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Abstract

 

Because CD1-restricted T cells lack CD4 but produce IFN-

 

g

 

in response to nonpeptide mycobacterial antigens, they
could play a unique role in immunity to tuberculosis. We
studied CD1-restricted T cells in the context of HIV infec-
tion by expanding CD4

 

2

 

 T cell lines from 10 HIV-infected
patients. Upon stimulation with 

 

Mycobacterium tuberculo-
sis

 

 

 

antigen or upon exposure to macrophages infected with

 

M. tuberculosis,

 

 

 

these T cell lines proliferated, produced
IFN-

 

g

 

, and showed cytolytic T cell (CTL) activity against
macrophages pulsed with mycobacterial antigen, findings
consistent with a protective role against 

 

M. tuberculosis

 

.

 

Anti-CD1b antibodies abrogated T cell proliferation, IFN-

 

g

 

production, and CTL activity, demonstrating that these T
cells are CD1 restricted. IFN-

 

g

 

 production in response to 

 

M.
tuberculosis

 

 

 

was enhanced by antitransforming growth fac-
tor-

 

b

 

 in 8/10 lines, and by IL-15 in 2/10 lines. IFN-

 

g

 

 produc-
tion was augmented in a nonantigen-specific manner by
IL-12 in 4/8 lines. When live HIV was cocultured with CD1-
restricted T cell lines, p24 antigen and proviral DNA were
not detected, indicating that the T cells were not infectable
with HIV. Vaccination strategies aimed at activation and
expansion of

 

 M. tuberculosis

 

–reactive CD1-restricted T
cells in HIV-infected patients may constitute a novel means
to provide protection against tuberculosis, while minimizing
the risk of enhancing HIV replication through stimulation
of CD4

 

1

 

 cells. (

 

J. Clin. Invest.

 

 

 

1998. 101:383–389.) Key
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Introduction

 

HIV infection markedly increases susceptibility to tuberculosis
(1), and tuberculosis in HIV-infected patients accelerates pro-
gression of immunodeficiency and hastens death (2). As the
HIV pandemic spreads in developing countries, the deadly
combination of tuberculosis and HIV infection is expected to
cause 

 

.

 

 1,400,000 cases and 500,000 deaths in the year 2000

(3). Tuberculosis control efforts are hampered by delayed di-
agnosis, the cost of antituberculosis drugs, difficulty in ensur-
ing completion of prolonged therapy, and increasing rates of
drug resistance. Prevention of tuberculosis through vaccina-
tion is an alternative and cost-effective strategy that would
contribute greatly to tuberculosis control among HIV-infected
persons.

In HIV-infected patients, induction of immunity against in-
fectious agents through vaccination is a double-edged sword
because activation of the immune response can enhance retro-
viral replication and contribute to progressive HIV disease (4–6).
Standard vaccination strategies are particularly problematic
because they result in activation of CD4

 

1

 

 cells, which are the
major reservoir for HIV. A rational vaccination strategy would
be to upregulate the immune response by CD4-negative T
cells that are not susceptible to HIV infection.

CD1 is a family of cell surface molecules that participate in
antigen recognition by T cells. CD1 molecules are structurally
related to MHC molecules, but are nonpolymorphic. A dis-
tinctive feature of human CD1 restricted T cells is their capac-
ity to recognize nonprotein antigens (7–10). CD1-restricted
T cells include CD8

 

1

 

 cells, T cells bearing the 

 

gd

 

 T cell recep-
tor (TCR),

 

1

 

 and CD4

 

2

 

CD8

 

2

 

 T cells bearing the 

 

ab

 

 TCR, all of
which are CD4-negative (10, 11). Because CD1-restricted T cells
lack CD4, they are a logical target for enhancement of the an-
timycobacterial immune response in HIV-infected patients. To
determine the feasibility of this approach, we attempted to iso-
late 

 

Mycobacterium tuberculosis

 

–reactive CD1-restricted T cells
from HIV-infected patients.

