6993

files of CD8* T lymphocytes in the mediastinal lymph nodes of
aerogenically infected CD4/~ and WT mice were compared.
CD8™ T cellsin the lymph nodes of uninfected mice express very
low levels of the activation markers CD69 and CD25. Following
infection, the numbers of CD69" and CD25"CD8" T cellsin the
lymph node increase (24). Numbers and activation profiles of
CD8" T cells in the lymph nodes of WT and CD4~/~ mice were
comparable after aerogenic infection with M. tuberculosis (Fig. 2,
A and B). The patterns of CD69 and CD25 expression in the lymph
nodes from WT and CD4™" T cell-deficient mice were comparable
(Fig. 2, A and B). During the first 2 wk of infection, higher per-
centages of CD8™" T cells expressed CD69 and CD25 in the lymph
nodes of the knockout mice. Throughout the course of infection,
lymph node CD8" T cells were CD44'°YCD45RB"9" in both
mouse strains; the expression of these markers was similar in the
lymph nodes from infected and naive mice (data not shown).

To examine whether CD8" T cells undergoing priming in the
lymph nodes of CD4" T cell-deficient mice could develop into
cytotoxic effectors, lymph node cells from 4-wk-infected CD4~/~
mice were restimulated with infected MHC class 117/~ DCs for
5-7 days in the presence of rIL-2. CD8" T cell-enriched popula-
tions from lymph nodes of both WT and CD4 '~ mice were
equally capable of lysing M. tuberculosis-infected macrophages
(Fig. 2B). CD8™" T cellsfrom the lymph nodes of MHC class |1/~
mice yielded similar results (data not shown). There were 6- to
7-fold more CD8" T cells in the lymph nodes of 4-wk-infected
WT and CD4~/~ mice as compared with naive mice, suggesting
an increased numbers of CTL precursors in the lymph nodes of
both groups of mice following infection. Our experimental condi-
tions did not allow differentiation between in vitro priming during
the 5- to 7-day culture period and restimulation of cells already
primed in vivo. However, the data demonstrate that lymph nodes
of CD4-deficient mice contained CD8™ T cells fully capable of
developing into cytotoxic effector cells.

Acquisition of activated phenotype by CD8" T cells in the
absence of CD4" T cell help

CD4" T cells may be important for optimal activation of effector
CD8™ T cells, as suggested in certain viral experimental systems.
We previously reported that migration of CD8™ T cells into the
lungs following i.v. infection was not diminished in the absence of
CD4" T cells; in fact, percentages of CD8" T cellsin the lungs of
CD4" T cell-deficient mice were ~2-fold higher than in the lungs
of the WT mice during acute infection (15). In accordance with our
previous data, the influx of lymphocytes into the lungs was ob-
served in both WT and CD4~/~ mice by the third week post-
aerosol challenge (Fig. 3A) and the numbers of CD8™ T cellsin the
lungs of CD4" T cell-deficient mice were ~2-fold higher than in
the lungs of control mice up to 6 wk postinfection (Fig. 3B). It was
not clear whether the increase in CD8* T cells observed in the
lungs of infected mice was due to the continuous migration of
newly primed CD8" T cells into the lungs or to the proliferation
of CD8" T cells at this site. Because CD8" T cells produce sig-
nificantly less IL-2 than CD4™" T cells, the absence of CD4" T
cells might negatively affect proliferation of CD8™ effectorsin the
lungs. To address this issue, 4-wk-infected WT and CD4/~ mice
were administered BrdU, and 24 h later the lungs were harvested.
Incorporation of BrdU into T cells was assessed by flow cytom-
etry. In the lungs of WT mice, 30—40% of both CD4" and CD8*
T cells were BrdU positive (data not shown). Similar percentages
of BrdU-positive CD8™ T cells were observed in the lungs of WT
and CD4~/~ mice (Fig. 3C), suggesting that absence of CD4" T
cells did not affect the proliferation of CD8" T cells in M.
tuberculosis-infected mice.
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FIGURE 2. Priming of CD8" T cellsin the lymph nodes of M. tuberculosis-infected mice in the absence of CD4™ T cells. A, WT (open bars) and MHC
class 117/~ (filled bars) mice were infected with M. tuberculosis bacilli via aerosol, and lung-draining lymph nodes were harvested 0, 1, 2, 3, and 6 wk
postinfection. Cells were stained for CD8, CD69, and CD25, gated on lymphocyte population by size, and analyzed by flow cytometry. Cells were further
gated on CD8, and CD69" and CD25 expression in the gate was analyzed. Each bar corresponds to three to six mice. Similar data were obtained using
lymph nodes from CD4 '~ mice. B, WT ((J) and CD4 '~ (M) mice were infected with M. tuberculosis bacilli via aerosol, and lung-draining lymph nodes
were harvested 0, 1, 2, 3, and 4 wk postinfection. Numbers of viable cells in lymph nodes were counted by trypan blue exclusion. Cells were stained for
CD8 and CD69, gated on lymphocyte population by size, and analyzed by flow cytometry. The total numbers of CD8™" T cells were calculated based on
percentages of the CD8" and CD8"CD69* cells in the lymphocyte gate. C, Lymph node cells from WT and CD4 '~ mice infected for 4 wk were cultured
for 5 days with M. tuberculosis-infected MHC class 11/~ DC and used in a 4-h 5Cr release cytotoxicity assay. Targets: uninfected bone marrow-derived
macrophages (O) and macrophages infected for 42 h (@). Error bars represent SE; at some time points, error bars are too small to be seen on the graph.

The kinetics of acquisition of a CD44"9" phenotype by CD8" T
cells from WT and CD4~'~ mice were similar, athough the ex-
pression peaked slightly earlier (wk 2) in CD4~ '~ mice (Fig. 4A).
The up-regulation of CD44 expression by CD8" T cells was con-
comitant with a decrease in CD45RB expression in both WT and
CD4~'~ mice, suggesting an effector/memory phenotype (Fig.
4A). In the lungs of both WT and CD4 '~ mice, CD69"CD8" T
cells were detected as early as 1 wk postinfection and continued to
increase throughout the course of infection (Fig. 4, B and C). The
activation profiles of CD8" T cells from MHC class Il ™/~ mice
were comparable to those of CD8™" T cells from CD4 '/~ and WT
mice (data not shown). These data indicate that absence of CD4*
T cells had no obvious effect on recruitment of primed CD8" T
cells to the lungs and subsequent CD8™ T cell activation during
infection.

