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Abstract
Objective—CD1d-reactive invariant natural killer T (iNKT) cells secrete multiple cytokines upon
T cell receptor (TCR) engagement and modulate many immune-mediated conditions. The purpose
of this study was to examine the role of these cells in the development of autoimmune disease in
genetically lupus-prone (NZB × NZW)F1 (BWF1) mice.

Methods—The CD1d1-null genotype was crossed onto the NZB and NZW backgrounds to establish
CD1d1-knockout (CD1d0) BWF1 mice. CD1d0 mice and their wild-type littermates were monitored
for the development of nephritis and assessed for cytokine responses to CD1d-restricted glycolipid
α-galactosylceramide (αGalCer), anti-CD3 antibody, and con-canavalin A (Con A). Thymus and
spleen cells were stained with CD1d tetramers that had been loaded with αGalCer or its analog
PBS-57 to detect iNKT cells, and the cells were compared between BWF1 mice and class II major
histocompatibility complex–matched nonautoimmune strains, including BALB/c, (BALB/c × NZW)
F1 (CWF1), and NZW.

Results—CD1d0 BWF1 mice had more severe nephritis than did their wild-type littermates.
Although iNKT cells and iNKT cell responses were absent in CD1d0 BWF1 mice, the CD1d0 mice
continued to have significant numbers of interferon-γ–producing NKT-like (CD1d-independent
TCRβ+,NK1.1+ and/or DX5+) cells. CD1d deficiency also influenced cytokine responses by
conventional T cells: upon in vitro stimulation of splenocytes with Con A or anti-CD3, type 2 cytokine
levels were reduced, whereas type 1 cytokine levels were increased or unchanged in CD1d0 mice as
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compared with their wild-type littermates. Additionally, numbers of thymic iNKT cells were lower
in young wild-type BWF1 mice than in nonautoimmune strains.

Conclusion—Germline deletion of CD1d exacerbates lupus in BWF1 mice. This finding, together
with reduced thymic iNKT cells in young BWF1 mice as compared with nonautoimmune strains,
implies a regulatory role of CD1d and iNKT cells during the development of lupus.

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by inflammation
of multiple organs and uncontrolled production of autoantibodies (1). In humans and animals
with SLE, diverse sets of T helper cells can promote autoantibody production (2–4). The
emergence of such autoreactive T helper cells in lupus is accompanied by either a loss or a
defective induction of regulatory T cells (4–6). Elucidating such impairments in regulatory
networks would facilitate our understanding of the pathogenesis of lupus.

Studies in the late 1980s identified cells that express cell surface markers characteristic of
natural killer (NK) cells as well the CD3–T cell receptor (TCR) complex in the thymus, spleen,
and bone marrow (7–10). Such natural killer T (NKT) cells rapidly produce interleukin-4 (IL-4)
(11–13) and include 2 subsets, CD4+ T cells and double-negative (DN) T cells. These cells
express intermediate levels of TCR, with a highly skewed TCR Vβ family (7,14) and an
invariant TCR α-chain Vα14–Jα281 (now called Vα14–Jα18) (15,16), the expression of which
was previously identified by use of a panel of suppressor T cell hybridomas (17). Simultaneous
studies identified the counterpart of murine NKT cells in humans, Vα24–JαQ TCR (now called
Vα24–Jα18), among DN peripheral blood T cells (18). Further studies showed that the
development of NKT cells was independent of class II major histocompatibility complex
(MHC) expression, but required the class I MHC–like molecule CD1d (19). CD1d is an
evolutionarily conserved β2-microglobulin (β2m)–associated protein (20), which is widely
expressed on hematopoietic-derived cells (21). CD1d binds glycolipid antigens, such as α-
galactosylceramide (αGalCer), and activates NKT cells (22).

Taken together, these studies suggest that NKT cells are a separate T cell lineage characterized
by CD1d-restricted lipid antigen reactivity, an invariant TCR (Vα14–Jα18 paired with Vβ8.2/
Vβ7/Vβ2 in mice and Vα24–Jα18 paired with Vβ11 in humans), expression of NK cell markers
NK1.1/DX5, and rapid cytokine response (20,23–25). Subsequent studies, however, led to the
realization that NKT cells are a diverse group of cells, which likely differ in their functions
(26,27). For example, some CD1d-restricted T cells, such as immature and recently activated
cells, do not express NK markers. Notably, CD1d-restricted T cells from MRL-lpr/lpr (MRL-
lpr), (NZB × NZW)F1 (BWF1), and hydrocarbon oil–induced animal models of SLE are mostly
negative for NK1.1 or DX5 (28–31). In addition, some CD1d-restricted T cells express diverse
TCR α-chains instead of the invariant Vα14–Jα18 chain. Finally, some T cells that express NK
markers NK1.1 and DX5 are not CD1d-restricted.

These observations led a panel of investigators to propose the following classification for NKT
cells (26). Class I cells are invariant NKT (iNKT) cells, which are also called classic NKT cells
or type I NKT cells. They can best be detected using CD1d tetramers loaded with glycolipids,
such as αGalCer. Class II cells are variant NKT cells, which are also called type II or nonclassic
NKT cells. They are CD1d-dependent but express diverse TCR α-chains. Class III cells are
NKT-like cells. They are CD1d-independent NK1.1/DX5+ T cells.

Ample evidence supports a protective role of iNKT cells against a variety of immune-mediated
inflammatory conditions (29,32–34). However, iNKT cells can also aggravate the same
immune-mediated conditions, depending on the stage of disease when iNKT cells are
manipulated or on the nature of the underlying immune perturbation (35–38). It is important
to unearth the full spectrum of these protective and pathogenic roles of iNKT cells in immune-
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mediated diseases, given the nonpolymorphic nature of CD1d that makes it an attractive target
of immune therapy on a mass scale.

To determine the role of iNKT cells in SLE, a few studies have investigated alterations in the
frequency and functions of these cells in the peripheral blood of patients and healthy subjects.
Two studies, one each from Japan and Europe, found a significant reduction in circulating TCR
Vα24+,Vβ11+ DN T cells (composed of iNKT cells as well as other T cells) in patients with
SLE as compared with healthy subjects (39,40). Simultaneously, another study found that
whereas invariant Vα24–JαQ (Vα24–Jα18) TCR dominated DN Vα24+ T cells at a high
frequency in healthy subjects, this invariant TCR was reduced to undetectable levels in DN
Vα24+ T cells from patients with active SLE (41). The invariant Vα24+,Jα18+ T cells were
restored to normal levels when patients were successfully treated with corticosteroids to
achieve disease remission (41). Moreover, whereas Vα24+,Vβ11+ DN T cells from all healthy
subjects proliferated in response to αGalCer, 5 of the 10 SLE patients tested exhibited no such
response to αGalCer (39). These data clearly suggest that peripheral blood iNKT cells are
impaired in patients with SLE.

