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Engagement of MHC class I-specific inhibitory receptors regulates natural killer (NK) cell
development and function. Using both new and previously characterized anti-Ly49 mono-
clonal antibodies, we comprehensively determined expression and co-expression frequen-
cies of four Ly49 receptors by NK cells from MHC-congenic, MHC class I-deficient, and
Ly49A-transgenic mice to study mechanisms that shape the inhibitory Ly49 repertoire. All
Ly49 receptors were expressed on partially overlapping subsets. Significantly, in the
absence of class | MHC, several receptor pairs were co-expressed more frequently than pre-
dicted from a purely random expression model, indicating that biases independent of MHC
class | underlie receptor co-expression in some cases. MHC interactions were found to
inhibit Ly49 co-expression variably depending on the MHC allele and the receptor pair
examined. These data extend previous evidence that interactions with MHC shape the rep-
ertoire. It was previously proposed that developing NK cells express Ly49 receptors sequen-
tially and cumulatively, until self-MHC specific receptors are expressed and inhibit new
receptor expression. Fulfilling a major prediction of this model, we found that class | recogni-
tion by a Ly49A transgene expressed by all developing NK cells equivalently inhibited
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expression of endogenous self-specific and nonself-specific Ly49 receptors.
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1 Introduction

Engagement of MHC class I-specific cell surface recep-
tors regulates development and function of NK cells [1,
2]. MHC class I-specific receptors either associate with
adapter molecules to activate NK cells or utilize an intra-
cellular immune receptor tyrosine-based inhibitory motif
(ITIM) to inhibit NK cells [3]. Little is known about the
physiological role of activating MHC receptors on NK
cells [4]. Inhibitory MHC-specific receptors contribute to
the induction and/or maintenance of NK cell tolerance
toward cells expressing self-MHC, and allow NK cells to
attack cells that down-regulate MHC class | molecules
as a consequence of transformation, infection or muta-
tion [5].

Inhibitory CD94/NKG2 heterodimers recognize the non-
classical antigens HLA-E (in humans) or Qa-1 (in mice)
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Abbreviation: ITIM: Immune receptor tyrosine-based
inhibitory motif
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which present peptides from the signal sequence of
classical (class la) MHC molecules [6]. Class la-specific
inhibitory receptors belong to the Ig superfamily (IgSF),
(“KIR” receptors in humans) or to the lectin-like Ly49
family (in mice). In B6 mice, the Ly49 family consists of
at least ten members (Ly49A-J) [7, 8]. Eight of them
(Ly49A, -B- C, -E, -F, -G2, I, -J) contain an ITIM. Inhibi-
tion of NK cell cytotoxicity by MHC engagement on tar-
get cells has been demonstrated for Ly49A [9], Ly49C/I
[10] and Ly49G2 [11].

Class la-specific inhibitory NK cell receptors discriminate
MHC alleles. The functional interaction of Ly49A with D®
has been extensively studied [12]. Besides D¢, D* as well
as H-2%9"s" molecules serve as functional ligands for
Ly49A, while Ly49C specifically interacts with H-2°¢kfarsv
gene products and Ly49I binds to H-20¢%a%¥ pyt not H-2°
molecules [7, 13]. Ly49G2 and Ly49F interact preferen-
tially, if not exclusively with H-2° [11, 13, 14]. No MHC
reactivity has been reported for Ly49B, -E, or -J.

Ly49 and KIR receptors are expressed in a variegated
fashion on subsets of NK cells [1, 15, 16]. Analysis of
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Ly49 co-expression revealed extensive overlap of NK
cell subsets expressing individual Ly49 family members
[17, 18]. However, comprehensive studies have been
hampered by a limited number of applicable Ly49-
specific mAb. As a rough approximation, the fraction of
NK cells expressing two Ly49 receptors equals the prod-
uct of the individual frequencies (the “product rule” [15]),
suggesting significant independence in the expression of
different Ly49 receptors. Furthermore, most NK cells that
express a given Ly49 receptor express only one or the
other allele of the corresponding gene, with a smaller
subset co-expressing both alleles [19-22]. The data sug-
gest a stochastic mechanism that initiates expression of
individual Ly49 alleles/genes [20, 21]. Once initiated,
Ly49 expression by NK cells appears to be stable in vivo
and in vitro [9, 20, 23]. Recent data indicate that acquisi-
tion of inhibitory Ly49 receptor is cumulative during NK
cell development [23-25].

