e
=

Table 2

research article

Differential gene expression patterns in aGC-treated and OCH-treated murine NKT cells

Liver GD3-NK1.1+ Spleen CD3+NK1.1+
Untreated ofiC OCH Untreated olC OCH

Common GenBank 15h 12h 1.5h 12h 15h 12h 1.5h 12h
name

1FN-y Kooogs 1.0 P 50 P 03 P 12 P 01 P 10 P 40 P 23 P 0.7 P 10 P
iL-2 mig762 10 A 34 P 12 A 123 P 13 A 1.0 A 234 P 02 A 10 A 03 A
iL-2 Ko2292 10 A 1296 P D06 A 28 A 11 A 1.0 A 1561 A 07 A 107 A 15 A
GM-CSF X03020 10 P 380 P 04 A 41 P 01 A 10 A 157 P 14 A 27 A 21 A
-4 X03532 1.0 P 2768 P 25 P 473 P 02 A 10 A 3489 P 351 P B8P 47 F
it-4 M25892 1.0 P 382-P 02 P 77 P 01 A 10 P 686 P 76 P 91 P 11 P
iL-4 X03532 1.0 A 348 P 39 A g4 A 18 A 10 A 22 A 42 A 11 A 07 A
iL-13 M23504 10 A 9930 P 14 A 561 P 18 A 10 A 1407 P 123 A 191 A 23 A
ThNF< Dg4186 10 P 3B P 21 P 17 P 12°P 10 P 165 P 25 P 18 P 26 P
Lymphotoxin A M16619 10 P 69 P (2 A 14 P 01 A 10 P 25 P 1.7 P t2 P 09 P
fL-Ta M14633 10 P 251 P 56 P 31 P 44 P 10 P 67 P 58 P 11 p 21 p
IL-1p M15131 10 P 80 P 98 P 13 P 79 P 10 P 33 p 22 pP 06 P 15 P
IL-1RA 132838 1.0 P 109 P 152 P i1 A 113 P 10 P 53 P 280 P 09 P 234FP
iL-3 Koiesg 10 A 332 P 26 A 47 A 1.2 A 10 A 40 A 11 A 14 A 17 A
iL-6 X54542 1.0 A 348 P 165 P 88 P 107 P 1.0 A 18t P 178 P 18 A 1224

Real-time PCR analyses were conducted for /FN-y and /L-4 as well as for other selected cytokine genes listed in Figure 4 (data not shown) to confirm the
correlation with those obtained from microarray analysis. Each probe was assigned a "call” of present {P; expressed) or “absent” (A; not expressed) using
the Affymetrix decision matrix, GenBank, GenBank accession number; f/L-7RA, IL-1 receptor antagenist.

recently been shown to induce Thl-type activity superior to that
induced by @GC, and IL-12 is indispensable for the Th1-skewing
effect of the analog (27), indicating the importance of IL-12 in aug-
menting IFN-y production in vivo (14, 28). Interestingly, the C-gly-
coside analog induces production of IFN-y and IL-4 by NKT cells
less strongly than does aGC at 2 hours after in vivo administration.
Given that o GC and C-glycoside analog have the same structure for
their lipid rails, they might be expected to have comparable affinity
for CD1d molecules, and the slightly “twirled” e-anomeric galac-
tose moiety berween C-glycoside and O-glycoside may modulate the
agonistic effect of these glycolipids. Furthermore, the C-glycoside is
more resistant to hydrolysis in vivo and may have an advantage for
effective production of IL-12 by APCs. In fact, OCH induces margin-
al IL-12 production after in vivo administration (dara not shown),
which makes it unable to induce IFN-y production by vatious cells.
Therefore, the beneficial feature of OCH as an immunomodulator
is that it does not trigget production of IFN-y in vivo.

As described previously, NKT cells recognize glycolipid antigens
in the context of the nonpolymorphic MHC class I-like molecule
CD1d (4). Crystal strucrure analysis revealed that the mouse CD1d
molecule has 2 narrow and deep binding groove with extremely
hydrophobic pockets, A’ and F' (29). Thus the two alipharic hydro-
catbon chains would be captured by this binding groove of CD1d
and the more hydrophilic galacrose moiety of 2GC or OCH would
be presented to TCR on NKT cells. As OCH is an analog of aGC
with 2 truncated sphingosine chain, it could be predicred thart trun-
cation of the hydrocarbon chain would make it more unstable on
CD1d, which might then affect the duration of TCR stimulation
on NKT cells. We demonstrared in this study that OQCH detached
from the CD1d molecule more rapidly than did aGC after a shore-
term pulse in which the glycolipids were segregated from the endo-
somal/lysosomal pathway. Accordingly, we showed thae the initia-
tion of IFN-y production by NKT cells required more prolonged
TCR stimulation than was required for IL-4 production. Methods
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such as surface plasmon resonance were not appropriate for direct
assessment of the interaction between glycolipids and CD1d, pos-
sibly because of unpredictable micelle formation and the poor solu-
bility of glycolipids in aqueous solvents {30). The half-life of che
interaction of glycolipids and CD 1d was reported to be less than 1
minute by surface plasmon resonance (31), contradicting function-
al assays suggesting a much longer half-life. Therefore, we applied
a biological assay to evaluate the stability of these glycolipids on
CD1d molecules, as described previously (13).

The characceristics of OCH are somewhar analogous to those
of an altered peptide ligand (APL) that has been shown ro induce
a subset of funcrional responses observed in intact peptide and,
in some cases, induce production of selected cytokines by T cells
(32-34). Thus, OCH and possibly other aGC derivatives could
be called “alrered glycolipid ligands” {AGLs). Although the bio-
logical effects of APLs and AGLs could mediate a series of similar
molecular events in target cells, it should be noted that APLs and
AGLs differ in ctheir “conceptual features.” Thar is, APLs are usu-
ally aleered in their amino acid residues to modify their affinicy for
TCRs, whereas AGLs have rruncation of their hydrocarbon chain
responsible for CD1d anchoring. This paper has highlighted the
duration of NKT cell stimulation by CD1d-associared glycolipids
as being a critical facror for determining the nature of AGLs for
selective induction of cytokine production by NKT cells.

Given thac IL-4 secretion consistently precedes IFN-y production
by NKT cells after TCR ligation, we speculated there were crirical
differences in the upstream transcriptional requirements for the
IEN-y and IL-4 genes in NKT cells. In support of this speculation,
CHX zreatment specifically inhibited the transcription of IFN-y but
not that of JL-4. In contrast, transcription of both cyrokines was
abolished by CsA treatment, indicating that TCR-mediated activa-
tion of NF-AT is essential for the production of both cytokines. TCR
signal-induced NF-AT activation occurs promptly corresponding to
calcium influx (35). Meanwhile, the protein expression of specific
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Figure 5

Induction of NF-xB family members in activated
NKT cells, (A) Plotted values represent data
of Affymetrix microarray analysis for the indi-
cated genes.The aGC-stimulated (red lines)
or OCH-stimulated (green lines) cells as well
as unstimulated liver NKT cells were analyzed
at the same time points and the data are pre-

pES/RelA

sented as the relative value for stimulated NKT

i} T
5

5 10
Time (h)

(=
o

Time (h)

1 cells when the value in NKT cells derived from
untreated animals was defined as 1. (B} Real-

1%

c-Rel

e W
7]

3

51

Fold increas
(3]

time PCR analysis for the same genes as in
A. Data are presented as described in Figure
4. (C) Sorted liver NKT cells were pretreated
with CsA or CHX and were stimulated with
immebifized mAb to CD3, and comparative
values of ¢-Rel transcripts relative to GAPDH
were determined. (D) Sorted liver NKT cells
were stimulated with immobilized mAb 1o CD3

pB5/RelA

AZ:b-_____‘,

Q ."5 1'0 UO 5 1’0
Time {h} Time {h}

L
Qo

g

500
04
4008 IFN-y

O Untreated
O CsA
Im CcHX

o0
a

g
g

2
S

Arbitrary units

% of RNA expression

% of RNA expression

-3

0 30 50 70 %0 100
Stimulation time (min)

kY

0 2 [
Stimulation time (h}

transcription factors takes more time to accomplish. The require-
ment for prolonged TCR stimulation for initiation of IFN-y tran-
scription may be due ro its dependency on specific gene expression.

Recently, Matsuda et al. have shown using cytokine reporter
mice thar Vald-invariant NKT cells express cytokine transcripts
in the resting state, but express protein only after stimulation (22).
We obtained a similar result with our microarray analysis, in that
many cytokine transcripts including IFN+y and IL-4 were detectable
in unstimulated NKT cells derived from liver or spleen, because
most of them were assigned a “call” of “present” by the Affymerrix
decision matrix, which means they were significantly expressed.
The mechanism of translation of pre-existing cytokine transeripts
after activarion of NKT cells remains to be investigated.

Through microarray analysis and real-time PCR, we next identi-
fied a member of the NF-kB family of transcription factors, c-Rel,
as being a protein rapidly expressed after aGC treatment and pos-
sibly responsible for the transcription of IFN-y. Treatment with
aGC selectively upregulated ¢-Rel transcription 1.5 hours after
stimulation of NKT cells in vivo. QCH treatment, however, showed
no induction of ¢-Rel transcription. Although c-Rel is transcrip-
tionally upregulated after TCR stimulation of T cells (36), tran-
scription of other NF-xB family members such as p65/RelA, Rel,
NFB], and NFxB2 was unchanged (data not shown). CsA treatment
inhibited ¢-Rel transcription, but CHX did not, indicating that induc-
ible transcription of ¢-Rel was directly controlled by TCR signal-medi-
ated activarion of NF-AT, which is consistent with a previous report
(19). Although the pre-existing NF-kB proteins in general provide a
means of rapidly altering cellular responses by inducing the destruc-
tion of IxB in order to enable NF-xB to be free for nuclear transloca-
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for the indicated periods of time and then were
cultured without stimulation for up to a total of
120 minutes after the initiat stimulation. Total
RNA was extracted from each sample and
analyzed for relative amounts of transcripts of
{FN-y or iL-4 (1eft), or c-Rel (right). The amount
of RNA derived from unstimulated NKT cells
was defined as 100%.

tion and DNA binding, most of the nuclear
c-Rel induced after T cell stimulation has
been shown to be derived from newly trans-
lated c-Rel proteins. In contrast, pre-existing
¢-Rel scarcely translocates to the nucleus at
all (36), indicating that the nuclear induction of c-Rel in T lympho-
¢yte requires ongoing protein synthesis. The retrovirally transduced
loss-of-function murtant c-Rel (¢-RelATA) significantly inhibited
transcription of IEN-y genes, indicating the crucial role of ¢-Rel in
their transcription after activation of NKT cells. Although it is possi-
ble that the Rel domain of the dominant negative mutant may affect
anumber of NF-kB dimers, it is unlikely, becanse IFN-y production
by stimulated NKT cells were CHX sensitive and other NK-xB mem-
bers were not induced after stimulation in the microarray analysis.
Retroviral transduction of wild-type c-Rel into NKT cells resulted
in slightly augmented expression of IFN-y after stimulation. Induc-
tion of endogenous c-Rel after in vitro stimulation might reduce the
effect of recrovirally introduced ¢-Rel protein.

