L T

/

1\

=y

Natural killer cell licensing in mice with inducible

expression of MHC class |

Takashi Ebihara?, A. Helena Jonsson®, and Wayne M. Yokoyama®®'

2Howard Hughes Medical Institute and PDivision of Rheumatology, Department of Medicine, Washington University School of Medicine, St. Louis, MO 63110

Contributed by Wayne M. Yokoyama, September 30, 2013 (sent for review August 20, 2013)

Mouse natural killer (NK) cells acquire effector function by an
education process termed “licensing” mediated by inhibitory Ly49
receptors which recognize self-MHC class I. Ly49 receptors can bind
to MHC class | on targets (in trans) and also to MHC class | on the
NK-cell surface (in cis). Which of these interactions regulates NK-
cell licensing is not yet clear. Moreover, there are no clear pheno-
typic differences between licensed and unlicensed NK cells, per-
haps because of the previously limited ability to study NK cells
with synchronized licensing. Here, we produced MHC class I-deficient
mice with inducible MHC class I consisting of a single-chain trimer
(SCT), ovalbumin peptide-p2 microgloblin-H2K® (SCT-K®). Only NK
cells with a Ly49 receptor with specificity for SCT-K® were licensed
after MHC class | induction. NK cells were localized consistently in
red pulp of the spleen during induced NK-cell licensing, and there
were no differences in maturation or activation markers on re-
cently licensed NK cells. Although MHC class I-deficient NK cells
were licensed in hosts following SCT-K® induction, NK cells were
not licensed after induced SCT-K® expression on NK cells them-
selves in MHC class I-deficient hosts. Furthermore, hematopoietic
cells with induced SCT-K® licensed NK cells more efficiently than
stromal cells. These data indicate that trans interaction with MHC
class | on hematopoietic cells regulates NK-cell licensing, which is
not associated with other obvious phenotypic changes.

tolerance | immunity | lymphocytes

he ability of natural killer (NK) cells to be activated by their

targets is controlled by their activation and inhibitory re-
ceptors (1, 2). Activation receptors can recognize ligands ex-
pressed on their targets, triggering NK cells if their inhibitory
receptors are not engaged. In mice, most Ly49 molecules are
inhibitory receptors that recognize MHC class I molecules on
target cells (3). Engagement of Ly49 receptors by MHC class I
leads to signals that block NK-cell triggering during effector
responses. These receptors explain the “missing-self” hypothesis,
which postulates that NK cells survey tissues for normal levels of
the ubiquitously expressed MHC class I molecule (4). In the
absence of MHC class I, inhibition is released, and NK cells then
can be activated through their activation receptors to kill and
produce cytokines. Thus, the NK-cell inhibitory receptors con-
trol NK-cell responses at the effector level.

NK cells in MHC class I-deficient mice, such as p,-micro-
globulin (p2m)~~ and TAP~~ mice, do not receive inhibitory
signals and should be overactive (5-7). Instead, however, NK
cells from these animals are hyporesponsive to activation re-
ceptor cross-linking. Moreover, NK cells apparently lacking
known MHC-specific receptors also are hyporesponsive (8).
Previously, we reported that the NK-cell inhibitory receptors
have a second function that can explain these paradoxical find-
ings (7). Through recognition of self-MHC class I via their in-
hibitory MHC class I-specific receptors, NK cells become
licensed (or educated), resulting in the functional competence of
their activation receptors. For example, in C57BL/6 (H2P) mice,
Ly49C* NK cells are licensed by recognition of self-H2K® and
secrete more IFN-y after NK1.1 stimulation than do Ly49C™ NK
cells. In contrast, IFN-y production is comparable in Ly49A*
and Ly49A~ NK cells, indicating that Ly49A™ NK cells are not
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licensed in C57BL/6 mice because Ly49A does not recognize an
H2" class I allele. On the other hand, Ly49A* NK cells are
specifically licensed in mice expressing its MHC class I ligand,
H2DY, as self-MHC. Thus, the recognition of self-MHC class I
leads to enhanced function of NK-cell activation receptors, and
this enhancement is influenced by self-MHC-specific Ly49 re-
ceptors in mice.