Cytokine production by CD8" T cells in the absence of CD4™
T cells

Previously, we demonstrated that |FN-+y production in the lungs of
mice devoid of CD4™ T cells was reduced by >50% as compared
with that in WT mice during the first 2 wk after i.v. infection (15),
indicating that early IFN-y production is primarily by CD4* T
cells. We further examined the effect of aCD4" T cell deficiency
on the development of cytokine-secreting CD8"* T cells during
acute M. tuberculosis infection. In the lungs of aerogenically in-
fected mice, cytokine-producing T cells emerged by 2 wk postin-
fection, and the percentages of IFN-y-secreting cells reached a
plateau by wk 4 postinfection (data not shown). Cytokine produc-

tion by CD8" T cells from the lungs of WT and CD4 '~ mice at
4 and 6 wk postaerosol infection was assessed by intracellular
cytokine staining. In these experiments, brief (5-6 h) stimulation
of lung cells with anti-CD3 and anti-CD28 Abs followed by in-
tracellular cytokine staining alowed us to examine the total cyto-
kine producing potential of the T cells. Stimulation with anti-CD3/
anti-CD28 Ab induced IFN-y and TNF-a secretion by CD8" T
cells from both WT and CD4~’~ mice, and the percentage of
CD8* T cells primed for cytokine production was similar in both
WT and CD4 '~ mice (Fig. 5, A and B).

To confirm that cytokine-producing cells were Ag specific, lung
cells from 4-wk-infected WT and CD4~/~ mice were cultured
with uninfected or M. tuberculosis-infected DCs for 72 h and cul-
ture supernatants were assayed for IFN-y by ELISA. WT mice
were depleted of CD4™" T cells 4 days before the lung harvest by
administration of GK1.5 Ab i.p. (resulting in 95% depletion, data
not shown) so that similar populations of lung cells could be com-
pared. Low levels of IFN-y were produced when cells were cul-
tured with uninfected DCs or in the medium aone (Fig. 5C). In
contrast, stimulation with infected DCs induced robust IFN-y se-
cretion by CD8" T cells comparable to that induced by Con A
(Fig. 5D), indicating that lungs of both WT and CD4~'~ mice
contained M. tuberculosis-specific cytokine-producing CD8* T
cells. Specific IFN-+y production was also assessed by intracellular
cytokine staining after short-term (12 h) culture of lung CD8" T
cellsand infected DCs; under these conditions, similar percentages
of CD8" T cells from WT and CD4 '~ mice produced IFN-y
(data not shown). We also examined ex vivo cytokine secretion by
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FIGURE 3. CD8" T cdl infiltration of the lungs following M. tuber-
culosisinfectionin WT and CD4 '~ mice. WT ((J) and CD4 ™/~ (M) mice
were infected with M. tuberculosis bacilli via aerosol and lung cells were
harvested 0, 2, 4, and 6 wk postinfection. A, Numbers of viable cells in
lungs were counted by trypan blue exclusion. For all time points, p > 0.05.
B, Cells were stained for CD8, gated on lymphocyte population by size,
and analyzed by flow cytometry. The total numbers of CD8™* T cells were
calculated based on percentages of the CD8™ in the lymphocyte gate. *,
p < 0.01. C, WT and CD4 '~ mice infected with M. tuberculosis for 4 wk
were administered BrdU i.p and lungs were harvested 24 h |ater. Cellswere
stained for CD8, permeabilized, stained with anti-BrdU Ab (solid line) or
isotype control (gray line), and analyzed by flow cytometry, gating on the
CD8" cells. Shown is arepresentative experiment, and the experiment was
repeated two times.

CD8" T cdlls in the absence of exogenous TCR stimulation, a
measure of T cells secreting cytokines in vivo at the site of infec-
tion immediately before harvest. We observed that equal percent-
ages of unstimulated CD8" T cells from lungs of CD4~'~ or WT
mice secreted IFN-vy (Fig. 5D). Similar data were obtained using
MHC class 117/~ mice (data not shown). Previously we have dem-
onstrated that under conditions described above, IFN-y cannot be
detected in lung T cells from uninfected mice (24), suggesting that
levels of nonspecific staining are minimal in our assays. These data
indicate that development of cytokine-producing CD8" T cells
during M. tuberculosis infection does not require CD4* T cells.

Cytotoxic activity of lung CD8" T cells in the absence of CD4*
T cell help

The progressive loss of cytotoxic function of CD8™ T cells during
viral infectionsin the absence of CD4" T cells has been described.
Previously, we demonstrated that CD8" T cells from the lungs of
M. tubercul osis-infected mice expressed perforinin vivo and func-
tioned as CTL after in vitro restimulation (23). The in vitro cyto-
toxicity mediated by cultured CD8™ T cells from lungs of infected
mice depended amost exclusively on perforin (23). We investi-
gated whether the absence of CD4™ T cells affected the cytotoxic
potential of mycobacteria-specific CD8" T cells in the infected
lungs. Lung cells harvested from either WT or CD4~/~ mice in-
fected for 3-6 wk were cultured with M. tuberculosis-infected
MHC class ||/~ DCsfor 5-7 days in the presence of IL-2. At the
end of the culture period, the cytotoxic activity of the CD8-en-
riched populations was tested in a 4-h 5*Cr release assay using M.
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tuberculosis-infected macrophages as targets. In several indepen-
dent experiments, we observed substantial reductions in the spe-
cific lysis mediated by CTLs from the lungs of CD4 '~ and MHC
class 117/~ mice (Fig. 6A and data not shown), suggesting that the
cytotoxic activity of M. tuberculosis-specific CTL was compro-
mised in the absence of CD4" T cells.

