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Introduction

Summary

Natural killer (NK) T lymphocytes are a subpopulation of T lymphocytes
regarded as early regulators of immune responses. The majority of NKT
cells are restricted by the CD1d molecule. NKT cells have mostly been
studied in one single mouse strain, C57BL/6 (B6), because of the absence
of NK1.1 in other common mouse strains, and the lack of other reliable
surface markers for CD1d-restricted cells. To investigate NKT cell subsets
in a mouse strain of a genetic background different from B6, we have
back-crossed the NKT cell marker NK1.1 from the B6 mouse to the
BALB/c mouse strain. We show that NKT cells in the congenic BALB.B6-
NK1.1° mouse share many characteristics with their B6 counterparts, but
seem to be deficient in the functional NKT cell subtype characterized by
low interleukin-4 and high interferon-y production, and surface expres-
sion of CD49b but not CD69. Moreover, in the thymus but not the spleen
of BALB.B6-NKI.1” mice we find a novel Val4-Jal8 invariant NKT cell
subset which is devoid of a set of NK markers, suggesting that these cells
represent a less differentiated NKT cell stage, and carries high levels of
the T-cell receptor and uses a skewed T-cell receptor Vf-repertoire.

Keywords: CDI-restricted/natural killer T cells; cell development/differen-
tiation; T-cell receptor; natural killer receptors
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Natural killer (NK) T cells were first observed as a popu-
lation of T lymphocytes expressing the pan-NK cell mar-
ker NK1.1, and are therefore often referred to as NKT
cells. Further studies showed that they belong to a subset
of T cells that has unique characteristics." Most NKT cells
are restricted to antigens in the form of lipids and glycoli-
pids presented in the context of the CD1d molecule.”
NKT cells have a surface phenotype reminiscent of mem-
ory cells, and when activated, it has been shown that the
NKT-cell population rapidly secretes large amounts of
cytokines®, especially interleukin (IL)-4 and interferon-y
(IFN-y). Because of their rapid response to activation
NKT cells can regulate early immunological events in
diverse situations, such as the control of autoimmune

CD1d restricted T cells can be divided into two categ-
ories. One group has a restricted T-cell receptor (TCR)
repertoire; the cells express a semi-invariant TCR consist-
ing of a conserved TCRo-chain rearrangement (Vol4-
Jol8) (iNKT cells), paired with diverse TCRp-chains
having V8.2, 7 or 2 segments.” This population is activa-
ted by the synthetic ligand o-galactosylceramide (aGal-
Cer) presented on CD1d.* Humans have a corresponding
CD1d-reactive T-cell population using the homologous
human TCR segments. The second group of CD1d-react-
ive T cells has diverse TCR*™'! but otherwise share the
main characteristic features of NKT cells, such as rapid
cytokine secretion upon activation and a memory surface
phenotype.'»"? Our previous data in B6 and non-obese

Abbreviations: aGalCer, a-galactosylceramide; BALB.B6-Nk1.1 b BALB.NK; di, dimer; DN, double negative; NKT, natural killer

T cell; tet, tetramer.
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diabetic mice suggest that these two subsets are also dis-
tinct in terms of functional ability and the display of cer-
tain surface markers."*'* We term the subsets NKT1
(having diverse TCR and making high amounts of IFN-y
and little IL-4) and NKT2 (characterized by usage of the
conserved Vol4-Jal8 TCR a-chain, being high producers
of both IL-4 and IFN-v). These different NKT-cell subsets
are likely to play distinct roles in immune responses.

The NKI.1 receptor is only expressed in a few mouse
strains, such as C57BL/6 (B6).!® There is currently no rea-
gent available that can reliably detect all CD1d-dependent
T cells. Through the development of CD1d-tetramers
(CD1d-tet), loaded with the ligand a-GalCer, it is possible
to identify the subset of CD1d-restricted T cells using the
invariant Vol4-Jol8 TCR regardless of NKI1.1 expres-
sion'®!”, however, this method does not identify the
group of CDIld-restricted T cells with diverse TCR.'®"
Therefore our knowledge of the entire NKT cell popula-
tion is, to a large extent, based on the NKT cells found in
B6 mice. This is further complicated by the fact that not
all NK1.1" T cells are CD1d-restricted, and not all CD1d-
restricted T cells are NK1.1* (see further below). To be
able to study NKT cells in another mouse strain, we have
created a congenic mouse, which expresses the NKI.1
antigen from the B6 mouse on the BALB/c genetic back-
ground (BALB.B6—NK1.1b, referred to below as BALB.NK
mice). In the present study, we have analysed and com-
pared the NKT cell and CD1d-tet" populations in the
congenic BALB.NK and the B6 mouse. We investigate the
presence of NKT1 and NKT2 subsets in the spleen, and
demonstrate a dominance of NKT2 cells in the BALB.NK
spleen. Additionally, we detect a novel NKT-cell subset in
the BALB.NK thymus, with a high TCRf expression and
lower NK1.1 levels, and a poor display of NK markers
suggesting an incomplete differentiation stage.

