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Evidence for Human CD4" T Cells in the CD1-Restricted
Repertoire: Derivation of Mycobacteria-Reactive T Cells from
Leprosy Lesions

Peter A. Sieling?* Maria-Teresa Ochoa,* Denis Jullien® David S. LeslieT Shereen Sabet,*
Jean-Pierre Rosaﬂ‘, Anne E. Burdick,” Thomas H. Rea,** Michael B. Brenner]
Steven A. Porcelli®T and Robert L. Modlin* ™

Both the CD4~CD8~ (double negative) and CD4CD8* T cell lineages have been shown to contain T cells which recognize
microbial lipid and glycolipid Ags in the context of human CD1 molecules. To determine whether T cells expressing the CD4
coreceptor could recognize Ag in the context of CD1, we derived CD4T cell lines from the lesions of leprosy patients. We
identified three CD4* Mycobacterium leprae-reactive, CD1-restricted T cell lines: two CD1b restricted and one CD1c restricted.
These T cell lines recognize mycobacterial Ags, one of which has not been previously described for CD1-restricted T cells. The
response of CDZ4 CD1-restricted T cells, unlike MHC class Il-restricted T cells, was not inhibited by anti-CD4 mAb, suggesting
that the CD4 coreceptor does not impact positive or negative selection of CD1-restricted T cells. The CDELD1-restricted T cell
lines produced IFN-y and GM-CSF, the Thl pattern of cytokines required for cell-mediated immunity against intracellular
pathogens, but no detectable IL-4. The existence of CD4CD1-restricted T cells that produce a Thl cytokine pattern suggests a
contributory role in immunity to mycobacterial infection. The Journal of Immunology,2000, 164: 4790—-4796.

a limited number of proteins encoded within the MHC Group 2 proteins include human CD1d and murine CD1. Most of
locus. It is now clear that additional proteins within the our knowledge about group 1 CD1-restricted T cells and their role
MHC locus (1, 2), as well as proteins encoded outside the MHGn microbial infection derives from studies investigating the host
locus, can also present Ags to T cells. The best studied of thes@sponse to mycobacteria. Immunity to mycobacterial infection re-
non-MHC-encoded proteins is the CD1 family (3, 4). The pathwayquires both MHC class I- and class Il-restricted T cells (7, 8) which
of CD1-presented Ags diverges from that of classical MHC pro-are directed against peptide Ags. However, mycobacteria are char-
cessing, indicating that the CD1 Ag presentation may be compleacterized by a complex lipid and glycolipid envelope, which has
mentary to the MHC pathways. The most surprising finding of thepotent immunostimulatory activity for B cells and monocytes (9,
CD1 Ag-presenting system is that the Ags presented by CD1 arg(). Previous studies from our laboratories have shown that this
not peptide, but rather lipid or glycolipid in nature (5, 6). complex mycobacterial lipid envelope is a rich source of CD1-
The CD1 proteins have been classified into two subgroups basegstricted T cell Ags as well (4, 6, 11). The general structural
on sequence similarity: The group 1 proteins which include humaneatures of these T cell Ags are a hydrophobic region (fatty acid
CD1a, CD1b, and CD1c molecules are much more closely relateghains) coupled to a polar or charged hydrophilic end. The large
hydrophobic pockets identified in murine CD1 (12) are thought to
*Division of Dermatology,'Department of Microbiology and Immunology, afido- be capable of accommodating the fatty acid portions of these Ags.
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Previous studies have shown that only CO€DS8"* and double LCD4.1
negative (DN)f T cells recognize mycobacterial Ags in the con-
text of CD1 (4, 6, 14, 15). However, CD4T cells predominate in
the lesions of tuberculoid leprosy (16) and CD4 can be expressed
on group 2 CD1-restricted T cells (17). To determine whether T
cells expressing the CD4 coreceptor could be selected by group 1 .