In vitro culture before testing CD8" T cellsin a CTL assay can
introduce variables, making comparison of the cytotoxic potential
of the lung T cells from CD4~'~ and WT mice less clear. To
directly assess the effects of CD4™ T cells on the cytotoxic poten-
tial of CD8" T cells in the lungs of the M. tuberculosis-infected
mice, Ab-redirected target lysis assays were performed. Lung cells
from WT and CD4~'~ miceinfected for 4 wk were used as effector
T cells. WT mice were depleted of CD4™ T cells by administration
of anti-CD4 Ab i.p. 4 days before the cell harvest so that both
populations would be comparable in terms of T cell population;
this short-term CD4 T cell depletion has no effect on M. tubercu-
losis infection (data not shown). The lungs of both groups of mice
at the time of harvest were comprised of ~60% CD8™ T cellsand
20% CD4~CD8 cells, and contained no CD4™ T cells (data not
shown). The mean fluorescence intensity of TCRaf staining in the
lungs of WT and CD4 ™/~ mice was 106 and 90, respectively (data
not shown). The cytotoxic activity of freshly harvested lung cells
from both WT and knockout mice was tested in the 4-h 5Cr re-
lease assay against FCR™* P815 target cells in the presence or ab-
sence of anti-TCRafB Ab. The Ab binding to the T cells triggers
the release of cytotoxic granules, and the Fc portion of the Ab
binds to the FcR on the target cells, bringing the T cellsinto close
proximity with the P815 cells. Only those cells primed to be cy-
totoxic will lyse the targetsin thisassay. As shown in Fig. 6B, lung
cells from WT mice readily lysed target cells in the presence of
anti-TCR Ab. That no more than 30% of specific lysis was
achieved in our assays was not surprising, because only a subset of
lymphocytes in the lungs of M. tubercul osis-infected mice express
perforin detectable by immunohistochemistry in vivo (23). In con-
trast, T cells from the lungs of CD4 '~ mice failed to lyse target
cells in the presence of redirecting Ab (Fig. 6B), confirming that
the cytotoxic activity of CD8" T cells was compromised in the
absence of CD4™ T cells. In a separate ongoing study, we also
observe that the frequency of cytotoxic precursors (as measured by
limiting dilution assay) in the lungs of CD4 ’~ mice is reduced
severalfold as compared with that of WT CD8" T cells (data not
shown).

Production of 1L-2 and IL-15 in the lungs of CD4-deficient mice

The above results suggested a defect in the development of cyto-
toxic effectors in CD4 '~ mice. IL-2 and IL-15 are involved in
development of cytotoxic functions of CD8" T cells, NK cells, and
lymphokine-activated killer cells (28—32). As CD4™ T cells are
the major source of IL-2, the cytotoxic activity of CD8™ T cells
might crucially depend on the production of I1L-2 by this cell sub-
set. In addition, CD4" T cells may increase IL-15 secretion by
macrophages and DCs. WT and CD4 '~ mice were infected via
aerosol, lungs were harvested 0, 3, and 4 wk postinfection, and
cytokine expression was measured using RNase protection assays.
Cytokine expression in the lungs of uninfected mice was virtualy
undetectable (Fig. 7). At 3 and 4 wk postinfection, IL-2 levelswere
2- and 4-fold lower, respectively, in CD4~/~ mice compared with
WT mice (Fig. 7A). IL-15 mRNA levels also were reduced in the
CD4~'~ lungs at 3 and 4 wk postinfection, compared with WT
mice (Fig. 7B). In a separate experiment, IL-2 and IL-15 were ~6-
and ~2-fold lower, respectively, in CD4/~ mice compared with
WT mice at 2 wk postinfection, with differences at 4 wk similar to
the previous experiment (data not shown); in that experiment, a
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FIGURE 4. Changesin activation profiles of CD8* T cellsin the lungs of WT and CD4~/~ mice during M. tuberculosis infection. Mice were infected
via aerosol, and lung cells were harvested 0, 2, 4, and 6 wk postinfection, stained for CD8, CD44, CD45RB, and CD69, gated on lymphocyte population
by size, and analyzed by flow cytometry. A, Cellsfrom WT (thin solid lines) or CD4~/~ (thick solid lines) lungs were further gated on CD8, and expression
of CD44 and CD45RB within the gate was analyzed. Broken lines represent staining with isotype control. Shown is a representative mouse for each time
point. Experiment was repeated at least three times. B, Expression of CD8 and CD69 in the lungs 1 wk postinfection. Shown is a representative mouse,
and the experiment was repeated three times. C, Cells were harvested from lungs of WT ((J) and CD4~/~ (M) mice, stained for CD8 and CD69, and gated
on lymphocytes. Cells were further gated on CD8, and expression of CD69 in the gate was analyzed. Each time point represents three to six mice. Error

bars represent SE.

3-wk time point was not obtained. We also observed that levels of
IL-10 were higher in the WT mice (Fig. 7C). One possible expla-
nation for this observation is that CD4™ T cells produce IL-10
during the infection. However, we have not been able to detect
IL-10 production by CD4™ T cells stimulated ex vivo (our unpub-
lished data). Alternatively, CD4" T cell interaction with macro-
phages might lead to the production of IL-10 by macrophages.

Discussion
Control of M. tuberculosis infection is critically dependent on the
presence of CD4* and CD8" T lymphocytes and cytokines such
as IFN-y and TNF-« (reviewed in Ref. 33). It is thought that the
major function of CD4" T cells is production of cytokines. Al-
though the contribution of CD8" T cellsto control of tuberculosis
remains controversial (20, 33), these cells are capable of secreting
cytokines (24, 34—36) as well as exerting cytotoxic activity (23,
37) during M. tuberculosis infection and following rechallenge
(38). Previously, we demonstrated that immune responses during
M. tuberculosis infection in mice lacking CD4" T cells are se-
verely compromised despite the increased numbers of IFN-vy-pro-
ducing CD8* T cells (15). Also, chronically infected mice de-
pleted of CD4* T cells succumb rapidly to tuberculosis, although
overall IFN-y production and inducible nitric oxide synthase pro-
duction by macrophages in the lungs remain unchanged (21).
These results suggested that IFN-vy production by CD4™ T cellsis
not the only mechanism by which these cells contribute to control
of M. tuberculosis infection.

In some systems, the presence of regulatory CD4" T cells is
required for the optimal induction and maintenance of effector re-

sponses of CD8" T cells (reviewed in Refs. 39 and 40). In this
study, we examined the effects of CD4" T cell deficiency on the
development of cytotoxic and cytokine-producing effector func-
tions of CD8" T cells during M. tuberculosis infection. Priming
and migration of CD8™ T cellsto the lungs appeared normal in the
absence of CD4™ T cells. However, the cytotoxic ability, but not
cytokine production, of CD8" T cellswas significantly impaired in
CD4~'~ mice. A reduction in the levels of IL-2 and IL-15 gene
expression in the lungs, cytokines essential for the development of
cell-mediated cytotoxicity, may play a role in the deficient CTL
activity. These results suggest that during M. tuberculosisinfection
an additional function of CD4" T cells may be to optimize or
maintain CD8" T cell cytotoxic responses, possibly through reg-
ulation of the cytokine microenvironment.