To understand the implications of these findings in humans, we and other groups of
investigators have used animal models of SLE, such as BWF1, MRL-lpr, and hydrocarbon
oil–injected mice (28–31,42). BWF1 mice spontaneously develop a T cell–dependent,
autoantibody-mediated lupus nephritis that mimics human SLE (43). One group of
investigators has treated BWF1 mice with anti-CD1d antibody to suppress iNKT cells (42).
This approach, however, may not achieve complete neutralization of CD1d and its effects.
Furthermore, a recent study showed that CD1d ligation on human monocytes leads to NF-κB
activation and IL-12 production (44). Thus, the anti-CD1d antibody that was used to neutralize
CD1d might cause unintended consequences on various immune cells due to CD1d ligation,
with ensuing effects on lupus. Hence, we introgressed a CD1d1-null (CD1d0) genotype into
NZB and NZW strains to generate CD1d-deficient BWF1 mice that have no iNKT cells. We
monitored disease development as well as responses of iNKT cells, NKT-like cells, and
conventional T cells in these mice. In addition, we assessed iNKT cell frequency at different
stages of disease development in wild-type BWF1 mice. We describe herein our findings and
briefly review the current understanding of the role of iNKT cells in lupus.

MATERIALS AND METHODS
Mice

BWF1, NZB, NZW, and BALB/c mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). Some BALB/c × NZW and NZB × NZW mice were bred locally to generate
(BALB/c × NZW)F1 (CWF1) and BWF1 mice, respectively. The CD1d0 129 × C57BL/6 mice
(45) were crossed onto the NZB and NZW backgrounds for 10 and 12 generations, respectively.
At each backcross, the heterozygous (CD1d+/−) mice were identified by polymerase chain
reaction analysis, as reported elsewhere (28). The N10 CD1d+/− NZB mice were crossed with
N12 CD1d+/− NZW mice to establish CD1d+/+ (CD1d+) and CD1d−/− (CD1d0) BWF1 mice.
The CD1d0 phenotypes were further confirmed by demonstrating the absence of CD1d on
peripheral blood lymphocytes by flow cytometry using anti-CD1d monoclonal antibody (mAb)
1B1 (PharMingen, San Diego, CA). To confirm that mice from the final backcross were indeed
congenic, they were screened using a battery of simple sequence repeat markers
(www.informatics.jax.org), all of which discriminated congenic strains from the 129/B6
donors.
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Assessment of lupus disease
Survival and renal disease were assessed in the mice. Proteinuria was measured with a
colorimetric assay strip for albumin (Albustix; Bayer, Elkhart, IN) and graded on a scale of 0–
4+, where 0 = absent, 1+ = ≤30–99 mg/dl (mild), 2+ = 100–299 mg/dl (moderate), 3+ = 300–
1,999 mg/dl (marked), and 4+ = ≥2,000 mg/dl (severe). Severe proteinuria was defined as a
value ≥300 mg/dl on 2 consecutive examinations, as described previously (3). For renal
histology, paraffin sections of kidneys were stained with hematoxylin and eosin, periodic acid–
Schiff, and Masson’s trichrome, and scored for various histologic features in a blinded manner,
as described previously (46). Briefly, the mean scores for individual pathologic features were
summed to obtain the 4 main scores: the glomerular activity score, the tubulointerstitial activity
score, the chronic lesion score, and the vascular lesion score. These scores were converted into
indices by dividing them by the number of individual features examined to obtain those scores.
The indices thus obtained were then averaged and summed to determine a composite kidney
biopsy index.

Measurement of anti-DNA antibody
IgG anti-DNA antibody was measured by enzyme-linked immunosorbent assay (ELISA), as
described previously (6). Briefly, Costar high-binding enzyme immunoassay/
radioimmunoassay plates were coated with sonicated, nitrocellulose-filtered calf thymus
double-stranded DNA (Sigma, St. Louis, MO). After washing and blocking, plates were
incubated overnight at 4°C with diluted test or control sera. After washing, alkaline-
phosphatase–conjugated anti-mouse IgG (Southern Biotechnology Associates, Birmingham,
AL) was added to the plate and incubated at room temperature for 1 hour. Plates were developed
with p-nitrophenyl phosphate substrate (Sigma) and read at 405 nm in a Multiscan ELISA
reader (Labsystems, Helsinki, Finland). A positive reference standard of pooled serum from
1-year-old BWF1 mice was used to convert the anti-DNA antibody optical density values to
units per milliliter.

Flow cytometry
Single-cell suspensions were prepared in PBS buffer with 3% FCS, EDTA, and sodium azide
after red blood cell lysis (spleen only) with PharmLyse (BD Biosciences, San Diego, CA).
Spleen cells were incubated with anti-CD16/32 (2.4G2; PharMingen) to block Fc receptor γ
II/III, followed by staining with conjugated anti-mouse mAb: anti-CD1d (1B1), anti-NK1.1,
anti-CD4, and anti-B220; iNKT cells were detected using allophycocyanin-labeled anti-
TCRβ (all antibodies obtained from PharMingen) and phycoerythrin–labeled CD1d tetramer
loaded with either αGalCer (29) or the αGalCer analog PBS-57 (47). Fluorescence-activated
cell sorter (FACS) analysis was performed using FACSCalibur (BD Biosciences), and data
were analyzed using CellQuest (Becton Dickinson, San Jose, CA) or FlowJo (Tree Star,
Ashland, OR) software. Dead cells were excluded from the analysis by electronic gating, based
on forward and side light-scatter patterns.

Enrichment for T and NKT-like (TCRβ+,DX5+) cells
Splenic T cells from CD1d0 and CD1d+ mice were enriched using mouse T cell enrichment
columns (R&D Systems, Minneapolis, MN). In some experiments, purified T cells were also
incubated with anti-NK (DX5) microbeads (Miltenyi Biotec, Auburn, CA) for 30 minutes on
ice. After washing once, cells were applied to the column for positive selection of DX5+ T
cells, and negative selection of TCRβ+,DX5− cells. The purity of TCRβ+,DX5+ cells and
TCRβ+,DX5− cells ranged from 80–90% and 95–97%, respectively.
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In vivo TCR cross-linking for iNKT cell activation
As described previously (13,45), mice were injected intravenously with a single 1-μg dose of
anti-CD3 mAb (145-2C11; Phar-Mingen) and were euthanized after 90 minutes. Spleen cell
suspensions (5 × 106/ml) from these animals were cultured in complete RPMI 1640 medium
(supplemented with 10% fetal calf serum, 2 × 10−5M 2-mercaptoethanol, 20 mM HEPES, 1
mM sodium pyruvate, and 100 μg/ml of gentamicin). Supernatants were collected after 2 hours
for use in cytokine assays.