Materials and methods

Mice

C57BL/6 (B6) and BALB.B6-NKI.1I” (BALB.NK) mice
used were 10-20 weeks old. The congenic mice used in
the experiments were homozygous for NKI.1 expression,
and from intercrosses of the seventh and eighth back-
cross generation. All mice were maintained in a clean
conventional animal facility at Lund University, Sweden.

Genotyping

Nine informative fluorescence labelled microsatellite
markers (Interactiva, Ulm, Germany and MWG-Biotech,
Germany) were used for genotyping of the congenic frag-
ment on chromosome 6. Polymerase chain reactions
(PCRs) were performed with 5 ng of DNA in a reaction
volume of 10 pl containing: 10 mm Tris-HCI, pH 9-0,
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50 mm KCl, 1-5 mm MgCl,, 1-5 pmol of the respective
forward and reversed primer, 0-4 mm dinucleotide tri-
phosphates (Advanced Biotechnologies, Epsom, UK), and
0-25 U Taq DNA polymerase (Amersham Pharmacia Bio-
tech, Uppsala, Sweden). The following conditions were
used for amplification of DNA: denaturation at 94° for
3 min, annealing at 56° for 45 s, polymerization at 72°
for 1 min, followed by 31 cycles of 94° for 30 s, 56° for
45 s, and 72° for 1 min. The final cycle ended by elonga-
tion at 72° for 7 min. The PCR products were analysed
on a Megabace 1000 (Amersham Pharmacia Biotech),
according to the manufacturer’s protocol.

Cell preparation

Where indicated, B cells were depleted from spleen cell
suspensions using AutoMACS® separation and anti-B220
microbeads (Miltenyi Biotec, Bergisch, Germany), accord-
ing to the manufacturer’s instructions. Alternatively
B cells were depleted by panning on plates coated with
rabbit anti-mouse immunoglobulin. After B-cell depletion
the cell suspensions had a contamination of 0-5-2-5%
B220" cells. To enrich for DN T cells, B-cell depleted
spleen cells were further depleted of CD4" and CD8" cells
using GK1.5 (anti-CD4) and YTS169.4 (anti-CD8a) anti-
bodies and anti-ratk-microbeads (Miltenyi Biotech) using
a magnetic-activated cell sorting magnet (Miltenyi Bio-
tech). The resulting population contained 6-16% TCRB"
cells, a total of 1,5-4% contaminating CD4" or CD8"
cells and 5% B220" cells.

Flow cytometry

Before staining the cells were incubated with 2.4G2 (anti-
CD16/CD32) antibody to block non-specific binding. The
following antibodies were obtained from PharMingen (San
Diego, CA): TCRpB—allophycocyanin (APC), TCRB-fluoro-
scein isothiocyanate (FITC), TCRp-biotin (H57-597),
NK1.1-APC, NKIl.1-phycoerythrin (PE), NKI.1-biotin
(PK136), CD4-PE, CD4-APC (RM4-5), CD4-PerCP
(RM4-3), CD8-PE, CD8-PerCP (53-6.7), CD69-FITC,
CD69-PE (H1.2F3), CD5-PE (53-7.3), CD25-FITC (7D4),
CDI122-FITC, CD122-PE (TM-B1), CD19-FITC (1D3),
B220-PE (RA3-6B2), CD49b-FITC, CD49b-PE, CD49b—
biotin (DX5), IL-2-PE, IL-4-PE, IL-4-APC, IL-10-PE,
IEN-y—FITC, IFN-y-PE, IEN-y-APC, anti-mouse IgG,-PE
(A85-1), anti-mouse IgG;-biotin, streptavidin—PE, strepta-
vidin—PerCP and streptavidin—APC. Streptavidin—PE Texas
Red (PETR) was obtained from Caltag (San Francisco,
CA). CD4-Red613 (H129.19) and streptavidin-Red613
were obtained from Gibco (BRL, Life Technologies, Paisley,
UK). NKG2D-biotin (MI-6) was kindly provided by
Dr D.H. Raulet.”*® CD4-FITC, CD4-Cy5 (GK1.5), CD8—
FITC (YTS169.4), CD62L-biotin (Mel-14), heat stable
antigen (HSA)-FITC (M1/69), B220-Cy5 (RA3-6B2),
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Ly49C/I-Cy5 (5E6) and V8.2-biotin (F23.2) have been
purified and conjugated according to standard procedures
in the laboratory. To detect canonical TCR-carrying T
lymphocytes, PE-labelled CD1d-tetramers (kindly provided
by Dr M. Kronenberg) loaded with aGalCer (Kirin Brewery
Co., Gunma, Japan) were used in most experiments. Due
to recent availability of a commercial reagent, we have in
the latter experiments used CD1d-IgG1 dimers (PharMin-
gen) loaded with aGalCer (Kirin Brewery Co) with com-
parable results. Unloaded CDl1d-tetramers and dimers
were used as background controls. The stained cells were
analysed by four colour flow cytometry on a FACSCalibur
using the CELLQuest software (Becton Dickinson, San Jose,
CA). Fluorescence is displayed on a log scale, showing four
decades.