 

Methods

 

Patient population.

 

Blood was obtained from 13 outpatients with
HIV infection, none of whom had active opportunistic infections or
tumors. The median CD4 cell count was 286 cells/

 

m

 

l (range 120–543
cells/

 

m

 

l) and 10 patients were receiving antiretroviral therapy.

 

Preparation of sonicate of M. tuberculosis H37Rv.

 

200 mg of
gamma-irradiated 

 

M. tuberculosis

 

 H37Rv (provided by Dr. John
Belisle, Colorado State University, Fort Collins, CO), was washed
twice in 40 ml of PBS, pelleted for 5 min at 800 

 

g

 

, and resuspended in
4 ml PBS in a 15 ml conical tube. This preparation was sonicated con-
tinuously for 5 min in an ice water bath, then centrifuged for 5 min at
900 

 

g.

 

 The supernatant was collected and saved. The pellet was resus-
pended in 1 ml PBS in a 15-ml conical tube, and sonicated for 1 min in
an ice water bath. This second sonicate was combined with superna-
tant from the first sonicate, and ultracentrifuged for 1 h at 100,000 

 

g

 

at 4

 

8

 

C. The supernatant was collected, filtered through a 0.2-

 

m

 

M filter
and the protein concentration measured by the Bradford assay. Ap-
proximately 1.6 mg of protein was obtained from 200 mg of 

 

M. tuber-
culosis

 

 H37Rv.
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Establishment of CD1-restricted T cell lines.

 

PBMC were iso-
lated by differential centrifugation over Ficoll-Paque (Pharmacia Fine
Chemicals, Piscataway, NJ). PBMC were incubated overnight at a
concentration of 5 

 

3

 

 10

 

6

 

 cells/ml in a 25-ml tissue culture flask in
RPMI (Gibco, Grand Island, NY) containing penicillin/streptomycin
(Gibco) and 10% heat-inactivated human serum. Nonadherent cells
were removed and cell suspensions incubated with magnetic beads
conjugated to CD4, CD8, and CD16 (Dynal, Lake Success, NY). A
magnetic cell separator was used to remove CD4

 

1

 

, CD8

 

1

 

, and CD16

 

1

 

cells, and negatively selected cells were incubated with anti–TCR-

 

gd

 

(Immunotech, Marseille, France), then with magnetic beads coated with
goat anti–mouse IgG (Dynal). After immunomagnetic depletion of

 

gd

 

 T cells with a magnetic cell separator, we obtained 1–2 

 

3

 

 10

 

6

 

 cells
that were enriched for CD4

 

2

 

CD8

 

2

 

 T cells expressing the 

 

ab

 

 TCR.
An aliquot of 2 

 

3

 

 10

 

6

 

 PBMC from each patient was used to derive
CD1

 

1

 

 antigen-presenting cells by culture overnight in a 2-ml well in
RPMI containing penicillin/streptomycin, 8% FCS (HyClone Labo-
ratories Inc., Logan, UT), 2% heat-inactivated human serum, IL-4
(100 U/ml; a kind gift of the Schering Plough Corp., Kenilworth, NJ)
and GM-CSF (200 U/ml; R & D Systems, Minneapolis, MN) to in-
duce CD1 expression. After incubation overnight, the supernatant
was discarded, the cells were irradiated (5,000 rads) and 2 

 

m

 

g/ml of a
sonicate of 

 

M. tuberculosis

 

 strain H37Rv was added. 2 h later, the
T cells enriched for CD4

 

2

 

CD8

 

2

 

ab

 

1

 

 cells were added to the irradi-
ated antigen-presenting cells and cultured in 10% serum. This time
point is considered to be day 0. On day 3 or 4, cells were centrifuged
over Ficoll-Paque to enrich for lymphoblasts and further expanded
with fresh serum (10%) and IL-2 (10%; Hemagen Diagnostics, Co-
lumbia, MD). On days 7 and 10, fresh serum and IL-2 were added.
On day 14, 