Ly49 expression is also influenced by MHC class I-
dependent education processes. In the absence of MHC
class |, i.e. in f2m-deficient, TAP-1 deficient or pf2m/
TAP-1 double-deficient mice, the frequencies of NK cells
that co-express different inhibitory Ly49 receptors are
increased [17, 26, 27]. These findings imply that MHC
class | interactions shape the repertoire by restraining
the extent of inhibitory receptor co-expression. For
example, NK cells co-expressing Ly49A and Ly49G2 are
less frequent in H-2¢ mice, which express the D ligand
recognized by both receptors, than in H-2° mice, which
do not contain strong ligands for these receptors [17].
Furthermore, in H-2% mice engineered to express a
Ly49A transgene in all NK cells, 2-3 times fewer NK cells
expressed Ly49G2 than in transgenic H-2° mice. Con-
versely, Ly49G2 transgene expression in H-2° mice
resulted in a 2-3-fold reduction in the number of Ly49A*
NK cells compared to H-2°-transgenic mice [28, 29].
These data suggest that cognate MHC recognition limits
the generation of NK cells that express an abundance of
self MHC-specific inhibitory Ly49 receptors [2, 15].

Two mechanistic models for MHC-specific formation of
the NK repertoire have been proposed (reviewed in [2,
15, 30]). In a selection model, developing NK cells
express an initially random set of inhibitory Ly49 recep-
tors and are subjected to selection favoring cells
expressing “at least one” (to induce tolerance) and “not
too many” (to increase usefulness) self-specific recep-
tors. The alternative regulated sequential model pro-
poses that developing NK cells initiate expression of
Ly49 receptor genes in a sequential and cumulative fash-
ion, and are tested at each step for expression of “at
least one” self-specific receptor based on interactions
with MHC molecules in the host. Expression of additional
(either self- or non-self-specific) receptors ceases when
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sufficient inhibitory receptors are engaged. To date, the
limited experimental evidence does not allow discrimina-
tion of these models.

Here, we took advantage of new Ly49-specific mAb,
MHC class I-deficient mice, and a panel of MHC-
congenic strains to comprehensively study the effect of
MHC on the NK repertoire. We provide evidence for
MHC-dependent and MHC-independent factors influ-
encing co-expression of inhibitory Ly49 molecules, and
employ a transgenic mouse model to test the regulated
sequential model of MHC specific NK cell education.

2 Results

2.1 MHC-shaped co-expression of Ly49A,
Ly49G2, Ly49F and Ly49I

We employed recently developed mAb with specificity
for Ly49F (HBF) and Ly49I (YLI) together with Ly49A-
specific mAb JR9-318 and Ly49G2-specific mAb 4D11
to study the inhibitory Ly49 receptor repertoire on ex vivo
isolated splenic NK cells (phenotype NK1.1*CD3" or
NK1.1*CD3°CD8"). As shown representatively in Fig. 1
for B10 mice, any combination of Ly49A, -F, -G2 and -I
expression was readily detectable on the surface of NK
cells. For each of the six pairs of the four Ly49 receptors
analyzed, NK cells expressed either none, one, or both
of the individual receptors. These data extend earlier
results showing that Ly49 receptors are expressed on
the cell surface in a variegated fashion and that cell sur-
face co-expression of any receptor pair is allowable. The
fraction of NK cells expressing two receptors in combi-
nation approximated the multiplied frequencies for the
individual receptors (i. e. the “product rule” value), indi-
cating that Ly49A, -F, -G2 and -I can be expressed inde-
pendently of each other on NK cells.

To analyze the effect of MHC on the Ly49 repertoire, we
compared the frequencies of Ly49A, -F, -G2 and -I
expressing NK cells from a panel of eight MHC congenic
B10 mice with that of class I-deficient p2m™" B6 mice
(Fig. 2). With the exception of Ly49l in H-2" and H-2
mice, and Ly49G2 in H-29 mice, Ly49A, -F, -G2 or -I
expression was up to 4-fold less frequent on NK cells
from class I" mice (i.e. in 29/32 instances) than from
class I” mice. The effect of MHC | was generally more
pronounced for Ly49A and Ly49F and less pronounced
for Ly49G2 and Ly49I. The data show that most, if not all,
class | alleles impact the NK repertoire. Previous analy-
ses have focused on Ly49A, Ly49G2, and Ly49C/I (as
recognized by mAb 5E6) expression in class I” and class
I* H-2°, H-2¢ and H-2% mice [17, 26]. Our data extend the
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Fig. 1. Extensive co-expression of Ly49A, -G2, -l and -F on
NK cells. Nylon-wool passed splenocytes from B10 mice
were four-color-stained with mAb specific for NK1.1, CD3/
CD8 and Ly49A (mAb JR9-318), Ly49G2 (mAb 4D11), Ly49I
(mAb YLI), and/or Ly49F (mAb HBF), respectively. Repre-
sentative dot plots for gated NK1.1* CD3°CD8" NK cells are
shown. Numeric values are means + SEM of three individual
mice.