In most viral systems studied, the mechanisms by which CD4™"
T cells regulate CD8™ T cell responses and function remain un-
clear. Development and maturation of precursor CD8™ T cellsinto
cytotoxic and cytokine-producing effectors is a complex process
involving a number of regulatory steps. Activation of CD8" T cell
effector functions via MHC class I-TCR interactions depends on
costimulation and the presence of a variety of cytokines (41, 42).
CD4™ T cells contribute to priming of CD8 T cells by “condition-
ing” the APC via CD40-CD40L interaction for optimal presenta-
tion of Ag to CD8™ T cells (1-3, 43). Indeed, CD40L has been
shown to be pivotal for control of some (44—-46) but not all (47)
vira infections. The CD4" T cell-mediated “conditioning” is
thought to involve enhancement of costimulatory function of
APCs (48, 49) as well as induction of IL-12 secretion by APCs,
which induces IFN-y production by T cells (49-53). In this and
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FIGURE 5. Cytokine production by lung cells
from aerogenically infected WT and CD4 '~ mice.
Lung cellsfrom mice at 4 and 6 wk postinfection were WT
stimulated with anti-CD3 and anti-CD28 Abs in the
presence of monensin for 5-6 h. Cells were gated on
CD8, and expression of TNF-« and |FN-vy within gate
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previous studies (25, 27), we demonstrated that infection with M.
tuberculosis induced maturation of DCs in the absence of T cells,
apparently bypassing the need for interaction of the DCs with T
cells, and that infected DCs produce IL-12. DCs have been re-
ported to acquire CD8" T cell priming capacity after treatment
with bacterial products such as LPS (43). Mycobacterial lipopep-
tides were shown to induce maturation of DCs via Toll-like re-
ceptor, suggesting at least one mechanism by which activation of
APCs can occur in the absence of CD4™" T cell help (54). In a
recent study, DCs (CD11c™) isolated from murine lungs matured
and acquired Ag presenting ability upon ex vivo infection with M.
tuberculosis in the absence of T cells (55). In accordance with the
observed effect of M. tuberculosis infection on the maturation of
MHC class I/~ DCs, the infected APCs primed naive CD8" T
cellsin vitro, suggesting that priming of precursor CD8" T cellsto
mycobacterial Ags can occur independently of CD4™ T cells. The
in vitro primed CD8" T cells recognized and lysed M. tuberculo-
sis-infected macrophages, supporting that the presence of “condi-
tioning” CD4" T cells was not required for generation of myco-
bacteria-specific CTLs. Our data are in agreement with a report
demonstrating that mice deficient in CD40L are fully capable of
mounting a protective immune response against M. tuberculosis
delivered i.v. (56). However, CD8* T cell function was not ad-
dressed in these mice, and it remains to be determined whether
CD40L '~ mice are capable of controlling a chronic M. tubercu-
losis infection.

The conditions of in vitro assays might not exactly reflect thein
vivo environment in which priming of precursor CD8" T cells
occurs. For example, the APCs generated in vitro by culturing with
recombinant cytokines might not be at the same stage of activation

week post-infection

and maturation as APCs present in tissues in vivo. In addition,
IL-2, which is primarily produced by CD4™" T cells, was added to
the in vitro cultures but is reduced in vivo in the absence of CD4
T cells. Therefore, we examined the priming of CD8™ T cellsin
the lung-draining lymph nodes of M. tuberculosis-infected mice.
Increased numbers of CD8" T cells expressing CD69, an early
activation marker, in the lymph nodes of both WT and CD4 '~
mice were observed as early as 1 wk postinfection, suggesting that
CD8* T cell priming in the lymph nodes was independent of
CD4" T céllsin vivo.

Several reports suggested that CD4™ T cells are required not for
priming but rather for survival and maintenance of effector CD8*
T cells (reviewed in Ref. 40). In the absence of CD4" T cell help,
CD8* CTL were shown to be activated only transiently, and these
cells lost function during the chronic phase of vira infection (14,
57). Exhaustion of CD8™ T cell responses in chronic viral infec-
tion was reported under conditions of CD4™ T cell deficiency (10,
12), supporting the ideathat absence of CD4" T cells may not only
prevent the expansion of CD8" T cells but also induce their elim-
ination. In a gammaherpesvirus model, stimulation through CD40
reduced reactivation of alatent infection in CD4" T cell-deficient
mice, athough augmented CD8" T cell function could not be
demonstrated (58). In our experiments, infiltration of activated
(CD44"9hCD45'°") CD8™ T cells into the lungs was observed
throughout the course of infection in WT and CD4" T cell-defi-
cient mice. Substantial numbers of CD8" T cells also expressed
CD69, suggesting engagement of the T cells with APCs in the
lungs, this effect was also CD4™ T cell independent. The CD8* T
cells proliferated equally in the presence or absence of CD4* T
cells, athough the BrdU assay performed does not alow one to
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precisely conclude that the replication has occurred in the lungs.
The cells may have taken up BrdU at ancther site (e.g., the lymph
node) and trafficked to the lungs in the time between BrdU ad-
ministration and harvest of the lungs. Taken together, these results
indicate that CD4* T cells are not required for migration, expan-
sion, and activation of CD8™ T cellsin the lymph nodes and lungs
during M. tuberculosis infection. Cytokine production by effector
CD8" T célls in the lungs was also examined. We found that
similar percentages of CD8* T cells in the lungs of both WT and
CD4-deficient mice secreted TNF-« and IFN-vy in response to anti-
CD3/anti-CD28 Ab stimulation. Our data further indicated that the
observed cytokine secretion was at least partially due to the acti-
vation of M. tuberculosis-specific cells. CD8™ T cells also ap-
peared to be actively secreting IFN-+ in the lungs of both groups
of mice, confirming that priming of cytokine-producing effectors
was not impaired in the absence of helper cells.

Despite the highly activated phenotype of CD8™" T cells present
in the lungs of CDA4-deficient mice, they were impaired in their
cytotoxic function. Cultured CD8* T cells from lungs of mutant
mice failed to lyse infected macrophages. It is possible that CD4*
T cells are required for in vitro culture of mycobacteria-specific
CTLs. CD8" T cells from lymph nodes of infected mice cultured
under identical conditions had WT levels of lysis of infected mac-
rophages, arguing that CD4 T cells are not necessary during thein
vitro culture. However, it is not possible to distinguish in vitro
priming of naive lymph node cells from restimulation of previ-
ously primed cells in the in vitro culture. The M. tuberculosis-
specific CD8" T cells from the lymph nodes may aso not be
cytotoxic following in vitro culture, and the lysis observed may be
due to those CD8" T cells primed in vitro, as we observed using
uninfected mice. However, CD8" T cells in the lungs of CD4-
deficient mice do appear to be deficient in cytotoxic function. Be-
cause the antigenic repertoire of M. tuberculosis-specific CTLs is
not known, it was not possible for us to test the cytotoxic activity
of the full spectrum of Ag-specific CD8" T cells directly ex vivo.
To examine the cytotoxic potential of CD8" T lymphocytes with-
out in vitro cell culturing, we used a redirected target lysis assay.
CD8" T cells freshly harvested from lungs of infected CD4 '~
mice failed to induce Ab-redirected target lysis. The failure of
CD8" T cells to exert cytotoxicity was not due to the general
unresponsiveness of these cells, as they readily secreted cytokines
upon TCR triggering. A similar situation was recently reported to
occur during chronic LCMV infection in the absence of CD4* T
cells (59). In these studies, the presence of activated
(CD69*CD44"9"CDE2L'°Y) CD8* T cells during infection was