In vitro cytokine detection
Spleen cells (1.5 × 106/ml) were cultured in complete RPMI 1640 medium with 10–100 ng/
ml of αGalCer or 2–10 μg/ml of concanavalin A (Con A; Sigma). Supernatants were collected
at 24–48 hours and assayed for cytokines. In some experiments, purified T cells (TCRβ+,DX5
−) were stimulated with plate-bound anti-mouse CD3 antibody, and supernatants were
collected after overnight incubation.

Interferon-γ (IFNγ), IL-2, IL-4, IL-10, IL-12, IL-13, and transforming growth factor β1
(TGFβ1) were assayed by sandwich ELISA using paired mAb of rat anti-mouse cytokines, as
described previously (48). The following mAb pairs were obtained from PharMingen: R4 6A2
and XMG1.2 for IFNγ, JES6-1A12 and JES6-5H4 for IL-2, 11B11 and BVD6-24G2 for IL-4,
JES5-2A5 and SXC-1 for IL-10, C15.6 and C17.8 for IL-12, and A75-2.1 and A75-3.1 for
TGFβ1. Purified and biotinylated anti-mouse IL-13 mAb were obtained from R&D Systems.
After incubation with the biotinylated mAb, plates were incubated with alkaline phosphatase–
conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA), developed with p-
nitrophenyl phosphate substrate, and read at 405 nm.

Intracellular cytokine staining
Purified cells (1.5 × 106/ml) were stimulated with plate-bound anti-CD3 (mAb 145-2C11) for
16 hours, followed by incubation with 3 μM monensin for 4 hours. Cells were then stained
with fluorescein isothiocyanate–labeled anti-NK1.1 in the presence of 2.4G2 and washed
twice, followed by fixation in 2% paraformaldehyde for 10 minutes at room temperature. The
fixed cells were then washed once and treated with FACS permeabilizing solution (Becton
Dickinson) for 10 minutes at room temperature. After washing, cells were stained with
phycoerythrin-conjugated anti-mouse IL-2, IL-4, IL-10, or IFNγ (PharMingen) for 30 minutes
on ice, and washed twice before flow cytometry analysis.

Statistical analysis
Antibody and cytokine levels, lymphocyte percentages and numbers, and renal scores were
compared using Student’s t-test or Mann-Whitney U test. Frequencies of antibodies and
proteinuria were compared using Fisher’s exact test (2-sided). Survival analysis was performed
using a log rank test.

RESULTS
Acceleration of lupus nephritis in Cd1d-deficient BWF1 mice

To investigate the effect of CD1d on spontaneous lupus disease, we crossed mice with the
CD1d-null genotype onto mice with the NZB and NZW backgrounds and established CD1d0

BWF1 mice by intercrossing N10 CD1d+/− NZB mice with N12 CD1d+/− NZW mice. The
CD1d0 and CD1d+ female BWF1 mice (n = 17 per group) were monitored for proteinuria and
then euthanized at the age of 6 months to analyze renal histologic features (Figures 1a–d).

Yang et al. Page 5

Arthritis Rheum. Author manuscript; available in PMC 2008 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The frequency of severe proteinuria (grade ≥3+) was increased at 25 weeks of age in CD1d0

mice compared with CD1d+ mice (P < 0.05 by Fisher’s exact test) (Figure 1a). The composite
kidney biopsy index and its component chronic lesion score, in particular, were also increased
in CD1d0 mice (P < 0.05 by Student’s t-test) (Figures 1b and c). The individual components
of the chronic lesion score, including interstitial fibrosis (P < 0.05), glomerular scarring (P <
0.02), tubular atrophy (P < 0.05) and fibrous and cellular crescents (P < 0.05) were increased
in the CD1d0 mice (data not shown). The glomerular activity score, tubulointerstitial activity
score, and vascular lesion score were also increased in CD1d0 mice, although the differences
were not statistically significant (P = 0.06–0.08) (Figure 1c). Similar results were obtained in
another cohort of BWF1 mice (46 CD1d0 mice and 36 CD1d+ mice) that were established by
intercrossing N10 CD1d+/− NZW mice with N8 CD1d +/− NZB mice (data not shown).

Representative renal sections demonstrating more advanced kidney lesions in female CD1d0

mice are shown in Figure 1d. A similar increase in renal disease was also observed in male
CD1d0 BWF1 mice (Figures 1e and f). In male BWF1 mice that were monitored for 13 months,
survival was significantly reduced in CD1d0 mice as compared with their CD1d+ littermates
(Figure 1g). The cumulative frequency of severe proteinuria in these mice showed a similar
trend (data not shown). These observations suggest that CD1d0 BWF1 mice have accelerated
lupus nephritis, with a relatively rapid progression to chronic disease.

CD1d deficiency and increases in anti-DNA antibody production and lymphoid cellularity
Consistent with increased renal disease, CD1d0 BWF1 mice had a relatively rapid increase in
serum IgG anti-DNA antibody levels as compared with their CD1d+ littermates (Figure 2a),
and their spleen cells spontaneously produced higher levels of IgG anti-DNA antibody (Figure
2b). IgG anti-DNA antibody production was also increased in lipopolysaccharide-stimulated
spleen cells (Figure 2b). Lymphoid organ hypercellularity, another feature of lupus, was also
exacerbated in CD1d0 BWF1 mice (Figure 2c).

Effect of CD1d deficiency on iNKT cell responses in BWF1 mice
To ensure that CD1d-reactive iNKT cell responses are attenuated in CD1d0 BWF1 mice, as
previously reported in normal strains (45), we determined iNKT cell numbers and functions
in CD1d0 BWF1 mice (Figure 3). As expected, CD1d expression and αGalCer-loaded CD1d
tetramer–positive T cells (i.e., iNKT cells) were absent in CD1d0 BWF1 mice (Figure 3a). The
CD1d-specific iNKT cell responses, as measured by cytokine production in response to
αGalCer, were also absent in CD1d0 lupus mice (Figure 3b). In CD1d+ BWF1 mouse spleen
cells, αGalCer stimulated the release of large amounts of type 1 (IFNγ, IL-2) and type 2 (IL-4,
IL-13) cytokines, whereas neither a control glycolipid (βGalCer) nor the vehicle in which
αGalCer was dissolved induced significant cytokine responses. Levels of active TGFβ1, IL-10,
and IL-12 were low to undetectable in αGalCer-stimulated spleen cell cultures in both wild-
type and CD1d0 BWF1 mice. Addition of an anti-CD1d mAb to the cultures inhibited the
αGalCer-stimulated cytokine responses in wild-type mice. Thus, αGalCer-induced cytokine
responses are mediated entirely by CD1d1 molecules in BWF1 mice and such responses are
absent in the CD1d10 lupus-prone mice, as reported in normal mouse strains (45).