analyses to more MHC haplotypes and more individual
Ly49 receptors with defined MHC specificities.

In class I" mice, the frequency of NK cells expressing
Ly49A, -F, -G2 or -I varied within a 2—-3-fold range among
the eight different haplotypes. Individual Ly49 receptors
were affected differently by the MHC haplotypes of the
hosts. For example, Ly49A expression was least fre-
quent in H-2' mice, whereas Ly49G2, -F and -l were
expressed at intermediate frequencies in H-2" mice. It is
of interest to note that the representation of Ly49 recep-
tors does not always inversely correlate with the order of
binding to MHC alleles as determined by a semiquantita-
tive adhesion assay [13]. For example, Ly49 binds more
strongly to H-2¢ cells than to any of the other MHC hap-
lotypes tested, but is represented in H-2% mice at a rather
high frequency when all eight haplotypes are compared
(see Discussion). Together, the data show that expres-
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Fig. 2. The fraction of splenic NK cells bearing inhibitory
Ly49 family members is influenced by MHC. Splenocytes of
B6 p2m™-, B10 (b), B10.D2 (d), B10.BR (k), B10.M (f), B10.Q
(9), B10.RllI (r), B10.S (s), or B10.SM (v) mice (MHC haplo-
type in parentheses) were stained as in Fig. 1. The frequen-
cies of Ly49A", -G2*, I" or -F* NK cells are shown as means
+ SEM of three independent determinations.

sion of four individual inhibitory Ly49 receptors is
affected diversely by a broad range of MHC class |
alleles.

2.2 MHC-independent and MHC-dependent
deviations from the product rule

As shown in Fig. 1, co-expression of all combinations of
Ly49A, -F, -G2 and -1 occurred in class I* (H-2°) mice, and
the numbers roughly approximate those predicted for
the product rule. For a more detailed assessment of
receptor independence, we determined whether non-
MHC factors influence Ly49 co-expression. Thus, using
class I-deficient BZm"‘ mice, we compared the fractions
of NK cells expressing any pair of the four receptors to
the product rule predictions (Fig. 3). The co-expression
frequencies of Ly49F and Ly49l, and Ly49G2 and Ly49I
precisely matched the product-rule predictions for inde-
pendent expression. Co-expression of Ly49A and Ly49I
was slightly lower than predicted, but this difference was
not seen in a replicate experiment (data not shown).
Interestingly, co-expression of Ly49A and Ly49G2,
Ly49A and Ly49F, and Ly49F and Ly49G2 was more fre-
quent than predicted by the product rule, resulting in an
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Fig. 3. MHC I-independent co-expression of inhibitory Ly49
receptor pairs is stochastic for some receptor combinations,
and biased for others. Frequencies of NK cells co-
expressing the indicated pairs of Ly49 receptors (deter-
mined as in Fig. 1, black bars) are compared to the expected
frequencies of receptor combinations assuming indepen-
dent distribution (“product rule”, grey bars). Means + SD of
three animals are shown. * Statistically significant differ-
ences between observed values and product rule predic-
tions, p <0.05, as determined with Student’s t-test. For the
pair Ly49A-Ly49l, the difference was significant in this
experiment, but not in a repeat experiment.
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observed/expected ratio greater than one as
summarized in Table 1. Similar deviations from the
product rule were observed for these pairs in K*/"D*"~
B6 mice, which lack all expression of classical class |
molecules (data not shown). Therefore, non-MHC factors
influence the co-expression of some but not all Ly49
receptor combinations.

