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Inhibitory receptors specific for MHC class | molecules are expressed on partially overlapping subpopulations of NK cells and
memory T cells. A central question pertinent to NK cell development and function is how the combinatorial expression of different
receptors with distinct class | specificities affects functional recognition. We therefore studied the quantitative effects resulting
from class | engagement of multiple inhibitory Ly49 receptors. We used a transgenic mouse model in which all NK cells and T
cells express two different Ly49 receptors with shared class | specificity. Comparisons of cells from these mice with cells from single
transgenic mice and wild-type mice revealed that Ly49 receptors cumulatively inhibit lymphocyte effector functions. Multiple Ly49
interactions also had a cumulative impact on NK cell development. The findings suggest that the interactions of inhibitory
receptors with class | are interpreted quantitatively rather than as on/off switches. They have intriguing implications concerning
NK cell tolerance and reactivity toward cells with extinguished expression of a limited number of class | moleculesThe Journal

of Immunology, 2001, 166: 3002—-3007.

recognition of class | MHC molecules. Three families of family members has been extensively studied (11, 12). Five of at

NK cell surface receptors have been implicated in class lleast eight inhibitory Ly49 molecules expressed by NK cells from
recognition: lectin-like CD94/NKG2 heterodimers interact with B6 mice have been shown to interact with class la molecules using
Qa? (in mice) and HLA-E (in humans) class Ib molecules, KIR cell-cell adhesion assays or class | tetramer binding studies:
receptors belonging to the IgSF (in humans) interact with class 13 y49A binds to I, DX, and MHC Ags of the H-2"s ad Vhap
MHC molecules, and homodimeric Ly49 receptors belonging Ojotypes, but not to K, LY, KX, or H-2 molecules (10, 12—15).
the lectin family (in mice) also interact with class la MHC Ags (1, | y49C binds to K, D, DX, K°, and H-29"s a"d VAgs (10, 12, 16,
2). All known class I-specific NK cell receptors in humans and 7). | y49F binds weakly to H®encoded Ags (10); Ly49G2
mice share at least four characteristics: 1) they are members §finds to O, may interact weakly with ¥, and does not bind de
receptor families, 2) they distinguish different class | alleles, 3)tectably to H-2ars and vags (10, 18); and Ly49l interacts with
they contain activating as well as inhibitory family members, ande and H-2'"s and Vmolecules (10). The MHC reactivity of

4) they are expressed on partially overlapping subpopulations olf_y498 'E, and -J has not been reported

NK cells. When inhibitory class I-specific receptors expressed by Of the Ly49-MHC combinations tested in cell-cell adhesion as-

NK cells engage target qell class | molecu[es, stlmulatpry Slgnalssays, the Ly49A-B interaction is the strongest. Recent surface
are overridden, resulting in reduced cytolysis and cytokine release.Ialsmon resonance analvsis indicate aof ~10 uM for this
In addition, during NK cell development, Ly49-class | interactions P Y oA »

. ) I interaction (19). Other Ly49-MHC interactions range widely in
impact the expression of other inhibitory receptors expressed by. . .
P P y P P %lndlng strength, based on the cell-cell adhesion assay results (10,

NK cells, the effect being to minimize the coexpression of other h h of bindi diff |
Ly49 receptors by individual NK cells (3-5). 16). The strength of Ly49A or Ly49G2 binding to different class |

In addition to NK cells, inhibitory Ly49 receptors are expresseda”eles correlates with the degree of functional inhibition mediated
on some NK1 T cells and a small subpopulation of CD83-T by these receptors (10). These findings suggest that the inhibitory
cells, predominantly of the memory phenotype (6, 7). Ly49A en-Teceptor interactions are interpreted quantitatively rather than as
gagement inhibits the activation and cytotoxicity of virus-specific on/qff switches.