 

M. tuberculosis

 

 antigen and allogeneic irradiated PBMC
from healthy HIV-negative donors, pretreated with IL-4 and GM-
CSF for 3 d, were added as antigen-presenting cells. The 2-wk cycle of
addition of antigen and antigen-presenting cells, centrifugation over
Ficoll-Paque, and expansion with IL-2 was repeated until adequate
numbers of T cells were obtained. Cytofluorometric analysis was per-
formed as outlined below. If T cell lines contained more than 20%
CD4

 

1

 

, CD8

 

1

 

, or 

 

gd

 

 TCR

 

1

 

 cells, a second round of depletion was per-
formed with magnetic beads conjugated to the appropriate antibod-
ies, as outlined above. Most lines were tested for proliferation and cy-
tokine production after two or three cycles of expansion.

 

Cytofluorometric analysis.

 

T cell lines were stained with FITC-
conjugated anti-CD3, anti-CD4, anti-CD8 (all from Dako, Carpinte-
ria, CA), anti-TCR 

 

ab

 

 and anti-TCR 

 

gd

 

 (both from Immunotech).
Cells were incubated with the monoclonal antibodies on ice for 20
min, washed once with 10% FCS in RPMI, and analyzed by flow cy-
tometry with a FACSTAR (Becton Dickinson Immunocytometry,
San Jose, CA).

 

Cytokine production and proliferation in response to mycobacte-
rial antigens.

 

Proliferative and cytokine responses were evaluated at
least 6 d after the T cell lines had received antigen and at least 3 d af-
ter they had received IL-2. For each assay, triplicate wells were estab-
lished containing 2 

 

3

 

 10

 

4

 

 T cells, 5 

 

3

 

 10

 

4

 

 allogeneic irradiated feeders
pretreated with GM-CSF and IL-4 for 3 d, 2 

 

m

 

g/ml of H37Rv sonicate
and 10% human serum. In some experiments, IL-12 (10 ng/ml; kind
gift of Dr. Maurice Gately, Hoffmann-La Roche, Nutley, NJ), IL-15
(1 ng/ml; provided by Immunex Corporation, Seattle, WA), anti–IL-4
(10 

 

m

 

g/ml; Pharmingen, San Diego, CA), anti–IL-10 (10 

 

m

 

g/ml; Bio-
source International, Camarillo, CA), anti–TGF-

 

b

 

 (10 

 

m

 

g/ml), anti-
CD1a (IgG

 

1

 

, OKT6 hybridoma; American Type Culture Collection
[ATCC], Rockville, MD, 10 

 

m

 

g/ml), anti-CD1b (IgG

 

1

 

, BCD1b3.1
[12], 5 

 

m

 

g/ml), anti-CD1c (IgG

 

1

 

, 10C3 [10], 10 

 

m

 

g/ml), anti-MHC class
I (IgG

 

2a

 

, W6/32 hybridoma, ATCC, 10 

 

m

 

g/ml) and anti-MHC class II
(IgG

 

2a

 

, L243 hybridoma, ATCC, 10 

 

m

 

g/ml) were also added to the
cell cultures. Proliferative responses were measured by incorporation
of [

 

3

 

H]thymidine after 72 h. Supernatants were harvested after 72 h
and stored at 

 

2

 

70

 

8

 

C before assay of cytokine concentrations. IFN-

 

g

 

concentrations were measured by ELISA, using antibodies (kindly
provided by Brian Paasch, Genentech, South San Francisco, CA). IL-4

concentrations were measured by ELISA, using antibodies purchased
from Pharmingen. The sensitivities of these ELISAs were 6 and 5 pg/ml
for IFN-

 

g

 

 and IL-4, respectively.
In some experiments, PBMC from healthy donors were treated

with GM-CSF and IL-4 for 3 d to induce CD1 expression, and adher-
ent cells were detached and replated in 6-well plates at 3 

 

3

 

 10

 