The non-MHC effects on the repertoire must be factored
out when evaluating the effects of MHC expression on
the NK repertoire. To do so, the observed to expected
ratios for each receptor pair in NK cells from eight MHC
congenic mouse strains were compared to the ratios for
the same pairs in class I-deficient mice. These data are
summarized in Table 1. The numbers in parentheses
have been normalized for the results in class |-deficient
mice, so that a value of less than one indicates inhibition
of co-expression compared to MHC-deficient mice,
while a value greater than one indicates enhanced co-
expression. Interestingly, MHC-specific deviations from
independent co-expression were observed for all recep-
tor pairs and for many, but not all MHC haplotypes. Most
of the MHC alleles inhibited co-expression of Ly49A with
other Ly49 receptors. Prominent effects were observed
in the H-2° haplotype, which encodes the strong D°
Ly49A ligand, but not in H-2°, which lacks strong Ly49A
ligands. Importantly, inhibition occurred in some in-
stances where only one of the receptors in the pair binds
detectably to MHC, for example the Ly49A/G2 pair in the
H-2%*¥ haplotypes. This result is predicted by the regu-
lated sequential model but not by the selection model of

Table 1. Frequencies of NK cells expressing combinations of two Ly49 receptors?

MHC
haplo.

Ly49A*G2*
Obs/Exp (Norm)

Ly49F*I*
Obs/Exp (Norm)

Ly49A*F*
Obs/Exp (Norm)

Ly49G2**
Obs/Exp (Norm)

Ly49F*G2*
Obs/Exp (Norm)

Ly49A*T*
Obs/Exp (Norm)

p2m™~ 1.33 + 0.02

0.99 + 0.06

1.95 +0.05

b 1.30 = 0.05 (0.98) 0.99 +0.05(1.00) 1.79 +0.11 (0.92)*
d 0.77 +0.02 (0.58)° 1.0+0.12(1.03) 1.11+0.10 (0.57)*
k 1.12 + 0.01 (0.84)* 0.85 +0.04 (0.86) 1.54 +0.10 (0.79)*
f 0.97 +0.08 (0.72)* 1.13 +0.08 (1.14) 1.12 = 0.06 (0.57)"
q 1.21+0.01 (0.91) 1.16+0.07 (1.17)* 1.61 + 0.48 (0.82)

r 1.28+0.17 (0.96) 1.05+0.05(1.06) 1.26 + 0.24 (0.65)"
s 1.15 = 0.01 (0.86)* 1.29 + 0.09 (1.30)* 1.56 + 0.16 (0.80)"
v 0.94 +0.02 (0.71)* 1.05+0.13(1.06) 1.51 = 0.21 (0.77)"

0.98 + 0.02
1.03 + 0.01 (1.05)*
0.98 + 0.03 (1.00)
0.97 = 0.03 (0.99)

0.99 + 0.04) (1.01)

0.95 + 0.02 (0.97)
1.04 + 0.03 (1.06)"
1.08 + 0.02 (1.10)*
0.99 + 0.02 (1.01)

1.37 + 0.02
1.47 + 0.05 (1.07)"
1.08  0.08 (0.79)"
1.41 + 0.08 (1.03)
1.23 + 0.02 (0.90)*
1.38 + 0.16 (1.01)

1.41  0.09 (1.03)

1.24 + 0.05 (0.91)*
1.27 + 0.06 (0.93)"

0.84 + 0.04
0.77 + 0.03 (0.92)*
0.71 + 0.02 (0.85)"
0.67 + 0.04 (0.80)*
0.70 + 0.03 (0.83)*
0.62 + 0.10 (0.73)*
0.92 + 0.02 (1.09)*
0.89 + 0.04 (1.06)

0.55 + 0.03 (0.65)"

a) Numbers indicate ratio + SD of “observed vs. expected” frequencies. The numbers in parentheses have been normalized for

the ratio in f2m
mice). *Statistically significant difference compared to 32m

/-

/-

mice (mean of “observed vs. expected” from class I mice/mean of “observed vs. expected” from 2m
mice, p <0.05, as determined with Student’s t-test.

/-
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NK cell repertoire formation (see Discussion). However,
some haplotypes with relatively strong Ly49A ligands
had little effect on co-expression with Ly49A. For exam-
ple, co-expression of Ly49A and Ly49l was not inhibited
in H-2" mice, where strong ligands for both receptors are
present [13] (see Discussion).

In a few cases, there was a statistically significant
enhancement in receptor co-expression due to MHC
expression, but only one of these represented a relatively
large effect. Co-expression of Ly49F and Ly49l was sig-
nificantly elevated in H-2° mice compared to class I-
deficient mice. The results raise the possibility that that
MHC can also positively influence the co-expression of
Ly49 receptors in rare instances.