CD8" T cells stimulated via their TCRs (8), and engagement of Since Ly49 and other NK receptors are expressed on overlap-

class | ligands by either Ly49A or Ly49G2 inhibits T cell prolif- Ping subsets of NK cells or memory CD& cells, individual cells
eration in response to alloantigens (9, 10). typically express a combination of receptors (4, 20, 21). Thus, a
central question pertinent to NK cell development and function is
how combinatorial expression of different class I-specific receptors
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T he cytolytic activity of NK cells is tightly regulated by the The specificity of interaction of class la molecules with Ly49
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The results reveal that multiple Ly49 receptor interactions cumu-CD3") passed through nylon wool were used ak110° cells/well. For
latively impact the elaboration of effector activity as well as NK preparation of stimulator cells, RBC-depleted spleen cell suspensions were
cell development. irradiated with 25 Gy, washed three times, and cultured ;t];OS cells/

well. Cultures were pulsed on day 3 with 14&i of [*H]thymidine (Am-
. ersham) and harvested 20 h later. Radioactive incorporation was deter-
Materials and Methods mined by beta counting. Stimulation indexes were determined as cpm
Animals and cell lines obtained with allogeneic stimulator cells divided by mean cpm obtained

with syngeneic stimulator cells.
C57BL/6J (B6) mice were bred at the animal facilities of the University of

California (Berkeley, CA) or at the animal facilities of the Institute for Statistics

Virology and Immunobiology, University of Wurzburg (Wurzburg, Ger- _ ) o o )

many). B10.D2/nSnJ mice for breeding Ly49A and Ly49G2 transgenicTeSts for statlstlcal_ dlfferences’ of |nd|c_ated pairwise comparison groups
H-2°"d mice were purchased from The Jackson Laboratory (Bar HarborWere conducted using Student's two-tailetbst.

ME). B10.D2/nOlaHsd (H-% B10.D2), B10.BR/OlaHsd (H!2 B10.BR),

B10.M/OlaHsd (H-2, B10.M), B10.RIII(7INS)/OlaHsd (H2 B10.RIII), Results

and B10.S/OlaHsd (H%2 B10.S) mice were purchased from Harlan Transgenic coexpression of Ly49A and Ly49G2

Winkelmann (Borchen, Germany). Ly49A-transgenic mice (line 2) and

Ly49G2-transgenic mice (line 5) have been described previously (9, 10)To determine whether MHC engagement by two inhibitory Ly49
Both transgenic lines were backcrossed at least four times to the B6 baCkeceptors with shared class | MHC specificity cumulatively inhib-
ground before crossing with B10.D2 mice and/or intercrossing the two%fs lymphocyte function, we generated Ly49A/Ly49G2 double-

different lines to generate double-transgenic animals. All mice expresse . . . . . .
MHC and NK cell complex genes of the B6 haplotype by serological 1aNSgenic mice by intercrossing mouse lines that transgenically

analysis. Conventionally housed mice were monitored continuously fol€XPress either receptor (9, 10) (Fig. 1). Cell surface coexpression
health conditions. In the case of Ly49A and/or Ly49G2 transgeni¢’#-2

mice, moribund (wasted, hunched, and/or sessile) animals were sacrificed.

The following cell lines were used: EL-4 (provided by T. Potter, University

of Colorado, Denver, CO), EL-4 cells transfected witd [23), P815 A
(American Type Culture Collection, Manassas, VA; TIB 64), RMA (pro- NK cells

vided by M. Bevan, University of Washington, Seattle, WA), and RMA : Ly49A tg
transfected with B (23).

