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Natural killer cells determine the outcome of B cell–mediated autoimmunity
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Natural killer (NK) cells can affect the outcome of adaptive immune responses. NK cells, but not
NK1.1 + T cells, were found to participate in the development of myasthenia gravis (a T cell–dependent,
B cell– and antibody-mediated autoimmune disease) in C57BL/6 mice. The requirement for NK cells
was reflected by the lack of a type 1 helper T cell response and antibodies to the acetylcholine
receptor in both NK1.1 + cell–depleted and NK cell–deficient IL-18–/– mice. These findings establish a
previously unrecognized link between NK cells and autoreactive T and B cells.
Autoimmune diseases are inflammatory disorders, many of which 12) are critically important for the generation of EAMG in B6 mice11,12,
have a suspected infectious etiology. Natural killer (NK) cells, as a the production of both T helper cell subsets 1 and 2 (TH1 and TH2)
first line of defense in combating infections, may be involved in the cytokines may be required for the development of full-blown EAMG13.
initiation of autoimmunity and accumulate in the target organs of cerTo obtain a more comprehensive view of the potential role of NK
tain autoimmune diseases1–3. It has been suggested that NK or NK1.1+ and NKT cells in B cell–mediated autoimmune diseases, we examined
T (NKT) cells serve as regulatory cells in some T cell–mediated the development of antibody-mediated EAMG in mice depleted of
experimental autoimmune disease, including murine models of NK1.1+ cells, in NK cell–deficient IL-18–/– mice, and in NKT cell–defiencephalomyelitis4,5, colitis6 and diabetes7. However, several issues cient mice. Our results demonstrate that NK cells determine the outregarding the role of NK cells in the development of autoimmune dis- come of autoantibody responses to AChR via control of autoreactive T
eases remain unresolved. Few studies have been able
to distinguish between effects of NK cells and effects
a
c
e
of NKT cells, and the mechanism for the regulatory
effect of NK cells in murine models remains unclear.
Also still unknown is the point at which NK cells
impact on the development of autoimmune disease,
and the contribution of NK cells to the development of
those autoimmune diseases that are primarily mediated
by pathogenic antibodies.
Autoantibodies produced by B cells are the primary
cause of disease in a variety of autoimmune conditions,
d
f
b
including hemolytic anemia, thyroiditis, stiff man syndrome, pemphigus vulgaris and systemic lupus erythematosus8. Myasthenia gravis (MG) is one of the best
characterized antibody-mediated autoimmune diseases
because the target antigen, the nicotinic acetylcholine
receptor (AChR) of neuromuscular junctions, has been
well defined9. Experimental autoimmune myasthenia
gravis (EAMG) in C57BL/6 (B6) mice, induced by
repeated immunizations with Torpedo AChR emulsified
in complete Freund’s adjuvant (CFA), is a particularly
useful model for identification of the pathogenic mech+
anisms that cause MG in humans10. In both MG and Figure 1. Incidence and severity of EAMG in NK1.1 cell–depleted and NKT cell–deficient
mice. Mice were immunized with AChR and CFA, boosted on day 30 and 60 after immunization, and
+
EAMG, autoreactive CD4 T cells provide help for B monitored for development of EAMG. (a,b) B6 mice (, n=35) treated with isotype control antibody
cells to produce antibodies to AChR9. Although the TH1 and B6 mice depleted of NK1.1+ cells (, n=36). (c,d) Wild-type (, n=15) and Jα281–/– mice (, n=17).
cytokines interferon γ (IFN-γ) and interleukin 12 (IL- (e,f) Wild-type (, n=8) and CD1d1–/– mice (, n=8).
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day 49 and P<0.01 on day 59 after immunization) of EAMG were significantly lower in mice depleted of NK1.1+ cells (Fig. 1a,b). Mice
depleted of NK1.1+ cells had also higher AChR levels in their muscle
tissue than control mice (35±5% versus 68±12%, P<0.05).
To determine whether NKT cells are important for the development
of EAMG in this model, NKT cell–deficient Jα281–/– (ref. 14) and
CD1d1–/– (ref. 15) mice were immunized with AChR and CFA as
above. Both Jα281–/– mice and CD1d1–/– mice developed EAMG at a
similar rate to their corresponding wild-type controls (Fig. 1c–f).
Thus NK cells, but not NKT cells, affect the development of AChRinduced EAMG.

b

Figure 2. Functional properties of NK cells in EAMG. (a) NK cell–mediated
cytotoxicity of splenocytes from naïve B6 mice (), B6 mice immunized with CFA
alone () or B6 mice immunized with AChR in CFA () 7 days after immunization.
All effectors were tested against YAC-1 target cells. (b) Mean numbers (± s.d.) of
IFN-γ spot–forming NK cells (SFC) measured by a solid-phase enzyme-linked
immunospot (ELISPOT). NK cells were sorted from spleen cells of naïve B6 mice,
B6 mice immunized with CFA alone or B6 mice immunized with AChR in CFA by
flow cytometry on day 7 after immunization and cultured for 48 h without antigen
stimulation. (a) and (b) represents one of two independent experiments. (n=4 mice
per group).

NK cell activation during primary immunization

cells.

To examine the mechanisms by which NK cells influence the development of EAMG in mice, we first examined the status of NK cells
in mice actively immunized with AChR + CFA. NK cell activity in
mice immunized with AChR + CFA, or CFA alone, was higher than
in nonimmunized mice (Fig. 2a). The frequency of NK cells producing IFN-γ was also higher in mice immunized with AChR + CFA, or
CFA alone, than in nonimmunized mice (P<0.01) (Fig. 2b).
Therefore, NK cells are activated after primary immunization with
AChR + CFA.