2.3 Evidence for the regulated sequential model
from a transgenic mouse model

The data as a whole indicate that MHC inhibition of Ly49
receptor co-expression is common and fulfill a prediction
of the regulated sequential model of repertoire formation,
but the complexity of the system is such that we turned
to another approach to more directly test the regulated
sequential model. The selection model predicts selection
against NK cells that co-express two (or more) receptors,
but only if both of the receptors are self-MHC specific.

A Selection Model

0 Selection Against
—_—»
=
H-2d

;_’> No Selection

immature mature

E sell-specific
transgenic Ly48a

=] non-sell specific
Lyd8L-G2I-F
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The regulated sequential model predicts that expression
of one self-specific receptor will inhibit subsequent
expression of another receptor, whether the second
receptor is self MHC-specific or not. Thus, the two mod-
els offer different predictions for the outcome of an
experiment in which a self-MHC specific Ly49A trans-
gene is expressed in all NK cells at an early stage of
development. We previously characterized such a trans-
genic line, in which a Ly49A cDNA is expressed by all NK
cells at physiological levels very early in NK cell differen-
tiation [31]. The regulated sequential model predicts that
the transgene will inhibit expression of both non-self
MHC-specific and self-specific endogenous Ly49
receptors, whereas the selection model predicts reduced
usage of only self-specific receptors (see Fig. 4). Previ-
ous studies demonstrated that the transgene caused a
reduced usage of endogenous Ly49G2 in H-2° mice, but
had little or no effect in H-2°- or class I-deficient mice, in
which no or only weak Ly49A ligands are expressed [28].
Ly49A binds quite well to both H-2¢ and H-2, while
Ly49G2, Ly49F and Ly49I bind to H-2% and not H-2 [13].
Ly49A-transgenic mice were crossed to a H-2%¢ or H-2"
B6/B10 background, and Ly49G2, -F and -I expression
by splenic NK cells was determined. As predicted by
both models, expression of the Ly49A transgene
resulted in reduced usage of Ly49F, Ly49G2 and (to a
lesser extent) Ly49l in H-2¢ mice, which express ligands
for all of these receptors (Fig. 5). Strikingly, a nearly iden-

B Regulated Sequential Model

Inhibition
0 — =
H-2d
; Inhibition
Rl -
H-2f
immature mature
sell specific
Lydol-G2-F

Fig. 4. The Ly49 repertoire in Ly49-A-transgenic H-2° and H-2" mice distinguishes the “selection” and “regulated sequential”
models of Ly49 repertoire generation. According to the selection model (A), immature NK cells expressing transgenic Ly49A and
an initially arbitrary set of self- or non-self MHC specific Ly49 receptors are subjected to selection against cells expressing “too
many” self-specific receptors, as in the case of transgenic Ly49A and Ly49G2, -F or -l in H-2% mice. In H-2" mice, Ly49G2, -F or
-1 do not recognize self-MHC, and therefore, the generation of NK cells expressing transgenic Ly49A together with these recep-
tors is neutral. (B) According to the “regulated sequential” model, early H-2¢ or H-2' recognition by transgenic Ly49A reduces the
likelihood of subsequent expression of other inhibitory Ly49 receptors, irrespective of their MHC specificity. Therefore, expres-
sion of Ly49G2, -F or -I should be similarly infrequent in H-2¢ and H-2" mice. (A; B) Decreased cell size symbolizes contraction of
the respective NK compartment due to MHC-specific education.
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Fig. 5. Similar Ly49G2, -l and -F expression on NK cells from Ly49A transgenic H-2% and H-2" mice. Nylon-wool passed spleen
cells from Ly49A-transgenic (tg) or non-transgenic (wt) H-2%¢ (black bars) or H-2"* mice (grey bars) were stained with mAb spe-
cific for Ly49G2 (4D11), Ly49F (HBF) or Ly49I (YLI). Mean results for gated NK1.1* CD3™ cells + SEM (n = 3) are shown.

tical effect of the Ly49A transgene was observed in H-2'
mice, despite the lack of ligands for Ly49G2, -F and -l in
these mice. In contrast, the transgene had no effect on
expression of Ly49G2 in class I-deficient mice [28], dem-
onstrating that ligand-binding is necessary in order for
the transgene-encoded receptor to exert its effects.
These data strongly support the regulated sequential
model of MHC specific NK repertoire generation.