CD1 proteins, we derived CD4T cell lines from the lesions of B S R
leprosy patients. We identified three CDAV. leprae-reactive, Fluorescence intensity
CD1-restricted T cell lines: two that recognize mycobacterial Ags " o

in the context of CD1b and one that recognizes an as yet uniden- ’

tified lipid Ag in the context of CD1c. Monoclonal Abs that pre-
vent CD4" HLA-DR-restricted T cells from responding to Ag had
no effect on CD4 or DN CD1-restricted T cells, indicating that
the CD4 coreceptor does not impact positive or negative selection I T T T T T

of CD1-restricted T cells. The CD4 CD1-restricted T cell lines Fluorescence intensity

prqduced IFNy anc.i GM.-CSF’ .the Th.l pe.mem of cytokines re- FIGURE 1. CD4" T cell lines derived from tuberculoid leprosy lesions.
quired for cell-mediated immunity against intracellular patthenS’Flow cytometric analysis of T cell line LCD4.1 demonstrating CD3, CD4,

but r_lo detectable IL-4. Therefore, the exis_tence of CED1- and TCRxB expression. Lymphocytes were extracted from skin biopsies,
restricted T cells that produce a Thl cytokine pattern suggests ,jtured with autologous (first two stimulations) and heterologous (all
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contributory role in immunity to mycobacterial infection. other stimulations) CD'L APCs andM. leprae. T cell lines LCD4.2 and
_ LCD4.3 showed the same CDFCRaB" phenotype. Results shown are
Materials and Methods representative of three or more analyses.

Patients and clinical specimens

Leprosy patients were recruited on a volunteer basis from the ambulatorgells were cultured in the presence of irradiated autologous‘CERCs
population seen at the Dermatology Clinics at the University of Southerrand extract (4). T cell lines were maintained by serial antigenic stimulation
California Medical Center and the University of Miami Medical Center. in recombinant IL-2 (1 nM; Chiron Diagnostics, Norwood, MA) supple-
Clinical classification of patients with symptomalit lepraeinfection was mented medium. For measurement of Ag-specific proliferation, T cells
done according to the criteria of Ridley and Jopling (18). Skin biopsy (1 X 10% were cultured with varying numbers (usuallyxL 10% of irra-
specimens (6-mm diameter) containing both epidermis and dermis werdiated (5000 rad) heterologous CDAPCs in culture medium (0.2 ml) in
obtained by standard punch technique following informed consent. Bloodhe presence or absence of bacterial Ags for 3 days in microtiter wells (in
samples for isolation of PBMC were obtained by venipuncture from lep-triplicate) at 37°C in a 7% C@incubator. Cells were pulsed witfH]thy-

rosy patients and from healthy volunteer laboratory personnel who servethidine (1 uCi/well; ICN Biomedicals, Costa Mesa, CA) and harvested
as control subjects and as a source for generating"CBRCs. PBMC 4-6 h later for liquid scintillation counting. To determine CD1 restriction
were isolated using density gradient centrifugation (Ficoll-Paque; Pharmaef the T cell lines, neutralizing CD1 Abs were added 30 min before the

cia, Uppsala, Sweden). addition of T cells. Alternatively, THP-1 cells expressing distinct isoforms
of CD1 were used as APCs (29). To determine the role of CD4 accessory
Ags and Abs interactions, T cells were cultured with a neutralizing CD4 Ab (clone

. . . QS4120; Calbiochem, San Diego, CA) or isotype-matched control Ab for
Extracts ofM. leprae,M. tuberculosis(strain H37Rv), andM. phiei were 3P min, cells were washed to remove unbound Ab, and T cells were added

prepared by. probe sonication (.19)' To prepare non-peptide Ags, son_icate( APCs and Ag. Cytokine release from T cells was measured by ELISA
mycobacteria were treated with proteinase Ko (0.7 _mg/ml, Boehnngeraﬂer stimulation with CD1-positive APCs and Ag or media for 24 h.
r"]"a”r!he'm.' '”dd""‘f”ap%'sv N) f°[)3co min at d6° C, g”d thel enzyme WASE(1SAs (IFN-y and IL-4; Endogen, Woburn, MA; GM-CSF, PharMingen
eat-inactivated for 10 min at 70°C. Purified mycobacterial lipids and li- . ' ’ Py Sl ’
poglycans were isolated as described previously (5, 11, 20, 21). The folaz?]u?;i?uorérip‘) were performed according to the instructions of the

lowing Abs were used for flow cytometry: IgG controls (Sigma, St. Louis,

MO), OKT6 (anti-CD1a (22)), BCD1b3.1 (anti-CD1b (23, 24)), F10/21A3

(anti-CD1c (25)); OKT3 (anti-CD3; American Type Culture Collection Results

(ATCC), Manassas, VA); OKT4 (anti-CD4; ATCC); OKT8 (anti-CD8; CD4" CD1-restricted T cells in leprosy lesions