Whereas ¢-Rel has been associated with the functions of various
cell types, its role in the immune system was first demonstrated in its
involvement in IL-2 transcription (37), in which it possibly induced
chromatin remodeling of the promoter (38). Recently, the promot-
ers for the genes encoding JL-3, IL-5, IL-6, TNF-0t, GM-CSF, and IFN«y
were shown to contain KB sites or the kB-relatred CD28RE. Gene
targering of ¢-Rel in mice revealed that c-Rel-deficient T cells have
a defect in the production of IL-2, IL-3, IL-5, GM-CSF, TNF-q, and
IFN-y, although expression of some of the cytokines was rescued by
the addition of exogenous IL-2 (39, 40). Regarding the involvement
of c-Relin IFN-y producrion, the ¢-Rel inhibitor pentoxyfylline {41)
selectively suppresses Th1 eytokine production and EAE induction
(42), and transgenic mice expressing the trans-dominant form of
IxBa have a defect in IFN-y production and the Th1 response (43).
Recently, an elegant study using c-Rel-deficient mice revealed c-Rel
has crucial roles in IFN-y production by activated T cells and conse-
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quent Th1 development by affecting the cellular funcrions of both T
cells and APCs {20).Thus, the critical involvement of c-Rel for IFN-y
production in NKT cells is consistent with these findings.

Our resulrs indicare rthar rapid calcium influx and subsequent
NF-AT activation is essential for IFN-y production by activated NKT
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Figure 6

Cytokine production after retroviral transduction of ¢-Rel or ¢-RelATA
into NKT celis. (A) DNA fragments encoding wild-type c-Rel or its
mutant were cloned into the pMIG(W) bicistronic retrovirus vector. The
mutant form of ¢-Rel {¢-RelATA) lacks the transactivation domain of the
¢-Ral protein, LTR, long terminal repeat; IRES, internal ribosome antry
site; eGFP, enhanced GFP. (B) Flow cytometric identification of cells
transfected with the viral vector. Among the NK1.1+CD3+ liver NKT
cells identified in the left panel, approximately 10% were GFP positive.
The GFP-positive NKT cells wers sorted for further analysis. (C) IFN-y
production by NKT cells transfected with ¢c-Rel or its dominant nega-
tive mutant. The CD3+NK 1.1+ NKT cells infected with the viruses were
isolated based on their expression of GFP and were stimulated with
immobilized mAb to CD3. For transduction of c-Rel or c-RelATA into
NKT celis, two independent clones of each retroviral vector were used,
The level of IFN-y in the supernatants was measured by ELISA,

cells and that c-Rel plays a crucial role in IFN-y production as well.
NF-AT shows quick and sensitive nucleocytoplasmic shuctling after
TCR activation (35). Feske et al. demonstrated that the pattern of
cytokine production by T cells was determined by the duration of
nuclear residence of NF-AT (44) and thar sustained NF-AT signaling
promoted IFN-y expression in CD4* T cells (45). Considering the
structural feature of aGC with longer lipid chain, sustained stim-
ulation by aGC induces long-lasting calcium influx, resulting in
sustained nuclear residence of NF-AT, and c¢-Rel protein synthesis,
which enables NKT cells to produce IFN-y. In contrast, the rather
sporadic stimulation by OCH induces short-lived nuclear residence
of NE-AT, followed by marginal c-Rel expression, which leaves NKT
cells unable to produce IFN-y (Figure 7). Thus, the kinetic and quan-
rirative differences berween aGC and OCH in the induction of tran-
scription factors, such as NF-AT and c-Rel, decermine the pattern
of cytokine production by NKT cells. As CD1d molecules are non-
polymorphic and are remarkably well conserved among the species,
the preferencial induction of IL-4 production through NKT activa-

Figure 7

A model for the differential expression of IFN-y and IL-4 after treatment of NKT cells with «GC or OCH. See text for details.
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tion and subsequent Th2 polarization suggest that OCH may be an
attractive therapeutic reagent to use for Thl-mediated autoimmune
diseases such as multiple sclerosis and rheumatoid arthritis.
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A Structural Basis for the Association of DAP12 with Mouse,

but Not Human, NKG2D"

David B. Rosen,* Manabu Araki,?" Jessica A. Hamerman,* Taian Chen,* Takashi Yamamura,

and Lewis L. Lanier3#

+

Prior studies have revealed that allernative mRNA splicing of the mouse NKG2D gene generates receptors that associate with
either the DAP10 or DAP12 transmembrane adapter signaling proteins. We report that NKG2D [unction is normal in heman
patients lacking functional DAP12, indicating that DAP10 is sufficient for human NKG2D signal transduction. Further, we show
that human NKG2D is incapable of associating with DAP12 and provide evidence that structural differences in the transmembrane
of mouse and human NKG2D account for the species-specific difference for this immune receptor. The Journal of Immurology,

2004, 173: 2470-2478.

r I Y he activity of NK cells is regulated by a balance of pos-
itive and negative signals transduced, respectively, via ac-
tivating and inhibitory cell surface receptors (1, 2). The

activating receptor NKG2D, a C type-like lectin and type II trans-

membrane (I'M)* protein (3), is expressed on all NK cells. v

TCR™ T cells, and human CD8™ T cells and is induced on acti-

vated mouse CD8™ T cells (4). NKG2D recognizes several MHC-

related ligands, including the ULI&-binding protein and MEHC

class I-related chain [amily of proteins in humans (5, 6) and H&0,

RAE-1, and MULT-1 in mice (7-10). These NKG2D ligands,

though usually absent from or expressed at low levels by normal

adult tissues, are often induced on stressed, infected, or tumeor cells
in adult life {reviewed in Ref. 11). In this fashion, leukocytes express-
ing NKG2D can directly recognize transformed or infected cells,

Activation through NKG2D can have multiple outcomes including
the production of IFN-y and the triggering of cell-mediated cytotox-
icity {5, 12). In a8 TCR™ T cells, NKG2D has been sugpested to
provide a costimufatory role similar to CD28, enhancing TCR-medi-
ated signaling events (13, 14). In vivo NKG2D is involved in antitu-
mor as well as antiviral immunity (reviewed in Ref. 15).

NKG2D itself lacks intrinsic signaling capabilities. Like the
TCR, NKG2ZD contains a positively charged amino acid within its
TM region and requires association with adapter signaling proteins
for cell sorface expression. These adapter proteins contain com-
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plementary negatively charged amino acids within their TM re-
gions that provide a salt bridge with NKG2D. Both in mice and
humans, NKG2D homodimers associate with and signal through
homodimers of the TM adapter protein DAP10 (12, 16). Signaling
through DAP10 involves phosphorylation of its cytoplasmic
YXXM motif, recruitment of the p83 svbunit of phosphatidylino-
sitol-3 kinase, and downstream signaling through AKT (16-18).

In mice, alternative mRNA splicing generates two functionally dis-
tinct isoforms of the NKG2D protein (12). The mouse NKG2D long
(mNEGZ2D-L) protein comprises 252 amino acids, whereas the mouse
NKG2D short (mNKG2D-5) pretein lacks the first 13 N-terminal
amino acids and initiates tanslation at a second methionine in the
cytoplasmic domain of this type II protein. This shorter isoform is
expressed in activaled, but not resting, mouse NK cells and is capable
of pairing with homodimers of either DAPL0 or DAP12, an ITAM-
containing TM adapler protein. Like other ITAM sequences, DAP12
intracellular YXNL;_g: YXXLT motif recruits Syk family kinases
(15). Mouse NKG2D-L pairs exclusively with DAPIO (12). Both
DAP10 and DAFI2 signaling contribute to NK cell-mediated cylo-
toxicity, whereas DAPI2 signaling also definitively simutates cyto-
kine production, such as IFN-y (12, 16, 20, 21).

The ability of the mouse NKG2D to generate identical receptors
with distinct signaling properties by viriue of association with dif-
[erent adapler proteins prompted the question of whether human
NEG?2D also demonstrates this property. In this study, we have
examined NKG2D expression and functional activity in human
PBMCs of patients lacking a functional DAPI2 gene and have
explored the structural basis for association of human and mouse
NKG2D with the DAP10 and DAPI2 adapter proteins.

Materials and Methods
Characterization of patients with Nasu-Flakola

The DAPIZ {fyrobp) gene in a patient with Nasu-Hakola, desiznated NHI,
has a single base mutation in the start codon of exon 1 that has recently
been identified in Japanese patients (22). Patients NI2 and NIi3 have a
single base deletion in exon 3 (22, 23). Loss of DAPI2 protein expression
in these patients was confirmed by Western blotting as previously de-
scribed (22). Studies of all these subjects were conducted according to the
institutional guideline.