Other studies suggest that a similar process occurs for hu-
man NK cells that preferentially express killer Ig-like receptors
(KIRs) for HLA class I recognition and effector inhibition. Al-
though the mouse lectin-like Ly49 receptors and human KIRs
are structurally distinct, they share many other features, sup-
porting the concept that each species evolved a different genetic
solution for the MHC class I-specific inhibitory receptors; that is,
Ly49 receptors and KIRs now are considered to be outstanding
examples of convergent evolution (9, 10). As with NK cells
bearing self-MHC-specific Ly49 receptors in mice, human NK
cells with self-HLA-specific KIRs display enhanced function
(11-13). In contrast, NK cells from the same donor but without
expression of self-HLA-specific KIRs show decreased function.
Moreover, NK cells bearing the same KIR but without its cog-
nate ligand in other donors do not display enhanced function.
Thus, licensing (i.e., the education effects of self-MHC class I
recognition by relevant NK-cell receptors) is now accepted as
being operational in mice and humans (13).

Other than expression of self-MHC-specific Ly49 receptors or
KIRs and enhanced capacity to signal through their activation
receptors, licensed mouse and human NK cells are not clearly
distinguishable from unlicensed NK cells (7, 11, 12). However,
this apparent similarity could result from a continuous process in
which small numbers of NK cells are educated and then join
“older” NK cells, and major phenotypic changes during licens-
ing may be transient. Therefore previous phenotypic studies of
licensed NK cells may have been limited by the inability to in-
vestigate NK cells in which licensing is synchronized.

Significance

Natural killer (NK) cells undergo a licensing (or education)
process through interactions with their MHC class I-specific
receptors and self-MHC class | to become functionally compe-
tent. Previously it was not possible to study the acute con-
sequences of these interactions. We developed transgenic mice
to induce MHC class | acutely in an otherwise MHC class
I-deficient environment. In these mice, acute NK cell licensing
is dependent on interactions between NK-cell receptors and
other hematopoietic cells; the acute process did not appear
to induce detectable differences in the licensed NK cells
themselves.
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Crystallographic studies revealed two potential interaction
sites on MHC class I at which interactions with Ly49 receptors
might take place: Site 1 is on the left side of the peptide-binding
cleft (when viewed from above with the al helix shown on top);
site 2 is below the peptide-binding cleft (14). Mutational studies
demonstrated that the Ly49 receptors engage site 2 in trans to
inhibit effector functions, because point mutations at site 2 ab-
rogated the capacity of transfected MHC class I molecules to
inhibit NK cells in an Ly49-dependent manner (15-17). Further-
more, we recently showed that these same residues are involved in
conferring Ly49-dependent licensing effects because transgenic
(Tg) expression of site 2-mutant MHC class I molecules failed to
induce licensed NK cells, whereas wild-type MHC class I alleles
allowed licensing (18). Thus, Ly49 receptors interact with the
same site on their MHC class I ligands for effector inhibition and
licensing, providing another link of these two processes.

Because NK cells also express MHC class I molecules, prior
studies suggested that Ly49 receptors also can interact with their
ligands on the same NK-cell surface, i.e., in cis as well as in trans
with their target cell (19). Site 2 on MHC class I molecules is
involved in both cis and trans interactions of Ly49 receptors with
their MHC class I ligands. Studies of Tg mice expressing a mu-
tated Ly49A receptor that cannot engage in in cis interactions
but retains the ability to engage in in frans interactions showed
that NK cells expressing mutated Ly49A were not licensed,
suggesting that NK cells are licensed via cis interactions (20).
However, the possibility that the mutated Ly49A disrupted other
unknown signals or interactions required for NK-cell licensing
cannot be ruled out completely. Moreover, we and others re-
cently identified the importance of frans interactions in NK-cell
licensing because unlicensed splenic p2m~~ NK cells acquired
the licensed phenotype when adoptively transferred to wild-type
hosts (21, 22). On the other hand, non-H2D%expressing Ly49A™*
NK cells can acquire H2D® through contact with H2D"-expressing
cells in an Ly49A-dependent manner in vitro and in vivo (23, 24),
suggesting that the transferred NK cells could have acquired host
MHC class I, allowing potential interactions with MHC class I
in cis as well as in trans. Thus, it remains unclear whether cis or
trans interactions are required for NK-cell licensing.