3 Discussion

Here, we studied the co-expression frequencies of inhib-
itory Ly49 receptors on splenic NK cells from mice that
differ solely in MHC expression. Compared to previous
studies in this area [17, 24, 26] the present study has
several notable features. First, we developed and
employed the novel mAb YLI and HBF that specifically
recognized Ly49l and Ly49F, respectively, to detect NK
cell surface expression of these molecules. Second,
since expression of Ly49 receptors by NKT cells differs in
important respects from expression of these receptors
by conventional NK cells, we used four-color flow-
cytometry to gate NKT cells out of our analyses. Third,
we employed a panel of eight MHC-congenic mouse
strains and recently acquired knowledge of MHC-Ly49
specificity to comprehensively analyze the effect of MHC
on receptor co-expression. Finally, we employed a
well-studied Ly49A transgenic mouse model, in combi-
nation with the new mADb, to test a major prediction of the
regulated sequential model of NK cell repertoire
formation.

Extensive co-expression of inhibitiry Ly49 family mem-
bers on the surface of NK cells has previously been
shown for Ly49A, -G2 and -C/I [10, 11, 17, 26, 32]. It was
noted that the frequency of NK cells co-expressing two
receptors approximates the product rule, though devia-

tions occur [15]. Previous studies have documented
biases in co-expression of activating Ly49D and Ly49H
as well as co-expression of Ly49H with Ly49C/I or -G2,
but not Ly49A [33]. In the same study, and in accordance
with previous findings [34], co-expression of the Qa-1
receptor CD94/NKG2 with Ly49A was found to be unbi-
ased, while co-expression of CD94/NKG2 with Ly49G2
was somewhat disfavored. Since these studies did not
include analysis of MHC class I-deficient or MHC-
disparate mice, and the specificity of Ly49H is unknown,
it was unclear whether the biases arose intrinsically or as
a result of MHC interactions in the formation of the reper-
toire.

Interestingly, we found that in the absence of class |,
co-expression of some receptor pairs closely matched
the product rule predictions (Ly49F/Ly49l and Ly49G2/
Ly49l), while co-expression of other pairs, such as
Ly49A/Ly49F, Ly49A/Ly49G2 and Ly49F/Ly49G2, were
all significantly higher than expected. The results are
reminiscent of the recent finding that co-expression in F1
hybrid mice of two Ly49A alleles, or two Ly49G2 alleles,
occur at a higher than expected frequency [22]. There-
fore, the “intrinsic” factors that bias co-expression of dif-
ferent Ly49A alleles may also bias co-expression of
Ly49A with other Ly49 genes.

It is attractive to speculate that the MHC-independent
differences in receptor co-expression occur because of
heterogeneity in precursor NK cells with respect to the
likelihood of expression of different receptor genes. For
example, a subset of precursor NK cells may express rel-
atively high levels of nuclear factors, signaling molecules
or other cellular components that are necessary for
expression of Ly49A, Ly49F and Ly49G2. While the
receptors would still be expressed in a variegated fash-
ion in this subset, the higher availability of necessary fac-
tors could led to a high degree of co-expression of these
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receptors in this subset compared to other NK cells. As
a result, co-expressing cells would be more frequent
among all NK cells than predicted by the product rule.
One might speculate further that the expression of Ly49I
is regulated by factors or signaling pathways that are at
least partially distinct from those regulating the other
three receptors, and which are randomly distributed in
NK precursor cells. This would lead to a more or less ran-
dom overlap between Ly49l and the other receptors.
Only one nuclear factor has so far been implicated in
Ly49 gene regulation, the transcription factor TCF-1 [35].
Deficiency of TCF-1 abrogated Ly49A expression, but
resulted in unchanged or even increased percentages of
Ly49G2* and Ly49C/I"* NK cells. Therefore it is unlikely
that restricted expression of TCF-1 in a subset of NK cell
precursors could by itself account for the enhanced co-
expression of Ly49A and Ly49G2. It remains possible
that other factors necessary for expression of Ly49G2
(and Ly49F) are co-distributed with TCF-1 in NK cell pre-
cursors, or that TCF-1, while important, is not itself
responsible for enhanced receptor co-expression.

Superimposed on intrinsic phenomena, MHC molecules
clearly impact Ly49 co-expression (Table 1). In only one
case, the Ly49F/I pair in H-2° mice, did MHC expression
substantially elevate receptor co-expression. At present,
we do not have an explanation for this effect. One might
speculate that H-2° encodes a ligand for a stimulatory
receptor that is expressed in a subset of NK cells and
that induces expression of both of these receptors.