6

 

 cells
per well. These adherent cells were infected with single cell suspen-
sions of 

 

M. tuberculosis

 

 H37Rv at a multiplicity of infection of 5:1,
which resulted in infection of 

 

z

 

 85% of the macrophages, with ap-
proximately three bacteria per macrophage, as determined by Au-
ramine–Rhodamine staining. Microscopic examination of infected
macrophages confirmed the absence of mycobacterial aggregates. Af-
ter 4 h, extracellular bacteria were removed by extensive washing, in-
fected cells were detached with 1 mM EDTA and 2 

 

3

 

 10

 

4

 

 cells were
replated in triplicate in 200-

 

m

 

l round-bottom wells. CD1-restricted
T cells (10

 

4

 

) were added, and after 16 h, supernatants were collected.

 

CTL assay.

 

PBMC from healthy donors were treated with GM-
CSF and IL-4 for 3 d to induce CD1 expression, and adherent cells
were pulsed with soluble 

 

M. tuberculosis

 

 extract (5 

 

m

 

g/ml) overnight,
detached with 1 mM EDTA and labeled with 100 

 

m

 

Ci 

 

51

 

Cr (ICN,
Costa Mesa, CA) for 1 h. After two washes, labeled cells were plated
in 200-

 

m

 

l round-bottom wells at 4 

 

3

 

 10

 

3

 

 cells/well. CD1-restricted T
cells were added at an effector/target ratio of 7:1, and in some cases,
neutralizing antibodies to CD1a, CD1b, or CD1c were added 30 min
before addition of the T cells. After incubation of the effectors and
targets for 4 h, target cell lysis was quantitated according to the for-
mula [(cpm release from experimental 

 

2

 

 cpm from spontaneous re-
lease)/maximal release 

 

2

 

 cpm from spontaneous release) 

 

3

 

 100]. The
spontaneous 

 

51

 

Cr release by macrophages in the absence of T cells
was 

 

,

 

 15%.

 

Infection of CD1-restricted T cells with HIV.

 

The HIV strains used
were HIV-1

 

NL4-3

 

, an aggressive strain tropic only for CD4

 

1

 

 T cells
(13) and HIV-1

 

JR-CSF

 

, a less aggressive strain tropic for both CD4

 

1

 

cells and macrophages (14). Infections were performed as previously
described (15, 16). Briefly, HIV-1 (200 ng of p24/10

 

6

 

 target cells) was
incubated with PHA-stimulated PBMC or CD1-restricted T cell line
cells for 2 h in the presence of polybrene to facilitate virus attachment.
Cells were then washed and cultured for 10 d in media containing se-
rum and IL-2. Cell supernatants were harvested after 10 d and p24

 

gag

 

 antigen measured by ELISA (Coulter Immunology, Hialeah, FL).
Because measurement of p24 expression can be affected by the

activation state or replication rate of the target cells, we used an alter-
native assay that measures synthesis of viral DNA in both G

 

0

 

 quies-
cent and activated cells (16). This assay measures the ability of HIV
to enter and infect target cells, independent of cellular replication or
activation state. Quantitative PCR for proviral DNA was performed
on CD1-restricted T cells 20 h after infection with HIV-1, as previ-
ously described (16). Briefly, DNA from infected cells was amplified
with radiolabeled primers specific for sequences from the HIV-1 long
terminal repeat and from human 

 

b

 

-globin. PCR products were re-
solved on a 6% polyacrylamide gel and radioactivity quantitated with
an AMBIS radioanalytic image analysis system. Values from samples
were compared with standard curves for HIV-1 long terminal repeat
and 

 

b

 

-globin, generated by amplification of known amounts of cloned
HIV-1 DNA and DNA from uninfected PBMC, respectively. After
normalization according to the 

 

b-globin PCR product, the number of
HIV sequences per 100,000 cells was calculated. A background con-
trol consisted of cells incubated with heat-killed HIV-1 (608C for 40
min) to assess the level of contaminating HIV DNA in the virus stock
used for infection.