Results

NK1.1+ cell depletion: proliferation and cytokine responses

Onset and severity of murine EAMG

To determine whether NK1.1+ cells influence autoreactive T cell
responses, lymph node mononuclear cells (MNCs) from NK1.1+
cell–depleted or control mice were isolated at days 7 and 100 after
immunization, and examined for proliferative and cytokine responses. Depletion of NK1.1+ cells did not significantly alter T cell proliferative responses to AChR or its dominant epitope the peptide
AChRα(146–162)13 (Fig. 3a,b). When lymph node MNCs were
examined for cytokine responses, it was found that IFN-γ production
by AChR-specific T cells was reduced on day 7 and 100 after immu-

To determine whether NK1.1+ cells (NK cells and NKT cells) are
important for the development of EAMG, B6 mice or B6 mice depleted of NK1.1+ cells were immunized with AChR and CFA, boosted on
days 30 and 60 after immunization, and monitored for 100 days after
immunization for signs of MG. In B6 mice, the median EAMG onset
was day 37, whereas in NK1.1+–depleted mice, the median onset was
day 65. Compared to control mice, the incidence (P<0.001 on day 49
and P<0.01 on day 59 after immunization) and severity (P<0.001 on

Figure 3. NK1.1+ cell depletion before immunization
with AChR + CFA leads to enhanced TGF-β1 production by T cells that down-regulate TH1 type immune
responses. B6 mice were immunized with AChR + CFA on
days 0, 30 and 60. NK1.1+ cells were depleted as described in
the Methods. Mice were killed at day 7 or day 100 after
immunization and MNCs isolated from draining lymph nodes
were cultured. Proliferative responses to AChR and
AChRα(146–162) on (a) day 7 and (b) day 100 after immunization (background cpm 1306±110 for day 7 after immunization, 1130±50 for day 100 after immunization; no difference was found between control and NK1.1+–depleted
mice). (c) AChR-specific IFN-γ production in NK1.1+
cell–depleted mice or in mice treated with isotype control
antibody (spontaneous release: 67±21 pg/ml). Neutralizing
transforming growth factor β1 monoclonal antibody (TGFβ1 mAb) injected, as described in the Methods, on the day of
immunization. (d) AChR-specific TGF-β1 production in mice
treated with anti-NK1.1+ or in mice treated with isotype
control antibody (spontaneous release: 273±69 pg/ml). (e)
AChR-specific IL-4 production in NK1.1+ cell–depleted mice
or mice treated with control antibody. Neutralizing
anti–TGF-β was injected, as described in the Methods (spontaneous release: undetectable). (f) Mean numbers of AChRspecific TGF-β SFC per 105 CD4+ cells measured by ELISPOT
in control and NK1.1+ cell–depleted mice (background spots:
3–5).All results are expressed as mean values ± s.d. a and b
represent one of eight independent experiments; c–f represent one of three independent experiments. Cytokine release in response to myelin basic protein (MBP) was similar to spontaneous cytokine release. Comparative statistical
analysis of control and experimental groups was done: **, P<0.01; #, P<0.001. (open bars, control antibody; filled bars, anti-NK1.1; wavey-lined bars, anti-NK1.1 + anti–TGF-β,
dotted bars anti-NK1.1 + control antibody).
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nization in mice depleted of
Table 1. EAMG development in NK1.1+ cell–depleted B6 mice inoculated with neutralizing
NK1.1+ cells compared to conantibodies to TGF-β1
trol mice (Fig. 3c; P<0.01 at
both time points). In contrast, Number of B6 mice
Muscle weaknessb
Disease incidence
Treatmenta
TGF-β1 production by AChR0
1
2
3
specific T cells was markedly 35
Control mAbs
5
6 15
9
30/35 (86%)
elevated in NK1.1+ cell–deplet- 36
Anti-NK1.1+c
23
6
4
3
13/36 (36%)
ed mice on days 7 and 100 after 6
1
3
1
1
5/6 (83%)
Anti-NK1.1++ anti–TGF-β1c
immunization
(Fig.
3d;
a
was initiated at the time of immunization.
P<0.001 and 0.01, respective- NK1.1 mAb treatment was initiated 2 days before immunization.Anti–TGF-β treatment
Data on mice injected with control mAb or NK1.1 mAb only are from Fig. 1. bMice were immunized with AChR and CFA, and
ly). No significant difference in monitored for EAMG (muscle weakness) graded 0–3 as described in Methods. cP<0.01 between groups with anti-NK1.1–treated
IL-4 production was observed mice versus anti-NK1.1–treated mice given neutralizing anti–TGF-β1.
in NK1.1-depleted mice versus
control mice (Fig. 3e).
The number of CD4+ TGF-β1–producing cells, measured by cell–depleted mice receiving no antibodies to TGF-β (Table 1).
ELISPOT was also higher in NK1.1+ cell–depleted mice (Fig. 3f). Antibody responses to AChR
Similar results were obtained for mice depleted of NK1.1+ cells 7 In MG and EAMG, the pathogenic antibodies to AChR consist predays before immunization and onwards, as described in Methods dominantly of all IgG subtypes9. These antibodies are responsible for
(data not shown). Taken together, these results suggest that NK1.1+ the functional loss of AChR in the neuromuscular junctions, resulting
cell depletion differentially regulates cytokine production by AChR- in muscle weakness9. The number of anti-AChR IgG–secreting cells
specific TH subsets.