Antibodies

The following mAbs were used: 4D11 (anti-Ly49G2) (24), JR9-318 (anti-
Ly49A, provided by J. Roland, Institut Pasteur, Paris, France), SW-5E6
(anti-Ly49C/I, provided by V. Kumar and M. Bennett, University of Texas,
Dallas, TX), 14B11 (anti-Ly49C/I/F/H) (25), 34-5-8S (antf@l/a2,
American Type Culture Collection HB-102), and 2.4G2 (antiRu/IIl)

(26). The mAbs were purified on protein A- or protein G-Sepharose col-
umns, and Ig fractions were conjugated to biotin or FITC using standard
techniques. Anti-NK1.1-biotin, anti-NK1.1-PE, and anti-CD3-PE were
purchased from PharMingen (San Diego, CA), and anti-CD3-Tricolor was
obtained from Caltag (South San Francisco, CA).

Ly49G2

Ly49A/G2 dtg

Cell surface staining and flow cytometry

Cell staining was performed on ice in PBS/3% FCS/0.02% sodium azide
with saturating amounts of staining reagents. The cells were washed two or
three times between steps or before analysis. Cells (0.5<116° were
treated with unconjugated mAb 2.4G2 to blockyRtl/Ill. Two staining

procedures were used as indicated: 1) 4D11-biotin/streptavidin-Cychrome B T-cells
(PharMingen), JR9-318-FITC, anti-NK1.1-PE (see Fig. 1); or 2) anti- non tg Ly49A tg

NKZ1.1-biotin/streptavidin-Tricolor (Caltag), anti-CD3-PE, JR9-318-FITC, 0.5 0.4 <01 a8
4D11-FITC, 14B11-FITC, or 5E6-FITC (see Figs. 5 and 6). Samples were B
analyzed on an Epics XL (Coulter, Hialeah, FL) or a FACScan (Becton
Dickinson, San Jose, CA) flow cytometer, gating on live cells based on the
forward and side light scatter profile. WinMDI and CellQuest software
(Becton Dickinson) were used for data display. Representative dot plots are
shown as log, fluorescence intensities on a four-decade scale.

Lymphocyte-activated killer (LAR)cell culture and cytotoxicity
assay

Ly49A/G2 dig

RBC-depleted spleen cells were cultured ak210° cells/ml in RPMI
1640/5% FCS medium (Life Technologies, Gaithersburg, MD) containing
4500 IU/ml recombinant human IL-2 (Chiron, Emeryville, CA). After 4
days, the IL-2 was washed away, and the cells were cocultured in round-
bottom 96-well plates at the indicated E:T cell ratios witkk 110" target

cells that had been labeled with 1 mCi ®fCr (Amersham, Arlington
Heights, IL) fa 1 h and washed extensively. After 4 h, radioactivity re- ’ Ly49A

Itiéri:q?r?alt?c:ﬁsﬁ\]/\?ers;Fr))zrr?c?rtr?qrgdm{r?str%(leifarg!ned by gamma counting. Al dq:IGURE_ 1. Ly49A and Ly49G2 are coexpressed on ITy49A/G2 double-
transgenic LAK cells and T cells. LAK cell$\j or freshly isolated T cells
Mixed leukocyte reactions (B) from nontransgenic (non tg) littermates or the indicated transgenic (tg)
lines of the B6 (H-2) background were passed through nylon wool and
stained with mAbs specific for Ly49A (JR9-318) and Ly49G2 (4DM.,).
Gated NK1.19" cells are shownB, gated CD3 cells are shown. Results
similar to those irA were obtained with freshly isolated NK cells. Numbers
2 Abbreviation used in this paper: LAK, lymphocyte-activated killer. represent percentages of cells per quadrant.

MLRs were performed in RPMI 1640/FCS medium in 96-well round-bot-
tom plates in triplicate. As responder cells, lymph node cel85%
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of Ly49A and/or Ly49G2 transgenes on short-term IL-2-activatedhibition (Fig. 2B). Significantly, in each of three experiments
NK cells (LAK cells) and T cells was determined by staining with Ly49A/G2 double-transgenic LAK cells killed P815 cells less well
Ly49A-specific mAb JR9-318 and Ly49G2-specific mAb 4D11. than did either of the single-transgenic populations (FB.a2d