Results

Establishment of M. tuberculosis-reactive CD1-restricted T cell
lines from HIV-infected patients. We established T cell lines
that proliferated in response to M. tuberculosis sonicate from
10 HIV-infected donors. Antigen-reactive T cell lines could
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not be established from three donors, whose clinical character-
istics were similar to those from whom T cell lines were suc-
cessfully established. The lines were CD31, ab TCR1, CD42

by flow cytometry, and the percentage of gd TCR1 cells was
0–3%. Nine lines were CD82 and one was CD81. The mean
proliferative response (6SEM) of these lines in the presence
of media alone was 1,4506621 cpm, and mean delta cpm to M.
tuberculosis sonicate was 19,38967,587. In two representative
T cell lines, antibodies to CD1b markedly reduced prolifera-
tion in response to M. tuberculosis, whereas anti-CD1a and
anti-CD1c did not (Fig. 1). The capacity of anti-CD1b to block
proliferative responses to M. tuberculosis was confirmed by
testing all 10 T cell lines (Fig. 2).

Cytokine production by M. tuberculosis–reactive CD1-
restricted T cell lines. Because IFN-g production is crucial for
immunity against M. tuberculosis (17, 18), we investigated the
capacity of these CD1-restricted T cells to produce cytokines

in response to M. tuberculosis sonicate. Five of five T cell lines
produced 91–506 pg/ml of IFN-g, compared to 3–15 pg/ml of
IL-4, a cytokine pattern typical of Th1 cells. The mean IFN-g
concentration produced by nine T cell lines was 7196317 pg/ml,
and this was reduced to 1366 pg/ml when anti-CD1b was
added, indicating that IFN-g was produced by CD1b-restricted
T cells. In two T cell lines, anti-CD1b reduced M. tuberculosis–
induced IFN-g production to baseline levels, whereas anti-
CD1a, anti-CD1c, and anti-MHC class II antibodies had no ef-
fect (Fig. 3). Anti-MHC class I antibodies partially inhibited
IFN-g production.

The experiments above demonstrate that CD1-restricted T
cells from HIV-infected patients produce IFN-g in response to
soluble M. tuberculosis antigens. To confirm the relevance of
these findings to infection with M. tuberculosis in vivo, we co-
cultured CD1-restricted T cells with CD1-expressing macro-
phages infected with live M. tuberculosis. In two experiments,

Figure 1. Effect of anti-CD1 antibodies on the proliferative response 
to M. tuberculosis by two CD1-restricted T cell lines from HIV-
infected patients. CD1-restricted T-cell lines were cocultured with 
sonicated M. tuberculosis (TB), in the absence or presence of neutral-
izing antibodies to CD1 isoforms. Proliferative responses were mea-
sured by incorporation of [3H]thymidine. Mean values6SEM are 
shown.

Figure 2. Effect of anti-CD1b antibodies on the proliferative re-
sponse to M. tuberculosis of CD1-restricted T cell lines from HIV-
infected patients. CD1-restricted T cell lines were cocultured with 
sonicated M. tuberculosis (TB), in the absence or presence of neutral-
izing antibodies to CD1b. Proliferative responses were measured by 
incorporation of [3H]thymidine. Mean values6SEM are shown.

Figure 3. Effect of anti-CD1 and anti-MHC antibodies on M. tuber-
culosis–induced IFN-g production by CD1-restricted T cell lines. 
CD1-restricted T cell lines were cocultured with sonicated M. tuber-
culosis (TB), in the absence or presence of neutralizing antibodies to 
CD1 isoforms, or to MHC class I or class II. IFN-g concentrations 
were measured by ELISA.