Cytotoxicity assays

PBMC were prepared {rom peripheral blood samples of healthy individuals
and three patients with Nasu-Hakola disease using density gradient cen-
trifugation by msing Ficoll-Hypaque Plus (Amersham Pharmacia Biotech.
Uppsala, Sweden). PBMC were resuspended at 2 X 10%m] in RPM! 1640
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mediem supplemented with 10% FCS. 2 mM L-gltamine, HEPES, peni-
cillin’streptomycin, and 2-ME. PBMC were plated into 24-well plates in
the presence of 100 Wml 1i1-2, for mAb-induced redirected cytolytic as-
says, or 1000 1/ml rIl-2, for BaFi3 eytotoxicity assavs rll.-2 (Shionogi,
Osaka, Japan). A lower concentration of IL-2 was osed for assays with
P815 target cells as high doses of JL-2 cause considerable background
cytoloxicity against 8135, likely due to lymphokine-activated kilfer activ-
ity. Activated PBMC were harvested afier 48-h callure, then used in 4-h
3Cr release cytotoxicity assays as described (24). Ba¥/3, BaFi3 cells ex-
Ercssmg MICA*0019, and FeR™ PB15 cells were tabeled with 100 pCi of
'Cr (PerkinFlmer, Boston, MA) for 2 h at 37°C, washed three times, and
used as target cells in cell-mediated cytotoxicity assays. For mAb-induced
redirected cytotoxicity assays using P815 tarpet cells, PBMC were cultured
in the presence of medium only, control mAb anti-CD56 mAb (Lenl9; BD
Immunocytometry Systems, San Jose, CA) or amti-NKG2D mAb (made in
collaboration with Dr. I. Houchins: R&D Systems, Minneapolis, M),
Monoclonal Abs were used at a final concentration of 2.5 pg/ml.

cDNAs, chimeras, and plasmids

Human “short” NKGZD), human trancated NKG2D, mouse truncated
NKGID, mouse-human NKG2D chimeras (mTM hEC), and NKG2I-CD69
chimeras were created by standard PCR mulagepesis. TM regions were de-
termined by using the following TM prediction programs and a ¢onsensus
sequence was obtained by comparison of the analyses: Tmap (hup:ifsrs.ebi.
acuk/srsbin‘cgi-bin'wgetz?-page + Launch +-1d + [dvs K IMjeHZ +-appl +
tmup+-ldunch.i'-'rom-top) DAS (htip:/iwww.sbe.swse!/ ~miklosDAS/);
Tmpred (htip:/fwwiwv.ch.embnet.org/software/TMPRED. form. html);

TIVIMTOP (hitp:ifwwiwenzim huwhmmtop/himlisubpit htral); SOSUT (hup:it
sosui.proteome. bio.tuat.ac.jpicgi-bin‘sosui.c gi¥sosui_submit html); and
TMIDVVM (http/iwwwe ebs.dtu di/services'TMIIVMY). Protein chimeras
and truncations were created using the following amino acids: mANKG2D
begins at K48 hANKGID at R47, and ACD69 at V39 (with numbering
beginning at the first amine acid in the mNKG2D-L isoform and the buman
NKG2D and CD69 sequences). Mouse NKG2D TM construct consists of
amino acids K48-VE4 and the human NKG2ID TM constructs span R47-N80.
Human NKG2T) extracellular (EC) construct begins at 1.82. and the human
D62 EC corstruct at G63, The human NKG2D short intracellutar region
canstrect consists of MI15-Ed8, the human long intraceliular construet of
M1-E48 and the mouse NKG2D tail construet spans M1-E13. CD69 cDNA
was synthesized from mRNA isolated from Jurkat T cells stimufated 24 h with
25 og/mi PMA (Calbicchem, Darmstady, Germany) by reverse transcription
with Superscript I (Invitrogen Life Technologies, Carlsbad, CA). Site-directed
mutagenesis was performed using a Quick Change kit (Invitrogen Life Tech-
pelogies). according lo the manufacturer’s instructions. All constructs were
contimed by D\a\ sequencing. cDNAs were subcloned into pMx-pie (con-
talning a puromycin resistance pene, an internal ribosomal entry site (IRES)
element, and the enhanced GFP gene) or pMX-puro retroviral vectors (23).

Cells and transfectants

Plasinid constructs were transfected with Lipofectamine 2000 (Invitrogen
Life Technologies) into the Phoenix packaging cell lines {generous gifts
from Dr. G. Nolan. Stanford University, Palo Alto, CA) (26) to produc:
retroviruses. Retroviruses in medium containing & pg/ml polybrene (Sig-
ma-Aldrich, St Touis, MO) were used 1o int‘cct BaF/3 reporter ¢clls.
Briefly, polybrene was added to retroviral supernatants and the mixture was
used to resuspend BaFi3 reporter cells. Following centrifugation of the
cells in the retrovirus-containing medium (1300 X g for 2.5 h). transfected
reporter cells were incubated for 48 h at 37°C and then assayed for trans-
gene expression. BaF/3 reporter cells were created from the mouse pro-B
BaF'3 cell line. Dr. 8. Tangye (Centenary Institute, Sydney, Australia)
geperously provided BaFi3 cells transfected with a mouse 1L-3 ¢cDNA to
permit autocrine production of this requisite growth lactor. To create Myc-
DAP1O reporter cells, IL-3% Baki3 cells were infected with retroviruses
{pMX-puro vector} containing a ¢cDNA including the buman CD8 Jeader
segment, followed by the Mye epitope (EQKLISFEDLY joined to the EC
N-terminal dowain of buman DAPY0 (27). Similardy, to create Flag-
DAPI2 reporter cells. IL-3* Bal'/3 cells were infected with retroviruses
(pMX-puro vector) containing ¢DNA incloding the human CDS8 leader
segment, followed by the Flag epitope (DYKDDDDK) joined to the EC
N-terminal domain of human DAPI12, as described (19, 28). Infected cells
were then selected in RPMT 1640 medium supplemented with 10% FCS, 2
mM L-glutanine, and 1 pg/ml puromycin.

Flow cytometry and Abs

For immunofluorescence analysis of transfected myc-DAP10 BaFi3 -
porter cells, 1 X 10° cells were stained with anti-miyc mAb 9E11 (gener-
ously provided by Dr. G. Evan, University of Ca)ifornia, San Francisco,
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CA), followed by a donkey anti-mouse 1gG sceondary Ab conjugated 10 PE
(Jackson ImmunoRescarch Laboratories, West Grove, PA). Cells were then
preincubated in 10% nommal mouse serum before being stained with either
biotin-conjugated mouse¢ anti-human NKGZD mAb (clone 149810, R&D
Systems). biotin-conjugated ral anti-mouse NKG2D mAb CX5, or alle-
phycovyunin-confugated mouse anti-hurun CD6Y mAb Leu23 (BD
Pharmingen, San Diego, CA). Biotun-conjugated Abs were detected with
CyChrome-conjugaied or allophycocyanin-conjugated streptavidin (BD
Pharmingen). For immunoflucrescence analysis of tramsfected Flag-
DAPI12 BaFi3 reporter cells, 1 X 10% cells were stained with biotin-con-
jugated anti-Flag mAb M2 (Sigma-Aldrick), foHlowed by CyChrome-con-
Jugated slreplavidin (BD Pharmingen). Cells were also stained prior with
PE-conjugated mAb to mouse NKG2D (CXS5), anti-human NKG2D, or
anti.-CD69 (Leu23; BD Fharmingen) foliowed by doukey anti-mouse IeG
PE. Live cells were gated based on forward and side scatter profiles. Ret-
rovirs-infected cells were gated based on GFP fluorescence, Cells were
analyzed by using a FACSCaliber (BD Biosciences, San Jose. CA) or a
small deskeop Guava Personal Cytemeter with Guava ViaCount and Guava
Express software (Hayward. CA).

Immunoprecipitations and Western blots

A total of 50 X 10° transfected Bali3 cells were solubilized in 1 ml Brij-
Nonidel P40 Iysis buffer (0.875% Bui} 97, 0.125% Noaidet P-40, 10 mM
Tris base, 150 mM NaCl (pII 8.0). and protease inhibitors; all Sigma-
Aldsich). Cell lysates were precleared with 60 ul of protein G-Sepharose
beads (Amersham Phammacia Bictech) for 1 b at 4°C. Anti-human NKG2D
(clone 149810; R&D Systems) or isotype-matched control mAb were
cross-linked to protein G beads by incubation in PBS for 30 min, followed
by incubation in 10 mM dimethy} pimelimidate dihydrochloride (DMP:
Pierce, Rockford, 1.3, 200 mM triethanolamine (Sigma-Aldrich) pH 8.2 for
45 min and extensive washing. Monoclonal Ab-coated heads were used for
tmmunoprecipitation of prccleamd lysates for 3 b at 4°C, After washing,
immunopreeipitates were eluted by adding nonredecing sample buffer and
incubating for 30 min at room temperature, 2-ME (Sigma-Aldrich) was
added. samples were boiled, and analyzed by 15% SDS-PAGE. Samples
were transferred 1o lmmobilon P membrane (Millipore, Bedford, MA),
blocked and probed with goat apti-buman DAPIO Ab N-17 (Santa Cruz
Biotechnology, Santa Cruz, CA) or anti-human DAPI? mAb DX37 (27),
followed by HRP-conjugated donkey anti- goal [gG (Amersham Phammacia
Bioteeh) or goat anti-mouse I3G (Amersham Pharmacia Biotech), respec-
tively, and visvalized with chemiliminescent substrate (Pierce).

Results
PBMCs from DAPIZ™'™ patients display normal NKG2D

funiction

Only the counterpart of the mNKG2D.L isoform has been de-
scribed in humans and has been shown to coimmunoprecipitate
with DAP10. but not DAPI2 (16, 27). Nonetheless, this does not
exclude a weak or indirect association between human NKG2D
and DAP12 that may contribute to NKG2D receptor function in
human lymphocytes. Therefore, stidies were undertaken to ad-
dress formally a potential role for DAP12 in human NKG2D re-
ceptor-dependent NK cell activation, Nasu-Hakola disease, also
called polvcystic lipomembranous osteodysplasia with sclerosing
leukoencephalopathy, is a globally distributed recessively inher-
ited disease caused by loss of function mutations in the DAPI2
{also called tyrebp) gene (23). In this report, we analyzed PBMC
of three Japanese patients with Nasu-Hakola disease for their
NKG2D-mediated eytolytic function. Each of these patients has a
single point mutation in their DAPI2 gene that causes premature
stop codons and results in a complete lack of detettable DAP12
protein (see Materials and Methods). We examined the peripheral
blood CD37CN56™ NK cells of these patients acd found that the
expression of NKG2D on the cell surface of their NK cells was
indistinguishable from normal, healthy individuals (Fig. 1a). Pre-
viously, we reported that loss of function mutations in human
DAPI2 did not aflect expression of the closely linked DAPI0 gene
(23); however, In this prior study NKG2D receptor-dependent
functions were not directly analyzed,