Invariant NKT cells promptly produce cytokines in response to in vivo challenge with anti-
CD3 (13). To examine the effect of CD1d deficiency on such iNKT cell responses in lupus-
prone mice, CD1d0 and CD1d+ BWF1 mice were injected with an anti-CD3 mAb and, after
90 minutes, were euthanized. Their spleen cells were cultured for 2 hours (Figure 3c).
CD1d0 and CD1d+ mice with the normal, non–lupus-prone background (B6/129) were used
as controls. Consistent with previous reports of the findings in normal mouse strains (45), the
rapid production of IL-4 was dramatically lower in CD1d0 BWF1 mice than in their wild-type
littermates. Thus, the characteristic early IL-4 response by iNKT cells was decreased in
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CD1d0 BWF1 mice. The effect of CD1d deficiency on IFNγ production, however, was less
profound in BWF1 mice than in normal B6/129 mice (Figure 3c).

Retention of significant numbers of IFNγ-secreting NKT-like cells (CD1d-independent TCRβ
+,NK1.1+ and/or DX5+ cells) in CD1d0 BWF1 mice

To begin to understand the mechanisms of disease exacerbation in CD1d0 mice, we first
analyzed the phenotype of T cells in these mice (Figure 4). Although the levels were
significantly reduced, CD1d0 mice had considerable numbers of TCRβ+,NK1.1+ cells (Figure
4a). The mean ± SEM percentages of CD4+,NK1.1+ cells were 0.99 ± 0.08% and 1.58 ± 0.22%
in CD1d0 and CD1d+ BWF1 mice, respectively (n = 9 per group; P < 0.05) (Figure 4b). Only
~60% of TCRβ+,NK1.1+ cells in wild-type BWF1 mice were iNKT cells (αGalCer-loaded
CD1d tetramer positive) (Figure 4c). Intriguingly, only ~10% of TCRβ+,NK1.1+ cells in wild-
type mice expressed the pan-NK marker DX5 (Figure 4c), and <50% of TCRβ+,DX5+ cells
expressed NK1.1 (data not shown). Further analysis showed that among all iNKT cells
(TCRβ+, αGalCer-loaded CD1d tetramer positive) in BWF1 mice, only 40% expressed any
NK marker (Figure 4d). In fact, only 15% of iNKT cells expressed the pan-NK marker DX5.
Thus, the majority of TCRβ+,DX5+ cells (85%) in wild-type BWF1 mice will represent CD1d-
restricted variant or type II NKT or CD1d-independent NKT-like cells. In CD1d0 mice, all
TCRβ+,DX5+ cells will represent CD1d-independent NKT-like cells.

To examine the phenotype of such NKT-like cells in lupus-prone mice, we isolated TCRβ
+,DX5+ cells from spleen cells pooled from CD1d0 or CD1d+ BWF1 mice (n = 10 per group).
Approximately 2.5 × 105 or 1.5 × 105 TCRβ+,DX5+ cells that accounted for ~0.6% or ~0.3%
of spleen cells were isolated from each CD1d+ or CD1d0 BWF1 mouse, respectively. These
cells were stimulated overnight with plate-bound anti-CD3, and the numbers of cytokine-
producing cells were enumerated by intracellular cytokine staining (Figure 4e). Among
enriched TCRβ+,DX5+ cells, 15.6% and 10.9% cells produced IFNγ and 3.07% and 1.14%
cells from CD1d+ and CD1d0 BWF1 mice, respectively, produced IL-4. The mean ratios of
IFNγ-producing to IL-4–producing TCRβ+,NK1.1+ cells from 2 independent experiments
were higher in CD1d0 BWF1 mice (8:1) than in their CD1d+ BWF1 littermates (4:1) (Figure
4f). This finding suggests that whereas IL-4–producing TCRβ+,NK1.1+ cells are mostly
CD1d-restricted, TCRβ+,NK1.1+ cells that develop in the absence of CD1d may
predominantly produce IFNγ. The latter (NKT-like) cells are relatively increased in CD1d0

mice as compared with their wild-type BWF1 littermates. Future studies will determine
whether IL-4–secreting TCRβ+,NK1.1+ cells from wild-type BWF1 mice inhibit
autoimmunity in CD1d0 BWF1 mice.

Reduced type 2, but enhanced type 1, cytokine responses of in vitro Con A–stimulated spleen
cells from CD1d0 BWF1 mice

In humans and mice with SLE, development of autoimmunity is accompanied by aberrant
secretion of multiple cytokines, including IFNγ, IL-2, IL-4, IL-10, IL-13, and TGFγ (1,43,46,
49). Identifying the cell types and delineating the mechanisms that contribute to such cytokine
abnormalities would facilitate understanding of the role of CD1d in the pathogenesis of SLE.
We therefore investigated whether CD1d deficiency affects conventional T cell responses in
BWF1 mice.

Spleen cells from 3-month-old CD1d0 and CD1d+ BWF1 littermates were cultured in the
absence or presence of Con A (2–10 μg/ml) for 48 hours. Supernatants were tested for cytokines
by ELISA (Figure 5a). All type 2 cytokines tested (IL-4, IL-10, and IL-13) were significantly
decreased in Con A–stimulated cultures from CD1d0 mice as compared with wild-type mice.
Among type 1 cytokines, IL-2 was significantly increased in CD1d0 mice, and IFNγ levels
were similar in CD1d0 and CD1d+ mice at low concentrations of Con A (2–5 μg/ml). At high
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concentrations of Con A (10 μg/ml) however, IFNγ was increased in CD1d0 mice as compared
with their CD1d+ littermates. Levels of active TGFβ1 and IL-12 were low to undetectable in
all cultures (data not shown). Thus, T cell stimulation with Con A revealed that the potential
for type 1 cytokine production is elevated in CD1d0 BWF1 mice.

Reduced type 2, but unchanged type 1, cytokine responses of in vitro anti-CD3–stimulated
T cells from CD1d0 BWF1 mice

To further investigate cytokine responses of conventional T cells in CD1d0 BWF1 mice, we
purified TCR+,NK1.1– cells from the spleens of CD1d0 and wild-type BWF1 mice and
stimulated them with plate-bound anti-CD3 for 16 hours or longer. As shown in Figure 5b,
levels of IL-4, IL-10 and IL-13 were significantly reduced in CD1d0 mice as compared with
their wild-type littermates. IFNγ levels were similar in the 2 groups, and IL-2 was increased
in CD1d0 as compared with CD1d+ mice. These observations suggest that CD1d influences
cytokine production by conventional T cells, resulting in a pattern of reduced production of
type 2 cytokines in CD1d0 BWF1 mice.

Percentages and total numbers of iNKT cells in the thymus and spleen of wild-type BWF1
mice

The above data suggest a protective role of CD1d in the development of lupus nephritis in the
BWF1 mouse model. The Vα14–Jα18 TCR-expressing cells that dominate the CD1d-reactive
T cell repertoire (50) can be recognized by staining with αGalCer-loaded CD1d tetramer
(51). To monitor the frequency of these cells at different stages of lupus disease development,
thymocytes from BWF1 mice before (5–8 weeks of age), during (13–18 weeks of age), and
after (>25 weeks of age) the onset of disease and from age-matched healthy BALB/c or NZW
mice were stained with αGalCer-loaded CD1d tetramer.