Figure 4. Effect of anti-CD1 antibodies on IFN-g production by 
CD1-restricted T cell lines upon exposure to macrophages infected 
with live M. tuberculosis. CD1-restricted T cell lines were cocultured 
with macrophages and M. tuberculosis (TB) sonicate, or with mac-
rophages infected with live M. tuberculosis, in the absence or pres-
ence of neutralizing antibodies to CD1 isoforms. IFN-g concentra-
tions were measured by ELISA.
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interferon-g concentrations produced by T cell lines were simi-
lar to those produced by T cell lines exposed to M. tuberculosis
sonicate, and were specifically abrogated by anti-CD1b, but
not by anti-CD1a or anti-CD1c (Fig. 4).

Modulation of IFN-g production in response to M. tubercu-
losis. Because IFN-g plays a central role in the immune re-
sponse against M. tuberculosis, we attempted to enhance IFN-g
production by the lines from HIV-infected patients by modu-
lating the concentration of cytokines that affect IFN-g produc-
tion by T cells from HIV-negative persons.

Interleukin-12 enhances IFN-g production by peripheral
blood T cells in response to mycobacterial antigens in HIV-
infected and HIV-negative tuberculosis patients (19) and
IL-12 production in response to antigen is depressed in HIV-
infected patients (20). Addition of IL-12 and M. tuberculosis
sonicate to CD1-restricted lines enhanced IFN-g production
three- to sixfold in 4 of 8 lines (patients 2, 3, 4, and 6; Fig. 5, A).
However, the increased IFN-g production was not antigen spe-
cific, as addition of IL-12 alone in the absence of antigen also
significantly boosted IFN-g production.

Transforming growth factor-b is a potent immunosuppres-
sive cytokine that is produced by macrophages in response to
mycobacterial antigens (21, 22), and TGF-b inhibits IFN-g
production in response to mycobacterial antigens (23). Addi-
tion of neutralizing antibodies to TGF-b enhanced M. tubercu-
losis–induced IFN-g production two- to fivefold in 8 of 10 lines
(patients 1–3, 5, 7–10; Fig. 5, B). This enhancement was anti-

gen specific as anti–TGF-b in the absence of antigen did not
elicit IFN-g production (data not shown). Mean IFN-g produc-
tion in response to M. tuberculosis sonicate was 269677 pg/ml,
compared with 7766235 pg/ml in response to M. tuberculosis
and anti–TGF-b (P 5 0.01, paired t test).

Interleukin-15 is a potent T cell growth factor that shares
many biologic activities with IL-2 and is an attractive agent to
modulate the immune response in HIV-infected patients. In-
terleukin-2 enhances spontaneous and antigen-induced prolif-
eration by T cells from HIV-infected patients, and induces
HIV expression in vitro (24). In contrast, IL-15 specifically en-
hances antigen induced but not spontaneous proliferation by
T cells from HIV-infected donors, and does not induce HIV
expression in most patients (24). When IL-15 was added to M.
tuberculosis–stimulated CD1-restricted lines, IFN-g produc-
tion was enhanced two- to threefold in only 2 of 10 lines (pa-
tients 3 and 5; Fig. 5, C). However, the response was antigen
specific in those patients, as IL-15 alone did not elicit IFN-g
production.

In some experimental systems, the Th2 cytokines IL-4 and
IL-10 downregulate production of IFN-g in response to my-
cobacteria (25, 26), and neutralization of these cytokines
enhances lymphocyte proliferation and IL-2 production in
HIV-infected patients (27, 28). However, addition of anti–IL-4
antibodies had no effect on M. tuberculosis–induced IFN-g
production by the CD1-restricted T cell lines from HIV-infected
patients, and anti–IL-10 increased IFN-g production in only

Figure 5. Modulation of IFN (IFN)-g production by CD1-restricted T cell lines, using IL-12 (A), anti–TGF-b (B), IL-15 (C), or anti–IL-4 and 
anti–IL-10 (D). T cell lines were cultured in the presence of sonicated M. tuberculosis (TB), with or without the cytokine or anticytokine anti-
bodies. For IL-12 and IL-15, IFN-g production in the presence of cytokine alone without M. tuberculosis is also shown.
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one of six T cell lines (patient 6; Fig. 5, D). Anti–IL-4 and anti–
IL-10 did not elicit IFN-g production in the absence of M.
tuberculosis (data not shown).