As expected, nontransgenic littermates expressed Ly49A andata not shown), indicating a cumulative effect when two Ly49
Ly49G2 on partially overlapping subpopulations of NK cells and receptors are engaged.

a small number of T cells, while Ly49A and/or Ly49G2 transgenic  To corroborate this finding and determine whether inhibition
mice efficiently expressed the respective transgene(s) on virtuallgould be assigned to the®Dmolecule, we used Htransfected

all NK1.1"9" |_AK cells and on all ex vivo isolated T cells (Fig. 1). EL-4 cells as targets. As shown in FigC2Ly49A-transgenic ef-
Transgene expression on freshly isolated NK cells was similar tdector cells were less potent than wild-type effector cells in killing
expression on NK1M9" LAK cells (data not shown). The cell the ¥ transfectants. Unexpectedly, Ly49G2-transgenic effector
surface expression level of Ly49A directed by the transgene wasells were not inhibited by the Btransfected EL-4 cells (Fig.Q®),
essentially identical with that of endogenously expressed Ly49Apossibly due to the slightly lower Dlevels on these cells com
on both NK cells and T cells (Fig. 1) (9). The Ly49G2 transgenepared with P815 cells (data not shown). Alternatively’, @one
was expressed at marginally lower levels than endogenoumay not be sufficient to inhibit through Ly49G2 (sBéscussioi).
Ly49G2 on NK cells and at levels equivalent to wild-type Ly49G2 Most significantly, the Ly49G2 transgene functionally synergized

on T cells (Fig. 1 and data not shown). with the Ly49A transgene, resulting in substantially lower lysis of
| = o . D%transfected target cells with double-transgenic effector cells

H-2°specific cumulative inhibition of NK cell cytotoxicity compared with Ly49A-transgenic effector cells (Fig)2Similar

through Ly49A and Ly49G2 results were obtained in two other experiments. Addition 6f D

LAK cells from wild-type or Ly49A, Ly49G2, or double-trans- al/a2 domain-specific mAb 34-5-8S, but not of th& domain-
genic were nearly equal in their capacity to kill H-EL-4 target ~ specific mAb 34-2-12S, to EL-4/Dtargets substantially reversed
cells (Fig. 2). In contrast, while nontransgenic effector cells killed the inhibition of Ly49A transgenic and Ly49A/G2 double-trans-
H-2¢ P815 tumor cells efficiently, both Ly49G2 and Ly49A trans genic cells (Fig. B and data not shown), indicating thaf' B
genic LAK cells lysed P815 cells less well, indicating partial in- directly recognized by the NK cells. Together, the data show that
D recognition by Ly49A and Ly49G2 cumulatively inhibits cy
tolytic NK cell activity toward tumor cells that express corre-
A B sponding MHC ligands.

EL-4 (H-2b) P815 (H-2¢)