To formally address the activity of the NKG2DD) receptor in pa-
tients lacking DAPI2, we tested the ability of PBMCs from these
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FIGURE 1. NKG2ZD expression and function in Nasu-Hakola patients.
a, NKG2D levels on NK cells are identical in normal bealthy humans and
paticnts with Nasu-Hakola discase. CD37CD56™ NK cells from PBMC of
& normal, healthy individual, and Nasu-Hakola patients (NH1, NH2, and
NII3) were stained with mAb against CD3, CD36, and NKG2D or appro-
priate contrel Ig and were analyzed by fow cytometry. Representative data
from onc Nasu-Hakola patient are shown. Isotype-matched Ig control
(dashed line} and anti.-NKG2D (bold lines) are shown. b, PBMC from a
uormal, bealthy individual and three Nasu-Hakola patients (N1, NFI2,
and NH3) were culiured for 48 h in JL-2 and assaved for mAb-induced
reditected cytotoxicity against FeR™ P815 target cells in the ahsence or
presence of anti-NKG2D mAb or anti-CD36 mAb (used as a negative
control). ¢, IL-2-activated PBMC from a pormal, healthy individval, and
three Nasu-Hakola patients (NHI, NH2. and NH3) were assayed for ¢y-
tolytic activity against mouse Ba'F3 target celfs or BaF3 cells stably trans-
fected with MICA*0019, a buman NKG2D ligand.

patients to kill target cells by the NKG2D-dependent pathway.
This was achieved by using an anti-NKG2D mAb-induced redi-
rected cytotoxicity assay and by using mouse target cells trans-

DAP12 ASSOCIATES WITH MOUSE BUT NOT HUMAN NKG2D

fected with a human NKG2D ligand, MICA*0019, PEMCs from
the three patients with Nasu-1akola disease. as well as a normal,
healthy individual, were cultured for 48 h in IL-2 and then used as
effector cells in these cytotoxicity assays. Using *'Cr-labeled
FcR™ PRI5 larget cells, anti-NKG2D mAb induced cytotoxicity
mediated by PBMCs of bealthy individuals and patients with
Nasu-Hakola disease, whereas the anti-CD56 mAb used as a neg-
ative control failed fo augment lytic activity (Fig. 1b). No signif-
jcant difference was seen in NKG2D-mediated cyvtotoxicity levels
between the patient and control cells. To further characterize
NKG2D function in patients with Nasu-Hakola disease, we per-
formed cytotoxicity assays against BaF/3 mouse pro-B cells stably
transfected with MICA*0019, a physiological ligand of human
NKG2D. Although minimal cytotoxicity was seen against untrans-
fected, parental BaF/3 cells, BaF/3 cells stably expressing MICA
stimulated elevated cytotoxicity from activated PBMCS of both
normal individuals and patients with Nasu-Hakola disease. No sig-
nificant difference was observed in cytotoxicity levels mediated by
PBMCs of healthy individuals and Nasu-Hakcla patients against
MICA-bearing target cells. Thus, NKG2D expression on NK cells
and NKG2D-dependent functions were indistinguishable among
healthy individuals and the patients with Nasu-Hakola disease.
These experiments demonstrate normal human NKG2D function
in the absence of DAP12.

Unlike mouse NKG2D-8, Tuman NKG2D does not associate
with DAFP12

Many NK receptors, including NKG2D, KIR2DS, Ly49D, NKR-
P1C, NKp30, NKpH, NKp46, and CDO4NKG2C, are multisub-
unit receplor complexes that convey signals via the TM adapters
FceRly, CD3L DAPIO, or DAPI2 (reviewed in Ref. 29). All of
these adapters have a negatively charged aspartic acid residue in
their hydrophohic TM domain, which is critical for interaction
with an oppositely charged basic residue in their associated ligand-
binding receptors. For NKG2D, this basic residue is a conserved
arginine in the TM region (Fig. 24, starred residue). The human
and mNKG2D-L receptors have been shown to pair and signal
through DAP10, but not DAP12 (12, 16).

Recently, a secend isoform of mouse NKG2I) was discovered
that lacks the first 13 N-terminal cytoplasmic amino acids and uses
an alternative methionine start site due to altenative splicing of the
transcript {12, 30). This shorter murine NKG2D isoform is capable
of pairing and signaling with both DAP10 and DAP12 adapters
(12, 30). Examination of the predicted amino acid sequence of
human NKG2D reveals that it also contains a second N-terminal
methionine residue that could potentially act as an alternative start
site (Fig. 2a). Although to date no alternatively spliced human
transeript involving the NKG2ID cytoplasmic domain has been
identified (31), it is impossible to exclude the existence of such
isoforms at a low abundance or that they are only expressed in
certain conditions of activation or in selected cell types. Therefore,
we have addressed the issue using a different approach. In this
model, we ask whether a theoretical short huinan NKG2D isoform
lacking the first 14 amino acids could be able to pair with DAP12.

To address this experimentally, we artificially created a short
human NKG2D) using the second methionine residue as the start
site and tested its ability to pair with DAP10 and DAP12. For these
assays, we used mouse BaF:3 reporter cells stably transfected with
Myc¢ epitope-tagged human DAPLO or with Flag epitope-tagged
human DAPI2. In the absence of an associated receptor, Mye-
DAPI0 and FILAG-DAP12 were expressed at only low levels on
the cell surface of the reporter cells. These reporter cells were
infected with retroviruses encoding the wild-type human NKG2D
(in our study designated as hNKG2D-1), the artificially created
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heman “short”™ NKG2D {(or hNKG2D-S), mNKG2D-L, and
mNKG2D-8 or an empty retroviral vector. The pMX-pie retroviral
vector used in these experiments harbors an IRES-GFP element
downstream of the inserled cDNA, allowing for infected cells to be
readily detected by the expression of green fuorescence.

Cells were stained with mAbs against the appropriate epitope
tags and either human or mouse NKG2D. Infected cells, detected

Ra!

by gating on GFP-positive cells using flow cytometry, were then
analyzed for coexpression of NKG2D and the epitope-tagged
adapter protein of interest. Coordirate expression of NKG2D and
its associated adapter protein on the sutface of transfected cells is
indicated by the “diagonal™ relationship observed in the bivariate
dot plots. The long NKG2D proteins of both species and the
mNKG2ZD-S protein paired with DAP10, as would be expected

Vector Alone hNKG2D-L i "hNKG2D-S" mNKG2D-L  mNKG2D-S
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FIGURE 3. Unlike mNEG2D-5. human short NKG2D does not pair with DAP12, BaF3 reporter cells stably expressing Myc-DAP10 (upper panels)
or Flag-DAP12 (lower panels) were infected with retroviruses with the indicated NKG2D CONstructs i a vector containing an IRES-GFP ¢lement. Samples
were stained with the relevant anti-NISG2D and anti-epitope tag maAbs and analyzed by flow cytometry. Data shown are gated on GFP* cells, which
cenfirmed expression of the construct in the infected cells, Resulis shown are representatve of at least three independent experiments.
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FIGURE 4. Mouse NKG2D TM and EC domains are sufficient for
DAPI2 association. Ba/F3 reporter cells stably expressing Myc-DAP10 or
Flag-DAPI2 were infected with remroviruses with the indicated NKG2D
constructs, as shown in Fig. 25, in a vector containing aa IRES-GFP ¢le-
ment. Samples were stained with the relevant anti-NKG2D and anti-
epitope tag mAbs and acalyzed by flow cytometry. Results shown are
representative of at leasi three independent experiments.

based on prior reports (12, 16) (Fig. 3). In accordance with prior
findings (12, 30), mNKG2D-S efficiently paired with DAP12. By
contrast, although the human short NKG2D associated with
DAPI0, it was completely unable to pair with DAP12. Hurman and
mouse NKG2D-L were able to pair interchangeably with either
human or mouse DAP19, without species preference (data not
shown). Similarly, mNKG2D-8 associated equally with mouse or
human DAP12, whereas human short NKG2D failed to assemble
with either mouse or human DAP12. Collectively, these results
demonstrate a fundamental difference between the human and
mouse NKG2D proteins, rather than species-specific differences in
the conserved adapter proteins.

Mouse NKG2D cytoplasmic domain is not required for DAPI2
associarion

In mouse NKG2D, the 13 amino acid N-terminal cytoplasmic tail
present in mNKG2D-L, absent in mNKG2D-§, abrogates DAP12
binding (12). Similar to mouse NKG2D, the first 14 amino acids of
human NKG2D preceding the second methionine in the cytoplas-
mic domain is a highly charged region (isoelectric point pH 12).
As our artificial human short NKG2D also lacks this potentially
inhibitory sequence, and is still unable to pair with DAP12, other
structural elements must explain the difference hetween human and
mouse NKG2D with respect to association with DAP12. By com-
parison of mouse and human NKG2D (Fig. 2), one explanation lies
in a 13 amino acid stretch present in mouse, but not human
NKG2D, in the cytoplasmic juxtamembrane region. This unique
murire cytoplasmic juxtamembrane sequence (mCIS), designated
in Fig. 2q, might provide a positive signal for DAP12 association,
as this sequence js present in mouse but not human NKG2D. To
address this possibility, we created two N-terminal truncations of

DAP12 ASSOCIATES WITH MOUSE BUT NOT HUMAN NKG2D

mouse NKG2D: one that contained the mCJS and another that only
contained the TM and EC domains (mANKG2D). Similarly, we
created a truncated human NKG2D, which contained only the TAM
and EC domains (hANKG2D) (Fig. 28). Retroviruses encoding
mANKG2D and hANKG2D were used to infect Mye-DAPI0 or
Flag-DAP12 reporter Bal3 cells, as previously described.

Ab staining for the appropriate epitope tags and NKG2D re-
vealed that mANKG2D was capable of pairing with both DAP10
and DAP12 (Fig. 4). This result suggests that the mCJS region is
not required for DAP12 association and that the mouse NKG2D
TM and EC domains are sufficient for DAPI2 association. The
same experiment with a truncated mouse NKG2D still containing
the mCJS did not significantlly improve DAP12 association, sug-
gesting that this sequence plays no major rele in DAPI2 associa-
tion {data not shown). Like human short NKG2D, hANKG2D was
still able to pair with DAPIOQ, but was incapable of pairing with
DAP12. This excluded the possibility that the inability of human
NKG2D to pair with DAP12 was due o an inhibitory sequence
present in the cyloplasmic region. Furthermore. these results sug-
gest that the dilference between mouse and human NKG2D, with
respect to DAP12 association, must lie within the TM and/or EC
domains.