ATCC), BMA 031 (anti-TCRyB; Caltag, Burlingame, CA); 5A6.E9 (anti- . . . .
TCRys; Caltag); HP-3D9 (anti-CD94; PharMingen, San Diego, CA); We derived T cell lines from the granulomatous lesions of patients

DX12 (anti-CD161/NKR-P1A; PharMingen). with tuberculoid leprosy in the presence of CDAPCs and an

. . ) . extract ofM. leprae. Flow cytometry and T cell proliferative as-
In vitro culture of CD1-expressing monocyte-derived dendritic says revealed fhat three ce)IlI lines (yLCD4.1 (Fig!ol), LCD4.2,a:1nd
cells LCD4.3) from three different patients expressed CD4 and dg@R
CD1 expression on monocytes was induced in vitro with a combination ofand the ability to respond tM. leprae Ag in the presence of
recombinant human GM-CSF (200 U/ml) and recombinant human IL-4heterologous CD1 APCs. These three cell lines were therefore
(100 U/ml) for 72 h as described elsewhere (4, 4, 26, 27). Cells were

harvested using incubation in PBS/0.5 mM EDTA to detach adherent cellsseIeCted for further study.

and analyzed for CD1 expression by flow cytometry (4) or irradiated (5000 CD4" T cells derived from tuberculoid leprosy lesions have
rad) and used as APCs. been shown to produce a Thl cytokine pattern (30, 31). These T

cell lines were peptide-reactive HLA-DR-restricted and have gen-
erally been thought to contribute to immunity agaihktleprae.

T cell lines were derived from leprosy lesions and the blood of healthyTo determine the cytokine production from CDZ cells derived
donors as described previously (6, 28), although CD4 and CD8 T cellgyy cyjture with CDI™ APCs, we stimulated the cell lines with

were not depleted. Briefly, cells were extracted from lesions with a tissu + .
sieve and lymphocytes were isolated by density gradient centrifugatiorf‘.CDl APCs andM. leprae. The T cell lines produced IFj-a

HLA-DR-restricted T cell lines were initiated in the presence of irradiated Potent stimulus for MHC class Il expression, but no detectable
autologous PBMC and mycobacterial extract, whereas CD1-restricted TL-4 (Fig. 2). We have previously shown that both GM-CSF and
CD1 are elevated in tuberculoid as compared with lepromatous

4 Abbreviations used in this paper: DN, double negative; LAM, Iipoarabinomannan;Ie.s‘ionS (32' 33)' CD1 expression in vitro is depenc!ent on cyto-
GMM, glucose monomycolate; PIM, phosphatidyl inositol mannoside. kines, most notably GM-CSF (4, 26). The CDZ cell lines also

T cell lines and proliferation assays
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FIGURE 2. Cytokine production from CD4 T cell lines derived from
leprosy skin lesions. CD4T cells (1 X 10% were cultured in the presence
of heterologous CD1 APCs (1 X 10% in the presence or absence of
sonicatedM. leprae (1:1000 dilution of extract). Supernatants were har- ) )
vested after 24 h and IFN{A), GM-CSF (B), and IL-4 (C) were measured FIGURE 3. CDJlc-restricted CD4 T cell line LCD4.1.A, T cells were
by ELISA. Values (means: SEM) shown are representative of three or cultured as described in Fig. 2 and pulsed witH]fhymidine (4 h) after
more independent experiments for IFNand IL-4 and at least two inde- 72 h of culture. Cells were harvested, aittlincorporation was measured
pendent experiments for GM-CSF. by a scintillation counterB, T cell supernatants (24 h) prepared as in Fig.
2 were measured for IFN-production by ELISA.C, T cells (2x 10%
were cultured with THP-1 cells (X 10% transfected with distinct CD1
isoforms in the presence or absencevbfleprae(1:1000 dilution of ex-
produced GM-CSF in response to Ag. Together, these data suggé@ﬁco- Supernatants were harvested at 24 h and+Rias measured by
that CD4 T cell lines stimulated under conditions to activate CD1-ELISA. Values (means: SEM) shown are representative of at least three
restricted T cells produce cytokines that would enhance Ag preNdependent experiments.
sentation through both the MHC class Il and CD1 pathways.