In most cases where an effect was observed, MHC inter-
actions resulted in decreased receptor co-expression
compared to class I-deficient mice. This outcome is in
line with previous findings that receptor co-expression is
limited by interactions with MHC class | molecules. One
of the most notable features of the data, however, is that
MHC haplotypes which did not detectably bind certain
Ly49 receptors nevertheless impacted co-expression of
these receptors with other Ly49 molecules. For example,
Ly49F does not bind detectably to H-2" or H-2", but co-
expression of Ly49A and Ly49F was strongly inhibited in
both H-2" and H-2" mice. These data are difficult to rec-
oncile with the selection model of Ly49 receptor co-
expression, in which the summed reactivity of two recep-
tors is the determinant of whether cells will be selected
against. In contrast, these data are consistent with the
sequential regulated model, in which the reactivity with
MHC of receptors expressed early in the sequence
determines whether other receptors will be subsequently
expressed, regardless of whether the latter receptors
bind MHC.

We previously reported evidence that Ly49A s
expressed relatively early in NK cell development [23, 24]
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(though another group obtained different results [25]).
Therefore one might predict that the reactivity of this
receptor with MHC would have a significant impact on
co-expression of other subsequently expressed recep-
tors. The “avidity” of different Ly49 receptors for each of
the eight MHC haplotypes studied was previously deter-
mined in a cell-cell binding assay, where it was shown
that Ly49A interacts with the eight haplotypes in the
order d>r>(f)>k>v>qg>s>b [13]. There appeared
to be some relationship between MHC avidity and the
impact of the MHC haplotype on receptor co-
expression, but the relationship was inexact and did not
hold for all receptor pairs. For example, the three MHC
haplotypes in which co-expression of Ly49A/F was most
affected were those haplotypes that bind most tightly to
Ly49A (H-2%1a9 In the case of the Ly49A/G pair, two of
the three MHC haplotypes showing a strong impact, H-
29 and H-2", were among the strongest binders to Ly49A.
On the other hand, H-2', the second strongest binder to
Ly49A, had no impact on the co-expression of Ly49A/
G2, and the Ly49A/I1 pair showed no discernable correla-
tion with MHC binding to either Ly49A or Ly49l. We sus-
pect that these discrepancies arise because the overall
outcome is determined by the complex interplay of all
the receptors, including those not studied here, and
depends on the order of expression of each receptor and
its reactivity with MHC. Because such an analysis would
be complex even if all the relevant data were available,
we used a more direct transgenic approach to test a
major prediction of the regulated sequential model.

The transgenic studies investigated the effects of a
Ly49A transgene in H-2" mice. Ly49A binding to H-2" was
shown with a cell-cell adhesion assay as well as a func-
tional assay in which H-2' stimulator cells inhibited
Ly49A-transgenic T cells as compared to non-transgenic
T cells [13, 29]. On the other hand, recombinant biotiny-
lated Ly49A failed to bind to H-2f [36], possibly reflecting
a lower avidity of recombinant Ly49A to H-2" as com-
pared to the membrane-bound transgene. Significantly,
we observed a substantial effect of the Ly49A transgene
on expression of endogenous Ly49G2, -F and -l by
splenic NK cells from H-2" mice (Fig. 5). Since the trans-
gene does not affect Ly49G2 expression in class I-
deficient mice [28], the data indicate that the Ly49A
transgene recognizes H-2" class | molecules in a devel-
opmentally relevant context.

In contrast to Ly49A, no binding of Ly49G2, -F and -l to
H-2" was observed in the cell-cell adhesion assay [13].
Nevertheless, Ly49A transgene expression resulted in
reduced co-expression of each of these receptors in H-2f
mice, of a similar magnitude as observed in H-2¢ mice,
which express strong ligands for both receptors. These
data fulfill a central prediction of the regulated sequential
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model of Ly49 repertoire generation, since this model
anticipates that engagement of the transgene-encoded
receptor will inhibit subsequent expression of other
receptors regardless of their reactivity with self-MHC
molecules. The selection model, in contrast, predicts
that NK cells with a given receptor pair will be selected
against only if both receptors react with self-MHC mole-
cules. As this report was prepared for publication, Fahlen
et al. reported that a Ly49C transgene results in reduced
usage of Ly49G2 in mice expressing H-2° (which binds to
Ly49C), but not in class I-deficient mice [37]. Our data
significantly extend these results by demonstrating a
similar effect with a different transgene, and by showing
that three different Ly49 receptors were affected by the
transgene.