In vitro stimulation of cells for assessment
of cytokine production

B-depleted spleen cells or total thymocytes were stimula-
ted for 4 hr with 50 ng/ml phorbol-12 myristate-13 acet-
ate, 500 ng/ml ionomycin in the presence 10 pg/ml
brefeldin A (Sigma, St Louis, MO), in RPMI-1640 med-
ium supplemented with 10% fetal calf serum, 20 um
mercaptoethanol, 10 mm Hepes buffer and 1 mm sodium
pyruvate. The cells were harvested and stained in different
combinations for surface expression of TCRf, NKI.1,
CD69, and CD49b as described above. After surface stain-
ing the cells were fixed in 2% paraformaldehyde in phos-
phate-buffered saline (PBS), and kept over night at 4°.
The cell membranes were permeabilized in PBS with
0-5% saponin, 1% bovine serum albumin, 0-1% NaNj
and stained for intracellular IL-4, IL-10, IL-2 and IFN-y.
Cells were incubated for 30 min with the respective anti-
body diluted in the permeabilization solution. The cells
were washed and analysed as described above.

Results

The congenic BALB.NK mouse

The gene encoding the NKI1.1 surface marker (NkI.1 or
Nkrpl-c) is located in the NK gene complex on chromo-
some 6.*' To obtain a BALB/c mouse that expresses the
NKI1.1 receptor, we have introduced a genetic fragment
containing Nkrpl-c from mice onto the BALB/c genetic
background. B6 and BALB/c mice were crossed and the
progeny further back-crossed to BALB/c mice, selecting
mice in each generation for NK1.1 expression. Heterozy-
gous mice at the seventh and eighth back-cross generation
were intercrossed to obtain NKI.1° homozygous mice,
named BALB.B6-NK1.1° (BALB.NK), used in this investi-
gation. To estimate the size of the B6 derived congenic
segment of chromosome 6 present in BALB.NK mice of
the eighth generation intercross we used a number of

338

Chromosome 6
. Marker/gene Mbp b/c
D6Mit230 97,37 c

BALB.NK

TCR""

NKT cells
D6Mit39 105,37 b

DéMit54 111,11 b

Nkrp1-a, Nk1.1,

Nkrp1-b 6
D6Mit135 127,54 b < 5
CD9%4 a

NKG2 o

Ly49e, Ly49J,
Ly49W, Ly49C, h Trrr "
Ly49A CcD8

)
4' D6Mit290 133,93 c
(a) (b)

Figure 1. Map of the mouse chromosome 6 genetic fragment con-
taining the NK gene cluster in the BALB.NK congenic strain.
(a) BALB.NK mice were typed for the microsatellite markers shown
on the map and alleles inherited from C57BL/6 (b) and BALB/c
(c) are indicated to the right. (b) NKT cell populations in BALB.NK
thymus can be divided into TCR™ and TCRM® cells. Thymocytes
were stained with antibodies to TCRf, NK1.1, CD4 and CD8. NKT
cells were gated as shown, and displayed for CD4 and CD8 expres-
sion. Frequencies of cells in the respective quadrants are indicated in
the upper right corners of the CD4/CD8 plots. The gate used for
TCR™ NKT cells in BALB.NK thymus is the same as that used for
B6 NKT cells. The data is representative of several experiments.

microsatellite markers. In the area of the NK complex,
the microsatellite markers D6Mit39, D6Mit54 and
D6Mitl35 were of B6 origin, while D6Mit230 and
D6Mit290 were derived from BALB/c (Fig. 1a). Thus, the
congenic fragment extends 22-37 megabase pair (Mbp)
and is located between D6Mit230 and D6Mit 290, illus-
trated by the chromosomal area in white (Fig. 1a). Other
studies”®** have used a different congenic BALB/c mouse
which also expresses the NKI.1 receptor from the B6
mouse. Compared to the BALB.NK mouse used in our
studies, the other congenic mouse (originally selected for
cytomegalovirus resistance) has a B6 derived fragment
that extends further on the telomeric side and a shorter
distance on the centromeric side of the NK complex.**

NKT cell populations in the thymus

B6 and BALB.NK had similar frequencies of NKI1.1*
TCRB™" cells in the thymus (0-9 + 0-2% and 0-9 + 0-1%,
respectively, for total NKT populations, n = 6; Fig. 1b).
However, in the BALB.NK thymus NK1.1" TCRB* cells
could be divided into two populations with regard to the
level of TCRP and NKI.1 expression (Fig. 1b). One was
characterized by intermediate (int) expression of TCRf
and high expression of NKI.1, constituted approximately
60% of the total BALB.NK NKT population and over-
lapped with the thymic NKT-cell subset in B6 mice,
and the second population had high levels of TCRP and
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intermediate levels of NK1.1, here referred to as TCRBi“t
and TCRP"E" NKT cells, respectively. The B6 NKT cells
had somewhat higher NKI1.1 levels than the BALB.NK
TCRP™ NKT cells (MFI approximately 180 and 100 for
B6 and BALB.NK populations, respectively). Both
TCRP™ populations contained very few CD8" cells, and
the ratio of CD4" to double negative (DN) cells was
slightly lower for BALB.NK cells (Fig. 1b, lower panels).