Previously, we used mice in which an MHC class I single-chain
trimer (SCT) consisting of ovalbumin (OVA) peptide (SIIN-
FEKL), p2m, and H2K" heavy chain (SCT-K") is expressed in an
MHC class I-deficient environment (7). The SCT-K” molecule
is specifically and solely recognized by Ly49C when stably
expressed as a transgene in C57BL/6 mice, conferring the li-
censed phenotype to Ly49C™ NK cells. Here we were able to
monitor Ly49C™ NK cells after acute induction of SCT-K" and
found that unlicensed Ly49C™ NK cells became licensed without
changes in NK-cell maturation or activation markers or locali-
zation in spleen. Furthermore, our data showed trans interaction
with hematopoietic cells is required for NK-cell licensing, but cis
interaction is not.

Results

Generation of Inducible MHC Class 1 (SCT-K®) Mice. The SCT-K®
construct was modified to produce a more stable SCT-K® in
which the SIINFEKL peptide sequence was covalentlg/ linked to
the al helix of K® (25, 26). Tetramers of this SCT-K" molecule
bound specifically to Ly49C* NK cells. The SCT-K® construct
was placed in a cassette for tetracycline-response element (TRE)
control of expression [TRE-SCT-K"-SV40 poly(A)] when the
reverse tetracycline transactivator (rtTA) was expressed and
doxycycline was administered. The construct was microinjected
to generate TRE-SCT Tg mice (Fig. 14). Then, the mice were
crossed with $2m™~ mice and Rosa26-rtTA (ROSA-rtTA) mice,
which express inactive rtTA under the control of the Rosa26
locus. Doxycycline then was administered to induce active rtTA
and SCT-K® expression in all cells in an MHC class I-deficient
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background. In experiments with (TRE-SCT Tg x ROSA-rtTA)
p2m~"~ mice administered doxycycline by the i.p. route, we found
that SCT-K® was detected acutely by the 25-D1.16 mAb, which
reacts specifically with SIINFEKL bound to H2K®. At 1 d after
i.p. injection of doxycycline, all subsets of splenocytes, including
NK cells, T cells, B cells, monocytes/macrophages, and gran-
ulocytes, expressed SCT-K® (Fig. 1B). Consistent with variable
tissue expression of reporter genes under control of the Rosa26
locus (27), SCT-K" expression was variable. SCT-K" expression on
vascular cell adhesion protein 1 (VCAM-1)-positive splenic stro-
mal cells also was confirmed by immunohistochemistry (Fig. 1C).
Thus, doxycycline administration acutely induced SCT-K® expres-
sion on a broad variety of cells in (TRE-SCT Tg x ROSA-rtTA)
p2m~" mice.