As shown in Figure 6a and Table 1, the percentages and total numbers of iNKT cells were
significantly lower in the thymus of BWF1 mice at the preclinical stage (5–8 weeks old) than
in age-matched BALB/c mice. Percentages, but not total numbers, of thymic iNKT cells were
also reduced in BWF1 mice at the early disease development stages (13–20 weeks old) of lupus
than in age-matched BALB/c or NZW mice. Thymic iNKT cell numbers were not significantly
different, however, between diseased BWF1 mice (32–39 weeks old) and age-matched BALB/
c mice. The percentages and total numbers of iNKT cells in the spleen were also not
significantly different between BWF1 and BALB/c or NZW mice at all ages tested (Figure 6b
and Table 1). Similar findings were obtained when iNKT cells were compared between BWF1
mice and class II MHC (H-2dz)–identical CWF1 mice (Figure 6c). Thus, iNKT cell numbers
are reduced in the thymus of BWF1 mice at early stages of disease development.

DISCUSSION
In this study, we show that the proportions and numbers of iNKT cells are reduced in the thymus
of BWF1 mice at early stages of disease development. In addition, CD1d deficiency since birth
exacerbates lupus nephritis in BWF1 mice, which is associated with an increase in IFNγ-
producing CD1d-independent NKT-like (TCRβ+,NK1.1+ and/or DX5+) cells and a reduced
production of type 2 cytokines upon polyclonal stimulation of T cells.

Several studies have enumerated iNKT cells, as defined by staining with αGalCer-loaded CD1d
tetramer, in lymphoid organs of animal models of lupus (Table 2). Consistent with data in this
article, showing reduced iNKT cells in the thymus of young BWF1 mice as compared with
BALB/c and NZW mice, thymic iNKT cells have been found to be reduced in all lupus-prone
strains examined thus far, including MRL-lpr, MRL-Fas, and pristane-injected BALB/c mice
(28,29). The study by Forestier et al (30), which reported expansion of iNKT cells in various
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organs with increasing age in BWF1 mice, also showed a lower proportion of thymic iNKT
cells in 4–6-week-old BWF1 mice than in control B6 mice (0.2% versus 0.5%, respectively).

In the spleen, however, we did not find any change in the numbers of iNKT cells in BWF1
mice. Similar data on splenic iNKT cells have been reported by Zeng et al (31) in BWF1 mice
and by our group (28) in the hydrocarbon oil–induced model of lupus. Zeng et al (31) found
no significant differences in the percentages (mean 4.8 ± 0.9% versus 3.5 ± 0.5% of TCRβ +
cells) or absolute numbers (mean 989 ± 88 × 103 versus 923 ± 72 × 103) of tetramer-positive
cells in the spleen of BWF1 and B6 mice. In contrast to these 3 studies in BWF1 and
hydrocarbon oil models, Forestier et al (30) found a significant increase in the percentages and
absolute numbers of iNKT cells in the spleen of BWF1 mice at 10–18 weeks of age. At later
ages (25–35 weeks), when BWF1 mice have splenomegaly and increased absolute numbers of
iNKT cells, there was no proportionate increase in iNKT cells as compared with B6 mice.
Thus, too few iNKT cells may be left to interact with too many other cells in the lymphoid
organs of these mice. Nevertheless, the Forestier study reported an accumulation of iNKT cells
in the liver and kidneys of aged BWF1 mice (30). In contrast, MRL-lpr and MRL-Fas+/+ mice
have a marked reduction in iNKT cells in the thymus, spleen, liver, and lymph nodes as
compared with MHC-matched C3H mice (29).

Overall, of the 5 studies that have investigated iNKT cells with the use of tetramers, 4 of them
(refs. 28,29,31 and the current study) have found either a reduction or no significant difference
in iNKT cells in the lymphoid organs of lupus-prone mice. The fifth study, however, found a
significant accumulation of these cells with age in various lymphoid organs (30). The reason
for this discrepancy remains unclear. Environmental factors, including diet, and the use of
different control strains (an MHC-unrelated control strain B6 in the Forestier study [30] and
the Zeng study [31] versus MHC-matched strains, including BALB/c, NZW, and CWF1 mice
in the present study) might partly account for some of the differences. All studies to date on
iNKT cells in lupus-prone mice are summarized in Table 2. In summary, a reduction in thymic
iNKT cells appears to be a common feature of lupus-prone mice, at least during the first 6
weeks of life. A link between lupus susceptibility and reduced thymic iNKT cells is supported
by a study showing that genetic control of thymic iNKT cell numbers maps strongly to the
robust lupus susceptibility locus Bana3/Sle1/Nba2/Lbw7 region of chromosome 1 (52).

Such iNKT cell changes must be relevant to lupus disease development, since germline deletion
of CD1d, which causes a marked deficiency of iNKT cells (45), also resulted in exacerbation
of lupus nephritis in a genetically autoimmune–susceptible model (Figure 1) as well as in a
hydrocarbon oil–induced model in otherwise normal BALB/c mice (28). Although we used
N10–N12 backcrossed CD1d0 BWF1 mice that are expected to carry ≤0.1% genes from the
129/B6 CD1d0 founders, there remains the possibility that our results reflect the introduction
or removal of a linked gene(s) during the backcross of the mutated CD1d 129 locus onto the
NZB and NZW backgrounds. Genotype analyses of our congenic strains using simple sequence
repeat markers, however, did not suggest a replacement with donor genes at any of the loci
tested (data not shown). Moreover, similar data have been obtained using different lupus
models, namely CD1d0 BWF1 (Figure 1) and CD1d0 pristane-injected BALB/c mice (28),
which is evidence against the possibility that other lupus-susceptibility genes are responsible
for our observations.

Consistent with our data, a previous study has shown that in vitro coculture with NK1.1+,CD3
+ cells or their in vivo transfer also reduces anti-DNA antibody production in the B6-lpr/lpr
model (53), which further supports the regulatory role of NKT cells in antibody-mediated
autoimmunity. However, treatment of BWF1 mice with an anti-CD1d mAb has been reported
to delay the onset of lupus (42). We and other investigators have also failed to detect a
significant effect of CD1d deficiency on the development of lupus nephritis in MRL-lpr/lpr
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mice (54,55). Instead, lupus dermatitis is exacerbated by β2m (54) and CD1d deficiency (55)
in MRL-lpr/lpr mice.