A unique NKT cell subpopulation in the thymus
of BALB.NK mice

We next compared the surface phenotype of the B6 thy-
mic TCRB™ NKT cells with the two BALB.NK NKT sub-
sets (Fig. 2). The two TCRB™ NKT-cell subsets shared
expression pattern of the NK-cell associated markers
CD122, CD49b, NKG2D, and Ly49C/I (Fig. 2a). In con-
trast, the display of these receptors on TCRB™S" BALB.NK
NKT cells was strikingly lower in all cases, suggesting that
the cells may represent a less differentiated stage. Expres-
sion of CD5 but not HSA on TCR™ and TCRM&" cells
demonstrated, however, that the cells were not immature
thymocytes. Instead, the BALB.NK TCRB™E" NKT cells
might represent an earlier stage in the differentiation of
NKT cells. Ly49C/I is expressed by the majority of thymic
NKT cells in adult B6 mice*® and several NK cell markers

NKT cells in NK1.1 congenic BALB/c mice

are up-regulated during NKT cell differentiation.”>*” Fur-
ther analysis demonstrated that B6 and BALB.NK TCRB™
NKT cells were CD69" CD62L'" and 40-50% of the cells
had CD4 on the surface (Fig. 2¢). Similarly, TCRB™E" cells
were CD62L" and positive for CD69; however, the level of
CD69 was slightly lower, and the frequency of CD4" cells
was reduced (Fig. 2¢). Finally we investigated the TCR
usage in the thymic NKT cell subsets (Fig. 2d). Binding of
oGalCer loaded CD1d-tetramers (CDI1d-tet) to cells indi-
cates display of the invariant Vo14-Ja18 TCR, which pref-
erentially pairs with TCR V[8.2/7 or 2-chains. Just as
among TCRP™ cells, the absolute majority (95%) of
TCRBhigh NKT cells bound the CD1d-tet. As expected,
TCRB"&" cells were also CDId-tet"". Surprisingly,
around 70% of the TCRP"®" cells expressed the VP8-2-
chain, while the 45-50% of the cells in the TCRB™ subsets
used this VB-chain, demonstrating a shift in the TCR
B-chain repertoire between TCRB™ and TCRP"E" NKT
cells.

To analyse invariant CD1d-restricted T cells in the
thymi regardless of NK1.1 expression, we used the CD1d-
tet. BALB.NK thymic cells could be divided into CDI1d-
tet™ and CD1d-tet"®" cells, while CD1d-tet""®" cells were
not observed among B6 thymocytes (Fig. 3). In compar-
ison to B6 CD1d-tet™ cells, fewer BALB.NK CD1d-tet™
cells expressed CD69, CD49b, NK1.1 and CD122 (Fig. 3b).

B6 BALB.NK B6 BALB.NK
" ortemgm ' temg™  Tomg™ | ' Tomg™ ' Tcmg™  TCmghen
96% 84% 15% % 86%€ N 96%g \ 82%g
A | | I": o . MFl= " | MFI= | MFI=
' f /1 Wl 33 L 40 I
O N N lJ WS R i 9 RV § ."._ =
CD122 CD69
. 59% 71% L 12% 4% ,13%, 3%
i Al s
i i ' "\ M, b,
1 W de®! T i Mo Ll
PR Sim sk pae L T
CD49%b CDé2L
' 56%  46%, 20%  52%  38% | 18%
[ i b i | ! b b i |t
S i IS | | .-JIL
"Mr 5 r'*'l r‘\* Wl “i"ﬁwﬂl“- J"“hf"!'u T"f .rli'-.
. . e e, i T e e e i e
Figure 2. NKT cell .p(.)pulatllons in BALB.NK NKG2D © CDa
thyrr;gsh can be divided into TCR™ apd 7% 79% 129%
TCR™®" cells. B6 NKT cells, BALB.NK TCR™ ' \ Tk ' ' ' B6 BALB.NK
and TCRM&" NKT cells, gated as in Figure 1, ; ) > A -“"IL'J f TCRp™ L TCRp™ TCRphigh !
L A ¥ T . -
were displayed for the expression of (a) Lt i, W ey L 95% . 86% L 95%,
CD122, CD49b, NKG2D and Ly49C/I (b) CD5 (@) Ly49CA MFI= | MFI= ), MFI= A
172 145 L 670 |
and HSA (C) CD69, CD62L and CD4, and Bs BALB.NK 7270 | ESS Y LT0 )
(d) the binding to aGC-loaded CD1d-tetramer I TCRp™ 10 TCRp™ TCRp"" 1 2GC-CD1d-tet.
and the expression of V(B8-2. The numbers | C99% | | 94% . 97% | . 49%, . 46%, . 82%,
refer to frequencies of positive cells and mean [MFI= [ MFI= ) | MFI = ,Ilr LE .J,-LI‘-"I'II ME| = A MEI=
fluorescence intensity (MFI) as defined by the '1229 " l |161 f.' 1 218 /| by i 32 umnl 28 Iy 69
J b A A L Ly — 5 .
bars. One representative background control — =i b Tl o e i onie — o ———— —
o o CD5 ) p8.2
stain is indicated by a dotted line in the upper oL 8% 89
right histogram plot. The data is representative 1‘ ’T;l* : MIOZI 1 b M;I 1
. i3 = M = A =
of at least three experiments, except the 1 s FANET- NN PR
NKG2D staining, which has been done in two .= RO O N TVE. W ) T —
experiments. (b) HSA
© 2005 Blackwell Publishing Ltd, Immunology, 114, 336-345 339