Unlicensed Ly49C* $2m~'~ NK Cells Become Licensed After SCT-K"
Induction. We next examined effect of SCT-K® induction on
NK-cell licensing in the p2m™~ background. We injected doxy-
cycline into ROSA-rtTA p2m~~, TRE-SCT Tg p2m~~, (TRE-
SCT Tg x ROSA-1tTA) p2m~~, and wild-type mice on days
0 and 2, and at day 3 splenocytes were stimulated by anti-NK1.1
cross-linking. Upon SCT-K® induction, Ly49C* NK cells pro-
duced significantly more IFN-y than did Ly49C™ NK cells (Fig. 2
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Fig. 1. Inducible SCT-K® mice. (A) A schematic figure of inducible SCT-K® Tg
mice. (B) At day 1 after i.p. injection of doxycycline or PBS, SCT-K® expression
on splenocyte subsets was assessed by flow cytometry in ROSA-rtTA p2m™"
mice treated with doxycycline (thin line), TRE-SCT Tg f2m~" mice treated
with doxycycline (dotted line), and (TRE-SCT Tg x ROSA-rtTA) p2m~"" mice
treated with PBS (gray shading) and doxycycline (thick line). (C) Immunohis-
tochemistry of spleen for SCT-K® and VCAM-1 expression as indicated 1 d after
i.p. injection of doxycycline. VCAM-1 is a marker of splenic stromal cells.
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A and B), whereas IFN-y production by Ly49A™ NK cells and
Ly49A™ NK cells was unchanged (Fig. 2C). The licensing ratio
for a given Ly49 receptor was determined by assessing the per-
centage of IFN-y—producing cells in receptor-positive and re-
ceptor-negative NK-cell populations. Accordingly, the licensing
ratio for Ly49C but not for Ly49A was increased significantly by
SCT-K" induction (Fig. 2 B and C). Similar results were obtained
with (TRE-SCT Tg x ROSA-rtTA) p2m~;K*7~;D"7~ mice.
A partial licensing effect on Ly49C* NK cells was observed even
on day 1 of doxycycline treatment (Fig. 2D). Unlicensed splenic
B2m™" NK cells become licensed when adoptively transferred to
wild-type hosts (21, 22). However, what happened in the spleen
to licensed NK cells, regarding NK cell localization, was not
studied, and 3 or 4 d were required for ﬁ2m_/ ~ NK cells to ac-
quire the licensed phenotype in a wild-type host. During the
acute induction of NK-cell licensing studied here, almost all the
NK cells remained in the red pulp (Fig. S1). Collectively, these
data suggested that induced SCT-K" specifically licensed Ly49C™*
p2m~~ NK cells, but not Ly49A™ p2m~~ NK cells, within 1 d
and without major change in splenic localization.

Licensed NK-Cell Phenotype Is Not Altered After SCT Induction. To
investigate further the effects of SCT-K® induction on NK-
cell maturation, we next examined NK cells from ROSA-rtTA
p2m~'~, (TRE-SCT Tg x ROSA-rtTA) p2m~'~, and wild-type
mice for a comprehensive set of markers on day 3 after i.p.
doxycycline injection. In particular, normal splenic NK cells
undergo a process of maturation defined by CD27 and CD11b,
from CD27"€"CD11b"Y to CD27"¢"CD11b"" and then to
CD27°*CD11b"€", Unlicensed p2m~'~ NK cells express CD27,
CD11b, and other maturation markers comparable to licensed
wild-type NK cells, indicating that the licensed NK-cell phenotype
is not normally accompanied by changes of NK-cell maturation

A

or activation (7, 28, 29). Here, doxycycline treatment itself and
SCT-K" induction did not change the maturation status of NK
cells as determined by CD27 and CD11b expression (Fig. 34)
and the expression of other markers such as CD122, NKG2D,
NKp46, DX5, CD43, CD62L, KLRG1, and CD69 (Fig. 3B).
Thus, doxycycline treatment and induction of SCT-K® had min-
imal effect on NK-cell maturation and apparently did not acti-
vate NK cells.

When we examined expression of Ly49 receptors, we surpris-
ingly found that the Ly49D-activation receptor was down-regu-
lated on SCT-Kb-expressing NK cells, but this down-regulation
was not observed on wild-type NK cells. However, Ly49D ex-
pression did not affect the licensed phenotype by Ly49C* NK
cells after doxycycline treatment (Fig. S2). As expected, we found
Ly49C expression was specifically down-regulated on NK cells from
SCT-K —expressing and wild-type mice as compared with p2m™~
NK cells (Figs. 24 and 3B), as previously shown (7). However, there
was no change in the expression of other inhibitory Ly49 receptors.
Thus, there is evidence for a productive physical interaction be-
tween Ly49C and induced SCT-K® but otherwise there is no
change in the phenotype of acutely licensed NK cells.