60 70

o e Cumulative inhibition of T cell proliferation through Ly49A and

50 {—e— Lysse2 1g 60 7 Ly49G2

—B— Ly4sA/G2 dig

o] To test whether the proliferative T cell response to alloantigens is

407 also inhibited cumulatively by Ly49A and Ly49G2, we performed
30 1 MLRs with T cells from nontransgenic and Ly49A- and/or
Ly49G2-transgenic mice. As stimulator cells, we used spleen cells
from five different MHC congenic B10 strains (H:2""S Fig.
3A). To determine whether inhibition in the case of Fistimulator
0 T T . cells was due to engagement of class | molecules, MLRs were
performed with stimulator cells from class I-deficie,{micro-
EL-q pd EL-4 Dd globulin™'~) B6-H-2"" or B6-H-2 spleen cells (Fig. B). The
60 - - latter cells can stimulate MLRs by virtue of the allogeneic class I
H medium [[34-5-88 K X i
molecules they express. Responses are shown as stimulation in-
dexes relative to the responses to syngeneic B6 stimulator cells.
Ly49A- or Ly49G2-transgenic T cells proliferated at least 8-fold less
well than wild-type T cells in response to allogeneic #& ©r s
(Fig. 3A). For the H-" " and sgtimulator haplotypes, the prolif
eration of Ly49A/G2 double-transgenic T cells was significantly
(2.5- to 6.7-fold;p < 0.05) lower than the proliferation of Ly49A
or Ly49G2 single-transgenic T cells. The M-&timulator cells
caused the strongest inhibition of Ly49A- or Ly49G2-transgenic
responders, with nearly complete inhibition occurring in the case
of Ly49A-transgenic T cells (Fig.® (10). Ly49A/G2 double-
transgenic T cells proliferated even less well to Hsimulator
FIGURE 2. Cumulative inhibition of NK cytolytic activity resulting  cells, although this effect was not statistically significant due to the
from multiple Ly49 interactionsA—C Unseparated LAK cells from the  limited possibility of additional inhibition with these stimulator
indicated strains (all H) were used as effector cells against EL4 (B;2  cells. The inhibition in these experiments was mediated by class |
P815 (H-2), or D*-transfected EL-4 target cells as indicated. Comparable mglecules (in the case of Hi2presumably ), since no inhibition
results were obtained in two repetitions of the experimBn84-5-8SmAb ot oy hopulation was observed when class I-deficient allogeneic
specific for the M al/a2 domain reverses most inhibition attributable to (H-2% cells were used as stimulator cells (Fi)310). This con

the transgenically encoded receptors. The mAb was added afug/bil trol . td trates that Ly49 t ion b
final concentration to the cytotoxicity assay (E:T cell ratio, 10:1). Addition rol experiment demonstrates that Ly ransgene coexpression by

of DY &3 domain-specific MAb 34-2-12S had no effect (data not Shov\m)_itself, without ligand engagement, does not cause i_nhibition._ To-
Representative data from one experiment of two with similar results arédether, the data show that Ly49A and Ly49G2 mediate dominant

shown. A—D, Data are shown as the mean SD of triplicate  and cumulative inhibition of T cell alloresponses upon engagement
determinations. of MHC molecules.

% specific lysis

20 1

% specific lysis
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FIGURE 3. Coengagement of allogeneic MHC molecules by Ly49A and FIGURE 4. Reduced survival of Ly49A/G2 double-transgenic mice in

Ly49G2 cumulatively inhibits mixed lymphocyte proliferative responses by T H-2°"%, but not H-2", mice. The health and surviv/z‘ajl of nontransgenic and
cells. Lymph node cells from the indicated lines (all #22>85% TCRyB™, Ly49A and/or Ly49G2 transgenic H2 (A) or H-2 (B) littermate mice

Ly49A and Ly49G2 expression as shown in Fig. 1) passed through nylon wodpf the B6/B10 background were monitored continuously over a period of
were used as responders in MLRs.Irradiated spleen stimulator cells from 5 mo.

the indicated strains were used (H-2 haplotype in parentheses): B10. D2 (d),

B10. BR (k), B10. M (f), B10. RIII (r), or B10. S (s) mic&, Stimulator cells

from H-2® or H-2¢ B,-microglobulin-deficient mice of the B6/B10 back Enhanced alterations in the repertoire of NK cell receptors
ground (b8,m '~ ord B,m ", respectively) were used. Results are shown asresulting from coexpression of Ly49A and Ly49G2

the meant SD stimulation indexes (cpm obtained with allogeneic stimulatorslprevious studies demonstrated that transaenic exoression of
mean cpm obtained with syngeneic stimulators) from one representative ex- 9 P

periment of threeA) or two (B). For statistical significance determinations, we Ly49A in all developing NK _Ce”s results inan altereq reper.toire of
compared Ly49A/G2 dtg responders with Ly49A tg respondens:< 0.05; endogenous Ly49 expression. In Ly49A-transgenicf-nice,
¢, p < 0.01. the Ly49G2" NK cell subset was 2- to 3-fold smaller than that in