CD8 T CELL DEPENDENCE ON CD4 T CELLS IN TUBERCULOSIS

observed under conditions of CD4 T cell deficiency. Although
these virus-specific CD8* T cells expressed activation markers
and proliferated in vivo, they were unable to exert effector func-
tions. Recently, Moser et a. (60) described polyoma virus-specific
CD8™ T cells that lacked cytotoxic activity despite intact perforin
expression, suggesting that regulation of lytic activity in CD8* T
cells extends beyond the expression of perforin or granzyme mol-
ecules. Preliminary data from ongoing studies in our laboratory
suggest that perforin levels are similar between CD8™" T cellsfrom
WT and CD4" T cell-deficient mice (data not shown).

One possible explanation for the silencing of the effector re-
sponses of CD8™ T cellsin the absence of CD4™ T cell helpisthe
lack of appropriate costimulation by APCs. Our results indicate
that absence of CD4™" T cells might not affect the quality of APC
during priming of the immune response to M. tuberculosis. How-
ever, the effects of CD4™ T cells on APC function and stimulation
of CD8™ T cell responses during ongoing infection in the lungs
remain to be determined. In addition to “conditioning” the APCs
during infection, CD4" T cells likely function as a source of cy-
tokines, such as1L-2. CD4™ T cell deficiency in miceis associated
with lower IL-2 responses (8); this cytokine is involved in devel-
opment of cytotoxic responses. We hypothesized that CD4" T
cellsin the lymph nodes and lungs secrete I1L-2 and possibly other
cytokines that activate and maintain the cytotoxic function of
CD8" T cells. IL-2 gene expression was diminished in the lungs of
CD4-deficient mice throughout the course of infection. Interest-
ingly, the reduced IL-2 levels did not appear to affect the incor-
poration of BrdU by CD8™ T cells, suggesting that even low levels
of this cytokine are sufficient to sustain proliferative responses in
vivo. CD8" T cells can make low levels of IL-2 under certain
circumstances and may be responsible for the IL-2 expression in
the absence of CD4" T cells.

The levels of another CTL-activating cytokine, IL-15, were also
reduced in the CD4 /'~ lungs as compared with the WT lungs.
Although IL-15 production is attributed to nonlymphoid cells such
as monocytes and DCs (61, 62), optimal IL-15 production might
require interaction of these cells with CD4™ T cells, as was shown
for 1L-18 production by macrophages from tuberculosis patients
(63). 1L-15 has been shown to enhance and restore CD8" T cell
responses in Toxoplasma gondii-infected or immunized mice (31,
32). In addition, exogenous administration of IL-15 enhanced the
ability of mice to control M. tuberculosis infection (64), although
CD8" T cell responses were not assessed. In our system, dimin-
ished CTL responses in the absence of CD4™ T cell help might be
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FIGURE 6. Cytotoxic activity of CD8" T cells from lungs of WT and CD4 '~ mice. A, Lung cells were harvested from WT (squares) and CD4 '~
(circles) mice 4 wk postinfection (i.v.), cultured with M. tuberculosis-infected MHC class 11/~ DC for 5 days, and used in a 4-h 5*Cr release cytotoxicity
assay. Targets: uninfected macrophages (open symbols) and macrophagesinfected for 36 h (filled symbols). B, Lung cells were harvested from 4-wk-infected WT
(Ieft panel) and CD4~~ (right panel) mice and used directly in a4-h S*Cr release assay against FcR* P815 cellsin the absence (O) or presence (@) of anti-TCRaf3
Ab. WT mice were depleted of CD4" T cells 4 days before lung harvest. The experiment was repeated two times. Error bars represent SE.
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FIGURE 7. Expressionof IL-2 and IL-15 genesin the lungs of WT and
CD47/~ mice during M. tuberculosis infection. Mice were infected via
aerosol and lungs were harvested 0, 3, and 4 wk postinfection. Total RNA
was isolated and expression of IL-2 (A) and IL-15 (B) genes was examined
using the ribonuclease protection assay. Intensities of the bands on the
autoradiographs were quantitated by densitometry and the results are ex-
pressed as ratio of band intensities of genes of interest and housekeeping
gene, L32. Each time point represents two to four mice. Error bars repre-
sent SE. The experiment was repeated once with similar results. *, p <
0.001; =, p = 0.03.

due to a deficient cytokine environment. This hypothesis is con-
sistent with our observation that, in contrast to cytotoxic function,
cytokine production by CD8" T cells is unimpaired in CD4-defi-
cient mice. Recently, HIV-specific clones were reported to be de-
ficient in cytotoxic activity while still retaining the ability to se-
crete cytokines (65). Thus, the mechanism by which CD4™ T cells
regulate CD8" T cell function might be common to both viral and
bacterial pathogens.