NK-Cell Licensing Requires trans Interaction with Hematopoietic Cells.
We next addressed whether only cis interaction or also trans
interaction of Ly49 receptors and MHC class I licenses NK cells.
We transferred carboxyfluorescein succinimidyl ester (CFSE)-
labeled (TRE-SCT Tg x ROSA-rtTA) p2m~'~ (denoted Tg) or
ROSA-rtTA p2m~~ (denoted non-Tg) NK cells into non-Tg or
Tg mice (Fig. 4). On day 7 and day 9 after transfer, doxycycline
was injected i.p. into the mice, and on day 10 splenocytes were
harvested to determine SCT-K” expression and IFN-y production
after anti-NK1.1 cross-linking in host and recipient NK cells.
Donor non-Tg NK cells were licensed in SCT-Kb—expressing
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Fig. 2. SCT-K® induction specifically licensed Ly49C* NK cells but not Ly49A* NK cells. Doxycycline or PBS was i.p. injected into the indicated mice on days 1
and 3. Splenocytes were stimulated with plate-bound anti-NK1.1 antibody and analyzed for IFN-y production by CD37/CD197/NKp46™ cells. (A) Representative
dot plots demonstrating IFN-y production by Ly49C* or Ly49C™ NK cells. Data are representative of three independent experiments. (B and C) Frequency of
IFN-y—producing NK cells in the Ly49C* and Ly49C™ populations (B, Left) and Ly49A* and Ly49A~ populations (C, Left) and the ratio of IFN-y—producing Ly49C*
NK cells/Ly49C~ NK cells (B, Right) and IFN-y—producing Ly49A* NK cells/Ly49A~ NK cells (C, Right). (D) The ratio of IFN-y—producing Ly49C* NK cells to Ly49C™
NK cells on days 1 and 3 of doxycycline treatment. Dox, doxycycline. Data in B-D are shown as mean + SEM (n = 3). *P < 0.01 by unpaired Student t test.
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Fig. 3. NK-cell maturation is not enhanced after doxycycline treatment or
SCT-K® induction. The mice were i.p. injected with doxycycline on days 1 and
3. Markers of NK cell maturation were assessed by flow cytometry. (A)
Representative dot plots of CD27 and CD11b expression on CD37/CD197/
NK1.1* cells. (B) Representative histograms depicting markers of NK-cell
maturation. PBS treatment (red line) and doxycycline exposure on day 1
(green line) and day 3 (blue line) are shown. Data are representative of three
independent experiments.

hosts, whereas donor Tg NK cells were not licensed in non-Tg
hosts (Fig. 4). Interestingly, SCT-K® was detected on donor non-
Tg NK cells in Tg hosts, apparently because of the acquisition of
SCT-K" as previously described (23, 24). However, unlike pre-
vious reports, SCT-K® acquisition was independent of the rele-
vant NK-cell receptor (Ly49C), because the donor Ly49C~ p2m ™'~
NK cells expressed SCT-K® as well as the donor Ly49C* p2m™~
NK cells in the SCT-K"-expressing host (Fig. 44). In any case,
expression of SCT-K” on Ly49C* NK cells was not associated
with licensing, because donor Tg Ly49C* NK cells were not li-
censed even though they expressed high levels of SCT-K® com-
parable to those expressed by licensed non-Tg NK cells in the
SCT-K"-expressing host (Fig. 4). Taken together, these data in-
dicate that the level of SCT-K® expression on NK cells and hence
cis interaction are not associated with NK-cell licensing, whereas
NK cells having contact with MHC class I in frans are licensed.
To determine if hematopoietic or stromal cells license NK
cells in trans, we generated bone marrow (BM) chimeras by
transferring Ly5.1" non-Tg BM cells into irradiated Ly5.2* Tg
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hosts. Alternatively, Ly5.2* Tg BM cells were transferred into
irradiated Ly5.1" non-Tg hosts. Six weeks after transfer of BM
cells, the mice were treated with doxycycline on days 1 and 3 and
were analyzed for expression of SCT-K® and its licensing effect
on Ly49C™ NK cells. Nearly 97% of NK cells in the chimeras
were derived from the donor (Fig. 54). Ly49C* NK cells from
Ly5.1/non-Tg and Ly5.2/T: g were equally licensed if hematopoi-
etic cells expressed SCT-K®, but they were unlicensed if SCT-K®
was expressed on stromal cells even if they had SCT-K” on their
cell surface (Fig. 5B). Moreover, the residual host-derived
Ly49C™ NK cells in the BM chimeric mice showed evidence of
licensing only if hematopoietic cells expressed SCT-K®, but
they remained unlicensed if SCT-K® was largely restricted to
stromal cells (Fig. 5B). Thus, hematopoietic cells license NK
cells in trans.