The mouse NK(G2D TM sequence allows human NKG2D 10 pair
with DAPIZ

Previous studies with a chimeric protein composed of the DAP10
EC-DAPI2 TM-DAFPIQ cytoplasmic domains suggested a nonper-
missive interaction between the TM regions of DAP12 and human
NRG2D (27). Furthermore, examination of the protein sequences
of human and mouse NKG2D reveals significant sequence diver-
gence within the TM region (Fig. 2a, underlined). These observa-
tions spurred the question of whether the difference in DAPI2
pairing ability between mouse and human NKG2D could be at-
tributed to their TM regions. To test the hypothesis that the mouse
NKG2D TM is permissive for DAP12 association whereas the
human NKG2ID TM is not, we created a chimeric NKG2D con-
struct containing the mTM hEC domain (Fig. 25) and tested its
ability to pair with DAPIO and DAPL2 in BaF/3 reporter cells, as
previously described. We found that replacing the human TM™ with
the mouse TM region allowed the chimeric protein to stabilize
expression of human DAP12 on the cell surface of the transfec-
tants (Fig. 5a). In other words, the mouse NKG2D TM permitted
the chimeric receptor to associate with DAP12. This conclusion
was further supported by the ability to coimmunoprecipitate both
DAPIO and DAPI2 with the chimeric receptor containing the
mouse NKG2D TM region (Fig. 5¢). By contrast, as reported pre-
viously, human NKG2D coimmunoprecipitates with DAP10, but
not with DAPI2 (27, 31). These results suggest a critical difference
between the TM domains of human and mouse NKG2D such that
human NKG2D is not permissive for DAP12 pairing whereas
mouse NKG2DD is permissive.

In these experiments, we also tested whether the FQPV motif
(Fig. 24, boxed) on the EC membrane-proximal side of the mouse
TM was necessary for DAPL2 interaction, as this motif is absent
from human NKG2D. Our experimenis suggest this motif is un-
necessary as chimeric mTM hEC proteing with or without this
sequence associate equivalently with DAPI2 (data not shown).

The human NKG2D cytoplasmic domain when associaied with
the mouse NKGZD TM region is permissive for DAPI2
association

Like the mouse NKG2D 13 amino acid tail, the N-terminal portion
of human NKG2D-L. contains multiple charged amino acid resi-
dues (Fig. 2a). Because of this simifarity, it is possible that the
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FIGURE 5 The mouse NKG2D
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human tail behaves like the mouse tail and may also be repulsive
to DAP12 association. Thus, in addition to having a nonpermissive
TM region in human NKG2D, the repulsive segment present in
mNKG2D-L cytoplasmic demain might have been conserved
in humans to prevent potential association with DAP12. To answer
the question of whether the long cytoplasmic domains of human
NKG2D or the artificial “short” hNKG2D are permissive for
DAP12 binding, we created NI{G2D chimeras from the mTM-REC
construct adding back the human “short™ intracellular domain (hIC-
“Shert” mTM hEC), the human long intracellular domain (hIC-Long
mTM hEC), or the human “short” intraceliular domain with the
mouse N-terminal 13-aa tail (mTail hIC-“Short™ mTM hEC), as
portrayed graphically in Fig. 2B. As expected, all of these chimeric
constructs paired with DAP10 (data not shown).

Using retroviral infection of the Flag-DAP12 reporter BaFr3
¢ells, we found that the entire human intracellular domain, in both
the artificial short and natural long isoforms, [ailed to prevent
DAPI2 association when the TM region of mNKG2D is present in
the chimeric receptors (Fig. 35). In contrast, addition of the mouse
tail 10 the human short intracellular domain abrogated DAP12
association. These results demonstrate that the N-terminal tail se-
quence of mouse NKG2D is necessary to prevent association of
DAPL2 with the mNRKG2D-L isoform. This repulsion cannot be
due to charge alone because the N-terminal segments of both
mouse and human NKG2D are rich in acidic and basic amino acid
residues. From an evolutionary perspective, mouse NKG2D may
have evolved a repulsive tail and alternative splicing of NKG2D as
tmechanisms to regulate DAPI2 adapter signaling. In contrast, as
the TM of human NKG2D is not permissive for association with
DAPI2 it requires no such regulatory region in the cytoplasmic
domain and hkence this structural feature has not been conserved.

~
-

NKG2D IM domains are necessary and sufficient to confer
adapter specificity

As the mouse NKG2D truncation (mANKG2D) and mTM hEC
¢himeric NKG2D proteins paired with DAP12, it was possible that
the EC portions of human or mouse NKG2D could be necessary
for association with DAPIZ2. To address this question and further
to ask whether the TM regions of mouse and human NKG2D are
sufficient to confer adapter specificity, we created chimeric pro-
teins consisting of the TM domain of either mouse or human
INKG2D fused to the EC domain of human CD69 (Fig. 64). CD69
has some structural similarity to NKG2D, as it is also a type I
TM-anchored homodimer with an EC region consisting of a single
C type-like Jectin doinain (32-34). However, in contrast to NKG2D,
CIX65 does not pair with signaling adapters, such as DAPIO or
DAPI2, and does not possess charged amino acids in its TM region.
A truncated form of CD69 consisting of only the TM and EC domains
was also constructed as a control (in our study designated as ACDG9)
(Fig. 6a).

We tested the CD69 chimeras in the DAP10 or DAP12 reporter
cells, as previously described, and found that the TM domain of
NKG2D was necessary and sufficient to convey adapter specificity
to the chimeric proteins (Fig. 68). Although the control protein
ACD62 did ot pair with either adapter. the human TM NKG2D-
CD69 protein was able to pair with DAPIO, but not DAPI2. In
contrast, the mouse TM NKG2D-CD&9 chimeric protein was able
to associate equivalently with both DAPL0 and DAP12,

We further wished to define requirements for DAPI? associa-
tion. Closer examination of the mouse TM region revealed a sec-
ond basic residue present in the mouse but not human TM region.
We tested whether this second arginine residue (Fig. 2a, boxed)
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was nceessary for DAPI2 association by mutating it to an alanine
residue via site-directed mutagenesis. We found that an R-» A
mouse TM CD69 mutant still paired with DAP12, indicating that
this putative second TM basic residuc does not contribute to
DAP12 association (data not shown).

These results formally demonstrate that the adapter specificity
for human and mouse NKG2D lies exclusively in the TM domain,
and this domain is necessary and sufficient to allow adapter pair-
ing. A similar phenomenon has been observed for the receptor
specificity of the human DAP10 and DAP12 signaling adapters.
Chimeras between DAP10 and DAPI2 have illustrated that the
receptor specificity of these two adaptors also lies in their TM
domains (27). Thus, for NKG2D, DAP10, and DAPI12 all of the
critical and necessary pairing interactions occur within the TM
regions,

Overall, there is little conservation of the TM sequence of hu-
man and mouse NKG2D. Only a few amino acids have been con-
served. conspicuously the arginine residue in the center of the TM.
This extensive diversity in the sequence of the mouse and human
NKG2D TM region precludes easy predictions about the critical
residues in monse NKG2D that permit or in human NKG2D pre-
vent association with DAP12.

Discussion
Qur results indicate a fundamental structural difference behween
mouse and human NKG2D. Although mouse NKG2D is capable

DAP12

of associating with both DAP10 and DAPI12 signaling adapiers,
human NKG2D is only able to partner with DAP10. We show that
this species difference can be mapped to the TM regions of mouse
and human NKG2D. As DAPI10 signals through a p83 phospha-
tidylinositol-3 kinase-mediated AKT pathway (16, 17), and as
DAP12 signals through a Syk/ZAP70-mediated ITAM pathway
(19), the ability of NKG2D to pair with various combinations of
adapters represents its ability to initiate discreet sighaling effects in
mice, but rot humans. Moreover, direct examination of NKG2D-
dependent NK cell activation in DAP12-deficient humans suffering
from the Nasu-Hakola disorder deinonstrated that the NKG2D re-
ceptor functions normally with respect to its ability to induce cy-
tolylic activity in the complete absence of DAPL2.

Cur findings are consistent with the studies of Billadeau et al.
(21), which demonstrate that a chimeric protein with the cytoplas-
mie domain of human DAP10 was capable of triggering NK cell-
mediated cytotoxicity. However, in these eXperiments the chimeric
DAP10 was introduced into human NK cells expressing a fune-
tional DAP12 protein, leaving open the possibility of indirect in-
teractions between the cytoplasmic domains of the chimeric
DAP10 and endogenous DAPI2 proteins. Our findings provide
conclusive evidence for 2 DAP12-independent role of DAPIO in
human NK cell NKG2D-mediated cytotoxicity.

Activaled mouse NK cells expressing mNEKG2D-S can thus sig-
nal through DAP10 and DAPI12, whereas resting mouse NK cells
and al] human NK cells express long NKG2D and only signal
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through DAP10. To many cases, DAP10 alone suffices to initiate
cytotoxicity. This is evident from the fact that human NKG2D,
which only uses DAPLO, stimulatcs cytotoxicity independent of
Syk kinases (21), as well as the evidence that NKG2D wiggers
cytotoxicity in mouse NK cells lacking DAP12 or Syk family ki-
nases (20). In mice, DAP12 is also independently capable of int-
Hating cytotoxicity through NKG2D-8, as demonstrated by exper-
iments in DAP10-deficient mice (30). Furthermore, mousc
NKG2D-S initiated DAP12 signaling contributes to proliferative
responses and [FN-y production (12). A role [or DAP10O in IFN-y
production has been suggested using human NK cells and recom-
binant human NKG2D ligands (17, 31, 35).

It is not completely surprising that the mouse NKG2ZD TM re-
gion can associate with both DAFP10 and DAP12 as these two
adaptor proteins share significant homology, DAP10 and DAPI2
share 20% sequence homology (16) and moreover their TM do-
mains are very homologous in both sequence (45% homelogy) and
structure (27). In the genomes of both mice and humans, the
DAF10 and DAPI2 genes are adjacent to one ancther, but in op-
posite transcriptional orientation (36), a circumslance that likely
arose through gene duplication.

Our results illustrate that the TM domain of the immunoreceptor
NKG2D provides signaling adapter specificity and accounts [or the
species difference. Although the human NKG2D TM associates
only with DAPIO, the mouse NKG2D TM associates with both
DAPIO and DAPI2. A comparison of NKG2D TM domain se-
quences across species demonstrates a close relationship between
mouse and rat TM sequences (Fig. 2¢), Furthermore, the only reported
sequence of rat NKG2D lacks an N-terminal “tail " region and is thus
structerally similar to mNEG2D-S. Based on the sequence similarity
of mouse and rat TM regions and the absence on a potentially inhib-
itory tail sequence in rat NKG2D that could block DAP12 association,
rat NKG2D likely pairs with DAPI12. In contast, other species such
as macaque, cow, and pig, display TM sequences more homalogous
to human NKG2D and may solely signal through the DAP10 adapter
protein, although this requites experimental verification.