Ly49A-transgenic H-2° mice (3) (Fig. ®).We therefore tested
whether the Ly49G2 transgene reciprocally impairs the expression
of Ly49A. Indeed, the frequency of Ly49ANK cells was signif

Enhanced wasting disease in Ly49A/G2 double-transgenic icantly and substantially~2.5-fold) lower in Ly49G2-transgenic

H-2°" mice

In two recent reports Ly49A-transgenic H-dice exhibited a fatal

chronic wasting disease (27, 28). The disease was dependent on
both the Ly49A transgene and expression of the appropriate ligand
(H-2%, and is believed to result from impaired T cell tolerance
induction as a result of Ly49 receptor engagement in the thymus.
Our Ly49A-transgenic mice, in contrast, exhibit little or no fatal
disease (Fig. 4 and data not shown), perhaps due to a lower (al
though physiological) level of transgene expression. The Ly49G2- =
transgenic mice, however, do exhibit a partially penetrant wasting
disease, leading to the death of 32% of the mice by 22 wk (Fig. 4).
The disease is evident in HY$ mice, but not in H-2 mice. Strik

ingly, Ly49A/G2 double-transgenic mice exhibit a much more se-
vere disease with earlier onset, leading to the death of 70% of the

% Ly49G2+ NKcells

60

T H-2b/b

non tg
Ly49A tg

non tg

H-2b/d

Ly49A tg

% Ly49A+ NKcells

non tg

H-2b/b

T

Ly49G2 tg

non tg

H-2b/d

-

Ly49G2 tg

mice after 22 wk. Again, disease was observed in°Mice, but FIGURE 5. MHC recognition by transgenic Ly49A and Ly49G2 recip-
ocally reduces expression of endogenous Ly49G2 and Ly49A, respec-

not in H-2 mice. The differences in disease rates were not due to.

L . . . . ively. The frequency of NK1.1 CD3" splenocytes of the indicated H-2
variations in housing or inadvertent genetic differences betweeﬂaplotypes that express Ly49Ga)(or Ly49A (B) was determined by

the mice tested, since they were littermates and were housed tQgining spleen cells passed through nylon wool with mAbs JR9-318 or
gether. These data suggest that Ly49A and Ly49G2 transgenep11 (seeMaterials and Methods Values represent the meanSD from
exhibit synergistic effects in the initiation and/or progression ofthree to nine individual mices*, p < 0.01 Ly49, transgenic vs nontrans-
fatal disease. genic mice of the same MHC type.
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H-2"9mice compared with that in nontransgenic P¢2nice (Fig.  Ly49G2 inhibits NK cell cytotoxicity more strongly than recog-
5B). In H-2""* mice the Ly49G2 transgene had no significant effectnition by either Ly49A or Ly49G2 alone. This finding has intrigu-
on the size of the Ly49A NK cell subset. Thus, transgenic Ly49A ing implications concerning NK cell tolerance to normal self cells.
and Ly49G2 reciprocally and equivalently inhibited expression oflt raises the possibility that inhibition of NK cells by self cells is
the other (endogenous) receptor in a ligand-dependent manner.not necessarily attributable to any single receptor-ligand interac-
To test whether Ly49A- and Ly49G2-mediated signals cumu-tion. Thus, it is plausible that many NK cells may be prevented
latively shape the Ly49 repertoire, we determined the effects ofrom attacking self cells as a result of cumulative signaling through
Ly49 transgene expression on third-party inhibitory receptors. Theeveral receptors, each with weak reactivity toward self class |
frequency of NK cells expressing Ly49C/l, as detected with themolecules. Therefore, in assessing self tolerance of NK cells, it
SW-5E6 Ab, was significantly lower in Ly49A or Ly49G2 single- may be necessary to consider the cumulative affects of several
transgenic mice than in nontransgenic mice (Fig. 6), but the reinteractions of varying strength, accounting for all the receptors
duction was quite modest compared with the previously observeéxpressed by each NK cell.
reductions in Ly49G2 or Ly49A*" NK cells (Fig. 5). In H-2/ An extension of this thinking concerns the scenario where NK
Ly49A/G2 double-transgenic mice, however, the reduction wascells express two (or more) receptors with weak reactivity for dif-
significantly larger, resulting in &2-fold overall reduction. No ferent self class | molecules. Such NK cells would be expected to
effect was observed in H22mice. A similar effect was observed attack self cells in which class | molecules are globally down-
when NK cells were stained with the 14B11 Ab (25), which detectsregulated. The present results raise the possibility that such cells
Ly49C/I/F/H (Fig. 6). Therefore, engagement of both transgenicmight also be capable of attacking self cells in which one or the
Ly49 receptors by developing NK cells has a greater effect orother of the cognate class | molecules is individually down-regu-
expression of additional Ly49 receptors than does engagement ¢dited, since the weak engagement of the second receptor would be

