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ABSTRACT Mice injected with deproteinized cell walls
prepared from the strain H37rv of Mycobacterium tuberculosis
develop a granuloma-like lesion in which NKT cells are
predominant. NKT cells play a primary role in the granulo-
matous response, because the latter does not occur in
Ja2812y2 mice, which miss NKT cells. The glycolipidic frac-
tion of the cell walls is responsible for the recruitment of NKT
cells; the recruiting activity is associated with fractions con-
taining phosphatidylinositolmannosides. These results define
a powerful experimental set up for studying the in vivo
induction of NKT cell responses to microbial components.

Murine natural killer (NKT) cells are ayb T lymphocytes
expressing NK-associated cell surface markers such as NK1.1
(1) and some members of the Ly-49 family (2). They differ
from conventional T lymphocytes by several other features:
they use an invariant T cell antigen receptor a (TCRa) chain
consisting in rearranged Va14 and Ja281 segments and a
conserved complementary determining region 3 (CDR3) (3,
4); their TCRb repertoire is mostly skewed toward the usage
of Vb8 and Vb7 segments (reviewed in ref. 5); they express
TCR at an intermediate level and are restricted by the MHC
class Ib molecule, CD1d (reviewed in ref. 5). The a1 and a2
domains of the CD1d1 molecule fold into a groove that
accommodates the lipidic moiety of glycosylceramides (6) or
glycosylphosphatidylinositol (GPI)-anchored proteins, yield-
ing the CD1–glycolipid complexes recognized by NKT cells
(6–10).

The in vivo functions of NKT cells are not described fully.
They are involved in the IgG response to the GPI-anchored
proteins of Plasmodium and Trypanosoma (10). They contrib-
ute to the IL-12-mediated rejection of tumors (11–13). They
are also involved in some autoimmune diseases and infectious
processes, through the production of T helper (Th)-1- or
Th-2-type cytokines (14–16) or through an impairment in their
cell number (17–20). Nevertheless, the mechanisms that ini-
tiate the in vivo activation of NKT cells in these responses are
unknown. The identification of molecules involved in their in
vivo activation or recruitment thus should contribute to a
better understanding of the functions of NKT cells.

We have designed an in vivo experimental set-up in which
NKT cells are recruited locally. The s.c. injection of mice with
deproteinized mycobacterial cell walls results in the develop-
ment of a granuloma-like lesion in which NKT cells predom-
inate among ayb T cells. More importantly, NKT cells, the
accumulation of which is driven by mycobacterial oligoman-

nosylated GPI, play an active role in the formation of the
lesions. The present experimental design provides a powerful
tool for studying in vivo the responses of NKT cells to
nonpeptidic microbial antigens and other glycolipids.

MATERIALS AND METHODS

Animals. The animals were: C57BLy6, C57BLy6 MHC class
II2y2 (21), C57BLy6 b2-microglobulin (b2m)2y2 (22),
Ja2812y2 (12), and Ja2811y2 mice. The latter two were
backcrossed, respectively, nine and six times from the 129ySv2
onto the C57BLy6 background. Mice were kept in biohazard
safety facilities and handled in compliance with the rules of the
French Ministry of Agriculture and Fisheries.

Bacterial Strains and Extracts. Mycobacterium tuberculosis
bacilli (strain H37Rv) were grown on a semisolid medium and
heat-killed (75°C, 30 min). After sonic disruption in 1022 M
Tris, pH 8.0y1023 M MgCl2y1023 M CaCl2y1.5 3 1021 M
NaCl, the extracts were digested for 5 hr at 37°C with 25 mgyml
of DNase and RNase, followed by heat inactivation. After
washes, the suspension was incubated for 24 hr at 37°C with
trypsin, chymotrypsin, and subtilisin (Boehringer Mannheim)
at a final concentration of 200 mgyml each in the same buffer,
supplemented by 0.5% SDS. After heat activation (10 min,
70°C), the particles were washed and resuspended in PBS. The
absence of proteins was monitored by PAGE and amino acid
analysis. Samples were standardized on the basis of their sugar
content.