Although many genes are highly conserved in sequence, expres-
sion and function between mice and humans, NKG2D represents a
gene that has undergore evolutionary divergence between the two
species. Although it acts as an innate immune receptor in both
mice and humans, NKG2D demonstrates distinet signaling mech-
anisms in the two species and none of the human and mouse
NKG2D ligands are highly conserved in primary sequence. For
example, mice do not possess structural homologues of the human
MICA and MICB genes that are present in lhe human MHC (37).
Tythermore, although the human ULBP genes clearly are fune-
tional orthologs of the mouse RAE-1, H60 and MULT-1 genes they
have diverged significantly and only demonstrate 15-20% se-
quence similanity (I4). Expression of NKG2D also differs in hu-
mans and mice. Whereas all human CD8" T cells constitutively
express NKG2D (4, 5), in mice only activated CD8™ T eells pos-
sess NKG2D. Nonetheless, there is evidence that NKG2D s im-
portant in immune defense in mice and humans. Viruses and tu-
mors have evolved immune evasion mechanisms to counter the
effects of NKG2D (38-41). Thus, perhaps an evolutionary pres-
sure from the host to fight rapidly evolving viral infections and
tumors helps explain some of the divergence and distinctions of
NEG2D between mice and humans.
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Summary

Multiple sclerosis is a chronic demyelinating disease of
presumed autoimmune pathogenesis. The patients with
multiple sclerosis typically shows alternating relapse and
remission in the early stage of illness. We previously found
thatinthe majority of multiple sclerosis patientsin a state of
remission, natural killer (NK) cells contain unusuoally high
frequencies of the cells expressing CD95 (Fas) on their sur-
face (>36.0%). Here we report that in such *CD95* NK-
high’ patients, NK cells may actively suppress potentially
pathogenic autoimmune T cells that can mediate the
inflammatory responses in the CNS. Using peripheral
blood mononuclear cells (PBMCs) derived from ‘CD95*
NK-high’ or ‘CD95* NK-low’ multiple sclerosis in a state
of remission, we studied the effect of NK cell depletion on
the memory T cell response to myelin basic protein (MBP),
a major target antigen of multiple sclerosis. When we sti-
mulated PBMCs of the ‘CD95* NK-high’ multiple sclero-
sisafter depleting CD56 * NXK cells, asignificant proportion
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of CD4™ T cells (1/2000 to 1/200) responded rapidly to
MBP by secreting interferon (IFN)-y, whereas such a
rapid T cell response to MBP could not be detected in
the presence of NK cells. Nor did we detect the memory
response to MBP inthe ‘CD95+ NK-low’ multiple sclerosis
patients in remission or healthy subjects, regardless of
whether NK cells were depleted or not. Depletion of cells
expressing CD16, another NK cell marker, also caused
IFN-v secretion from MBP-reactive CD4t T cells in the
PBMCs from ‘CD95* NK-high® multiple sclerosis. More-
over, we showed that NK cells from ‘CD95* NK-high’
multiplesclerosis could inhibit the antigen-driven secretion
of IFN-+ by autologous MBP-specific T cell clones in vitro.
These resultsindicate that NK cells may regulate activation
of auteimmune memory T cells in an antigen non-specific
fashion to maintain the clinical remission in *CD95* NK-
high’ multiple sclerosis patients,

Keywords: multiple sclerosis; myelin basic protein; NK cell; NK2; T cell-NK cell interaction

Abbreviations: CBA = ¢ytokine bead array; HLA = human leukocyte antigen; IFN = interferon; L = interleukin; MBP = myelin
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Introduction

Multiple sclerosis is a chronic neurological disease the pathol-
ogy of which is characterized by multiple foci of inflammatory
demyelinating lesions accompanying a variable degree of axo-
nal changes (Bjartmar and Trapp, 2001). Regarding the patho-
genesis of multiple sclerosis, studies have indicated that
autcimmune T cells targeting myelin components play a cru-
cial role in mediating the inflammatory process, particularly in
the early stages of relapsing-remitting multiple sclerosis

(Steinman, 2001). A number of laboratories have studied
the properties of potentially pathogenic autoimmune T cell
clones (TCC) reactive to myelin antigens such as myelin
basic protein (MBP) and proteolipid protein (PLP), which
have been derived from the peripheral blood of multiple
sclerosis (Ota et al., 1990; Pette er al., 1990; Martin et al.,
1991; Ohashi er af., 1995). The large majority of the TCC
are CD4* and produce T helper type 1 (Thl) cytokines

Brain Vol. 127 No. 9 © Guarantors of Brain 2004; all rights reserved

—411 —



1918 K. Takahashi et al.

such as interferon (IFN)-+y after recognizing the myelin peptide
bound to human leukocyte antigen (HLA)-DR molecules.
These results are consistent with the idea that the inflammatory
process of multiple sclerosis is triggered by invasion of auto-
immune Thl cells into the CNS, and that exogenous or endo-
genous factors altering the Th1/Th2 balance may influence
the disease activity. The relevance of this postulate is actually
supported by clinical observations that Th2-inducing medica-
tions. such as copolymer-1, are beneficial for multiple sclerosis
(Duda et al., 2000; Neuhaus er al., 2000), and that administra-
tion of IFN-vy showed deleterious effects on multiple sclerosis
in previous clinical trials (Panitch ef al., 1987).

Although there are a number of candidate target antigens for
multiple sclerosis, MBP is thought to be a primary target for
autoimmune T cells, at least in some patients (Bielekovaeral.,
2000). It is of note that MBP- or PLP-specific TCC can be
established not only from multiple sclerosis, but also from
peripheral blood of healthy subjects, which raised the intri-
guing issue as to how healihy subjects are protected from self-
attack by the potentially pathogenic autoimmune Thl cells.
Although much remains to be clarified, studies in the Jast dec-
ade have showed that regulatory cells are involved in preven-
tion of or recovery from autoimmune diseases in rodent (Das
et al., 1997; Zhang et al., 1997, Olivares-Villagomez et al.,
1998; Sakaguchi ef al., 2001). This allows us to speculate that
regulatory cells may contribute to protecting healthy subjects
from developing autoimmune diseases such as multiple sclero-

sis, or to prohibiting acute attacks or enhancing the recovery

from clinical exacerbations in patients with relapsing-remit-
ting muiltiple sclerosis,

Whereas regulatory cells constitute various lymphoid popu-
lations, substantial evidence supports that natural killer (NK)
cells play significant roles in protecting against autoimmune
diseases (Zhang et al., 1997; Matsumoto et al., 1998; Smeliz
et al., 1999). In fact, it has previously been demonstrated that
NK cell depletion augments the severity of a model for multiple
sclerosis, experimental autoimmune encephalomyelitis (EAE)
(Zhang et al., 1997; Matsumoto et al., 1998). which ¢an be
induced by sensitization against CNS myelin component.
Giventhatautoimmune Thi cells would mediate the pathology
of EAE. we propose a possible involvement of NK cells in
suppressing autoimmune Th! cells in multiple sclerosis.

With the hypothesis that NK cells may contribute to main-
taining the remission in relapsing—remitting multiple sclerosis,
we have previously examined the cytokine production and
surface phenotype of NK cells freshly isolated from the per-
ipheral blood mononuclear cells (PBMCs) of multiple sclerosis
in remission (MS-rem) or relapse (MS-rel) (Takahashi et al.,
2001). The results demonstrate that NK cells in MS-rem (but
not MS-rel) are characterized by a remarkable elevation of
interleukin (IL)-5 mRNA and a decreased expression of IL-
12RB2 mRNA, as well as a higher percentage of CD95 * cells
among the CD56% NK cells. These features of the cells are
reminiscent of NK type 2 (NK2) cells, which can be induced in
vitro in the presence of IL-4 and of anti-IL-12 antibodies (Peritt
et al., 1998). The NK2 cells induced from PBMCs of healthy

subjects inhibit the generation of IFN-y-secreting Thl cells
from the PBMCs of the same subjects (Takahashi et al., 2001),
leading us to postulate that NK2-like cells detected in MS-rem
may play a regulatory role. While the NK2-like features were
found to be lost in patients at acute relapsing state, they tended
to be restored along with clinical recovery. Obviously, these
results do not imply that clinically diagnosed MS-rem repre-
sents a homogeneous condition. In fact, the parameters char-
actenistic for NK2-like cells (i.e. up-regulation of IL-5 mRNA
and an increased frequency of CD95 ™ cells) showed a sub-
stantial variance in MS-rem, indicating their heterogeneity.

More recently, we have noticed that MS-rem can be divided
into two subgroups, ‘CD95* NK-high' and ‘CD95* NK-
low’, according to the frequency of CD95™ cells among
NK cells. Here, we demonstrate that these two groups signifi-
cantly differ in the responsiveness to MBP ex vivo in an NK-
cell-depleted condition. Namely, NK-deleted PEMCs from
‘CD95* NEK-high’ multiple sclerosis responded rapidly to
MBP, as assessed by the frequency of IFN-y-secreting
CD4* T cells at § h after stimulation with MBP, whereas
those from the ‘CD95 " NK-low" or from healthy subjects
responded only marginally. Moreover, we showed that NK
cells from a ‘CD95 * NK-high’ multiple sclerosis could inhibit
the antigen-driven secretion of IFN-vy by MBP-specific TCC
established from the same patient. These results demonstrate,
forthe firsttime toourknowledge. thatNKcell depletionleadsto
augmentation of memory T cell respense to an autoantigen in
human, and that an elaborate interplay between NK cells and
MBP-specific memory T cells may be involvedin the regulation
of multiple sclerosis in “CD95 ¥ NK-high’ patients.

Material and methods

Subjects

To clarify the heterogeneity among patients with MS-rem regarding
NK cell phenotype, we first examined 30 patients with MS-rem (male/
female =11/19; aged 37.7 * F1.1 years) for the lymphoid cell expres-
sion of CD93. As a control for multiple sclerosis, we examined 26
healthy sex- and age-matched subiects (male/female = 11/15; aged
39.9 = 12.2 years). Furthermore, for a new cohort of 14 patients with
MS-rem (male/female = four/10: aged 39.2 + 10.7 years) (Table )
and 14 healthy subjects {male/female = five/nine; aged 35.3 * 8.0
years), we conducted the cytokine secretion assay as well as flow
cytometer analysis for the frequency of CD95™ NK cells. Two of
the patients were examined again after a 1-year interval.