only one. insufficient to fully inhibit the NK cell. Recent studies suggest that
selective class | down-regulation is common in both tumor cells
Discussion and virus-infected cells (29, 30). It has been speculated elsewhere

The studies herein demonstrate that engagement of two Ly49 réhat the overlapping expression pattern of inhibitory MHC-specific
ceptors expressed by the same cell can lead to cumulative effecteceptors may have arisen by natural selection to equip the NK cell
on lymphocyte function and development. At the level of NK cell population with the capacity to attack cells in which some, but not

function, the data indicate that®Czorecognition by Ly49A and all, class | molecules have been extinguished (4).
Functional inhibitory interactions of bwith endogenous (31) and

transgenic (9) Ly49A are well documented. Using P815 {He2lls

as targets, we observed partial inhibition of both Ly49A-transgenic
H-2b/b H-2b/d and Ly49G2-transgenic LAK effector cells. Inhibition of Ly49G2-
transgenic LAK cells by P815 targets was less efficient than inhibition
of Ly49A-transgenic cells, in line with a previous report using sorted
LAK cells (18). This functional difference between Ly49A and
Ly49G2 is likely to reflect differences inthinding, because in both
cell-cell adhesion and tetramer binding assaysimeracts more
strongly with Ly49A than with Ly49G2 (10).

Surprisingly, our D-transfected EL-4 cells did not inhibit ey
tolysis by Ly49G2-transgenic effector cells (Fig. 2). The larger
effects observed with P815 cells may reflect higher levels $f D
expression (data not shown) and/or the participation ba& a
functional ligand for Ly49G2 (18). P815 cells, but not the trans-
fected cells, express®L Although little, if any, specific binding
between Ly49G2 andlwas observed in adhesion assays (10) or
functional assays with recombinanf (32), it is possible that a
weak interaction is sufficient to cooperate with other interactions,
such as the stronger®fLy49G?2 interaction. The key finding was
that although the Ly49G2-transgenic effector cells were not inhib-
ited by ¥ transfectants, the combination of Ly49A and Ly49G2
resulted in synergistic inhibition. The explanation for receptor syn-
ergy remains to be established. One possibility is that inhibition
exhibits a cooperative effect with respect to the number of engaged
Ly49 receptors.

Analysis of the effects of the Ly49A and Ly49G2 transgenes on
the expression of endogenous Ly49 receptors indicates that cumu-
lative receptor interactions impact formation of the NK cell rep-
o ~_ ertoire as well. Coexpression of both self-specific receptor trans-
FIGURE 6. Ly49 repertoire in Ly49A- and/or Ly49G2-transgenic mice. genes clearly caused a greater reduction in the expression of