M. Stenstrom et al.

340

B6 BALB.NK
Total g
thymus (¢
aGC-CD1d-tet.
I
S
CD1d-tet* 3
cells (R2) 8 11 29
Q 81) | 24
(a) NK1.1
B6 BALB.NK
- - —1
CD1d-tet™ CD1d-tet™ CD1d-teth
. 89% _ 56%  42% .

—

67% :
CD49b
95% . 65% MMO :
NK1.1
92% 52% 9%
() cD122
B6 BALB.NK
- ; —1
CD1d-tet™ CD1d-tet™ CD1d-tetM9h
100% , 100% : 100{/0 :
MFI = /[\ MFI = A\‘} B
267 346 | 497 L
cD5
3% 4% 2%
A AN
L‘\\z\f—« i
() HSA
B6 BALB.NK
" cDidtet™ ' ' CD1dtet™  CDid-tethoh
M 3% 6% 4%
%m%._. Ve L
cD8
61% \ 50%  51%
MFl = MFl = MFl =
82 JM\ % 159
PO g,
) CD4

In contrast, while 40-45% of the BALB.NK CD1d-tet"s"
population expressed NK1.1 and CD69, none of these cells
were positive for CD49b or CD122. All BALB.NK CD1d-
tet"8" cells were CD5* HSA™ (Fig. 3c), and CD8 expression
was very infrequent in all three subsets (Fig. 3d). Moreover,
approximately half of the CDI1d-tet"®" population was
CD4", which was higher than found for the TCRB"&"
subset, suggesting that a larger proportion of the
NK1.1~ CD1d-tet" cells were CD4".

NKT cell populations in the spleen of B6
and BALB.NK mice

We next compared NKT cells in the spleen of B6 and
BALB.NK mice (Fig. 4). Splenic BALB.NK NKT cells had
the usual intermediate levels of TCR expression with no
signs of a TCRP"" subset, and the population was about
one-third the size of the splenic B6 NKT cell population
(1-7 £ 0-2 and 0:6 + 0-2, respectively, n = 9). The level
of NK1.1 expression on the splenic BALB.NK NKT cells
was slightly lower than on B6 NKT cells, with a mean
fluorescence intensity (MFI) of around 50 and 75,
respectively, while no difference was observed for NKI1.1
levels on NK cells in the two strains. In both strains, the
majority of the NKT cells were CD4", and the ratios of
CD4" to DN cells were approximately 2 : 1 and 4: 1 in
B6 and BALB.NK, respectively (Fig. 4a, lower dot-plots).
Among B6 splenocytes, but not BALB.NK splenocytes,
there was a distinct population of CD8" NKT cells, cells
which are thought to represent memory cells restricted
by conventional major histocompatibility complex class I
molecules.*®

Surface phenotype indicates a high proportion
of NKT?2 cells in the spleen of BALB.NK mice

We compared the subset composition of NKT cells in the
two mouse strains in terms of surface phenotype, func-
tional ability and TCR usage. B6 and BALB.NK CD4"
NKT cells had very similar surface phenotypes (Fig. 4b),