In summary, neutralization of TGF-b was the most effec-
tive means to enhance M. tuberculosis–induced IFN-g produc-
tion by CD1-restricted T cell lines from HIV-infected patients.
In contrast, neutralization of IL-4 and IL-10 had no effect. In-
terleukin-12 and IL-15 enhanced IFN-g production in some
lines, and the effect of IL-15 was antigen specific, whereas that
of IL-12 was not. Because we studied T cell lines that were not
100% phenotypically pure, we cannot exclude the possibility
that the enhancement of IFN-g production by cytokines and
anticytokine antibodies was due in part to effects on cells other
than CD1-restricted T cells.

CTL activity of CD1-restricted T cells. As an additional
means to assess the capacity of CD1-restricted T cells to con-
tribute toward immune defenses against tuberculosis, we mea-
sured CTL activity against CD1-expressing macrophages pulsed
with M. tuberculosis antigens. Both T cell lines tested showed
antigen-specific CTL activity, which was specifically inhibited
by anti-CD1b (Fig. 6).

CD1-restricted T cells do not support growth of HIV. To
determine if HIV could infect the CD1-restricted T cells, we
cocultured HIV with the T cell lines and with normal PBMC.
Infection of PBMC from normal donors with the two HIV-1
strains resulted in production of 21–187 ng/ml of p24 in culture
supernatants. In contrast, infection of three CD1-restricted T
cell lines derived from HIV-infected donors did not result in
detectable p24 expression (Table I).

Because p24 expression can be affected by the activation
state or replication rate of the target cells, we performed quan-
titative PCR for proviral DNA, an alternative assay that mea-
sures the ability of HIV to enter and infect target cells, inde-
pendent of cellular replication or activation state (Table II).
Although virus stocks were pretreated with DNAse to limit
the amount of contaminating viral DNA, 15–105 copies of viral
DNA were present in cells treated with heat-killed virus.
When live virus was added to normal PBMC, 19,000 copies of

HIVNL4-3 DNA and 600 copies of HIVJR-CSF were detected.
When these HIV strains were used to infect a CD1-restricted
T cell line, proviral DNA levels were similar to background
levels (44–65 copies), confirming that these lines were not in-
fectable with HIV.

Discussion

We report that M. tuberculosis–reactive CD1-restricted T cells
can be expanded from HIV-infected patients. These T cells
produced IFN-g in response to macrophages infected with live
M. tuberculosis, and showed CTL activity against macrophages
pulsed with M. tuberculosis antigens, consistent with a protec-
tive role against M. tuberculosis. Antigen-specific IFN-g pro-
duction was enhanced in most T cell lines by neutralization of
TGF-b, and in a minority of T cell lines by IL-15. The CD1-
restricted T cell lines were ab TCR1CD42 and were not in-
fectable with HIV.

CD1 proteins are structurally related to MHC class I and
class II proteins and play a role in antigen recognition by T cells.
Antigens recognized by CD1-restricted T cells may be particu-
larly useful for inclusion in an antituberculosis vaccine for
HIV-infected patients. First, CD1 molecules are nonpolymor-
phic so that CD1-restricted antigens are likely to be recognized

Figure 6. CTL activity of two CD1-restricted T cell lines against mac-
rophages pulsed with M. tuberculosis antigens. CD1-restricted T cells 
were cocultured with CD1-expressing macrophages pulsed with me-
dia alone or with M. tuberculosis sonicate at an effector/target ratio of 
7:1. CTL activity was measured in triplicate, as the percent specific ly-
sis, using a 51Cr release assay, in the presence or absence of antibodies 
to CD1 isoforms. Mean values6SEM are shown.