The frequency of NK1.1 CD3- cells of the indicated H-2 haplotypes that Ly49C/I receptors than either receptor transgene alone. Previous
express Ly49C/I or Ly49C/I/F/H was determined by staining splenocytes tudi t that Lv49 t U t
passed through nylon wool with mAbs 5E6 or 14B11 mAbs, respectivelys udies suggest that Lya9 receptor expression in ontogény occurs

(seeMaterials and Methods Values represent the meanSD from four

Lyd9c/I

Ly49C/ I/ F/H

Ly49A tg
Ly49G2 tg
Ly49A/G2 dtg
non tg

Ly49A tg
Ly49G2 tg
Ly49A/G2 dtg

in a sequential fashion (5, 33). Several features of the repertoire led
to nine individual mice. For statistical significance determinations, we !0 the proposal that the sequential accumulation of Ly49 receptors
compared single-transgenic mice with nontransgenic mice, or double-trands inhibited as NK cells accumulate sufficient self class I-specific

genic mice with Ly49G2-transgenic mice, p < 0.05;##, p < 0.01. receptors (3-5). It appears, however, that any one receptor may
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only partially inhibit expression of other receptors, as we observes.
in the case of both Ly49A and Ly49G2 single-transgenic mice. A
possible explanation for this phenomenon is that individual recep-s.
tors are in many cases insufficiently inhibitory to reliably achieve
self tolerance of NK cells, necessitating the expression of addi-,
tional receptors. Hence, the termination of new receptor expression
by developing NK cells might require that the NK cell expresses
two or even more self-specific receptors. The possibility that mul-
tiple self-specific receptors might be necessary to achieve full non-
responsiveness to self cells was previously addressed in mathe2
matical models of the formation of the NK cell repertoire (34).

It is notable also that while the frequencies of cells expressing10
endogenous Ly49A or Ly49G2 were substantially reduced by ex-
pression of a Ly49G2 or Ly49A transgene, respectively, both
transgenes by themselves had a minimal effect on the frequency of
Ly49C/I™ cells. This was previously reported in the case of Ly49A
transgenic mice (3). Only with both Ly49A and Ly49G2 trans- 12.
genes did we observe a substantial reduction in Ly49C#lls. 13,
One possibility is that the signals that control de novo expression
of Ly49C and -I differ in some respects from those that control de
novo expression of Ly49A and Ly49G2. L

As was the case for NK cells, coengagement of two specific re1s.
ceptors in the double-transgenic mice had a greater impact on T cell
activation than engagement of either alone. These data serve as inde-
pendent evidence that inhibitory signaling by multiple Ly49 receptorsté.
is cumulative, in this case during the activation phase of T cells. It is
somewhat difficult to gauge the possible significance of the results for7.
T cells, since there is little understanding of the biological role of
Ly49 receptors on the T cells that express them in normal mice. Nev;g
ertheless, it is significant that the T cells that express Ly49 receptors,
particularly the CD8 CD44" memory subset, exhibits a highly over
lapping pattern of receptor expression (7).

Similarly, the development of a wasting disease thought to result
from dysregulation of TCR stimulation during development (27, 28)20'
was also more severe in double-transgenic than in single-transgenic
mice. Disease only occurred H2mice, not in H-2 mice (Fig. 4). 21
Although the cause and pathologic manifestations of the observed
fatal disease are not yet fully resolved, two possibilities may be con-
sidered: 1) H-2 engagement by the transgenic receptors impairs thé2-
establishment of tolerance resulting in the appearance of autoimmune
T cells; or 2) H-2 engagement by the transgenic receptors inhibits23.
lymphocyte activation, resulting in immunodeficiency and consequens ,
infection. Regardless of the underlying cause of fatal disease, the data
clearly provide another example of an Fibecific and synergistic
effect of the two transgenes.

In future studies it will be important to address whether cumu-
lative class I-specific effects as observed for the Ly49A and?®-
Ly49G2 receptor combination apply equally to various other re-,7.
ceptor combinations and to ascertain how these combinatorial in-
teractions affect NK cell self tolerance and functional inhibition.
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