Lipids were extracted and fractionated as follows. Four
grams of bacilli were extracted twice with CHCl3yCH3OH (1:1,
volyvol). The extracts were pooled, dried, suspended in
CHCl3yH2O, and left for 1 hr at 4°C for partition between the
organic phase of crude lipids (fraction I) and the aqueous
phase (including lipido arabino mannan, polysaccharides, and
denatured proteins at the interface) (fraction II). Fraction I,
devoid of the phosphoantigens able to activate gyd T cells in
humans (23), was dried and fractionated by cold (10°C)
acetone extraction, resulting in a soluble extract (fats, phenolic
glycolipids) and an insoluble white precipitate. Hot acetone
(50–60°C) was added to the waxy pellet, extracting mycolyl
trehalose antigens and other glycolipids (fraction III) while
precipitating total phosphatidylinositolmannosides (PIMs)
and lipooligosaccharides (LOS) (fraction IV). Fraction IV was
dried and split by methanol solubilization into total PIMs
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(white pellet, fraction V) and soluble LOS (fraction VI). Polar
PIMs precipitated on cooling fraction III, yielding fraction
VII. All fractions were analyzed by TLC on silicic acid pF254
(Merck) with CHCl3yCH3OHyH2O, 60:35:5, and by using M.
tuberculosis PIM2 as standard. The spots were revealed by
using sulfuric-anthrone spray.

PCR Primers. Vb-specific primers have been described
elsewhere (24, 25). The Cb-specific primer was GCCCATG-
GAACTGCACTTGGC. The labeled Cb-specific primer was
FAM-CTTGGGTGGAGTCACATTTCTC. Concerning
primers for Va141 cDNAs, Va14-specific primer was CTA-
AGCACAGCACGCTGCACA, Ca primer was TGGCGTT-
GGTCTC TTTGAAG, and the labeled Ca primer was FAM-
ACACAGCAGGTTCTGGGTTC; the Ja281-specific primer
was CAGGTATGACAATCAGCTGAGTCC and the labeled
Ja281-specific primer was FAM-CAGCTGAGTCCCAGCT-
CC. The labeled NKT clonotypic primer was FAM-
GCTGAACCTCTATCNCCCACC. The CD4-specific 59
primer was CTGAATTCGGCGCTTGCTGCTGC, and the 39
primers were CACAAGCTTAAGTCTGAGAGTCTTCC
and FAM-TGCTGATTCCCCTTCCTTCC. The CD8-
specific 59 primer was TAGAATCCTAGCTTGACCTAAGC,
and the 39 primers were ATGGATCCATATAGACAAC-
GAAGG and FAM-GGATAATCGACTCACCC. The prim-
ers for HPRT were 59 primer GTAATGATCAGT-
CAACGGGGGAC and 39 primers CCAGCAAGCTTGCA-
ACCTTAACCA and FAM-TTCTTTCCAGTTAAAGTTG.
The primers for CD3« were 59 primer GCCTCAGAAGCAT-
GATAAGC and 39-FAM-CCCAGAGTGATACAGATGTC.
The primers for IgM heavy chains were FAM-TTCAGTGT-
TGTTCTGGTAG, 39 primer CTGGATCCGGCACATGCA-
GATCTC, and 59 primer AGTCCTTCCCAAATGTCT-
TCCC. The unlabeled Vg1-, Cg-, Vd2-, Vd4-, Vd5-, Vd6-, and
Cd-specific primers were as in ref. 26. The Vd1- and Vd6P-
specific primers were ATTCAGAAGGCAACAATGAAAG
and CTGTAGTCTTCCAGAAATCAC, respectively; the la-
beled Cd-specific primer was FAM-TTTCACCAGACAAG-
CAACA; the Vg2- and Vg7-specific primers were CG-
GCAAAAAACAAATCAACA and CTATAACTTCGT-
CAGTTCCAC, respectively; the labeled Vg primer specific
for the Vg1 and Vg2 segments was FAM-CCTCCTA-
AGGGTCGTTGATT, and the labeled Vg7-specific primer
was FAM-CTTGTCCGGGCCTTCAT.