Written informed consent was obtained from all patients and healthy
volunteers and the study was approved by the Ethics Commitiee of the
National Center of Neuroscience (NCNP) . All patients fulfilled stan-
dard criteria for (the diagnosis of relapsing—remining multiple sclerosis
(Poser er al., 1983; McDonald er al., 2001}. The clinical status of
multiple sclerosis (MS-rem or MS-rel) was operationally determined
as described previously (Takahashi er al., 2001). In brief, we selected
MS-rem patients for study who had been clinically stable without any
immunosuppressive medications for »3 months, and had shown no
sign of new lesions as assessed by a recent MRI scan with gadolinium
enhancement. None of our patients represented the pure optic-spinal
form of multiple sclerosis {Misuw 7 al., 2002), which may be rather
unique to Japanese populations.
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Table 1 List of the PBMC samples examined for the
frequency of memory Thi cells

Information on patients

PBMC Age CD95™ NK EDSS#
code {years)/sex frequency

#1 43M High 25
#2 30/F High 25
#3 53M High 1.0
#4 39/F High 35
#5 28/F High 1.0
#6* 3sM Low 20
HTw SUF Low 3.0
#8 3 Low 1.0
#5 29/F Low 30
#10 38/F Low 2.0
#11 59/F High 35
#12* 36M High 20
#]3%* 58/F High 3.0
#14 33F High 6.5
#15 29/F Low 1.0
#16 45/F Low 4.0

The samples marked with ¥ or ** are derived from the same
patients, with an interval of 1 year between samples. The
phenotype of both of these patients changed from ‘CD95™*
NK-low' to 'CD95* NK-high'. M = male; F = female: EDSS =
Expanded Disability Status Scale.

Reagents

Anti-CD3-FITC or -ECD, anti-CD4-PC5, ami-CD8-FITC, anti-
CD16-Phytoerythrin, and anti-CD56-PC5 or -PE mAbs were pur-
chased from IMMUNOTECH (Marseille, France). Anti-CD57-
FITC, anti-CD69-PE, anti-CD%4-FITC, anti-CD95-FITC, -Cych or
-PE, anti-CD158a-FITC, anti-NKB1-FITC, and anti-HLA-DR-FITC
mAbs were purchased from BD PharMingen {San Jose, CA, USA).
Human MBP was purified with a modification of previously described
methods (Deibler et al., 1972, 1995).

Cell preparation and NK cell deletion

Shortly after drawing peripheral blood, PBMCs were separated
by density gradient centrifugation with Ficoll-Hypaque™ PLUS
(Amersham Biosciences, Uppsala, Sweden). They were washed
three times in phosphate-buffered saline (PBS), and resuspended at 1
x 10%cells/mlin ATM-V culture medium (Invitrogen Corp., Carlsbad,
CA, USA) containing 2 mM L-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin (Life Technologies, Rockville,
MD, USA). NK cells were depleted from the PBMCs with
either CD56- or CD16-MicroBeads (Miltenyi Biotech, Grad-
bach, Germany), following the protocol provided by the man-
ufacturer.

T cell clones

CD4* TCC were generated from a ‘CD95¥ NK-high’ multiple
sclerosis patient (HLA-DRB1+1502) by repeated selection against
human whole MBP with modification of a previously described
method (Pette er al.,, 1990). The TCC proliferated and secreted
Thl cytokines specifically in response 1o MBP, and the proliferative
response and ¢ytokine production was greatly reduced in the presence
of antibodies against HLA-DR. The DR-restricted clone cells were
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grown in AIM-V medium supplemented with 2 mM L-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin.

T-cell stimulation with MBP

To assess the presence of memory MBP-reactive T cells in the per-
pheral blood, fresh PBMCs or NK-deleted PEMCs were stimulated
for 8 h with 10 pg/ml MBP in 96-well round-bottomed plates at
2% 10° cellshwell, and then analysed for the presence of IFN-vy-
secreting cells using the cytokine secretion assay. To evaluate the
regulatory function of NK cells from ‘CD95* NK-high’ multiple
sclerosis, resting cells of MBP-specific TCC (2 x 107 cells/well)
were stimulated with 10 pg/ml MBP in the presence of X-irradiated
{5000 rad) autologous total PBMCs or CD56 * NK-deleted PBMCs
(1 % 10° cells/well} for 8 h prior to the cylokine secretion assay. and
for 60 h to determine the proliferation of the TCC. To assess cell
proliferation, we counted incorporation of [*H]thymidine (1 uCi/
well) during the final 12 h with a beta-1205 counter (Pharmacia,
Uppsala, Sweden).

Cytokine secretion assay

We used a2 commercial kit from Miltenyi Biotech to identify T cells
secreting IFN-vy. The principle of this assay has been described pre-
viously (Manz et al., 1995). Briefly, cells were stained with [FN-y
capture antibody 8 hafter stimulation with MBP or ovalbumin (OVA).
then washed and cultured again for 45 min. They were stained with PE-
conjugated IFN-y detection antibody, together with anti-human CD3-
FITC and -CD4-PC3, then washed and resuspended in PBS containing
propidium iedide (PI} (BD PharMingen). Samples were analysed
using flow cytometry.

Cytokine bead array

The levels of IL-2, -4, -5. -10, tumour necrosis factor (TNF)-a and
IFN-v in the culture supernatants were measured by cytokine bead
array (CBA) (BD PharMingen), in which six bead populations with
distinct fluorescence intensities are coated with capture antibodies
specific for each cytokine (Cook er al., 2001). The cytokine capture
beads were mixed with the PE-conjugated detection antibodies and
then incubated with recombinant standards or supernatant samples to
form sandwich complexes. After washing the beads, sample data were
acquired using the flow cytometer and were analysed with the BD
CBA Analysis Software™ (BD PharMingen).

Results

An increased frequency of CD95% NK celis
distinguishes a subgroup of multiple sclerosis

As we have reported previcusly (Takahashi er al., 2001),
whereas proportions of CD3™ CDS6™ NK cells in fresh
PBMCs weakly express CD95 on their surface, the frequency
of CD95™% NK cells is significantly elevated in MS-rem as
compared with healthy subjects or MS-rel. We have further
noticed that MS-rem can be divided into two subgroups
according to the frequency (%) of CD95* cells among NK
cells (Fig. 1A; see also the left panels in Figs 1B and 2A,
showing the distinction between CD95* and CD95™ cells}.
When we determined the mean + 2 SD value for healthy sub-
jects (35.86%) as an upper boundary for healthy subjects,

— 413 —



1920 K. Takahashi et al.

A =
S (%)
x 4 80
- ]
0 cD95*
o ] e NK-high
5| %% o -
° ]
S |20 & ~p CD95*
g 1 a NK-low
o
[:}]
&
B
CD56* CD3" NK cell 2.7% 6%
8.2% 1.2%
Y L
<o Ps N .
= . HLA-DR © cD6s
E :
a -kms-NKceu
4 CDI5*NK cell
¢ . ———p
PRI e £2.3%
to9s > 84.2%
cos7  *» coss Thigga ~ NKET >

Fig. 1 Characterization of CD95* NK cells from ‘CD95™* NK-high’ multiple sclerosis. (A) Multiple sclerosis patients in remission
{MS-rem) can be subgrouped into ‘CD95% NK-high’ and 'CD95* NK-low'. Freshly isolated PBMCs from 26 healthy subjects or

30 MS-rem were stained with the combination of anti-CD3-FITC. -CD36-PC5 and -CD95-PE, and evaluated for the frequency of CD95
cells in the CD56 > CD3~ NK cell population (the fluorescence intensity for CDD95 expression is shown in the histograms in B and Fig. 2A).
Note that flow fluorocytometric analysis was completed within 2 h after drawing blood in order to avoid spontaneous death of CD95 ™ cells.
(B) Comparison of CD95* versus CD95~ NK cells in the expression of various surface molecules. We stained the PBMCs from ‘CD95 ™"
NK-high® patients with the panel of antibodies for surface molecules expressed by NK cells. Red lines represent the histogram gated for
CD95~ NK cells and blue lines for CD95 ™ NK cells. Values in red and in blue represent the positive percentage in CD95™ and CD95%
cells, respectively. As indicated, CD95* NK cells did not differ significantly from CD95™ NK cells in the staining pattern for each
antibody regarding the proportion of positive cells as well as the mean fluorescence intensity. Shown are the results of a representative case.

three-quarters of MS-rem had a percentage value higher than
this boundary. We defined these patients in remission with
a higher frequency of CD95™ cells in NK cells as ‘CD95*
NK-high® multiple sclerosis, and the rest as ‘CD95 * NK-low’
(Fig. 1A). In contrast to CD56™ NK cells, CD3*CD36™ T
cellsand CD3* CD56 % NX T cells were not different between
healthy subjects and multiple sclerosis patients as regards the
frequency of CD95 ™ cells {data not shown), which directed
our attention to the analysis of CD56™ NK cells.

Because NK cells from MS-rem were found to express a

larger amount IL-5 mRNA, and since they were neither,

defective in cytolytic function nor reduced in number (Taka-
hashi ez al., 2001), we hypothesized that the CD¥95 expression
may reflect an activation state of the NK cells. To test this
hypothesis, we compared the CD95 ™ and CD95~ NK popu-
lations derived from ‘CD957 NK-high' patients by flow
cytometry. Histogram plot analysis for the proportion of posi-
tive cells and for mean fluorescence intensity showed that the
two populations are analogous in the expression of HLA-DR,
CD69, CDg, CD16, CD57, CDY%4, CD158a and NKBI (Fig.

1B). Whereas HLA-DR and CD69 molecules are regarded as
cell activation markers, few populations of CD95™ NK cells
from multiple sclerosis or healthy subjects expressed these
molecules. These results do not support the idea that the
CD95% NK cells are in a state of activation, nor do they
indicate that the CD95™ cells represent a unique subset of
monoclonal or oligoclonal erigin. It has recenty been sug-
gested that CDS6E NK cells may represent a distinct sub-
set (Jacobs et al., 2001). However, we saw no difference in
the proportion of CD56™™ cells between CD95™ and
CD95~ NK cells (data not shown).