Discussion

Licensing effects caused by the acute induction of self-MHC
class I provide strong evidence that licensing is not strictly a de-
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and host NK cells. Data are representative of three independent experi-
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Fig. 5. NK cells were licensed through trans interaction with hematopoietic
cells. Ly5.1/$2m ™~ (Ly5.1/non-Tg) and Ly5.2/(TRE-SCT Tg x ROSA-rtTA)2m~"~
(Ly5.2/Tg) BM cells were i.v. injected into irradiated (9.5 Gy) Ly5.2/Tg mice
and Ly5.1/non-Tg mice, respectively. At 6 wk after transfer, the mice were
treated with doxycycline on days 1 and 3. Then splenocytes were stimulated
with plate-bound anti-NK1.1 to analyze the frequency of IFN-y-producing
NK cells among the Ly49C* or Ly49C~ population. (A) SCT-K® expression of
donor and host CD37/CD197/NK1.1* cells in the BM chimeras. (B) Frequency
of IFN-y—producing NK cells in the Ly49C* or Ly49C™ population (Left) and
the ratio of IFN-y—producing Ly49C* NK cells/Ly49C~ NK cells (Right) for
donor and host NK cells, as indicated. Data in B are shown as mean + SEM
(n = 2 samples measured in duplicate). *P < 0.01 by unpaired Student t test.

velopmental process, because here we demonstrate that NK cells
already out in the periphery can become licensed. Other than
doxycycline administration, there was no further manipulation of
the NK cells themselves. Moreover, we found that induction of
MHC class I on non-NK cells was sufficient to confer licensing.
Our studies are consistent with studies in which NK cells were
adoptively transferred to another host (21, 22). At least 3 or 4 d
were required for the conversion of the NK-cell licensing status
in the adoptive transfer experiments, but it was unclear if cell
trafficking from the adoptive transfer approach affected licensing
so that licensing potentially could occur faster. Indeed, our
current experiments indicate that licensing requires a shorter
period of only a day or so. It is difficult to determine the time
course of the licensing process in our studies more precisely
because of the dependence on doxycycline pharmacokinetics,
MHC class I induction, contact with NK cells, and the apparent
signaling events necessary for licensing, no matter whether li-
censing occurs through arming or disarming (30, 31). Further-
more, we show here that acutely licensed NK cells do not undergo
major changes in tissue distribution within the spleen. Nev-
ertheless, the current studies, along with the adoptive transfer
studies (21, 22), indicate that the licensing process occurs rel-
atively quickly and can “educate” peripheral NK cells.
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Additionally, the synchronized process studied here allowed
us to determine the acute consequences of licensing that nor-
mally is a summation of NK cells that likely underwent li-
censing at different times in wild-type mice. Consistent with
previous findings on nonsynchronized NK cells (7, 11, 12), li-
censed NK cells are phenotypically similar to unlicensed NK
cells except for their expression of self-MHC-specific receptors
and their capacity to be triggered more readily through their
activation receptors. Thus, we show here that the acute licensing
process apparently does not otherwise affect the phenotype of
the licensed NK cells. However, we cannot deny the possible
existence of unknown markers that could discriminate licensed
NK cells from unlicensed NK cells or of undetected changes in
immunological synapses after the induction of licensing.

Down-regulation of Ly49D after SCT-K® induction suggests
that SCT-K" binds to Ly49D in cis as it does to Ly49C. How-
ever, there is no prior evidence to indicate this interaction.
Moreover, Ly49D expressmn on wild-type NK cells was com-
parable to that on p2m~~ NK cells, and Ly49D spemﬁc IFN-y
production was not affected in SCT-K -expressing mice. Thus,
our data indicate that Ly49D alteration did not affect NK-cell
function, whereas Ly49D engagement should have diminished its
function as extrapolated from studies of hypofunctional Ly49H*
NK cells in mice expressing its ligand (32, 33).