Semiautomated (‘‘Immunoscope’’) Analysis of T Cell Di-
versity. The technique has been described elsewhere (27–29).
Briefly, total RNA was extracted and 10 mg was reverse-
transcribed by using avian myeloblastosis virus reverse tran-
scriptase (RT). The quality and quantity of the resulting cDNA
(final volume of 100 ml) were monitored by assaying hypoxan-
thine phosphoribosyltransferase cDNA. One microliter of the
cDNA solution was PCR-amplified through 40 cycles (94°C, 1
min; 60°C, 1 min; 72°C, 4 min) by using either Va14- and
Ca-specific primers or each of the Vb- and a Cb-specific
primers. Two microliters of the PCR products were used in
run-off experiments (5 cycles) by using fluorescent primers
specific for Ja281 or Ca segments. The length of the CDR3
region and the intensity of fluorescence of the run off products
were determined on an automatic sequencer (Applied Biosys-
tems). The size distribution of the CDR3 region for a V-C
couple is depicted as a family of peaks separated by 3 nt
(derived from in-frame mRNA), the area of which is propor-
tional to the initial amount of the considered mRNA. In the
absence of antigen-driven proliferation, the six to eight peaks
observed display a Gaussian-like distribution. An antigen-
driven T cell proliferation typically results in distortions to the
Gaussian distribution. Semiquantitative PCR was adapted
from a published procedure (26) by normalizing on the basis
of CD3« mRNA. Ten thousand T cells were sufficient to
perform a semiquantitative PCR analysis of the complete
Vb-Cb repertoire by using the Immunoscope technique.

Antibodies and Fluorescence-Activated Cell Sorter (FACS)
Analysis. Cells. Granuloma cells were prepared by forcing
minced granulomas through a 70-mm nylon cell strainer (Bec-
ton Dickinson) and washed once in PBS. Living cells were
separated by Ficoll fractionation (Lympholyte-M; Cedarlane
Laboratories). Liver leukocytes were obtained by discontinu-
ous Percoll gradient.

Antibodies. Biotinylated-anti-Va14 (clone CMS-5) has been
described previously (30). The following reagents were pur-
chased from PharMingen: phycoerythrin (PE)-NK1.1 (clone
PK136), FITC- or biotinylated TCRb (clone H 57–597),
FITC-CD4 (clone RM4–5), FITC-CD44 (clone IM7), biotin-
ylated CD45.2 (clone 104), PE-B220 (clone RA3–6B2), FITC-
CD19 (clone 1D3), and PE-streptavidin, FITC-, PE-, and
biotinylated normal mouse Ig, which were used as negative
controls. FITC-CD8 (clone CT-CD8a) was from Caltag (South
San Francisco, CA). Allophycocyanin–streptavidin was from
Molecular Probes.

FACS Analysis. The cells first were incubated with murine
serum before addition of the proper combinations of antibod-
ies. Dead cells were gated out by propidium iodide staining.
Lymphoid cells were gated on FCS and SSC, and a minimum
of 100,000 events were counted in the lymphocyte gate.
Four-color analysis was carried out by using a FACS-Vantage
(Becton Dickinson); three-color analysis was carried out by
using a FACScan (Becton Dickinson). Data were analyzed by
using CELL-QUEST software (Becton Dickinson). Liver NKT
cells were sorted out after labeling with anti-NK1.1 and
anti-TCRb antibodies by using a FACStar1 Becton Dickinson
cell sorter.

RESULTS

The injection of deproteinized mycobacterial cell walls results
in the formation of granuloma-like lesions. Because numerous
studies have shown that several mycobacterial glycolipids are
recognized by human T cells when presented by CD1b, c, and
d molecules (31–35) and because similar structural features are
attributed to human and mouse NKT cells (6, 9, 36), we first
examined whether murine NKT cells could be detected at the
site of injection of deproteinized mycobacterial cell walls rich
in glycolipids.

Deproteinized mycobacterial cell walls equivalent to 106 M.
tuberculosis bacilli were injected s.c. at the tail base of C57BLy6
mice. Control animals injected with PBS were sacrificed at
days 1, 2, and 3 and, 7 days after injection, showed no sign of
an inflammatory process. In immunized mice, neutrophils
were predominant on smears prepared from cell infiltrates
collected at days 1 and 2. Lymphocytes and macrophages were
detected on day 3, and lesions adherent to the skin and the
muscles developed thereafter, reaching a diameter of 4–6 mm
by day 7. Histological analysis on day 7 lesions showed gran-
uloma-like lesions, with a core rich in neutrophils, surrounded
by a rim consisting of a dense array of macrophages, lympho-
cytes, and fibroblasts (Fig. 1A).