Figure 3. Surface phenotype on oGC-loaded CDI1d-tetramer"
(CD1d-tet™) thymic cells. (a) CD1d-tet™ cells (including both tet™"
and tet™) in B6 and BALB.NK thymus were gated out (R2, upper
plots) and their binding intensity of CDId-tet is displayed against
NK1.1 expression (lower plots). Frequencies of cells in the respective
quadrants are indicated in the lower right corner of the plot. B6
CD1d-tet™ and BALB.NK CDId-tet™ and CD1d-tet"®" thymocytes
were displayed in histograms for the expression of (b) CD69,
CD49b, NKI1.1 and CD122 (¢) CD5 and HSA and (d) CD8 and
CD4. The numbers refer to frequencies of positive cells and mean
fluorescence intensity (MFI) as defined by the bars. One representa-
tive background control stain is indicated by a dotted line in the
upper histogram plot. The data is representative of at least two
experiments.
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indicative of a dominance of NKT2 cells, which we have
defined as CD69" CD49b™"'*" CD62L'" and CD122".">"
Approximately 85% of the CD4" cells were CD1d-tet"
while 35-40% of the cells expressed the V[8-2-chain,

© 2005 Blackwell Publishing Ltd, /mmunology, 114, 336-345

NKT cells in NK1.1 congenic BALB/c mice

Figure 4. NKT cell populations in BALB.NK spleen is dominated by
NKT2 cells. B6 and BALB.NK splenocytes were stained for TCRp,
NKI1.1, CD4 and CD8. Cells were gated as shown in (a), and dis-
played for CD4 and CD8 expression. Frequencies of NKT cells in the
upper plot are the mean and SD of nine experiments. Frequencies of
cells in the respective quadrants are indicated in the upper right cor-
ners of the CD4/CD8 plots. The gate used for NKT cells in BALB.NK
spleen is the same as that used for B6 spleen. B6 and BALB.NK
splenocytes were first depleted of Ig" cells. To gate out CD4"
NKT cells (CD4" TCRB* NKI1.1%), cells were stained for TCRp,
NK1.1, CD4 and indicated markers. To gate out DN NKT cells
(CD4™ CD8™ TCRB* NK1.1%), cells were stained for TCRp, NKI.1,
CD4, CD8 (CD4 and CD8 were detected in the same fluorescence
channel) and indicated markers. CD4" and DN NKT cells were ana-
lysed for the expression of (b) CD69, CD49b, CD62L and CD122 (c)
the binding to aGC-loaded CD1d-tetramer and the expression of
VB8-2. The numbers refer to frequencies of positive cells and mean
fluorescence intensity (MFI) as defined by the bars. One representa-
tive background control stain is indicated by a dotted line in the
upper histogram plot. The data is representative of at least three
experiments.

similar to what was seen in the thymic TCRP™ popula-
tions. DN NKT cells in B6 mice have previously been
shown to contain a relatively large proportion of NKT1
cells,"> characterized by low CD69 and high CD49b
expression and preferential usage of diverse non-Vol4
TCR. In contrast, DN NKT cells in BALB.NK spleen were
similar in surface marker expression to the CD4" NKT
cells, suggesting a higher proportion of NKT2-like cells
also among non-invariant DN NKT cells in this strain.
Thus, there was not only a lower frequency of DN NKT
cells in the BALB.NK spleen, but these also appear to
contain more cells of the NKT2 subtype.

Cytokine secretion indicates NKT2 dominance
among splenic BALB.NK NKT cells

Among total splenic NKT cells in B6 mice, we determined
a higher frequency of IFN-y- than IL-4-producing cells.
Activated BALB.NK NKT cells included equal numbers of
IFN-y and IL-4 containing cells (Fig. 5a). When compar-
ing CD4" and DN NKT cells from B6 mice, the DN cells
were weaker IL-4 and stronger IFN-y producers, a differ-
ence that was much less pronounced in the BALB.NK
populations (Fig. 5b, c). IL-2 was induced in 40-50% of
CD4" and DN cells from both strains, while IL-10 was
not significantly produced by any of the subsets. The
low percentage of CD69 CD49b* (NKT1'%) cells among
splenic BALB.NK NKT cells confirms the dominance of
NKT?2 cells in this strain (Fig. 6a). A high proportion of
CD69" CD49b™°" NKT cells from both mice were IL-4
producers, while CD49b" cells were IL-4~ (Fig. 6b). [FN-y
was found in CD69" as well as CD49b" cells of both
strains (Fig. 6¢). Thus, the relative lack of CD69~ CD49b*
cells in BALB.NK as compared to B6 spleen correlates
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Figure 5. Cytokine profile of splenic B6 and BALB.NK NKT cells.
Spleen cells were polyclonally stimulated as described in Materials
and methods and stained for surface markers and intracellular cyto-
kines. (a) IL-4, IFNy and IL-10 production among total splenic NKT
cells in B6 (white bars) and BALB.NK (black bars). IL-4, IFNy, IL-10
and IL-2 production among splenic CD4" (b) and DN (c) NKT cells
in B6 (white bars) and BALB.NK (black bars). Frequencies are
shown as mean and SD (n = 3).

with an increased IL-4- and decreased frequency of
IFN-y-producing cells.