was reduced in mice depleted of NK1.1+ cells (Fig. 4a). Accordingly,
the concentration of AChR-specific IgG in serum was reduced in these
mice (Fig. 4b). Compared to control mice, AChR-specific IgG2a and
Neutralization of TGF-β in NK1.1+ cell–depleted mice
TGF-β is a potent inhibitor of T cells16,17. To examine whether the IgG1 concentrations were not significantly altered in mice depleted of
suppression of IFN-γ–producing TH1 cells observed in NK1.1+ NK1.1+ cells, but IgG2b was significantly reduced (P<0.05, Fig. 4c).
cell–depleted mice was associated with increased production of In NK1.1+ cell–depleted mice receiving anti–TGF-β, the concentraTGF-β, we inoculated NK1.1+ cell–depleted mice with neutralizing tions of anti–AChR IgG and IgG2b were similar to those in control
antibodies to TGF-β. The suppression of IFN-γ production in NK1.1+ mice (Fig. 4c). These effects were not specific for AChR, as NK1.1+
cell–depleted mice could be reversed, at least in part, by neutralizing cell–depleted mice immunized with keyhole limpet haemocyanin also
antibodies to TGF-β. Because concentrations of the TH2 cytokine had a reduced concentration of specific antibody (data not shown).
IL-4 were unaltered after NK1.1+ cell depletion, it is less likely that
the suppression of TH1 cells was attributed to effects mediated by NK1.1+ cells influence EAMG during priming
TH2 cells (Fig. 3c). In line with the cytokine data, EAMG develop- To determine the time point at which NK1.1+ cells affect development
ment in NK1.1+ cell–depleted mice inoculated with neutralizing anti- of EAMG, mice were treated with anti-NK1.1 every 5–7 days startbodies to TGF-β was significantly enhanced compared to NK1.1+ ing on day 7 or day 37 after immunization. Mice depleted of NK1.1+
cells from days 7 and 37 after immunization developed EAMG at a
similar rate to control mice (MG incidence 83.3%, maximum MG
severity 1.9; compare with data in Fig. 1 and Table 1). AChR-specifc
ic T cell proliferation (4,220±604 cpm versus 5,170±567 cpm) and
a
cytokine production (IFN-γ 267±45 pg/ml versus 300±60 pg/ml;
IL-4 77±11 pg/ml versus 70±7 pg/ml; TGF-β 455±123 pg/ml versus
423±109 pg/ml) were similar in control mice and in mice depleted of
NK1.1+ cells at day 7 after immunization These groups of mice had
similar anti-AChR IgG (1.23±0.05 versus 0.89±0.24), detected by
enzyme-linked immunosorbent assay (ELISA) at A405 and of IgG isotypes (IgG1, 0.14±0.03 versus 0.1±0.04; IgG2a, 0.15±0.08 versus
b
0.12±0.05; IgG2b, 0.84±0.60 versus 0.61±0.13 detected by ELISA at
A405). Likewise, depletion of NK1.1+ cells from day 37 after immuFigure 4. NK1.1+ cell depletion
nization
had no impact on the development of MG or T and B cell
before immunization with AChR
responses
to AChR (data not shown).
and CFA impairs anti-AChR IgG
and IgG2b isotype responses. (a)
Mean numbers of anti-AChR IgG SFC
in control mice and mice depleted of
NK1.1+ cells (n=8 per group, background spots 0–3). (b) Serum antiAChR measured by radioimmunoassay using 125I–α-bungarotoxin (α-BGT). (c) AntiAChR IgG isotypes measured by ELISA on day 100 after immunization, and effects of
neutralizing TGF-β (see Methods). All results are expressed as mean values ± s.d.
n=20 mice per group for b and c. Comparative statistical analysis of control and
experimental groups was done: *, P<0.05, **, P<0.01, #, P<0.001. (Open squares, control antibody; filled squares, anti-NK1.1; wavey-lined bars, anti-NK1.1 + anti-TGF-β,
dotted bars anti-NK1.1 + control antibody.)
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AChR responses in mice lacking NKT cells
To find whether the effects observed after removal of NK1.1+ cells
were due to NK cells or NKT cells, we immunized NKT cell–deficient Jα281–/– and CD1d1–/– mice, and corresponding wild-type controls, with AChR in CFA. Seven days after immunization lymph node
MNCs were prepared and analyzed for proliferative and cytokine
responses. AChR- and AChRα(146–162)–specific proliferation did
not differ significantly between Jα281 –/– and wild-type mice
(Fig. 5a,b). MNC from Jα281–/– mice released slightly more AChR•

volume 1 no 3

•

nature immunology

247

© 2000 Nature America Inc. • http://immunol.nature.com

© 2000 Nature America Inc. • http://immunol.nature.com

A RTICLES

a

b

e

f

c

d

Figure 5. Effects of NKT cell deficiency on autoreactive T and B cell
responses. Mice were immunized with AChR and CFA, and lymph node MNCs isolated 7 days after immunization (a,b) Proliferative responses to AChR and
AChRα(146–162) (background cpm 1637±122). (c,d) AChR-specific cytokine release
(spontaneous release: IFN-γ, 85±15 pg/ml; IL-4, undetectable;TGF-β1, 159±23 pg/ml).
(e,f) Anti-AChR IgG and IgG isotypes measured by ELISA on day 21 after immunization. All results are expressed as mean values ± s.d. (n=8 per group). Comparative
statistical analysis of control and experimental groups was done: *, P<0.05; **, P<0.01;
#, P<0.001. (In a,c,e, open bars, Jα281+/+; wavey-lined bars, Jα281–/–; filled bars, Jα281–/–
anti-NK1.1. In b,d,f, open bars, CD1d1+/+ ; wavey-lined bars CD1d1–/–; filled bars,
CD1d1–/– anti-NK1.1.)