NKT Cells Are the Only Va141 T Cells That Infiltrate the
Granuloma-Like Lesions. The day 7 granulomas could not be
dissociated into live, single-cell suspensions preventing FACS
analysis. An RT-PCR-based technique (Immunoscope) (27–
29) was used instead to search for mRNAs coding for NKT
cell-specific markers. Because a nearly invariant Va14-Ja281
TCR chain, with a 10-aa-long CDR3, is the signature of the
murine NKT cells (4), the Va14-encoding cDNAs were PCR-
amplified and analyzed for their CDR3 diversity by primer
extension by using either Ca- or Ja281-specific primers. The
Ca-specific primers yielded signals representative of the di-
versity of Va141 a-chains in the samples. Several peaks were
detected in the lymph nodes draining the site of injection of
control and immunized mice (Fig. 1B, a and c). The Gaussian
distribution was altered by a predominant peak corresponding
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to a CDR3 length of 10 aa and containing Va14-Ja281-
rearranged TCRa chains (Fig. 1B, b and d), thus including
NKT cells. No signal was detected in the skin and muscles
dissected at the site of PBS injection (Fig. 1B, e and f ). In
contrast, the Va14-coding cDNAs prepared from day 7 gran-
uloma-like structures yielded, by using either the Ja- or the
Ca-specific primers, a unique peak with a CDR3 size of 10 aa
(Fig. 1B, g and h). The direct sequencing of these Va14-Ca
PCR products identified the NKT cell-specific, rearranged
a-chains: the 4-nt substitutions at codon 31 accounted for the
entire diversity of the Va14-Ja281 chains of the infiltrating T
cells. Thus, unlike lymph node cells, which contain conven-
tional Va141 T cells, all the Va141 T cells recruited in day 7
granuloma-like structures are NKT cells. A unique Va14-Ca
peak with a 10-aa-long CDR3 and containing the Ja281
segment was detected in the day 3 cell infiltrates (Fig. 1B, i and
j) and was identified further as NKT cell-specific by using a
clonotypic probe. Thus, NKT cells are recruited at the earliest
stages of the cell infiltration after the injection of mycobac-
terial cell walls. The same technique allowed the detection of
rearranged b-chains by using the Vb8.1, 7, 3, 5.2, and 10
segments. Rare, conventional ayb CD41 T cells may infiltrate
the granuloma-like lesions, because no CD8- and little CD4-
encoding mRNAs were detected by using the proper primers.
Finally, a PCR survey by using Igm and gyd TCR-specific
primers indicated the presence of significant numbers of B cells
and gyd T cells, particularly those using the Vd5 and Vd6
segments (data not shown).

Involvement of ayb T Cells in the Development of Granu-
loma-Like Lesions. Granulomatous responses are multicellu-
lar and multistep processes. To approach the possible involve-
ment of ayb T cells in this process, we have immunized mice
genetically deficient in several T cell subsets.

Ja2812y2 mice (12), deficient in NKT cells but in which
conventional T cells and NK cells develop normally, were
injected with the deproteinized mycobacterial cell walls. In five
of seven injected mice, no lesion but, rather, a tiny diffuse
infiltrate was detected at the site of injection. In the other two
mice, a tiny, structured cell infiltrate nearly exclusively popu-
lated by macrophages developed (Fig. 2A, a–d). Neither Va14-
coding mRNAs (Fig. 2B, a and b) nor VbCb rearrangements
were found in the infiltrates (data not shown). A Gaussian
Va14-Ca profile was obtained from the lymph nodes of the
Ja2812y2 immunized mice, indicating a normal usage of the
Va14 segment by conventional T cells in the absence of NKT
cells (Fig. 2B, c and d). IgMm chains were not detected in the
infiltrates, but rearranged TCRg chains were found. The six
Ja2811y2 mice yielded on immunization the same results as
C57BLy61y1 mice (Fig. 2 A, e–g and B, e–h). The formation of
a highly organized and sizeable granulomatous lesion in re-
sponse to deproteinized mycobacterial cell walls thus requires
the presence of NKT cells.