Surface phenotype and cytokine profile of CD4*
and DN CD1d-tet" splenic NKT cells

The CD4 coreceptor divides human invariant NKT cells
into two subsets, which have different surface phenotypes
and distinct cytokine secretion profiles upon activation,
reminiscent of the characteristics of NKT1 and NKT2
cells, with the exception of preferential TCR usage in the
murine subsets. We therefore first compared the surface
phenotype of invariant CD1d-restricted NKT cell popula-
tions in the two mouse strains (Fig. 6a). As in the thy-
mus, there was a higher frequency of CD1d-tet" cells that
did not express the NK1.1 marker in BALB.NK compared
to B6 spleen, confirming previous studies.”” The surface
expression of CD49b on splenic CD1d-tet" cells was sim-
ilar in both strains with slightly higher levels on DN cells
than on CD4" cells. Among CDId-tet” cells in B6 spleen
there was a high frequency of CD69" cells, while some-
what fewer BALB.NK CD1d-tet" cells displayed this mar-
ker. CD4" and DN CDI1d-tet" cells from both strains
were CD122% and CD25". We further compared IL-4 and
IEN-y production in B6 and BALB.NK oGalCer loaded
CDI1d-dimer" (CD1d-di") cells. IFN-y-producing cells
were somewhat more frequent than IL-4 among CD1d-
di" cells of both strains (Fig. 7b). Both CD1d-di" subsets
in B6 mice produced IL-4 and IFN-y (Fig. 7c). The same
was true for IFN-y production by BALB.NK CD1d-di"
cells, while a higher fraction of CD4" cells than DN cells
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Figure 6. Splenic BALB.NK NKT cells show a strong NKT2 surface
phenotype and cytokine profile. (a) B6 and BALB.NK splenic NKT
cells, gated as in Fig. 4, were displayed for CD49b versus CD69
expression. IL-4 (b) and IFNy (c) production in B6 (left panel) and
BALB.NK (right panel) NKT cells versus CD69 and CD49b expres-
sion. Frequencies of cells in the respective quadrants are indicated in
the upper right corners of the plots. Data is representative of at least
three experiments.

made IL-4 in these mice. Thus, CD4" and DN invariant
Val4 CD1d-restricted cells in both mice largely shared
the features investigated here.
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Figure 7. Surface phenotype and cytokine profile among aGC
loaded CD1d-tetramer” (CD1d-tet") spleen cells. B6 and BALB.NK
Ig~ splenocytes were stained with aGC loaded CDId-tetramers and
the indicated markers. (a) Surface expression of NKI1.1, CD49b,
CD69, CD122 and CD25 on CD4" and DN CD1d-tet" splenic cells.
Numbers refer to frequencies of positive cells as defined by the bars.
One representative background control stain is indicated by a dot-
ted line in the CD69 histogram plot. Ig~ spleen cells were polyclon-
ally activated as described in Materials and Methods and stained
with aGC-loaded CD1d-dimers (CD1d-di*) and antibodies against
CD4 and intracellular cytokines. (b) The IL-4 and IFN-y production
among total CD1d-di" cells in B6 (white bars) and BALB.NK (black
bars) mice. (c) IL-4 and IFN-y are plotted against CD4 to compare
the profile of CD4" and DN CDId-di* cells in B6 (upper plots)
and BALB.NK (lower plots) mice. Data in (b) is the mean of two
experiments and data in (a) and (c) is representative of two
experiments.
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NKT cells in NK1.1 congenic BALB/c mice

Discussion

To broaden the knowledge on NKT-cell subsets, we have
studied a congenic mouse strain that expresses the NK1.1
surface marker from B6 mice on a BALB/c genetic back-
ground. Investigation of the thymi of the two strains did
not show any difference in the size of the total NKT cell
population, in agreement with previous studies of differ-
ent strain of NK1.1 congenic BALB/c mice.?>?* However,
we could define two distinct NKT subsets in the
BALB.NK thymus, with intermediate and high TCRp
expression, respectively, which appeared to be present also
in the above investigation.”? The thymic TCRB™ NKT
cells in the BALB.NK and B6 mice were similar with
regards to all the surface markers investigated, while the
novel TCRB"®" expressing BALB.NK NKT cells were dif-
ferent from the TCRB™ NKT cells in several aspects.