specific IFN-γ and slightly less IL-4 than wild-type mice (not
statistically significant). No differences in TGF-β1 production were
observed (Fig. 5c,d). Total IgG, as well as IgG1, concentrations were
not statistically different in Jα281–/– mice as compared to wild-type
mice (Fig. 5e,f). IgG2a was undetectable at the same dilution of the
sera. CD1d1–/– mice exhibited immune responses to AChR similar to
Jα281–/– mice (Fig. 5 a–f). Jα281–/– and CD1d1–/– mice treated with
antibodies against NK1.1 on day 2 before immunization with AChR
in CFA behaved in a similar way as corresponding wild-type mice
treated with the same antibodies (Fig. 5; data not shown).

and IgG2b, and increased TGF-β1 production (Fig. 6c,d), whereas
AChR-reactive T cell proliferative responses were not impaired in the
IL-18–/– mice (data not shown). Therefore, the clinical and immunological parameters in the induction of MG appear similar in B6 mice
receiving anti-NK1.1 and in IL-18–/– mice.

a

b

c

d

Immune responses to AChR in IL-18–/– mice
IL-18, originally identified as IFN-γ–inducing factor, promotes the
production of IFN-γ by NK cells and TH1 cells and enhances NK cell
activity18. To further clarify the mechanisms by which NK cells affect
EAMG development, we characterized the immune responses to
AChR in IL-18–/– mice19 immunized with AChR and CFA. Compared
to wild-type mice, IL-18–/– mice were resistant to the induction of MG
(Fig. 6a,b; incidence P<0.01 on day 55 after immunization, severity
P<0.01 on day 78 after immunization). This was associated with
defective TH1 responses and lower levels of antibodies to AChR IgG