CD8" T cell effector function in the absence of CD4* T cell
help has been studied mostly in viral systems, and the mechanisms
underlying the dependence of CD8™ T cellson CD4™ T cell help
are not completely clear. To our knowledge, this is the first study
that examines in detail the effect of CD4™" T cell deficiency on the
effector functions of CD8" T cells during bacterial infection. In
summary, we have demonstrated that a CD4" T cell deficiency
severely impaired the development of cytotoxic CD8" T cell re-
sponses during M. tuberculosis infection while having no discern-
ible effect on the priming, migration, and activation of this cell
subset in the lymph nodes and lungs. In contrast to cytotoxic func-
tion, cytokine production by CD8" T cells was not obviously af-
fected by the absence of CD4" T help, suggesting differential reg-
ulation of the development of these effector functions. The lack of
CD4" T cells resulted in diminished levels of IL-2 and IL-15,
which may contribute to reduced effector functions of CD8" T
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cellsin the lungs. The absence of CD4™ T cells in both acute and
chronic tuberculosis results in a fatal course of infection, even
though there are CD8™ T cells capable of producing high levels of
IFN-v. This supports the hypothesis that CD4™ T cells have im-
portant, nonredundant roles in control of M. tuberculosis in addi-
tion to IFN-+y production. The data presented in this work suggest
that CD4™ T cells provide help for the development of cytotoxic
CD8* T cell populations and the cytotoxicity exerted by effector
CD8™ T cells might be an important component of antimycobac-
terial immunity. These findings are relevant with respect to the
development or maintenance of immune responses under condi-
tions of immunodeficiency, such as HIV infection, when CD4™ T
cells are depleted. The bacterial load and numbers of functional
CD4" T cells may be important factors in determining whether
successful cytotoxic or cytokine-producing CD8" T cells are
primed and maintained during a bacteria infection such as tuber-
culosis. The effect of diminished CD4" T cells on the development
or maintenance of aCD8" T cell memory response in tuberculosis
is also unclear. Because HIV infection and the subsequent loss of
CD4 T cells are major risk factors for development of active tu-
berculosis, these questions are important for vaccine and therapeu-
tic approaches against tuberculosis.

Acknowledgments

We thank Heather Joseph and Holly Scott for assistance with the ribonu-
clease protection assays and Dr. Walter Storkus for providing cytokines for
DC culture. We are a'so grateful to Dr. John Chan and the members of the
Flynn laboratory for helpful discussions and to Dr. Robert Hendricks for
careful reading of the manuscript.

References

1. Schoenberger, S. R. T., E. van der Voort, R. Offringa, and C. Melief. 1998. T-cell
help for cytotoxic T lymphocytes is mediated by CD40-CD40L interactions. Na-
ture 393:480.

2. Bennett, S, F. Carbone, F. Karamalis, R. Flavell, J. Miller, and W. Heath. 1998.
Help for cytotoxic-T-cell responses is mediated by CD40 signalling. Nature 393:
478.

3. Ridge, J. P., F. Di Rosa, and P. Matzinger. 1998. A conditioned dendritic cell can
be atemporal bridge between a CD4" T-helper and a T-killer cell. Nature 393:
474,

4. Jennings, S. R., R. H. Bonneau, P. M. Smith, R. M. Wolcott, and R. Chervenak.
1991. CD4-positive T lymphocytes are required for the generation of the primary
but not the secondary CD8-positive cytolytic T lymphocyte response to herpes
simplex virus in C57BL/6 mice. Cell. Immunol. 133:234.

5. Liu, Y., and A. Mullbacher. 1989. The generation and activation of memory class
| MHC restricted cytotoxic T cell responses to influenza A virus in vivo do not
require CD4™ T cells. Immunol. Cell Biol. 67:413.

6. Buller, R. M. L., K. L. Holmes, A. Hugin, T. N. Frederickson, and
H. C. Morse Ill. 1987. Induction of cytotoxic T-cell responses in vivo in the
absence of CD4 helper cells. Nature 328:77.

7. Kasaian, M. T., K. A. Leite-Morris, and C. A. Biron. 1991. The role of CD4*
cellsin sustaining lymphocyte proliferation during lymphocytic choriomeningitis
virus infection. J. Immunol. 146:1955.

8. Rahemtulla, A., W. P. Fung-Leung, M. W. Schilham, T. M. Kundig,
S. R. Sambhara, A. Narendran, A. Arabian, A. Wakeman, C. J. Paige,
R. M. Zinkernagel, et al. 1991. Normal development and function of CD8" cells
but markedly decreased helper cell activity in mice lacking CD4. Nature 353:180.

9. Tripp, R., S. Sarawar, and P. Doherty. 1995. Characteristics of the influenza
virus-specific CD8 T cell responses in mice homozygous for disruption of the
H-21-1b gene. J. Immunol. 155:2955.

10. von Herrath, M. G., M. Yokoyama, J. Dockter, M. B. Oldstone, and J. L. Whitton.
1996. CD4-deficient mice have reduced levels of memory cytotoxic T lympho-
cytes after immunization and show diminished resistance to subsequent virus
challenge. J. Virol. 70:1072.

11. Battegay, M., D. Moskophidis, A. Rahemtulla, H. Hengartner, T. W. Mak, and
R. M. Zinkernagel. 1994. Enhanced establishment of avirus carrier state in adult
CD4* T cell-deficient mice. J. Virol. 68:4700.

12. Matloubian, M., R. Concepcion, and R. Ahmed. 1994. CD4" T cells are required
to sustain CD8™ cytotoxic T-cell responses during chronic viral infection. J. Vi-
rol. 68:8056.

13. Thomsen, A. R., J. Johansen, O. Marker, and J. P. Christensen. 1996. Exhaustion
of CTL memory and recrudescence of viremia in lymphocytic choriomeningitis
virus-infected MHC class | 1-deficient mice and B cell-deficient mice. J. Immunol.
157:3074.

14. Cardin, R. D., J. W. Brooks, S. R. Sarawar, and P. C. Doherty. 1996. Progressive
loss of CD8" T cell-mediated control of a gamma-herpesvirus in the absence of
CD4" T cells. J. Exp. Med. 184:863.

1102 ‘¥T AInc uo 1s9nb Aq /6.0 jounwiw i [-mmmy/:dny wioJ) papeojumod


http://www.jimmunol.org/

7000

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

38.
39.
40.

41.

42.

Caruso, A. M., N. Serbina, E. Klein, K. Triebold, B. R. Bloom, and J. L. Flynn.
1999. Mice deficient in CD4 T cells have only transiently diminished levels of
IFN-vy, yet succumb to tuberculosis. J. Immunol. 162:5407.

Flynn, J. L., M. M. Goldstein, K. J. Triebold, B. Koller, and B. R. Bloom. 1992.
Major histocompatibility complex class I-restricted T cells are required for re-
sistance to Mycobacterium tuberculosis infection. Proc. Natl. Acad. Sci. USA
89:12013.

Behar, S. M., C. C. Dascher, M. J. Grusby, C. R. Wang, and M. B. Brenner. 1999.
Susceptibility of mice deficient in CD1D or TAP1 to infection with Mycobacte-
rium tuberculosis. J. Exp. Med. 189:1973.

Tascon, R. E., E. Stavropoulos, K. V. Lukacs, and M. J. Colston. 1998. Protection
against Mycobacterium tuberculosisinfection by CD8 T cells requires production
of y interferon. Infect. Immun. 66:830.

van Pinxteren, L. A. H., J. P. Cassidy, B. H. C. Smedegaard, E. M. Agger, and
P. Andersen. 2000. Control of latent Mycobacterium tuberculosis infection is
dependent on CD8 T cells. Eur. J. Immunol. 30:3689.