Table I. Culture of HIV-1 in CD1-restructed T Cell Lines*

Virus strain Cells p24

ng/ml

Experiment 1
NL4-3 PBMC 97
NL4-31 Line 1 0
JR-CSF PBMC 187
JR-CSF Line 1 0

Experiment 2
JR-CSF PBMC 21
JR-CSF Line 2 0
JR-CSF Line 3 0

*Normal PBMC or CD1-restriced T cell lines were infected with two
strains of HIV-1 and cultured for 10 d. p24 antigen concentrations were
measured by ELISA.

Table II. Quantitation of HIV-1 in CD1-restricted T-cell lines 
by PCR*

Virus strain Cells HIV-1 copies per 105 cells

Killed NL4-3 PBMC 54
Live NL4-31 PBMC 19034
Killed NL4-3 Line 1 15
Line NL4-3 Line 1 44
Killed JR-CSF PBMC 80
Live JR- CSF PBMC 594
Killed JR-CSF Line 1 105
Live JR- CSF Line 1 65

*Normal PBMC or a CD1-restriced T cell line were infected with heat-
killed or live HIV-1 virus strains for 20 h, and quantitative PCR per-
formed to detect proviral DNA.
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by most individuals, whereas MHC-restricted antigens are
generally recognized only by persons whose cells bear specific
MHC molecules. Second, human CD1-restricted T cells in-
clude CD42CD82ab T cells, CD81 cells, and gd T cells, but ap-
parently not CD41 cells (10, 11), so that stimulation of CD1-
restricted T cells should not activate CD41 cells or upregulate
HIV replication. Third, CD1-restricted T cells from normal
donors and from HIV-infected patients (data not shown) rec-
ognize nonpeptide lipid or glycolipid antigens (7–9) which do
not elicit proliferation and cytokine production by CD41 cells,
so that vaccination with these antigens is unlikely to activate
CD41 cells. Vaccination strategies that upregulate the re-
sponse of CD1-restricted T cells represent a novel means to
provide protection against tuberculosis in HIV-infected pa-
tients, while minimizing the risk of enhancing HIV replication
through stimulation of CD41 cells.

T cells contribute to immune defenses against tuberculosis
through production of the macrophage-activating factor IFN-g
(17, 18, 29, 30) or through direct lysis of M. tuberculosis–infected
macrophages (31–33). In this report, CD1-restricted T cells
isolated from HIV-infected patients produced IFN-g in re-
sponse to M. tuberculosis–infected macrophages and lysed
macrophages exposed to mycobacterial antigens, suggesting
that they have the capacity to provide protective immunity
against tuberculosis. IFN-g production was completely blocked
by anti-CD1b antibodies, but unaffected by anti-CD1a, anti-
CD1c, or anti-MHC class II antibodies. Anti-MHC class I anti-
bodies partially blocked IFN-g production, but to a much
smaller degree than anti-CD1b antibodies. CD1-restricted
T cells express CD8a but not CD8b (7), and CD8aa ho-
modimers bind MHC class I (34, 35). It is possible that CD8aa
homodimers and MHC class I molecules stabilize the interac-
tion between the TCR and the antigen-presenting cell in CD1-
restricted T cells, and anti-MHC class I antibodies may inter-
fere with this process and hence decrease IFN-g production.

Further studies are needed to fully understand the contri-
bution of CD1-restricted T cells to protective immunity against
tuberculosis in vivo. A critical measure of the immunologic sig-
nificance of a cell subpopulation is its precursor frequency. It
will therefore be important to determine the precursor fre-
quency of M. tuberculosis–reactive CD1-restricted T cells in
HIV-infected patients. This has not yet been achieved because
it is difficult to separate the responses of CD1-restricted and
MHC-restricted T cells in a limiting dilution assay. The estab-
lishment and immunologic evaluation of CD1-restricted T cell
clones from HIV-infected patients is a second area of investi-
gation that would permit more evaluation of cellular function
at the single cell level, and permit a more detailed understand-
ing of the functional capacity of these cells.
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