A

B

FIG. 1. (A) Hematoxylinyeosin-stained sections of a granuloma-
like structure caused by the injection of deproteinized mycobacterial
cell walls. C57BLy6 mice were injected s.c. with the equivalent of 106

deproteinized mycobacterial cell walls. At day 7 after the infection, the
granuloma-like structures that had developed were excised, fixed in
buffered 4% formalin, embedded in paraffin, and sectioned. The
objectives used were: 2.5 (a), 6.3 (b), and 40 (c). (Bar 5 1 mm.) (B)
Immunoscope analysis of the Va14-Ca (Left) and Va14-Ja281 (Right)
patterns observed 7 days after injection of PBS or deproteinized
mycobacterial cell walls to C57BLy6 mice. (a and b) Lymph nodes of
PBS-injected mice. (c and d) Lymph nodes of mice immunized with
deproteinized mycobacterial cell walls. (e and f ) Skin and muscle
dissected at the site of PBS injection in control mice. (g and h) Day 7
granuloma-like structure caused by the injection of deproteinized
mycobacterial cell walls. (i and j) Day 3 cell infiltrate. x axis, amino acid
length of the CDR3 region. y axis, relative intensity of fluorescence.
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Second, we examined the possible role of conventional
CD41 T cells. In MHC-II2y2 mice, which are deficient in
CD41 conventional T cells but in which NKT cells differentiate
normally, the injection of deproteinized mycobacterial cell
walls led to the development at day 7 of the same lesions as in
1y1 mice (Fig. 2A, h–j). The Va14-Ja281 invariant TCRa
chain was the only Va14 chain detected in the lesions (Fig. 2B,
i and j), and the Va14-Ca and Va14-Ja281 profiles of the
lymph nodes of class II2y2 mice were the same as in 1y1
animals (Fig. 2B, k and l). The TCRb repertoire of the cells
present in the lesions of MHC-II2y2 mice showed the same Vb
usage bias as C57BLy61y1 mice (data not shown). Also,
mRNAs coding for the Igm chain and for TCR gyd were
detected as in C57BLy61y1 mice. Thus, highly organized,
granuloma-like lesions containing the same cell types as in
1y1 mice develop in the absence of CD41 T cells.

The absence of CD8-encoding mRNA ruled out a primary
role for conventional CD81 T cells. Because CD12y2 mice
were not available locally, the role of CD1 molecules in the
granulomatous process was approached by injecting b2m2y2

mice, which are largely devoid of NKT cells. Large lesions
developed, the lymphocyte content of which differed markedly
from that of the lesions induced in 1y1 mice: the mRNAs
coding for the TCRb and Va141 chains as well as CD4, CD8,
and IgMm chains were not detectable in the lesions of b2m2y2

mice. By contrast, mRNAs coding for the TCR gyd chains were
as in 1y1 mice. The phenotypic changes resulting from
disruption of the b2m gene thus prevent the accumulation of
B cells and ayb T cells in the lesions caused by deproteinized
mycobacterial cell walls and also that of the rare NKT cells
detectable in the lymph nodes of the same animals by using a
clonotypic probe (data not shown).

The NKT Cell-Recruiting Activity Is Associated to Myco-
bacterial Glycolipids, Particularly PIMs. To identify the mol-
ecules responsible for the accumulation of NKT cells, the
material was fractionated and the NKT cell recruiting activity
of the different fractions was assayed in vivo by determining
the relative amounts of NKT cells present at day 7 in the cell
infiltrates recovered at the sites of injection. To avoid differ-
ences in the in vivo behavior of the injected molecules [for
instance, differences in diffusion rate or in a specific internal-
ization process (37)], the injected material was conjugated to

A

B

FIG. 2. The development of a sizable, granuloma-like structure
depends on the recruitment of NKT cells. (A) Stained sections of the
site of injection 7 days after injection of deproteinized cell walls in

FIG. 3. Relative amounts of Va14-Ja281 mRNA after immuniza-
tion with Alu-Gel-S (0.25 mg), MDP (40 mg), crude mycobacterial
lipids, and subsequent fractions prepared from them. The material
contained in '106 bacteria was injected after adsorption onto Alu-
Gel-S. The results (expressed as the ratio of the fluorescent PCR
obtained by using Va14Ja281 primers to fluorescent PCR signal
obtained using hypoxanthine phosphoribosyltransferase primers) cor-
respond to the average of results obtained in two animals.