Thus, different regulatory mechanisms may account for the different outcomes of iNKT cell
manipulations in different models or in different stages of disease. Indeed, treatment of BWF1
mice with αGalCer, which activates iNKT cells, delays the onset of renal disease if given in
the early, preclinical stages of auto-immunity, but it has no effect on the disease course when
given during the late stages of disease (Yang J-Q, et al: unpublished observations). Treatment
with αGalCer during the late stages of disease can even exacerbate nephritis and enhance IgM
anti-DNA antibody levels (31). Thus, iNKT cells may be unable to exert their regulatory effects
in the presence of full-blown autoimmune disease, or a cytokine storm triggered by activated
iNKT cells might even further stimulate the already activated autoreactive T cells in certain
conditions. Additionally, iNKT cells may exert different effects during different manifestations
of disease. For example, while iNKT cells may protect against lupus nephritis, they might
exacerbate lupus-associated atherosclerosis (37). Further studies are required to clarify the
mechanism of the disparate effects of iNKT cells during different stages or aspects of disease.
Nevertheless, several lines of evidence indicate a potent suppressive role of CD1d-reactive
iNKT cells in the early stages of autoimmune diseases.

The mechanisms by which CD1d-reactive T cells contribute to protection against the
development of autoimmunity are unclear. We show that whereas IFNγ production was
unaffected or was increased in the CD1d0 BWF1 mice, production of type 2 cytokines was
decreased upon in vitro stimulation of spleen cells with Con A or stimulation of purified T
cells with anti-CD3 antibody (Figure 5). Conversely, iNKT cell activation by treatment of
lupus-prone MRL-lpr mice with αGalCer has been shown to increase serum levels of IgE
(29), which is a hallmark of the Th2 response. Although which cytokines play vital roles in the
development and progression of SLE remains largely unresolved, several lines of evidence
suggest that increased or stable T cell IFNγ production, along with reduced IL-4 production
during disease initiation, could contribute to disease exacerbation. For example, IL-4
deficiency or its in vivo neutralization increases antichromatin or anti-DNA antibody
production in animal models of lupus (46,56), and transgenic overexpression of IL-4 can
protect against the development of a lupus-like syndrome (57).

In addition to modulation of cytokine effects, CD1d deficiency and iNKT cells can modulate
the functions of other immune cell types (24,25). We have also recently found that the addition
of an iNKT cell ligand to spleen cells from the wild-type animals, but not to spleen cells from
CD1d-deficient mice, can specifically suppress IgG autoantibody production, while activating
other B cell functions (58,59). However, the effects of iNKT cells on anti-DNA antibody
production can only partly explain the disease-exacerbating effects of CD1d deficiency, since
CD1d0 BWF1 mice had a more profound increase in renal disease than in anti-DNA antibody
levels. One possible explanation for this finding may be the development of other
autoantibodies in CD1d0 mice, which might perpetuate organ damage. For example, we have
found that CD1d deficiency results in the development of anti–ribosomal P and anti-OJ
antibodies, which are generally not induced in pristane-injected wild-type BALB/c mice (28).
Another possible explanation may be the activation of autoreactive T cells or other immune
cells or increases in cytokines and chemokines, which may directly perpetuate organ damage.
Studies are under way to investigate the relative contribution of cytokine or other immune
alterations induced by CD1d deficiency or iNKT cell activation on the development and
progression of lupus.

The mechanisms by which CD1d deficiency or iNKT cell activation may influence type 1
versus type 2 cytokine production remain unclear. In this regard, NK1.1+,TCRα/β + cells
comprise a heterogeneous population of cells (29). Although most of these cells are CD1d-
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restricted, some NK1.1+,TCRα/β + cells are restricted by other MHC molecules (60,61). The
restriction elements of these CD1d-nonrestricted NKT-like cells are not clearly defined;
however, recent reports have implicated roles for the TCR α-chain connecting peptide domain
or a fetal class I molecule in their positive selection or regulation, respectively (60,61).
Expansions or phenotype alterations of such NKT-like cells might contribute to enhanced
autoimmunity in CD1d0 autoimmune-prone mice. In fact, the ratio of IFNγ-producing cells to
IL-4–producing cells was higher among NKT-like cells in CD1d0 BWF1 mice (8:1) as
compared with CD1d+ BWF1 mice (4:1), which have both “classic” iNKT cells and NKT-like
cells (Figure 4). Thus, CD1d-independent NKT-like cells may be responsible in part for the
increased IFNγ production in CD1d0 BWF1 mice. Similar inferences were made from studies
in β2m/MHC class II–double-knockout mice, which indicated a major role of CD1d-restricted
CD4+ T cells in IL-4 production and of CD1d-independent T cells in IFNγ production upon
anti-CD3 stimulation (62). Consistent with our findings, a recent study showed that TGFβ
receptor II deficiency in T cells results in reduced iNKT cells, along with increased numbers
of NKT-like cells that mediate fatal multisystem autoimmune disease (63).