Mogues, T., M. E. Goodrich, L. Ryan, R. LaCourse, and R. J. North. 2001. The
relative importance of T cell subsets in immunity and immunopathology of air-
borne Mycobacterium tuberculosis infection in mice. J. Exp. Med. 193:271.
Scanga, C. A., V. P. Mohan, K. Yu, H. Joseph, K. Tanaka, J. Chan, and
J. L. Flynn. 2000. Depletion of CD4™ T cells causes reactivation of murine
persistent tuberculosis despite continued expression of IFN-y and NOS2. J. Exp.
Med. 192:347.

Cosgrove, D., D. Gray, A. Dierich, J. Kaufman, M. Lemeur, C. Benoit, and
D. Mathis. 1991. Mice lacking MHC class || molecules. Cell 66:1051.
Serbina, N. V., C.-C. Liu, C. A. Scanga, and J. L. Flynn. 2000. CD8™ cytotoxic
T lymphocytes from lungs of Mycobacterium tubercul osis-infected mice express
perforin in vivo and lyse infected macrophages. J. Immunol. 165:353.

Serbina, N. V., and J. L. Flynn. 1999. Early emergence of CD8" T cells primed
for production of type 1 cytokines in the lungs of Mycobacterium tuberculosis-
infected mice. Infect. Immun. 67:3980.

Henderson, R. A., S. C. Watkins, and J. L. Flynn. 1997. Activation of human
dendritic cells following infection with Mycobacterium tuberculosis. J. Immunol.
159:635.

Tascon, R. E., C. S. Soares, S. Ragno, E. Stavropoulos, E. M. A. Hirst, and
M. J. Colston. 2000. Mycobacterium tuber culosis-activated dendritic cellsinduce
protective immunity in mice. Immunology 99:473.

Bodnar, K. A., N. V. Serbina, and J. L. Flynn. 2001. Interaction of Mycobacte-
rium tuberculosis with murine dendritic cells. Infect. Immun. 69:800.

Kennedy, M. K., and L. S. Park. 1996. Characterization of interleukin-15 (IL-15)
and the IL-15 receptor complex. J. Clin. Immunol. 16:134.

Kennedy, M. K., M. Glaccum, S. N. Brown, E. A. Butz, J. L. Viney, M. Embers,
N. Matsuki, K. Charrier, L. Sedger, C. R. Willis, et a. 2000. Reversible defects
in natural killer and memory CD8 T cell lineages in interleukin-15-deficient mice.
J. Exp. Med. 191:771.

Naume, B., N. K. Gately, and T. Espevik. 1992. A comparative study of IL-12
(cytotoxic lymphocyte maturation factor)-, IL-2, and IL-7-induced effects on im-
munomagnetically purified CD56" NK cells. J. Immunol. 148:2429.

Khan, I. A., and L. H. Kaspar. 1996. IL-15 augments CD8 T cell-mediated im-
munity against Toxoplasma gondii infection in mice. J. Immunol. 157:2103.
Khan, I. A., and L. Casciotti. 1999. IL-15 prolongs the duration of CD8 T cell-
mediated immunity in mice infected with a vaccine strain of Toxoplasma gondii.
J. Immunol. 163:4503.

Flynn, J. L., and J. Chan. 2001. Immunology of tuberculosis. Annu. Rev. Immu-
nol. 19:93.

. Feng, C. G., A. G. Bean, H. Hooi, H. Briscoe, and W. J. Britton. 1999. Increase

in y interferon-secreting CD8™", as well as CD4", T cells in lungs following
aerosol infection with Mycobacterium tuberculosis. Infect. Immun. 67:3242.
Lewinsohn, D., M. Alderson, A. Briden, S. Riddell, S. Reed, and K. Grabstein.
1998. Characterization of human CD8" T cells reactive with Mycobacterium
tuberculosis-infected antigen presenting cells. J. Exp. Med. 187:1633.
Lewinsohn, D. M., A. L. Briden, S. G. Reed, K. H. Grabstein, and
M. R. Alderson. 2000. Mycobacterium tuberculosis-reactive CD8" T lympho-
cytes: the relative contribution of classical versus nonclassical HLA restriction.
J. Immunol. 165:925.

Cho, S, V. Mehra, S. Thoma-Uszynski, S. Stenger, N. Serbina, R. Mazzaccaro,
J. L. Flynn, P. F. Barnes, S. Southwood, E. Celis, et a. 2000. Antimicrobial
activity of MHC class | restricted CD8" T cells in human tuberculosis. Proc.
Natl. Acad. Sci. USA 97:12210.

Serbina, N. V., and J. L. Flynn. 2001. CD8 T cells participate in the memory
response to M. tuberculosis. Infect. Immun. 69:4320.

Frasca, L., C. Piazza, and E. Piccolella. 1996. CD4" T cells orchestrate both
amplification and deletion of CD8* T cells. Crit. Rev. Immunol. 18:569.
Clarke, S. R. M. 2000. The critical role of CD40/CD40L in the CD4-dependent
generation of CD8" T cell immunity. J. Leukocyte Biol. 67:607.

Chali, J-G., S. Vendetti, |. Bartok, D. Shoendorf, K. Takaes, J. Elliott, R. Lechler,
and J. Dyson. 1999. Critical role of costimulation in the activation of naive
antigen-specific TCR-transgenic CD8™ T cells in vitro. J. Immunol. 163:1298.
Gajewski, T. F., J-C. Renauld, A. Van Pel, and T. Boon. 1995. Costimulation
with B7-1, IL-6, and IL-12 is sufficient for primary generation of murine anti-
tumor cytolytic T lymphocytes in vitro. J. Immunol. 154:5637.

43.

45.

46.

48.

49.

51.

52.

53.

56.

57.

58.

59.

60.

61.

62.

63.

65.

CD8 T CELL DEPENDENCE ON CD4 T CELLS IN TUBERCULOSIS

Schuurhuis, D. H., S. Laban, R. E. M. Toes, P. Ricciardi-Castagnoli,
M. J. Kleijmeer, E. I. H. van der Voort, D. Rea, R. Offringa, H. J. Gueze,
C. J. M. Mélief, F. Ossendorp. 2000. Immature dendritic cells acquire CD8"
cytotoxic T lymphocyte priming capacity upon activation by T helper cell-inde-
pendent or -dependent stimuli. J. Exp. Med. 192:145.