Ja2812y2 mice [objectives: 2.5 (a), 6.3 (b), 40 (c), and oil, 100 (d)],
Ja2811y2 mice [2.5 (e), 6.3 ( f), and 40 (g)], and C57BLy6 MHC class
II2y2 mice [2.5 (h), 6.3 (i), and 40 (j)]. (Bar 5 1 mm.) (B) Va14 and
Va14-Ja281 usages at the site of injection (Left) and in the lymph
nodes (Right) of Ja2812y2 (a–d), Ja2811y2 (e–h), and C57BLy6 MHC
class II2y2 mice (i–l). The x and y axes are as in Fig. 1.
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a neutral carrier, aluminium hydroxide (Alu-Gel-S; Serva),
because C57BLy61y1 mice injected s.c. with particulate 0.25
mg Alu-Gel-S developed poor infiltrate with barely detectable
Va14-Ja281 mRNA (Fig. 3).

The crude lipids of H37 Rv cell walls (fraction I) adsorbed
on Alu-Gel-S caused large, organized cell infiltrates with a
core consisting of the carrier and neutrophils, surrounded by
a thick rim of macrophages and lymphocytes. The formation
of these structures also was found to depend on the presence
of NKT cells, because they did not form in Ja2812y2 mice
(data not shown). In contrast to the structure caused by
mycobacterial cell walls, the organized cell infiltrates induced
by the crude glycolipids could be dissociated into living single
cells, thus allowing the direct identification of NKT cells in the
infiltrates by FACS analysis. Dead cells and macrophages were
removed by Ficoll fractionation. Most of the 2.106 living cells
recovered from each granuloma were identified as neutrophils.
All other cells were CD451 leukocytes (Fig. 4). No
CD191B2201 B cells were found. All ayb T lymphocytes were
Va141, TCRbint, and NK1.11, thus, NKT cells. No CD81 and
rare CD41 cells were detected. About 0.3% were non-NKT
cells, and about 0.1% were gyd T cells (data not shown).
RT-PCR analysis confirmed the absence of B cells and the
presence of rearranged gyd TCR chains. Nearly all T cells in
the infiltrates caused by crude lipids thus were CD42CD82

NKT cells.
The cells recruited by fraction I contained up to 200 times

more Va14-Ja281 mRNA than the cells recruited at the site of
injection of Alu-Gel-S alone (Fig. 3). Although it is able to
activate gyd T cells in man (23), the nonlipidic fraction
(fraction II) was inefficient in recruiting NKT cells (Fig. 3).
The immunoadjuvant muramyl-di-peptide (Sigma), a compo-
nent of mycobacterial cell walls, yielded a cell infiltrate with no
increase in the Va14-Ja281 mRNA compared with Alu-Gel-S
alone (Fig. 3). Fraction I was fractionated further, and the
NKT cell-recruiting activity of the fractions was determined by
RT-PCR. Nearly all the activity was recovered in the fractions
containing PIMs (fractions III, IV, V, and VII) (Fig. 3), and
the area of the Va14-Ja281 peak was proportional to the
amount of injected material. Upon analysis of the reactive
fractions by TLC, the most active fractions were those con-
taining highly polar PIMs, the structure of which was found
compatible with tetra- to hexamannosylated PIMs (PIM4–6)
upon mass spectrometry analysis.

To determine whether NKT cells accumulated at random in
the infiltrates induced by PIM4–6, their TCRb repertoire was
determined by semiquantitative PCR and compared with the
repertoire of liver NKT cells arbitrarily chosen as a represen-
tative of the peripheral NKT cells (38) (Fig. 5). Liver NKT cells

were confirmed to have a Vb usage skewed toward Vb8 and
Vb7 compared with conventional T cells. Each family of
Vb-Cb rearrangements showed a Gaussian CDR3-length dis-
tribution indicative of a diverse, polyclonal TCRb repertoire.
By contrast, the NKT cells present in the infiltrate caused by
the injection of PIM4–6 showed a differently skewed Vb usage
(Fig. 5). In addition, distinctive rearrangements [such as the
Vb8.1-Cb rearrangement(s) with a 9-aa length CDR3 in Fig.
5], found in large excess compared with the Gaussian distri-
bution of the controls, were indicative of an oligoclonal
distribution of NKT cells in the infiltrates. All injected mice
studied showed the same skewing of the Vb usage, however,
with a variable length of CDR3 regions among animals.