To determine whether the T cell lines recogni2édlepraein
the context of CD1, we used neutralizing Abs to the three isoform%
of CD1 present on dendritic cells in leprosy lesions, CD1a, CD1b
and CD1c (33). Fig. 3A andB, shows that Abs to CD1c blocked
the proliferation and IFNy production of the CD4 T cell line Murine CD1-restricted T cells are characterized by their expres-
LCDA4.1, indicating that LCD4.1 recognizéd. lepraeAg in the  sion of NK receptors, in particular NK1.1 (34), and therefore are
context of CD1c. The CDA1c restriction of LCD4.1 was confirmed often referred to as NK T cells. Activation of NK T cells through
using the monocytic cell line, THP-1, transfected with distinct NK1.1 results in robust IFNy production (35) in contrast to the
CD1 isoforms. CD1c-expressing THP-1 cells induced H-Nro- large amounts of IL-4 produced after TCR stimulation (36, 37),
duction from LCD4.1 in the presence ™. leprae (Fig. 3C), indicating distinct effector functions for NK T cells depending on
whereas CD1b-transfected THP-1 did not induce Hrldroduc-  which receptor is stimulated. CD94 is a human NK receptor (38)
tion. Similarly, LCD4.1 was activated to produce IFNin the  that has also been identified on CD1d-restricted T cells (39). We
presence ofM. leprae-pulsed CD1c, but not CD1b-transfected evaluated the expression of these NK receptors on CD1-restricted
Hela cells (data not shown). CD4" T cell lines derived from leprosy lesions. We found that

In contrast to LCD4.1, which was CD1c restricted, Abs to CD1bNKR-P1A was negative on both LCD4.1 and LCD4.3, whereas
inhibited the proliferation and IFN~production of LCD4.2, indi- CD94 expression was variable; LCD4.1 was CD94 negative and
cating that CD1b presentdd. lepraeAg to LCD4.2 (Fig. 4 A and LCD4.3 was CD94 positive (Fig. 5). Additional cell lines must be
B). Interestingly, THP-1 cells transfected with CD1a, CD1b, orevaluated to gain a better understanding of the expression of NK
CDlc did not induce IFNy production from LCD4.2 (data not receptors on group 1 CD1-restricted T cells, but the lack of NKR-
shown). The third CD2 T cell line, LCDA4.3, produced IFNy P1A would appear to distinguish these T cells from NK T cells
which was inhibited by neutralizing Ab to CD1b, but not by anti- (34, 39).
CD1a or anti-CD1c (Fig. 4C), indicating CD1b restriction. Finally, N
to demonstrate that this population of T cells was present in th&D4
pool of peripheral blood T cells, we also derived CD1-restrictedTo date, human CD1-restricted T cells have been shown to rec-
CD4" T cells from the blood of a healthy donor (BCD4.1, Fig. ognize lipid and glycolipid Ags (5, 6, 11, 19), thus we investigated
4D). We conclude therefore that CDAT cells belong to the rep- the nature of the Ags that activated CDED1-restricted T cells.
ertoire of T cells that recognize microbial Ags in the context of LCD4.1 T cells were activated by extracts frovh leprae, M.
group 1 CD1 proteins. tuberculosisand M. phlei, (Fig. 6A), suggesting that the Ag was

0 2 4 6 8 10 12
IFN-y {(ng/ml)

xpression of NK receptors on CDACD1-restricted T cells
derived from leprosy lesions