Figure 6. Resistance to EAMG induction in IL-18–/– mice is associated with
defective NK cell function. Mice were immunized with AChR and CFA, boosted
on day 30 and 60 after immunization, and monitored for development of EAMG.
(a) EAMG incidence and (b) severity in wild-type (n=19) and IL-18–/– mice (n=20).
(c) Effects of reconstitution of NK cells in IL-18–/– mice on AChR-specific cytokine release. IL-18–/– mice were reconstituted
with 107 NK cells from either RAG-1–/– or RAG-1–/– IFN-γ–/– mice one day before immunization (n=4, see Methods). Draining
lymph node MNC culture supernatants were collected on day 7 after immunization and analyzed for IFN-γ and TGF-β1 production by ELISA (spontaneous release: IFN-γ, 58±23 pg/ml;TGF-β1, 122±15 pg/ml). (d) AChR-specific antibody responses in
IL-18–/– mice. Serum samples were collected on day 7 after immunization from mice used in c. Antibodies were detected by
ELISA (n=4). (e) Numbers of IFN-γ SFC measured by ELISPOT. NK cells were sorted by flow cytometry from spleen cells
of wild-type and IL-18–/– mice immunized with AChR in CFA on day 7 after immunization and cultured for 48 h without antigen stimulation (n=4). All results are expressed as mean values ± s.d. *, P<0.05; **, P<0.01 in experiments where wild-type
mice were compared with IL-18–/– mice. #, P<0.05 when IL-18–/– mice were compared with IL-18–/– mice which had been
reconstituted with NK cells (RAG-1–/––derived). (Open bars, IL-18+/+; light hatched bars, IL-18+/+, NK cells (RAG-1–/–); waveylined bars, IL-18+/+, NK cells (RAG-1–/– IFN-γ–/–); filled bars, IL-18–/–; shaded bars, IL-18–/–, NK cells (RAG-1–/–); dark hatched bars,
IL-18–/–, NK cells (RAG-1–/– IFN-γ–/–)).
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(IL-4, IL-10) phenotypes
would be expected to have an
impact on the development of
Number of IL-18–/– mice
Treatmenta
Muscle weaknessb
Disease incidence
autoimmune responses. It has
0 1 2 3
been proposed that intracelluc
7
PBS buffer
5 1 1 0
2/7 (29%)
lar bacteria and viruses stimu5
NK cells (RAG-1–/–)c,d
1 2 2 0
4/5 (80%)
late NK cells to produce IFN-γ
–/–
–/– d
4 1 0 0
1/5 (20%)
5
NK cells (RAG-1 IFNγ )
and by this means promote the
a
Mice were intravenously inoculated with 107 NK cells at the time of immunization. bMice were immunized with AChR and CFA,
differentiation of antigen-speand monitored for EAMG (muscle weakness) graded 0–3 as described in Methods. cP < 0.01 for PBS buffer–inoculated mice
cific T cells into a TH1 phenoversus NK cell (RAG-1–/––derived) inoculated mice. dP < 0.05 for NK cell (RAG-1–/– IFN-γ–/– –derived) inoculated mice versus NK
type20,21. Our findings support
–/–
cell (RAG-1 –derived) inoculated mice.
this notion. However, the production of IFN-γ by NK cells,
although important, may not be sufficient for the induction of a fullblown TH1 response20 (and as this study shows).
Reconstitution of NK cells in IL-18–/– mice
TGF-β is a potent inhibitor of T cell–mediated responses16,17.
Because early production of IFN-γ by NK cells may promote subsequent TH1 responses20,21, the defective AChR reactive TH1 responses Antigen-specific triggering of TH3 cells to produce TGF-β confers
could be due to either the absence of direct IL-18 action on TH1 cells, protection against EAMG induction24. TGF-β appears to contribute to
reduced IFN-γ production by NK cells, or both. Despite normal the suppression of disease development in the current model. Our
development of NK cells, NK cell activity with respect to cytotoxic- data suggest an interplay between NK cells and antigen-specific T
ity and production of IFN-γ is severely impaired in IL-18–/– mice19 and B cells: NK cells promote TH1 responses in part by early produc(Fig. 6e). RAG-1–/– mice22 have normal NK cells but no NKT cells. To tion of IFN-γ, and further by suppression of TGF-β producing T cells.
address directly whether IFN-γ derived from NK cells can influence These effects of NK cells influence the antigen-specific antibody
autoreactive TH1 cell responses and disease development in the response. These observations do not exclude the possibility that other
EAMG model, we sorted NK cells from RAG-1–/– or RAG-1–/– IFN- signals from NK cells, or other inhibitory molecules involved in NK
γ–/– (double mutant)23 mice. Although NK cells from RAG-1–/– mice cell–T cell interactions, may contribute to down-regulation of TH1
readily produced IFN-γ as determined by ELISPOT analysis, only responses in this model. It has been proposed that an “inhibitory cirbackground levels of IFN-γ production were detected in NK cells cuit” in which TGF-β produced by NK cells serves as a critical cosfrom RAG-1–/– IFNγ–/– mice (data not shown).
timulatory signal to induce CD8+ T suppressor cells25,26. It is also posWe then reconstituted IL-18–/– mice with these two types of NK sible that cytokines produced by NK cells collaborate with cytokines
cells 1 day before immunization with AChR and CFA. Transfer of produced by T cells to regulate autoreactive B cell responses. NK
5×106 or 1×107 NK cells from RAG-1–/– IFNγ–/– mice to IL-18–/– mice cells may also directly interact with B cells27.
had no detectable effects on cytokine production by T cells (data not
We observed profound effects of NK1.1+ cell depletion on antibody
shown). However, transfer of 5×106 or 1×107 NK cells from RAG-1–/– responses. However, in another study it was shown that depletion of
mice lead to increased levels of IFN-γ production by MNCs from IL- NK cells by anti-NK1.1 reduced host defense against malignancy
18–/– mice and the production of anti-AChR IgG2b (Fig. 6c,d; data not without loss of cellular or humoral immunity28. These different results
shown). TGF-β1 production was suppressed, whereas IL-4 produc- are most likely due to the different status of the NK cells in the expertion was unaltered by reconstitution of NK cells (Fig. 6c; data not imental systems used. In an earlier study, NK cells did not receive an
shown). IFN-γ producing CD4+ T cells from IL-18–/– mice, as mea- infectious signal and thus may not have been activated. The frequent
sured by ELISPOT, were also rescued (data not shown). AChR- association between infections and autoimmune diseases in humans
immunized IL-18–/– mice reconstituted with NK cells derived from and the use of bacterial adjuvant to induce experimental autoimmune
RAG-1–/– mice exhibited clinical MG similar to that of wild-type mice diseases indicates that initiation of autoimmunity often involves NK
(Table 2). Taken together, these results suggest that IFN-γ production cell activation. The findings presented here further demonstrate that
by activated NK cells can promote TH1 responses and enhance NK cell activation can result in altered antibody responses, including
those directed against autoantigens.
B cell–mediated autoimmunity.
In relation to the effects observed on IgG2b concentrations in NK
cell–depleted mice, it has been proposed that both IFN-γ and TGF-β
Discussion
In this study we provide evidence that NK cells, a major arm of innate regulate production of IgG2b to T cell dependent antigens29.
immunity, participate in the development of MG, a primary B cell– and However, TGF-β does not affect IgG2b production in all experimenantibody–mediated autoimmune disease, in mice. The requirement of tal systems29,30. In situations when levels of both IFN-γ and TGF-β
NK cells was reflected by the failure to mount TH1 type and anti-AChR are altered, it is unclear which one of these cytokines is most critical
responses after NK1.1+ cell depletion in wild-type mice and in NK for control of IgG2b production. In EAMG, results from several labcell–deficient IL-18–/– mice. NK cells were involved in the initiation of oratories indicate that anti-AChR IgG2b is preferentially subject to
disease, and absence of NK cells resulted in enhanced TGF-β produc- regulation by IFN-γ, in particular in situations where multiple
tion by AChR-specific T cells. These effects were not observed in mice cytokines are altered11–13. This pattern is in line with the observations
lacking NKT cells. Collectively, these data reveal a critical link presented here.
between NK cells and autoreactive T and B cells.
Recent studies suggest that susceptibility to TH1-mediated autoimThe mechanisms by which NK cells modulate adaptive immune mune diseases in mice can be attributed, at least in part, to the availresponses are not fully understood. Factors that determine the differ- able numbers of NKT cells7,31. It has been suggested that NKT cells
entiation of naïve T cells into either TH1 (IL-2, IFN-γ, TNF-α), or TH2 confer protection due to their ability to promote TH2 development31.
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Table 2. EAMG development in IL-18–/– mice reconstituted with NK cells
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We also observed that the NKT cell–deficient mice exhibited a
tendency toward reduced IL-4 production and a concomitant increase
in IFN-γ production. However, the two mouse strains deficient in
NKT cells developed MG to a similar extent as wild-type mice, suggesting that this defect is not sufficient to enhance disease.
Nevertheless, these findings do not exclude a possible role for NKT
cells in the current model.
The current data provide insights into the possible mechanisms of
autoimmune pathology. In a tentative scenario, one may envisage an
intracellular bacterial or virus infection that activates NK cells. Next,
NK cells may promote autoaggresssion via control of autoreactive T
and B cells during the initial activation phase of these cells.
Decreased NK cell function has been observed in fulminant MG32, as
well as in some other autoimmune diseases33. These studies of human
subjects may represent only part of the history of autoimmune diseases, essentially events in the established phase. Our study also suggests that an orchestra of NK cells and autoreactive T and B cells contribute to the generation of destructive autoimmunity. Thus a therapy
taking into account all these cellular components, and targeting the
critical link between them, could be successful in preventing autoimmune diseases.