DISCUSSION

The formation of granulomas is an early immune response of
the host, which is viewed as contributing to preventing the
dissemination of some pathogens. The complex cellular and
molecular mechanisms that underlie the formation of granu-
lomas are not fully understood, although they involve different
cell types and cytokines such as IFN-g and IL-12 (39, 40). In
earlier studies of the steps of the granulomatous response to
microbial components in the absence of bacterial proliferation,
the injection of deproteinized bacterial cell wall, which leads
to the formation of granuloma-like structures, has been largely
used (reviewed in refs. 41 and 42). We have used a similar
approach to identify the T cells involved in the early response
to nonpeptidic, mycobacterial cell wall components. We have
found that NKT cells are detected at the earliest stages of the
granulomatous response and that they play a primary role in
the processes leading to the granulomatous response to depro-
teinized mycobacterial cell walls. Finally, the accumulation of
NKT cells is associated with the presence of mycobacterial
oligomannosylated GPI, particularly, PIMs. These results pro-
vide new insights into the contribution of NKT cells to the early
response of a host against pathogens.

FIG. 4. FACS analysis of the cells recovered at the site of the s.c.
injection of Alu-Gel-Symycobacterial crude lipids in C57BLy6 mice.
Depending on the experiments, the frequency of NKT cells varies from
1.7 to 3.6% of total cells recovered after Ficoll fractionation. The
dotted line in the histogram corresponds to unstained cells.

FIG. 5. Semiquantitative analysis of the TCRb chain repertoire of
NKT cells isolated from the liver of control mice (hatched bars) and
recruited by PIM4–6 (solid bars), and of lymph node T cells, used here
as the internal control for primer efficiency (open bars). The value ‘‘1’’
is attributed arbitrarily to the area of highest peak of the Gaussian
pattern obtained from the lymph node T cells. Only the most repre-
sented families of Vb-Cb in granuloma-like structures have been
studied by semiquantitative PCR analysis. Vb6, absent from granu-
loma-like structures, was used as a negative control.
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The way NKT cells contribute to the granulomatous re-
sponse is still unclear. We have shown that the cells do not
infiltrate randomly the site of injection. This could have been
achieved through the activation of the cells by properly pre-
sented antigens, in the present case by glycolipids presented by
CD1 to the TCR of the NKT cells. Because the present study
was carried out in vivo, the role of CD1d in the in vivo
presentation of PIMs to NKT cells could not be investigated
directly. Despite the fact that, in vitro, unprimed NKT cells
could not be activated by synthetic PIM2 (which may differ
slightly from the natural PIM2 and from PIM4–6) presented by
the CD1 molecules (8), all evidence points to the ability of CD1
to bind a large variety of glycolipids including PIMs (6, 7, 10,
31, 32, 34–36, 43). So far, molecules with the proper fatty acid
tails bind to CD1, and their hydrophilic moiety governs T cell
recognition: synthetic ceramides bound to human or to murine
CD1d molecules are recognized through their carbohydrate
moiety by the TCR of NKT cell hybridomas, and the recog-
nition requires the expression of the Va14-invariant TCRa
chain and depends on the TCRb chain expressed (6, 8, 9). The
oligoclonality of the NKT cells in PIM4–6-induced infiltrates is
consistent with a selection of the cells by the carbohydrate
moiety of the PIMs.

Conversely, it can be argued that the infiltrating NKT cells
are activated in a CD1-independent manner and their activa-
tion may be caused directly by glycolipids. For example, the
lectin-like structures or other receptors common to NK and
NKT cells may directly recognize the carbohydrate moiety of
glycolipids, with no presentation step, and their cross-linking
could result in the activation of the cells. This might explain
why an ambiguous, local response develops in injected b2m2y2

mice, in which the activity of NK cells is likely to be disregu-
lated because of the absence of MHC class I molecules.

The organ(s) from which the granuloma NKT cells are
recruited is not known. Because little is known of the prop-
erties of the NKT cells in the different organs, one may
hypothesize that the infiltrating NKT cells originate from a
compartment in which they are already oligoclonal.

These different types of recruitingyactivating mechanisms
also may cooperate in the recruitment of NKT cells by
glycolipids, which is part of the early response of the host to
nonpeptide mycobacterial components. The system we have
used should serve as a powerful tool to study in vivo the
induction of NKT cell responses and, thereby, their role in
immunopathology.
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