Our data indicating that licensing occurs by trans interactions
between Ly49 receptors on NK cells and self-MHC class I on
hematopoietic cells are consistent with previous studies that used
an adoptive transfer approach to study NK-cell licensing. In such
studies, unlicensed NK cells from MHC class I-deficient mice
became licensed when transferred into MHC class I-sufficient
mice (21, 22). Licensing required the appropriate expression of
an Ly49 receptor on the NK cell and its cognate ligand in the
host, although which tissue is required to express MHC class I
was not examined previously (21). Moreover, licensed NK cells
from MHC class I-sufficient mice lost the licensing effect when
transferred into MHC class I-deficient mice, even though the
transferred NK cells themselves still retained MHC class I ex-
pression (22). Thus, inducible MHC class I expression and
adoptive transfer studies indicate that licensing requires #rans but
not cis interactions between the relevant NK-cell receptor and
self-MHC class 1.

These studies are in contrast to the conclusions of inves-
tigations using a mutant Ly49A receptor in which the stalk re-
gion was replaced by that of another type II integral membrane
receptor (20). In Tg mice, NK cells expressing this receptor
failed to show a licensing effect even though effector inhibition
was retained in target-killing experiments in vitro. Given the
evidence from multiple approaches summarized above support-
ing frans but not cis interactions, other interpretations should be
considered. One possibility is that the signaling required for li-
censing is not exactly the same as that required for effector in-
hibition. Emerging evidence indicate that effector inhibition is
not only the recruitment of a tyrosine phosphatase but also the
recruitment of a macromolecular complex that potentially could
give rise to different outcomes depending on the context (34).
Indeed, other studies suggest that signal strength through a given
receptor could modulate the ability of an NK-cell receptor to
give rise to the licensing effect and that signal strength required
for the licensing effect is different from that required to produce
inhibition (35). Therefore it is possible that Ly49A receptors with
mutant stalks could alter the ability of the receptor to deliver
the appropriate signal strength necessary for licensing to occur.
In further support of this possibility, older studies suggested that
the stalk region of Ly49 receptors contributes to MHC class I
binding (36). Our current studies differ from previous studies
with mutant Ly49 receptors in that we did not alter the endog-
enous expression of the relevant Ly49 receptors. Therefore,
Ly49A receptors with mutant stalk regions could have altered
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MHC class I binding, thereby changing their capacity for normal
licensing outcomes.

Our studies appear to be relevant to human KIRs, which also
show licensing effects on human NK cells (11, 12). KIRs have no
apparent capacity to bind their HLA ligands in cis (37), as is
consistent with the relevance of #rans rather than cis interactions
in NK-cell licensing in mice. Licensed (or unlicensed) human NK
cells appear to be relevant to several clinical conditions and for
adoptive immunotherapy (for recent examples, see refs. 38—41).
Of particular relevance, human NK cells with self-specific KIRs
can be educated after BM transplantation in a manner related to
the studies presented here (42), suggesting that relevant trans
interactions between KIRs on NK cells and HLA class I on
hematopoietic cells should be considered in the appropriate
clinical context.
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Materials and Methods

C57BL/6 mice were purchased from the National Cancer Institute. C57BL/6
Ly5.1 congenic, p2m~", and B6.12957-Gt(ROSA)265or/) (ROSA-rtTA) mice
were purchased from The Jackson Laboratory. Ly5.1/2m™~ mice were
generated by crossing p2m™~ mice with Ly5.1 mice. The generation of TRE-
SCT Tg mice is described in S/ Materials and Methods. TRE-SCT Tg mice were
crossed with f2m™" mice and ROSA-rtTA mice. Animal studies were approved
by the Animal Study Committee at Washington University in St. Louis.

Detailed experimental procedures for flow cytometry, immunohisto-
chemistry, adoptive transfer of NK cells, and BM chimeras are described in
SI Materials and Methods.
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