CD1-restricted T cells recognize non-peptide Ags
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A
Media ) LCD4.2
M. leprae LCD4.2
FIGURE 4. CDlb-restricted CD4 T cell lines M, leprae +
LCD4.2 and LCD4.3A, T cells were cultured as de- . jeprae +
scribed in Fig. 2 and pulsed witAH]thymidine (4 h) ;XwC/De“:ae»f
after 72 h of culture. Cells were harvested, aihtl i

incorporation was measured by a scintillation counter. 05 1.0 15 20 25 3.0 35 40
B, T cell supernatants prepared as in Fig. 2 were mea- cpm X1° 3 IFN-y (ng/ml)
sured for IFNy production by ELISAC, IFN-y pro- c D
duction by CD4 T cell line LCD4.3.D, CD4* CD1b- Mo LCDA4.3
restricted T cell line, BCD4.1, derived from the ) Media BCD4.1
peripheral blood of a healthy donor. Values (means ™ ;:”:: Mo b
SEM) shown are representative of three or more in-- Can ﬁctgfa
dependent experiments. M- teprae + mtbe

hoghee” mibs

0 02 04 06 08 1 0 s 10 15 20
IFN-y (ng/ml) cpm x103

structurally conserved in different mycobacterial species. To derecognized glycolipid Ag in the context of CD1b, we used neu-
termine whether the Ag was a proteM, tuberculosisextract was  tralizing Abs to CD1 molecules (Fig.Bj. Ab to CD1b inhibited
treated with proteinase K. Fig. 6emonstrates that proteinase K IFN-y production from LCD4.2 by 82%, whereas anti-CD1c in-
treatment ofM. tuberculosishad no effect on the ability to stim- hibition was weak by comparison. As indicated above, THP-1 cells
ulate LCDA4.1, whereas proteinase K abrogated the ability oftransfected with CD1b did not stimulate LCD4.2, probably due to
M. tuberculosisto activate an HLA-DR-restricted T cell line the requirement for the mannose receptor for uptake of LAM and
LDR-2 (Fig. 6C), indicating that LCD4.1 recognizes a non-peptidePIM for CD1b Ag presentation (41). Taken together, with the data
Ag. To determine whether the Ags previously shown to stimulatefrom Fig. 4, we conclude that T cell line LCD4.2 recognizes PIM
CD1b- and CD1c-restricted T cells could activate LCDA4.1, li- in the context of CD1b.

poarabinomannan (LAM), glucose monomycolate (GMM), and To determine the Ag responsiveness of the CD1b-restricted T
mycolic acids were added to T cell cultures. None of these threeell line LCDA4.3, we also tested the known mycobacterial CD1

CD1 ligands activated LCD4.1 (Fig.D§. Our data indicate that

Ags. LCDA4.3 responded tdl. lepraeand mycolic acid (Fig. 7C),

LCD4.1 recognizes a previously unidentified non-peptide myco-a previously recognized CD1 Ag (5), but exhibited no response to

bacterial Ag in the context of human CD1c.

CD1b and CD1c ligands were also tested on the CD1b-
restricted T cell line LCD4.2 (Fig. A). LAM and phosphatidyl
inositol mannoside (PIM) induced IFN- production from

LCD4.2, whereas GMM and mycolic acids did not. We have pre-

viously identified two CD1b-restricted CDLD8 T cell lines
that recognize PIM and LAM (6, 40). To confirm that LCD4.2

LCD4.1
CD9%4
. |Control - CD161/NKR-P1A
E CcD3
©ige 70t 767 108 ©1o? 107 107 10%  40* OGS gt ToF 10° To*
B Fluorescence intensity

LCD4.3

Control
CD94

0 T 708 108 Tt C1g° 10" To* 105 7o

evelns

Mcmmmm -P1A

|0° 100 107 10° 10*

Fluorescence intensity

FIGURE 5. Flow cytometric analysis of NK receptor expression on
CD4" CD1-restricted T cells derived from leprosy lesions. T cell lines
LCD4.1 (A) and LCDA4.3 (B) were stained with mAbs specific for NK
receptors CD94 and CD161 (NKR-P1A). The histograms onlefteep-
resent the TCR-associated protein CD3.

two other CD1b Ags, LAM (6) and GMM (11). The data indicate
that all three CD1-restricted CD4T cell lines derived from lep
rosy lesions recognized non-peptide Ags.