CD56* NK cell depletion induces the rapid
activation of MBP-reactive memory T cells in
PBMCs from ‘CD95% NK-high’ multiple
sclerosis

We have previously shown that the CD95* NK cells found

in multiple sclerosis patients resemble the NK cells that can
be induced in culture in the presence of IL-4 and anti-IL-12
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mAb [referred to as ‘NK2-like cells” according to the defini-
tion by Peritt er al. (1998)]. We also found that Peritt’s NK2
cells induced in vitro inhibited the induction of IFN-y-secret-
ing T cells from peripheral T cells after stimulation with
phorbel myristate acetate and jonomycin (Takahashi er al.,
2001). Based on these observations, we speculated that NK
cells might prohibit Thl cell activation in the remission
of multiple sclerosis in an antigen-non-specific manner,
and contribute to maintaining the remission. However, it
remained an open question as to whether the NK2-like
cells found in MS-rem would indeed regulate pathogenic
autoimmune T cells in vive. To investigate functions of
NK cells in MS-rem, we evaluated the effect of NK cell
depletion on the peripheral T cell response to MBP, a
major target antigen of multiple sclerosis (Bielekova et al.,
2000). In brief, we depleted CD36* cells from the PRMCs
with a2 magnetic sorter, and then stimulated the NK-
deleted populations as well as whole PBMCs with MBP
in virro for 8-24 h. Subsequently, we detected the anti-
gen-responsive T cells based on the secretion of IFN-y
(Manz et al., 1995). The preparatcry experiments revealed
that 8 h of stimulation provides an optimal condition yielding
a low background (0-0.03%). This novel assay enables us to
selectively detect memory-type Thl cells that can respond
rapidly to antigen, whereas previous assays that depend on
long-term cultures (Pette et al., 1990; Martin et al., 1992)
evaluate not only memory but also naive T cells. Of note,
there is a general consensus that peripheral blood of multiple
sclerosis patients contains MBP-reactive T cells that
are activated and/or differentiated into memory T cells
(Allegretta et al., 1990; Martin et al.,, 1992; Zhang er al.,
1994; Lovett-Racke er al., 1998; Scholz er al., 1998).

We examined 16 PBMC samples from 14 MS-rem patients
(nine samples from ‘CD95* NK-high’, and seven from
‘CD95 % NK-low') and 14 healthy subjects (see Table 1).
When freshly isolated PBMCs were stimulated with MBP
before NK cell depletion, four MS-rem and five healthy sub-
Jects samples showed a marginal response to MBP (0.01-
0.03% increase of IFN-y-positive cells among CD4* T
cells). We did not find any significant response to MBP with
the other PBMC samples. In contrast, when cells were stimu-
lated with MBP afier deleting CD56* NK cells, a significant
response with a stimulatory index >3 was detected in seven of
the nine *CD95 * NK-high’ samples, and a marginal response
was detected in two (Fig. 2A and B). Of note, none of the NK-
deleted samples from the ‘CD95% NK-low' patients and
healthy subjects showed a definitive response to MBP. The
difference for the ‘CD95™ NK-high® versus the ‘CD95%
NK-low’ or healthy subjects was statistically significant
{Fig. 2B). These ex vivo experiments have revealed that the
‘CD95 " NK-high’ patients may possess a higher number of
T cells that can rapidly respond to MBP (MBP-specific
memory T cells), compared with *CD95 " NK-low’ MS-rem
or healthy subjects. Tn other words, they provide strong evi-
dence for clonal expansion of memory autopathogenic T cells
in the *CD95" NK-high® patients. However, as we could
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demonstrate an increase of the memory autoimmune T cells
only after depleting NK cells, we interpreted that the poten-
tially hazardous autoimmune T cells are being controlled
by counter-regulatory NK cells in the ‘CD95* NK-high’
patients. Of note, previous studies relying on alternative
assays have revealed the presence of MBP-reactive T
cells with activated and/or memory phenotypes at similar
high frequencies in not all, but a major portion, of multiple
sclerosis patients (Allegretta er al., 1990; Zhang et al., 1994
Bieganowska et al., 1997; Lovett-Racke er al., 1998; Scholz
er al., 1998; 1llés er al., 1999).

We conducted the same assay with a foreign antigen OVA
in three of the *CD95+ NK-high’ (PBMC codes #3, #4 and #5
in Table 1) and one of the ‘CD95 " NK-low® samples (#6).
However, OVA-reactive T cells could not be detected in any
sample of the fresh or NK-deleted PBMCs (data not shown).
Because NK cells cannot discriminate T cells with different
antigen specificities, the negative response to OVA in the
four multiple sclerosis patients was interpreted to mean that
they do not possess clonally expanded memory T cells reactive
to OVA,

Depletion of CD16™ NK cells also allows
detection of MBP-reactive memory T cells in
PBMCs from ‘CD95% NK-high’ multiple
sclerosis

Although we used anti-CID56 magnetic beads to deplete NK
cells in the above experiments, the method would also deplete
CD3 " CDS6 ™ NK T cells that may possibly play a role in the
regulation of autoimmunity. To evaluate the possible contri-
bution of CD3*CD36™ NK T cells, we next depleted NK
cells from PBMCs from two ‘CD95+ NK-high’ patients on
the basis of their expression of CD16. We found that after
treatment with CD16-MicroBeads, almost all of CD56™
NK cells are deleted, but CD56 ¥CD3* NKT cells remain
largely untouched (Fig. 3A). However, like CD56 % -cell-
deleted PBMCs, the CD16 " -cell-deleted PBMCs responded
toMBP, as assessed by the induction of IFN-y-secreting CD4
T cells (Fig. 3B). The responses found in the two patients were
considered significant with regard to both percentage increase
of IFN-vy-secreting cells (0.08% and 0.04%) and the stimula-
tory index (9.0 and 5.0) obtained after MBP stimulation. This
resultindicates that responsible cells to regulate autoimmune T
cells in ‘CD95* NK-high’ multiple sclerosis are not
CD56%CD3* NK T cells but NK cells.

Unfortunately, it remains unclear whether only CD95 % NK
cells play a regulatory role in ‘CD95* NK-high’ multiple
sclerosis or whether CD957 cells could also exhibit regulatory
functions in the patients. We attempted to compare directly the
function of CD95 ™ and CD95™ populations. However, isola-
tion of CD95 * NK cells with a cell sorter invariably induced
cell activation as revealed by the expression of various activa-
tion markers. Furthermore, the isolated cells tended to die
rapidly, probably due to CD95 ligation by the antibody
(data not shown).
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Fig. 2 Evidence for the role of NK cells in the regulation of MBP-reactive memory T cells in *CD95 " NK-high’ multiple sclerosis.

(A) IFN-vy secretion assay for NK-cell-deleted PBMCs and freshly isolated PEMCs. Whole PBMCs or PBMCs depleted for CD56* NK
cells [CD56(=) PBMC]) from the ‘CD95 ™ NK-high' multiple sclerosis (n = 93, *CD95* NK-low' multiple sclerosis (n = 7) or healthy
subjects (7 = 14) were stimulated with 10 pg/ml of human MBP for 8 h for the IFN-y secretion assay. The cells were also stained with anti-CD4-
PC5 and -CD3-FITC, and the CD4 " CD3* and P1™ cells were gated for analysis. Here we show representative results from ‘CD95* NK-
high' (1op). *CD95* NK-low’ (middle) and healthy subjects (borrom). The IFN-y-secreting CD4 * T cells are shown as red dots; blue dots
represent IFN-y-negative cells. The histograms demonstrate the level of CD95 expression on the fresh CD56% NK cells from each
individual, and the attached values show the frequency of CD95 ¥ cells. (B) Frequency (%) of MBP-reactive memory T cells among CD4* T
cells. By using the cylokine secretion assay, we determined the frequency of IFN-y-positive cells among CD4* T cells in each
individual after culture with or without MBP. Here we plot the A% values [(%) with MBP — (%) without MBP), which represent the
frequency of MBP-reactive CD4 * T cells in each subject. Kruskal-Wallis test with Scheffe’s F post hroc test was used for statistical analysis.
*P < (0.05; **P < 0.02.

i + il ? ;
NK cel{s f rm'n . CD95™ N. K'mg‘_h multiple respenses, we established three MBP-specific TCC from a
sclerosis inhibit IFN-vy production by ‘CD95¥ NK-high® patient. These TCC proliferated and
MBP-reactive T cell clones secreted IFN-y, TNF-«, IL-2 and IL.5 in response to

To analyse how the NK cells from ‘CD95 % NK-high' multi-  MBP presented by irradiated, fresh autologous PBMCs.
ple sclerosis efficiently control autoimmune T cell Using the proliferation response and cytokine secretion by
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Fig. 3 Depletion of CD16™ cells also allows detection of MBP-specific memory T cells in ‘CD95% NK-high® multiple sclerosis.

(A) Changes in the frequency of CD56* NK cells and CD56 ™ NKT cells after deleting CD16™ cells. Using CD16 microbeads,

we deleted CD16™ cells from PBMCs from two “CD95™ NK-high' patients and from two healthy subjects. The cells were stained with
anti-human CD3-FITC and anti-CD56-PCS to check the proportion of CD56™ NK cells and CD56™ T cells before and after CD16™ cell
depletion (upper versus lower panels). Shown are the results of a representative pair of multiple sclerosis and healthy subjects.

(B) CD16 ™ -cell-depleted PBMCs from “CD95™ NK-high' multiple sclerosis responded rapidly vo MBP. Using the same PBMC samples
(CD167 or CD167), we conducted the IFN-vy secretion assay as described in Fig. 2A. This figure shows the result of the representative

pair of multiple sclerosis patients and healthy subjects.

the TCC as read-out, we compared the whole PBMCs and
the NK cell-deleted PBMCs for the ability to present whole
MBP o the autologous TCC. We found that the whole
PBMCs did not differ from the NK-deleted PBMCs in
the ability to induce MBP-driven proliferation of TCC
(Fig. 4A). However, the proportion of IFN-y-secreting T
cells among the TCC increased significantly when the
NK cell-depleted PEMCs were used as antigen presenting
cells (APC) (Fig. 4B). We also noticed a significant eleva-
tion of IFN-y in the culture supernatant along with the
increase of IFN-y-secreting T cells (Fig. 4C). However,
neither TNF-¢ nor IL-2 production was enhanced by
NK cell depletion. These results support the view that
NK cells from ‘CD95 " NK-high’ multiple sclerosis regulate

autoimimune T cells by inhibiting the T cell production
of TFN-vy,

Discussion

Itis generally held that relapse of multiple sclerosis represents
the destructive CNS inflammation triggered by recently acti-
vated autoimmune T cells. In other words, pathogenic auto-
immunity is apparently active during clinical relapse, which
can be objectively defined by clinical status as well as MRI
findings. In contrast, remission of multiple sclerosis, which is
chiefly determined by exclusion of active inflammation in the
CNS. may probably cover a wider range of disease states.
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