. Borrow, P., A. Tishon, S. Lee, J. Xu, I. S. Grewa, M. B. A. Oldstone, and

R. A. Flavell. 1996. CD40L-deficient mice show deficits in anti-viral immunity
and have an memory CD8" CTL response. J. Exp. Med. 183:2129.

Borrow, P., D. F. Tough, D. Eto, A. Tishon, |. S. Grewal, J. Sprent, R. A. Flavell,
and M. B. A. Oldstone. 1998. CD40 ligand-mediated interactions are involved in
the generation of memory CD8* cytotoxic T lymphocytes (CTL) but are not
required for the maintenance of CTL memory following infections. J. Virol.
72:7440.

Thomsen, A. R., A. Nansen, J. P. Christensen, S. O. Andreasen, and O. Marker.
1998. CD40 ligand is pivotal to efficient control of virus replication in mice
infected with lymphocytic choriomeningitis virus. J. Immunol. 161:4583.

. Andreasen, S. O., J. E. Christensen, O. Marker, and A. R. Thomsen. 2000. Role

of CD40 ligand and CD28 in induction and maintenance of antiviral CD8" ef-
fector T cell responses. J. Immunol. 164:3689.

Caux, C., C. Massacrier, B. Vandervliet, B. Dubois, C. Van Kooten, |. Durand,
and J. Banchereau. 1994. Activation of human dendritic cells through CD40
cross-linking. J. Exp. Med. 180:1263.

Cella, M., D. Scheidegger, K. Palmer-Lehmann, P. Lane, A. Lanzavecchia, and
G. Alber. 1996. Ligation of CD40 on dendritic cells triggers production of high
levels of interleukin-12 and enhances T cell stimulatory capacity: T-T help via
APC activation. J. Exp. Med. 184:747.

. Stuber, E., W. Strober, and M. Neurath. 1996. Blocking the CD40L-CD40 in-

teractionsin vivo specifically prevents the priming of T helper 1 cells through the
inhibition of interleukin 12 secretion. J. Exp. Med. 183:693.

Koch, F., U. Stanzl, P. Jennewein, K. Janke, C. Heufler, E. Kampgen, N. Romani,
and G. Schuler. 1996. High level I1L-12 production by murine dendritic cells:
upregulation viaMHC class || and CD40 molecules and downregulation by IL-4
and IL-10. J. Exp. Med. 184:741.

Kamanaka, M., P. Yu, T. Yasui, K. Yoshida, T. Kawabe, T. Horii, T. Kishimoto,
and H. Kikutani. 1996. Protective role of CD40 in Leishmania major infection at
two distinct phases of cell-mediated immunity. Immunity 4:275.

Campbell, K. A., P. J. Ovendale, M. K. Kennedy, S. G. Fanslow, S. G. Reed, and
C. R. Maliszewski. 1996. CD40 ligand is required for protective cell-mediated
immunity to Leishmania major. Immunity 4:283.

. Hertz, C., S. Kiertscher, P. Godowski, D. Bouis, M. Norgard, M. Roth, and

R. Modlin. 2001. Microbial lipopeptides stimulate dendritic cell maturation via
Toll-like receptor 2. J. Immunol. 166:2444.

. Gonzalez-Juarrero, M., O. C. Turner, J. Turner, P. Marietta, J. V. Brooks, and

I. M. Orme. 2001. Temporal and spatial arrangement of lymphocytes within lung
granulomas induced by aerosol infection with Mycobacterium tuberculosis. In-
fect. Immun. 69:1722.

Campos-Neto, A., P. Ovendale, T. Bement, T. A. Koppi, W. C. Fansow,
M. A. Rossi, and M. R. Alderson. 1998. CD40 ligand is not essential for the
development of cell-mediated immunity and resistance to Mycobacterium tuber-
culosis. J. Immunol. 160:2037.

Kirberg, D., L. Bruno, and H. von Boehmer. 1993. CD4"8~ help prevents rapid
deletion of CD8" cells after a transient response to antigen. Eur. J. Immunol.
23:1963.

Sarawar, S. R, B. J. Lee, S. K. Reiter, and S. P. Schoenberger. 2001. Stimulation
via CD40 can substitute for CD4 T cell function in preventing reactivation of a
latent herpesvirus. Proc. Natl. Acad. Sci. USA 98:6325.

Zajac, A. J., J. N. Blattman, K. Murali-Krishna, D. J. D. Sourdive, M. Suresh,
J. D. Altman, and R. Ahmed. 1998. Viral immune evasion due to persistence of
activated T cells without effector function. J. Exp. Med. 188:2205.

Moser, J. M., J. D. Altman, and A. E. Lukacher. 2001. Antiviral CD8" T cell
responses in neonatal mice: susceptibility to polyoma virus-induced tumors is
associated with lack of cytotoxic function by viral antigen-specific T cells. J. Exp.
Med. 193:595.

Bamford, R. N., A. P. Battiata, J. Burton, H. Sharma, and T. A. Waldmann. 1996.
IL-15/IL-T production by the adult T-cell leukemia line HUT-102 is associated
with an HTLV-I-R/IL-15 fusion message that lacks many upstream AUGs that
normally attenuate IL-15 mRNA translation. Proc. Natl. Acad. Sci. USA 93:2897.
Edelbaum, D., M. Mohamadzadeh, P. R. Bergstresser, K. Sugamura, and
A. Takashima. 1995. Interleukin (IL)-15 promotes the growth of murine epider-
ma y8 T cells by a mechanism involving the B- and yc-chains of the IL-2
receptor. J. Invest. Dermatol. 105:837.

Vankayalapati, R., B. Wizel, S. E. Weis, B. Samten, W. M. Girard, and
P. F. Barnes. 2001. Production of interleukin-18 in human tuberculosis. J. Infect.
Dis. 182:234.

. Maeurer, M. J,, P. Trinder, G. Hommel, W. Walter, K. Freitag, D. Atkins, and

S. Storkel. 2000. Interleukin-7 or interleukin-15 enhances survival of Mycobac-
terium tuberculosis-infected mice. Infect. Immun. 68:2962.

Appay, V., D. F. Nixon, S. M. Donahoe, G. M. A. Gillespie, T. Dong, A. King,
G. S. Ogg, H. M. L. Spiegel, C. Conlon, C. A. Spina, et al. 2000. HIV-specific
CD8 T cells produce antiviral cytokines but are impaired in cytolytic function.
J. Exp. Med. 192:63.

1102 ‘¥T AInc uo 1s9nb Aq /6.0 jounwiw i [-mmmy/:dny wioJ) papeojumod


http://www.jimmunol.org/