In summary, we have generated several lines of evidence in this and other studies (28,29,38,
55,59) suggesting a protective role of iNKT cells in lupus, at least during the early stages of
development. However, iNKT cell activation can also aggravate lupus, such as during the late
stages of disease (31). One might argue that such preventive therapy is not worth pursuing,
since the patients do not present during the early preclinical stages. However, extrapolating
our animal data to humans with SLE, αGalCer treatment given to patients when they have
achieved remission from other therapies would prevent future relapses of disease. A clear
understanding of these roles may have implications for the development of iNKT cell–based
therapies for the treatment of complex lupus disease. Furthermore, ongoing investigations
might find other glycolipid agents that confer protection at all stages of lupus disease. The idea
that iNKT cells may suppress lupus disease is particularly appealing, because humans with
SLE have reduced numbers of circulating invariant TCR Vα24–Jα18–positive T cells (41). In
fact, treatments such as cortico-steroids that suppress disease activity in SLE patients restore
the numbers of circulating Vα24–Jα18 iNKT cells (41). Clearly, a detailed analysis of the
different roles of iNKT cells in different stages and manifestations of lupus in patients is
warranted in order to utilize the full potential of these cells in therapeutics.
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Figure 1.
Exacerbation of lupus nephritis in CD1d0 (NZB × NZW)F1 (BWF1) mice. BWF1 mice
(CD1d0 and CD1d+ littermates; n = 17 per group) were monitored for proteinuria and then
euthanized at 6 months of age to analyze renal histology (see Materials and Methods for
details). a, Proteinuria grades (1+ to 4+) in 20-week-old and 25-week-old female mice. Results
are shown as the percentage of mice. b and c, Composite kidney biopsy index (KBI) (b) and
the individual components of the KBI (glomerular activity score [GAS], tubulointerstitial
activity score [TIAS], chronic lesion score [CLS], and vascular lesion score [VLS]) (c) in
female mice. Values are the mean and SEM. * = P < 0.05 by Student’s t-test. d, Representative
kidney sections from female mice stained with hematoxylin and eosin (left), periodic acid–
Schiff (middle), and Masson’s trichrome (right). Kidney sections from CD1d+ mice show
glomerular proliferation (GP), focal mesangial proliferation (FM), and minimal interstitial
fibrosis (IF; aniline blue staining), whereas sections from the CD1d0 mice show severe
glomerular proliferation, infiltration and karyorrhexis (KR), severe glomerulosclerosis (GS),
glomerular fibrosis with scarring (GFS), and dilated atrophic tubules (AT). e and f, Composite
KBI (e) and the individual components of the KBI (f) in male mice at 8–9 months of age.
Values are the mean and SEM of 10 CD1d0 and 8 CD1d+ mice. * = P < 0.05; ** = P < 0.05–
0.06, by Student’s t-test. g, Male BWF1 mice in another cohort were monitored for 13 months
for survival. Results are shown as the cumulative percentage survival in 23 CD1d0 (○) and 17
CD1d+ (●) mice. * = P < 0.05 by log rank test.
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Figure 2.
Increased anti-DNA antibody production and enhanced lymphoid cellularity in CD1d0 (NZB
× NZW)F1 (BWF1) mice. a, Serum IgG anti-DNA antibody (Ab) levels in 15 CD1d0 and 8
CD1d+ mice. Negative control values in 6 normal BALB/c mice were 3.5 ± 0.8 units/ml (mean
± SEM). b, IgG anti-DNA antibody in spleen cells from 12-week-old BWF1 mice (n = 7
CD1d0 and n = 4 CD1d+). Cells were cultured with lipopolysaccharide (LPS) for 5 days,
supernatants were tested, and optical density (OD) values were determined. c, Enhanced
lymphoid cellularity in CD1d0 BWF1 mice. Spleen cells were enumerated in 12-week-old
female BWF1 mice (n = 9 CD1d0 and n = 5 CD1d+). Values are the mean ± SEM. Results are
from a representative experiment of 2 independent experiments performed using female mice.
* = P < 0.05 by Mann-Whitney U test in a and Student’s t-test in b and c.
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Figure 3.
Reduced invariant natural killer T (iNKT) cell cytokine responses in CD1d0 (NZB × NZW)
F1 (BWF1) mice. CD1d0 and CD1d+ BWF1 littermates (3–4 months old) were analyzed for
iNKT cells and their cytokine responses. a, Spleen cells were stained with phycoerythrin (PE)–
labeled anti-mouse CD1d and fluorescein isothiocyanate (FITC)–labeled anti-mouse B220
monoclonal antibody (mAb) or with PE-labeled anti-mouse α-galactosylceramide (αGalCer)–
loaded CD1d tetramer (CD1d-αGC tetramer) and FITC-labeled anti-mouse T cell receptor β
(TCRβ) mAb in the presence of anti-CD16/32 (2.4G2). Results are representative of 3
experiments, each with 3 mice per group. b, Effect of in vitro stimulation of spleen cells with
the CD1d ligand αGalCer on cytokine responses. Spleen cells (n = 5 mice per group) were
cultured with the vehicle (Veh; 0.025% polysorbate-20 in phosphate buffered saline [PBS]) in
which the glycolipids were dissolved or with 50 ng/ml of synthetic βGalCer (βGC) or αGalCer
(αGC). Anti-CD1d mAb 1B1 (10 μg/ml) was added to some cultures containing αGalCer.
Supernatants were collected at 48 hours and tested for interleukin-2 (IL-2) and IL-13. Addition
of αGalCer, but not control glycolipid βGalCer or vehicle alone, induced strong cytokine
responses in CD1d+ BWF1 mice; such responses were absent in cultures containing anti-CD1d
mAb or spleen cells from CD1d0 BWF1 mice. Values are the mean and SEM pg/ml. c,
Responses of iNKT cells, as determined by rapid cytokine production by spleen cells upon
brief in vivo stimulation with anti-CD3. Mice (n = 3–5 per group) were injected intravenously
with 1 μg of anti-CD3 mAb and were euthanized 90 minutes later. Suspensions of single spleen
cells were cultured (5 × 106/ml) for 2 hours, and supernatants were tested for IL-4 and
interferon-γ (IFNγ). Values are the mean and SEM pg/ml. No cytokines were detected in 2-
hour culture supernatants from the control PBS-injected mice (data not shown). Results are
from a representative experiment of 2–4 independent experiments performed. Values are the
mean and SEM pg/ml. * = P < 0.05; ** = P < 0.01 versus CD1d+ littermates, by Student’s t-
test.
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Figure 4.
Persistence of significant numbers of IFNγ-producing TCRβ+,DX5+ cells (i.e., CD1d-
independent NKT cells) in CD1d0 BWF1 mice. Spleen cells were stained for the indicated
markers, and fluorescence-activated cell sorter (FACS) analysis was performed, gating on
lymphocytes according to their forward and side light-scatter properties. Values shown in the
plots are the percentages of cells in the respective gates. Representative FACS plots (n = 4–7
mice per group) are shown. a, Percentages of conventional T cells (TCRβ+,NK1.1− cells), NK
cells (TCRβ −,NK1.1+ cells), and TCRβ+,NK1.1+ cells in 4-month-old CD1d0 and CD1d+

mice. b, Percentages of CD4+,NK1.1+ cells in 3-month-old CD1d0 and CD1d+ mice. c, The
gated TCRβ+,NK1.1+ cells from CD1d+ BWF1 mice in a were further analyzed for cells
positive for αGalCer-loaded CD1d tetramer and for DX5 expression. About 60% of TCRβ
+,NK1.1+ cells were found to be iNKT cells. d, Splenic lymphocytes from 4-month-old
CD1d+ BWF1 mice were analyzed for iNKT cells (TCRβ+, αGalCer-loaded CD1d tetramer
positive), which were further analyzed for DX5 and NK1.1 expression. e and f, Spleen cells
pooled from 3-month-old CD1d0 and CD1d+ BWF1 mice (n = 10 per group) were processed
to enrich TCRα/β+,DX5+ cells. Isolated cells (1.5 × 106) were stimulated overnight with plate-
bound anti-CD3 in 24-well plates, followed by incubation with monensin (3 μM) for an
additional 4 hours. Cells were collected and stained for FITC-conjugated anti-mouse NK1.1,
followed by intracellular cytokine staining. Percentages of IFNγ- and IL-4–producing cells
were determined by flow cytometry (e). Cytokine responses in NK1.1+ and NK1.1−
populations among the enriched DX5+,TCRα/β + cells are shown as the IFNγ:IL-4 ratio (f).
Values are the mean. Results are from a representative experiment of 4 independent
experiments performed. See Figure 3 for other definitions.
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Figure 5.
Conventional T cell cytokine responses in CD1d0 (NZB × NZW)F1 (BWF1) mice. Whole
spleen cells or purified splenic T cells from 3-month-old BWF1 mice were assayed for Th1
and Th2 cytokines. a, Spleen cells (1.5 × 106 per ml) from CD1d0 or CD1d+ BWF1 mice (n =
5 per group) were cultured for 48 hours with or without concanavalin A (Con A), and
supernatants were tested for interleukin-2 (IL-2), interferon-γ (IFNγ), IL-4, IL-10, and IL-13.
b, Purified splenic T cells pooled from CD1d0 or CD1d+ BWF1 mice (n = 10 per group) were
stimulated for 16 hours with plate-bound anti-mouse CD3 antibody, and supernatants were
tested for IFNγ, IL-2, IL-4, IL-10, and IL-13. Values are the mean and SEM. Results are from
a representative experiment of 3 experiments performed. * = P < 0.05; ** = P < 0.01, by
Student’s t-test.
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Figure 6.
Invariant natural killer T (iNKT) cells in the thymus and spleen of (NZB × NZW)F1 (BWF1)
and control mice. a, Thymocytes and b, splenocytes were prepared from BWF1, BALB/c, and
NZW mice of different ages (n = 5–12 per group) and then stained for iNKT cells by α-
galactosylceramide (αGalCer)–loaded CD1d tetramer and T cell receptor β (TCRβ). Values
shown in the plots are the mean ± SEM percentages. Results are representative of at least 5
independent experiments. * = P < 0.05; ** = P < 0.01 versus control mice, by Student’s t-test.
See Table 1 for total numbers of thymic and splenic iNKT cells. c, Thymocytes and splenocytes
from 8–14-week-old BWF1 mice or from the class II major histocompatibility complex–
identical strain (BALB/c × NZW)F1 (CWF1) were stained with allophycocyanin-labeled anti-
TCRβ and phycoerythrin-labeled CD1d tetramer loaded with PBS-57, an analog of αGalCer.
Percentages of TCRβ+ tetramer (iNKT) cells are shown at the upper right of the plots; mean
± SEM percentages of iNKT cells from 2 experiments (n = 2–4 mice per group per experiment)
at the upper left.
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Table 1
Total numbers of CD1d/α-galactosylceramide tetramer–positive cells in the thymus and spleen of BALB/c and
(NZB × NZW)F1 mice of various age groups*