Neutralization of CD4 on the cell surface does not inhibit CD4
CD1-restricted T cells

The CD4 protein plays an important role in the interaction of
HLA-DR-restricted CD4 T cells and their cognate APCs both in
the thymus and the periphery (42—44). We examined whether neu-
tralizing Abs for CD4 influence the response of CDED1-re
stricted T cells to mycobacterial Ag. CD4 Ab had minimal effect
on the response of LCD4.1 or LCD4.3kb. leprae(Fig. 8,A and

B), whereas the Ab inhibited the proliferation of an HLA-DR-
restricted T cell line, D103-5 (45, 46), by 83% (FigCB These
data indicate that the CD4 accessory interaction between the T cell
and APC is not required for the response of CD@D1-restricted

T cells.

Discussion

The established paradigm for Ag presentation has been one of
MHC-encoded molecules presenting peptide Ags to T cells. The
paradigm holds that CD8 T cells recognize 8—10 aa peptides
presented by MHC class | molecules and CDR cells recognize
13-17 aa peptides presented by MHC class Il molecules. Recent
studies involving the non-MHC-encoded family of CD1 proteins
challenges this view and indicates that T cells recognize lipid Ags
in the context of CD1 Ag-presenting molecules. The first human
CD1-restricted T cells described were CBZD8™ DN expressing
eitheraB or y8 TCRs (47). DN T cells represent a minor subset of
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B
FIGURE 6. CDJ1c-restricted T cell line LCD4.1 rec-
ognizes a common mycobacterial non-peptide Ag not wedia LCD41 Media LCD4.1
previously shown to activate CD1-restricted T cefs. )
M. leprae M. leprae

T cells were cultured as described in Fig. 2 in the pres-
ence of three mycobacterial extracts, and Wro- M. th M. tb
duction was measured by ELISB, T cells were cul-

. . . phlei M. th+protK
tured with APCs and untreated or proteinase K-treated ™™ . rpro
M. tuberculosisxtract, and proliferation was measured 0o 1 2 3 4 5 6 0 5 10 15 20
by [*H]thymidine incorporationC, T cells from the IFN-y (ng/ml) cpm x10°
HLA-DR-restricted T cell line LDR2 were cultured as
described irB except that the APCs used were from a D
HLA-DR-matched donor. Proliferation was measured media LDR-2 Media LCD4.1
3 S .
by [ H]thymldlng |ncorporat|onp, T cells were cul . leprac M. leprae
tured with previously characterized non-peptide CD1 LAM
ligands, LAM, GMM, and mycolic acid, and prolifer- M. P
ation was measured byH]thymidine incorporation. M. th+protk Mycolic
Values (means: SEM) expressed are representative of acid
) . o 2 4 & 8 10 12 14 0 5 10 15 20 25
two or more independent experiments. 3
cpm x103 cpmx10

the T cell repertoire, suggesting CD1-restricted T cells might playdid not require CD4 accessory interaction, in contrast to a CD4

a minor role in immune responses. However, recent studies indiHLA-DR-restricted T cell line. The existence of human
cate that human CD1-restricted T cells can also expressef8D8 CD4*TCRaB™ T cells that are CD1 restricted suggests that the T
heterodimers (14, 15). The present study provides evidence that dell response to Ag presented by CD1 encompasses the complete
cells expressing CD4 and T@R may recognize foreign Ags in  repertoire of T cells.

the context of CD1 molecules. Three CDZ cell lines were de One unresolved question regarding CD1-restricted T cells is
rived from leprosy lesions that recognized non-peptide Ags in thepeir representation in different subsets of the T cell repertoire. Our
context of CD1b or CD1c. These T cell lines produced rlAd  oqjier studies demonstrated that CD1-restricted T cells can ex-
GM-CSF, but no detectable IL-4, and the response of the T cell?)ress CD8 or be CD4 and CD8 negative (DN) (4, 6, 14, 47). The

A
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