Methods
Mice. B6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME). The NKT
cell–deficient strains Jα281–/– (ref. 14), CD1d1–/– (ref. 15), IL-18–/– (ref. 19), RAG-1–/– (ref.
22) and IFN-γ–/– (ref. 23) were all backcrossed to a B6 background. All mice were housed
in a specific pathogen-free condition at the animal facilities of the Microbiology and Tumor
Biology Center, Karolinska Institutet. Female mice, aged 8–10 weeks at the initiation of the
experiments, were used.
Antigens. AChR was purified from the electric organs of Torpedo californica (Pacific
Biomarine, Venice, CA) by affinity chromatography on a α-cobrotoxin–agarose resin
(Sigma)34. The isolated product was pure as judged by SDS-PAGE. The purified Torpedo
AChR was used to induce EAMG and for stimulation in vitro. Muscle AChR extract from
B6 mice was prepared34 and used as antigen for detection of antibodies to mouse AChR.
MBP used as control antigen was purified from normal mouse brains35. AChRα(146–162):
LGIWTYDGTKVSISPES13 was synthesized at the Swedish Institute for Infectious Disease
Control, Stockholm, Sweden.
Antibodies. The clone PK136 (anti-NK1.1)36 was obtained from American Type Culture
Collection (Manassas, VA). Mouse IgG2a (Sigma) was used as isotype control antibody.
For in vivo depletion of NK1.1+ cells, 300 µg monoclonal antibody to NK1.1 was administered by intraperitoneal (i.p.) injection to each mouse 2 days before immunization unless
otherwise stated. Every 5–7 days thereafter, 150 µg anti-NK1.1, or control antibodies were
injected via the i.p. route until the termination of experiments. Depletion efficacy was
checked by flow cytometry with anti-NK1.1 or anti-DX5 (both from PharMingen, La Jolla,
CA). In some experiments, the anti–TGF-β 1D11.16 (mouse IgG1) specific for TGF-β1,
TGF-β2, and TGF-β3 and 1410KG7 (mouse IgG1) isotype control mAb37 were injected via
the i.p route to neutralize TGF-β. In these experiments, mice were treated with 1 mg
anti–TGF-β or control mAb at the time of immunization, followed by 500 µg weekly
administration until the termination of the experiments.

10% (v/v) fetal calf serum (both from Gibco). Supernatants to be assayed for TGF-β1 content were generated in Aim V serum-free medium (Life Technologies, Grand Island, NY).
Cytotoxicity assay. NK cell–mediated cytotoxicity was measured using a standard 51Crrelease assay38. Spleen cells were incubated with 51Cr-labeled YAC-1 target cells at the indicated effector/target ratios. After 4 h of culture, supernatants were counted for 51Cr release
in a γ-counter (Packard Instrument Co.).
Cell isolation, sorting and transfer. MNC were obtained by mincing the popliteal and
inguinal lymph nodes through a wire mesh. Spleen NK cells were sorted using a FACStarplus
(Becton Dickinson, Mountain View, CA). The sorted cells were >99% pure upon reanalysis by flow cytometry. After overnight culture, the sorted NK cells were injected via the
intravenous route into recipient mice.
T cell proliferation and cytokine induction. 4×105 MNC were incubated in 200 µl culture
medium in 96-well round-bottom microtiter plates (Nunc, Copenhagen, Denmark). 10 µl
aliquots of either AChR, AChRα(146–162), MBP or Con A (both from Sigma) were added
into wells at final concentrations of 10 µg/ml (AChR, peptide or MBP) or 5 µg/ml (LPS and
Con A). After 4 days of incubation, the cells were pulsed for 18 h with 10 µl aliquots containing 1 µCi of [3H]methylthymidine (specific activity 42 Ci/mmol; Amersham, Arlington
Heights, IL). Cells were collected onto glass fiber filters and thymidine incorporation was
measured. For cytokine induction, supernatants were collected at 48 h after in vitro boosting. IFN-γ and IL-4 were measured by optEIA kits (PharMingen). TGF-β1 was measured
with an ELISA kit (Promega). The sensitivities of these ELISA assays were 31.3 pg/ml for
IFN-γ, 7.8 pg/ml for IL-4 and 30 pg/ml for TGF-β1.
Cytokine ELISPOT. An ELISPOT assay was used to detect cytokine secretion at the single cell level33. Plastic plates (Dynatech, Chantilly, VA) were coated with 100 µl IFN-γ capture antibody (Innogenetics, Genth, Belgium) at 15 µg/ml. 105 sorted NK1.1+ cells were cultured for 48 h. Secreted and bound IFN-γ were visualized by application of biotinylated
detector antibody (Innogenetics), and ABC (Dakopatts). Similarly, IFN-γ and TGF-β1
cytokine–producing CD4+ lymph node cells were detected as described previously39.
Assays of antibodies to AChR IgG. An ELISPOT assay was used for enumerating antiAChR IgG–secreting cells13,24. Anti-AChR were measured by radioimmunoassay34. Isotypes
of anti-AChR IgG were detected by ELISA using rabbit anti-mouse IgG1, IgG2a, or IgG2b
(Dakopatts) as described24.
Statistical analysis. Differences between groups were evaluated by ANOVA. Disease
incidence and severity were analyzed by Fisher’s exact test and Mann-Whitney’s U-test,
respectively.
Acknowledgements
We thank N. Sarvetnick for reading the manuscript;T.Takeda and S. Akira for IL-18
mutant mice; M.T. Bejarano, L. Cervenak and members of the Ljunggren group for discussions; P. H. van der Meide, B.Wahren, M. Levi, M. Mustafa and M. Korsgren for antibodies
and other reagents; M. L. Solberg, M. Hagelin and B.Wester for technical assistance.
Supported by grants from the Swedish Medical Research Council, the Swedish Multiple
Sclerosis Society, the Swedish Cancer Society, the Petrus and Augusta Hedlund foundation, the Lars Hierta foundation, the Magnus Bergwall foundation, the Åke Wiberg foundation and the Karolinska Institutet.
Received 28 April 2000; accepted 3 August 2000.
1.
2.
3.
4.