A notable feature of the transgenic data was that Ly49A
transgene expression inhibited Ly49l expression to a
substantially smaller extent than it inhibited Ly49G2 or -F
expression. This was true even in mice expressing H-2¢,
which binds significantly to both Ly49A and -I. The data
suggest that Ly49 genes differ in their sensitivity to regu-
lation by prior receptor engagement. Perhaps the Ly49l
gene is less dependent than the other genes on factors
that are down-regulated as a result of prior receptor
engagement, and is therefore less affected. As men-
tioned above, evidence suggests that different Ly49
genes are regulated by different factors, since TCF-1
deficiency prevented expression of Ly49A but not sev-
eral other receptors [35]. The lower responsiveness of
Ly49I to regulation may also help explain why receptor
pairs including Ly49l were generally (but not always) less
affected than other pairs in various MHC-congenic mice
(Table 1).

In conclusion, we have provided the most comprehen-
sive characterization to data of the Ly49 receptor reper-
toire in MHC-different mice. The data indicate that MHC
interactions often inhibit receptor co-expression, and
provide evidence consistent with the regulated sequen-
tial model of NK cell repertoire formation. More direct
evidence for the regulated sequential model came from
the transgenic studies. In further studies, it will be inter-
esting to unravel the molecular mechanisms that under-
lie the regulation of receptor expression in this system.

4 Materials and methods

4.1 Mice

C57BL/6J (B6) mice were bred at the animal facilities of
the University of California, Berkeley. C57BL/10J (H-2°,
B10), B10.D2/nSnJ (H-2¢, B10.D2), B10.BR/SgSnJ (H-2%,
B10.BR), B10.M/Sn (H-2, B10.M), B10.Q/SgJ (H-2%,
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B10.Q), B10.RIll (71NS)/Sn (H-2, B10.RIll) B10.S/SgMcdJ
(H-2%, B10.S) and B10.SM (70NS)/Sn (H-2', B10.SM) mice
were purchased from the Jackson Laboratory (Bar Harbor,
ME). B6 and B10 mice express identical NK cell receptors
[38]. The generation of p2m™ mice and Ly49A-transgenic
mice (line 2) on the B6 background has been described pre-
viously [17, 28]. Ly49A-transgenic B6 mice were crossed to
B10.M (H-2Y) mice to generate Ly49A-transgenic B6/B10 H-
2°" F1 mice which were subsequently crossed to B10.M
mice to generate Ly49A-transgenic H-2"" mice. For analysis
of the Ly49 repertoire, 8—12-week-old mice were used
throughout the study.

4.2 Antibodies and staining reagents

Anti-Ly49 mAb used in this study were: HBF (anti-Ly49F),
YLI (anti-Ly49l) [39], 4D11 (anti-Ly49G2, ATCC, Manassas,
WI), JR9-318 (anti-Ly49A, kindly provided by J. Roland).
Antibodies were purified from cell culture supernatants on
protein A- or protein G-Sepharose columns and conjugated
to biotin or FITC according to standard methods. Anti-
NK1.1-PE was from Pharmingen (San Diego, CA), anti-CD3-
Tricolor (TC) and anti-CD8-TC from Caltag (San Francisco,
CA). Biotin conjugates were developed with SA-613 (Gibco
BRL, Gaithersburg, MD) for four-color analysis or with SA-
TC (Caltag) for three-color analysis.

4.3 Stainings and flow cytometry

Spleen cell suspensions were depleted of red blood cells by
osmotic shock and passaged over nylon-wool columns to
enrich for NK cells. All staining reactions were performed in
the dark on ice in PBS/3 % FCS/0.02 % sodium azide with
saturating amounts of reagents. For four-color analysis, 1 x
10° cells were stained with biotin-conjugated anti-Ly49A, -F,
-G2 or -| followed by extensive washing and anti-NK1.1-PE,
anti-CD3/8-TC, anti-Ly49A-FITC, anti-Ly49F-FITC or anti-
Ly49G2-FITC, respectively, and SA-613. Samples were ana-
lyzed on an EPICS XL flow cytometer (Coulter, Hialeah, FL)
with a gate on live cells based on light scatter profile.
WinMDI® software was used for data display. All results are
shown as logy, fluorescence intensities on a four-decade
scale.
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