The majority of the BALB.NK thymic TCRE™E" NKT
cells had a high level of binding to aGalCer loaded
CD1d-tetramer, cells which were not detected in B6 thy-
mus, nor in the spleen of either strain. Within the CD1d-
tet"" population around 50% of the cells were CD4%,
while the NKI1.1* TCRB"" population contained only
18% CDA4" cells, indicating the presence of CD4"NKI.1~
cells within the CD1d-tet"®" population. Our subsequent
analysis suggested that the CD1d-tet™®" cells might belong
to an early stage in the NKT cell development. Despite
their mature (HSA™) phenotype, there were striking dif-
ferences between the TCRB™M®" and TCRB™ NKT cells, as
well as between the CD1d-tet™ and CD1d-tet"®" subsets.
The TCR"E"/CD1d-tet"s" cells were essentially negative
for NK cell markers such as Ly49C/I, NKG2D and
CD49b, although 40% of CDI1d-tet"®" cells did display
NK1.1. NKI1.1 is thought to be up-regulated at a relatively
late stage in NKT cell differentiation.”®*” Surprisingly,
CD1d-tet"®" cells were negative for CD122, a molecule
known to be required for efficient NK1.1" TCRB" thymo-
cyte development.”” The CDI1d-tet"®" cells were also
reminiscent of the thymic population found in mice
lacking the cytokine receptor common vy-chain (y.°
mice).”® y.° mice have a normal proportion of VB8"
thymocytes and a normal quantity of thymic Val4-Jol18
message. However, the cells lack NK1.1 and Ly49 recep-
tors and have reduced levels of CD122, and, further, lack
peripheral NKT cells, suggesting a thymic block in NKT
differentiation. Thus, the CD1d-tet"®" cells in BALB.NK
mice might not have received appropriate signals for
NKT cell differentiation, including the up-regulation of
CD122.

The surface phenotype of CDI1d-tet cells initially
suggested to us that the cells could represent a precursor
stage to the TCRP™ NKT cells. However, a comparison
of the Vp-chain usage among TCR"™" and TCR™
cells showed a bias towards higher V(8.2 expression in
the TCR"®" and CD1d-tet"®" population. The TCR

high
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VB-segment used by Val4-Jal8 CDl1d-restricted cells
influences the avidity for aGalCer-loaded CD1d’' suggest-
ing that there could similarly be an effect on the avidity
to CD1d" endogenous ligand. Therefore, it is possible
that CD1d-tet"®" and CD1d-tet™ cells display TCR rep-
ertoires that differ in avidity to the thymic CD1d-complex
during selection and differentiation, leading subsequently
to the distinct phenotypic profiles of the two subsets.
Although CD1d-tet"®" cells could not be found in the B6
thymus, the cells may not be unique for BALB.NK mice
as a similar population might be present in DBA/2
mice.”> Further analysis of the CD1d-tet"®" and CD1d-
tet™ populations in the BALB.NK thymus could help to
elucidate questions regarding thymic selection and final
maturation of NKT cells.

When splenic NKT cells were compared we found that
the NKT cell population in the BALB.NK mouse was
reduced and contained fewer DN cells than B6 splenic
NKT cells. The CD1d-tet" cells in both mice were of the
NKT?2 type, characterized by CD69 expression and a high
IL-4 and IFN-y production upon activation. In contrast,
CD49b" cells of the NKT1 type, prominent among B6
DN splenic NKT cells, were less frequent in BALB.NK
mice. Instead, DN NKT cells in BALB.NK spleen, which
just like the B6 counterpart consisted of 70-75% CD1d-
tet negative cells, had the characteristics of NKT2 rather
than NKT1 cells. Thus, the analysis of BALB.NK mice
confirms the association of the CD69" CD49b~ phenotype
and IL-4 production, and absence of IL-4 production in
CD49b" NKT cells, demonstrated before in B6 mice."
However, while in B6 spleen the NKT1 and NKT2
phenotypes were associated with diverse and invariant
TCR, respectively, NKT cells with both types of TCR dis-
played NKT2 features in BALB.NK mice. We have sugges-
ted that NKT1 and NKT2 cells serve different functions
in the immune system. This might suggest that the NKT
population in BALB.NK mice have a more limited func-
tional repertoire, a feature that can be important in the
early stages of an immune response. It should be noted,
though, that the dominance of NKI1.1~ CDI1d-tet" cells
in BALB.NK spleen indicates that an enlarged NKI1.1~
NKT1-like subset with diverse TCR could not be excluded
in these mice.

Previous reports have shown that the CD4" and DN
subpopulations of human NKT cells, detected with aGal-
Cer loaded CD1d-tetramers, have different surface marker
expression and functional ability.>** The expression of
NK-cell associated markers was in many cases only
observed on DN cells. Both CD4" and DN cells were cap-
able of T helper 1 (Thl) cytokine production, such as
IFN-y and tumour necrosis factor-o, while Th2 cytokines,
such as IL-4 and IL-13, were exclusively secreted by
human CD4" cells. In both B6 and BALB.NK spleen the
only difference detected between CD4* and DN CD1d-
di* cells were slightly higher expression of NK-associated
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markers on the DN population. Further, in both strains
30% of the DN cells were induced to produce IL-4,
although the frequency was higher among CD4" cells.
CD25 expression was exclusively found on CD4" human
CD1d-tet" cells® but this marker was not found on any
of the CD1d-tet" populations in B6 and BALB.NK spleen.
As suggested before' this indicates that the functional
division of human NKT cells into a CD4" and DN sub-
population may not be applied to the mouse NKT cells.
Taken together, our data demonstrate that there are dif-
ferences in NKT cell and CD1d-tet" subsets between dis-
tinct mouse strains, and emphasize the importance of the
continued analysis of these cells in more than one mouse
strain.
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