Induction of EAMG and measurement of muscle AChR content. Mice were immunized
subcutaneously with 20 µg AChR in CFA in a total volume of 100 µl, and at days 30 and
60 after immunization boosted twice with 20 µg of AChR in CFA with subcutaneous injection. The mice were scored every other day after the second immunization for signs of muscle weakness characteristic of EAMG. The disease symptoms were graded between 0 and
310: 0, no definite muscle weakness; 1, normal strength at rest, but weak with chin on the
floor and inability to raise the head after exercise consisting of 20 consecutive paw grips;
2, as grade 1, and weakness at rest; 3, moribund, dehydrated and paralyzed. Clinical EAMG
was confirmed by injection of neostigmine bromide and atropine sulphate10. For measurement of muscle AChR content, two pM aliquots of 125I–α-bungarotoxin– (Amersham)
labeled Triton X-100–solubilized mouse muscle extract was mixed with standard pooled
mouse AChR antiserum in triplicate. After incubation, rabbit anti-mouse immunoglobulin
(Dakopatts, Copenhagen, Denmark) was added. The precipitates were counted in a
γ-counter (Packard Instrument Co., Meriden, CT)34.

5.
6.
7.
8.
9.
10.
11.
12.
13.

Culture medium. Cells were suspended in Dulbecco’s modification of Eagle medium
(Gibco, Paisley, UK) supplemented with 1% (v/v) minimum essential medium (Gibco), 2
mM glutamine (Flow Lab., Irvine, UK), 50 IU/ml penicillin and 50 mg/ml streptomycin and

250

nature immunology

•

volume 1 no 3

•

14.
15.

Tak, P. P. et al. Granzyme-positive cytotoxic cells are specifically increased in early rheumatoid synovial tissue. Arthritis Rheum. 37, 1735–1743 (1994).
Dalakas, M. C. & Illa. I. Common variable immunodeficiency and inclusion body myositis: a distinct
myopathy mediated by natural killer cells. Ann. Neurol. 37, 806–810 (1995).
Garcia-Suarez, J. et al. Persistent lymphocytosis of natural killer cells in autoimmune thrombocytopenic purpura (ATP) patients after splenectomy. Br. J. Haemat. 89, 653–655 (1995).
Zhang, B.,Yamamura,T., Kondo,T., Fujiwara, M. & Tabira,T. Regulation of experimental autoimmune
encephalomyelitis by natural killer (NK) cells. J. Exp. Med. 186,1677–1687 (1997).
Matsumoto,Y. et al. Role of natural killer cells and TCRγδ T cells in acute autoimmune
encephalomyelitis. Eur. J. Immunol. 28, 1681–1688 (1998).
Fort, M. M., Leach, M.W. & Rennick, D. M. A role for NK cells as regulator of CD4+ T cells in a
transfer model of colitis. J. Immunol. 161, 3256–3261 (1998).
Lehuen, A. et al. Overexpression of natural killer T cells protects Vα14-Jα281 transgenic nonobese
diabetic mice against diabetes. J. Exp. Med. 188, 1831–1839 (1998).
Litzenburger,T. et al. B lymphocytes producing demyelinating autoantibodies: development and function in gene-targeted transgenic mice. J. Exp. Med. 188, 169–180 (1998).
Drachman, D. B. Myasthenia gravis. N. Engl. J. Med. 330, 1797–1810 (1994).
Berman, P.W. & Patrick, J. Experimental myasthenia gravis: a murine system. J. Exp. Med. 151, 204–223
(1980).
Balasa B. et al. Interferon γ (IFN-γ) is necessary for the genesis of acetylcholine receptor-induced
clinical experimental myasthenia gravis in mice. J. Exp. Med. 186, 385–391 (1997).
Moiola, L. et al. IL-12 is involved in the induction of experimental autoimmune myasthenia gravis, an
antibody mediated disease. Eur. J. Immunol. 28, 2487–2497 (1998).
Shi, F. -D. et al. Differential requirements for CD28 and CD40 ligand in the induction of experimental autoimmune myasthenia gravis. Eur. J. Immunol. 28, 3587–3593 (1998).
Cui, J.Q. et al. Requirement for Vα14 NKT cells in IL-12-mediated rejection of tumors. Science 278,
1623–1626 (1997).
Mendiratta, S.K. et al. CD1d1 mutant mice are deficient in natural T cells that promptly produce IL-