Thymus Spleen

BALB/c
 5–8 weeks old 124.6 ± 7.9 52.8 ± 6.4
 13–16 weeks old 58.5 ± 6.9 52.1 ± 7.6
 32–39 weeks old 32.9 ± 3.7 69.7 ± 8.2
(NZB × NZW)F1
 5–8 weeks old 54.2 ± 7.3† 81.3 ± 9.4
 13–16 weeks old 40.4 ± 8.6 121.4 ± 17.8
 32–39 weeks old 24.3 ± 18.2 118.4 ± 21.6

*
Cells were obtained from (NZB × NZW)F1 mice before (5–8 weeks of age), during (13–18 weeks of age), and after (>25 weeks of age) the onset of

disease and from age-matched healthy BALB/c mice. Values are the mean ± SEM cell numbers ×104.

†
P < 0.01 versus BALB/c mice of the same age group, by Student’s t-test.

Arthritis Rheum. Author manuscript; available in PMC 2008 April 10.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yang et al. Page 22

Table 2
Prevalence of iNKT (αGalCer-loaded CD1d tetramer–positive) cells in animal models of systemic lupus
erythematosus*

Organ analyzed

Animal strain

Author, year (ref.)Experimental Control Prevalence of iNKT cells

Thymus Pristane-
injected BALB/c

PBS-
injected BALB/c

Pristane-injected < PBS-injected (P
< 0.01 for percentage; P < 0.05 for
total number)

Yang et al, 2003 (28)

Thymus MRL-lpr and
MRL-Fas

C3H (MHCII-
matched) and
BALB/c

MRL-lpr = MRL-Fas < BALB/c or
C3H (P < 0.05 to P < 0.001)

Yang et al, 2003 (29)

Thymus BWF1 B6 BWF1 (0.2%) < B6 (0.5%) in 4–6-
week-old mice; percentage increased
with increasing age in BWF1 mice
(0.6%, 1.5%, and 2.5% at ages 4, 14,
and 34 weeks, respectively); for total
number, BWF1 > B6 (P < 0.001) at
age 30 weeks

Forestier et al, 2005 (30)

Thymus BWF1 BALB/c, NZW, and
CWF1 (MHCII-
matched)

BWF1 < BALB/c and NZW at
preclinical and early clinical stages
(ages 5–20 weeks); BWF1 = BALB/
c at advanced clinical stage (ages >32
weeks)

Present study

Spleen MRL-lpr MRL-Fas+/+, C3H
(MHCII-matched),
and BALB/c

MRL-lpr < MRL-Fas < C3H or
BALB/c (P < 0.05 to P < 0.001)

Yang et al, 2003 (29)

Spleen Pristane-
injected BALB/c

PBS-
injected BALB/c

Pristane-injected = PBS-injected
(percentage and total number)

Yang et al, 2003 (28)

Spleen BWF1 B6 No difference (8–12-week-old
mice): absolute number similar;
percentage increased in BWF1 mice
(statistical significance not provided)

Zeng et al, 2003 (31)

Spleen BWF1 B6 BWF1 = B6 at ages 4–6 weeks
(percentage and total number);
BWF1 > B6 at ages 10–18 weeks (P
< 0.05 for percentage and total
number); at age 30 weeks, percentage
reduced, but total number increased,
in BWF1 versus B6 (P < 0.001 for
total number)

Forestier et al, 2005 (30)

Spleen BWF1 BALB/c, NZW, and
CWF1 (MHCII-
matched)

No significant difference in
percentage or total number at all ages
tested (5–8 weeks, 13–16 weeks, and
32–39 weeks)

Present study

Liver MRL-lpr and
MRL-Fas

C3H (MHCII-
matched) and
BALB/c

MRL-lpr = MRL-Fas < C3H <
BALB/c (P < 0.05 to P < 0.001)

Yang et al, 2003 (29)

Liver BWF1 B6 BWF1 = B6 in 4-week-old and 14-
week-old mice; BWF1 > B6 in 30-
week-old mice

Forestier et al, 2005 (30)

Kidney BWF1 B6 BWF1 = B6 in 4-week-old mice;
BWF1 > B6 at ages 14 weeks and 30
weeks

Forestier et al, 2005 (30)

Blood BWF1 B6 BWF1 > B6 in 4–6-week-old mice
(P < 0.05)

Forestier et al, 2005 (30)

Lymphnode MRL-lpr and
MRL-Fas

C3H (MHCII-
matched) and
BALB/c

MRL-lpr = MRL-Fas = C3H <
BALB/c

Yang et al, 2003 (29)

*
iNKT = invariant natural killer T; αGalCer = α-galactosylceramide; PBS = phosphate buffered saline; MRL-lpr = MRL-Faslpr/lpr; MRL-Fas = MRL-

Fas+/+; C3H = C3H.HeJ; MHCII = class II major histocompatibility complex; BWF1 = (NZB × NZW)F1; B6 = C57BL/6; CWF1 = (BALB/c × NZW)
F1.
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