september 2000

•

http://immunol.nature.com

© 2000 Nature America Inc. • http://immunol.nature.com

A RTICLES

© 2000 Nature America Inc. • http://immunol.nature.com

4. Immunity 6, 469–477 (1997).
16. Mason, D. & Powrie, F. Control of immune pathology by regulatory T cells. Curr. Opin. Immunol. 10,
649–655 (1998).
17. Chen,W., Jin,W. & Wahl, S. M. Engagement of cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)
induces transforming growth factor β (TGF-β) production by murine CD4+ T cells. J. Exp. Med. 188,
1849–1857 (1998).
18. Okamura, H. et al. Cloning of a new cytokine that induces IFN-γ production by T cells. Nature 378,
88–91 (1995).
19. Takeda, K. et al. Defective NK cell activity and Th1 responses in IL-18-deficient mice. Immunity 8,
383–390 (1998).
20. Romagnani, S. Induction of TH1 and TH2 responses: a key role for the “natural” immune responses?
Immunol.Today. 13, 379–311 (1992).
21. Douglas,T. F.The instructive role of innate immunity in the acquired immune response. Science 272,
50–54 (1996).
22. Mombaerts, P. et al. RAG-1-deficient mice have no mature B and T lymphocytes. Cell 68, 869–877 (1992).
23. Dalton, D.K. et al. Multiple defects of immune cell function in mice with disrupted interferon-γ
genes. Science 259, 1739–1745 (1993).
24. Shi, F. -D. et al. Mechanisms of nasal tolerance induction in experimental autoimmune myasthenia
gravis: Identification of regulatory cells. J. Immunol. 162, 5757–5763 (1999).
25. Gray, J. D., Hirokawa. M. & Horwitz. D. A.The role of TGF-β in the generation of suppression: an
interaction between CD8+ T and NK cells. J. Exp. Med. 180, 1937–1942 (1994).
26. Gray, J. D., Hirokawa, M., Ohtsuka, K. & Horwitz, D. A. Generation of an inhibitory circuit involving
CD8+ T cells, IL-2, and NK cell-derived TGF-β: Contrasting effects of anti-CD2 and anti-CD3. J.
Immunol. 160, 2248–2254 (1998).
27. Yuan, D., Koh, C.Y. & Wilder, J. A. Interactions between B lymphocytes and NK cells. FASEB J. 8,

http://immunol.nature.com

•

september 2000

1012–1018 (1994).
28. Seaman,W. E., Sleisenger, M., Eriksson, E. & Koo. G. C. Depletion of natural killer cells in mice by
monoclonal antibody to NK-1.1: Reduction in host defense against malignancy without loss of cellular or humoral immunity. J. Immunol. 138, 4539–4544 (1987).
29. Snapper, C. M. & Mond, J. J.Towards a comprehensive view of immunoglobulin class switching.
Immunol.Today 14, 15–18 (1993).
30. Ridderstad,A., Lettesjö, H.,Abedi-Valugerdi, M. & Möller, E. Differential sensitivity to transforming
growth factor (TGF)-β of CBA and of CBA/N B cells demonstrates that the IgG2b inducing factor in
synovial fluid from rheumatoid arthritis patients is not identical to TGF-β. Int. Immunol. 7, 459–469
(1995).
31. Hong, S. et al. Lipid antigen presentation in the immune system: lessons learned from CD1d knockout mice. Immunol. Rev. 169, 31–44 (1999).
32. Rauch, H. C., Montgometry, I. N. & Kaplan, J. Natural killer cell activity in multiple sclerosis and
myasthenia gravis. Immunol. Invest. 14, 427–434 (1985).
33. Vranes, Z., Poljakovic, Z. & Marusic, M. Natural killer cell number and activity in multiple sclerosis. J.
Neurol. Sci. 94, 115–123 (1989).
34. Lindstrom J., Einarson, B. & Tzartos, S. Production and assay of antibodies to AChR. Methods
Enzymol. 74, 432–460 (1981).
35. Deibler, G. E., Martensson, R. E. & Kies, M.W. Large scale preparation of myelin basic protein from
central nervous tissue of several mammalian species. Prep. Biochem. 2, 139–164 (1972).
36. Koo, G. C. & Peppard, J. R. Establishment of monoclonal anti-NK1.1 antibody. Hybridoma 3, 301–303
(1984).
37. Dasch, J. R., Pace, D. R.,Waegell,W., Ineaga, D. & Ellingsworth, L. Monoclonal antibodies recognizing
transforming growth factor-β. Bioactivity neutralization and transforming growth factor-β2 affinity
purification. J. Immunol. 142, 1536–1541 (1989).
38. Chambers, B. J., Salcedo, M. & Ljunggren, H. G.Triggering of natural killer cells by the costimulatory
molecule CD80 (B7-1). Immunity 5, 311–317 (1996).
39. Korsgren, M. et al. Natural killer cells determine development of allergen-induced eosinophilic airway inflammation in mice. J. Exp. Med. 189, 553–562 (1999).

•

volume 1 no 3

•

nature immunology

251

