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Article

Antigen-specific expansion
and differentiation of natural killer
cells by alloantigen stimulation

Tsukasa Nabekura!-23 and Lewis L. Lanier!:2

'Department of Microbiology and Immunology and the ?Cancer Research Institute, University of California,
San Francisco, San Francisco, CA 94143
3Life Science Center, Tsukuba Advanced Research Alliance, University of Tsukuba, lbaraki 305-8577, Japan

Natural killer (NK) cells provide important host defense against microbial pathogens and
can generate a population of long-lived memory NK cells after infection or immunization.
Here, we addressed whether NK cells can expand and differentiate after alloantigen stimu-
lation, which may be important in hematopoietic stem cell and solid tissue transplantation.
A subset of NK cell in C57BL/6 mice expresses the activating Ly49D receptor that is
specific for H-2D¢. These Ly49D* NK cells can preferentially expand and differentiate when
challenged with allogeneic H-2D¢ cells in the context of an inflammatory environment.
H-2D¢ is also recognized by the inhibitory Ly49A receptor, which, when coexpressed on
Ly49D* NK cells, suppresses the expansion of Ly49D* NK cells. Specificity of the secondary
response of alloantigen-primed NK cells was defined by the expression of activating Ly49
receptors and regulated by the inhibitory receptors for MHC class I. Thus, the summation
of signals through a repertoire of Ly49 receptors controls the adaptive immune features of
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NK cells responding to allogeneic cells.

NK cells recognize abnormal or allogeneic cells
by using a repertoire of NK cell receptors that
regulates their activation and effector functions
(Lanier, 2005). Although NK cells were consid-
ered unable to differentiate into memory cells,
accumulating evidence demonstrates that NK
cells have adaptive immune features, which in-
clude antigen-specific expansion and differentia-
tion into a long-lived memory subset (O’Leary
et al., 2006; Cooper et al., 2009; Sun et al.,
2009a, 2010; Paust et al., 2010; Min-Oo et al.,
2013). In some mouse models, NK cells are ac-
tivated after exposure to pathogens, antigens,
and cytokines, and subsequently differentiate
into long-lived memory or memory-like NK cells
with augmented effector functions in response
to a variety of secondary stimuli, as compared
with naive NK cells (O’Leary et al., 2006;
Cooper et al.,, 2009; Sun et al., 2009a). The
existence of memory NK cells in humans is
supported by the specific expansion and per-
sistence for months of NKG2CPsh NK cells
after human cytomegalovirus (HCMYV) infection
(Guma et al., 2004; Lopez-Verges et al., 2011,
Foley et al., 2012a,b; Min-Oo et al., 2013). We
have previously demonstrated that mouse NK cells
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bearing the activating Ly49H receptor, which
specifically recognizes the m157 mouse cyto-
megalovirus (MCMYV) glycoprotein on the in-
fected cells (Arase et al.,2002; Smith et al.,2002),
undergo activation, expansion, contraction, dif-
ferentiation into memory NK cells, and persis-
tence for several months after MCMYV infection
(Sun et al., 2009a, 2010). These MCM V-specific
memory NK cells are capable of mounting a
recall response and provide more effective host
protection against rechallenge with MCMV
than naive NK cells (Sun et al., 2009a).
The immunoreceptor tyrosine-based activating
motif (ITAM)-containing DAP12 adapter pro-
tein, the proinflammatory cytokine IL-12, and
the co-stimulatory DNAM-1 receptor are es-
sential not only for optimal expansion of effec-
tor Ly49H™ NK cells, but also for the generation
of long-lived memory Ly49H* NK cells after
MCMYV infection (Sun et al., 2009a, 2012;
Nabekura et al., 2014). However, specific re-
ceptors, other than Ly49H, that are able to drive

© 2014 Nabekura and Lanier  This article is distributed under the terms of an
Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six
months after the publication date (see http://www.rupress.org/terms). After six
months it is available under a Creative Commons License (Attribution-Noncommercial-
Share Alike 3.0 Unported license, as described at http://creativecommons.org/
licenses/by-nc-sa/3.0/).

2455

102 ‘21 JaquanoN uo bBio ssaidni-wal wolj papeojumoq


http://jem.rupress.org/

the clonal expansion and differentiation of NK cells have not
been identified. Furthermore, the specificity of the secondary
responses of memory NK cells bearing multiple activating re-
ceptors also remains unknown, because an experimental system
that allows NK cells to expand and differentiate into memory
NK cells in a defined receptor-ligand specific manner has not
been established, except for MCMV infection.

Cudkowicz and Stimpfling (1964) observed that in certain
strains of mice parental bone marrow grafts are rejected by the
F1 recipient,and this was subsequently demonstrated to be me-
diated by NK cells (Kiessling et al., 1977).The inhibitory Ly49
receptors that recognize polymorphic MHC class I ligands are
expressed in a stochastic manner on subsets of NK cells in the
host (Lanier, 1998; Anderson et al., 2001). As a consequence, in
a F1 host, some of the NK cells will lack an inhibitory Ly49 re-
ceptor specific for the parental H-2 haplotype. Because they are
not inhibited by the parental H-2 ligands, these NK cells are
responsible for rejection of the parental graft. Although most
Ly49 receptors function as inhibitory receptors for MHC class I,
some members of the Ly49 family are activating receptors that
transmit signals through the DAP12 and DAP10 signaling
molecules (Orr et al., 2009). In C57BL/6 mice a subset of
NK cells expresses the activating Ly49D receptor that recog-
nizes H-2¢ alloantigens (George et al., 1999a,b). Some of the
Ly49D* NK cells in C57BL/6 mice (H-2%) coexpress the in-
hibitory Ly49A receptor that recognizes H-2D¢, which inhibits
rejection of allogeneic cells bearing H-2D¢ (Karlhofer et al.,
1992). Because of the structural and signaling similarities shared
by Ly49H and Ly49D, we addressed whether an activating sig-
nal through Ly49D would result in the expansion and differen-
tiation of Ly49D* NK cells in response to alloantigens, similar
to the generation of memory Ly49H* NK cells during MCMV
infection. Here, we established an experimental system for
alloantigen-driven expansion and differentiation of Ly49D™
NK cells. Using this system, we investigated the roles of activat-
ing and inhibitory Ly49 receptors in the generation and recall
response of NK cells specific for alloantigens.

RESULTS

Ly49D+* NK cells expand and differentiate

in response to alloantigen stimulation

The Ly49D and Ly49H receptors associate with common
adapter molecules for their activating signaling (Smith et al.,
1998; Lanier, 2009); hence, we speculated that activation
through Ly49D, which specifically recognizes H-2D4, might
induce the expansion and differentiation of Ly49D* NK cells
in response to alloantigen stimulation. To investigate the fate
of Ly49D* NK cells that respond to challenge with alloge-
neic cells, we adoptively transferred WT C57BL/6 NK cells
(~50% of NK cells are positive for Ly49D) into syngeneic
DAP10 and DAP12 double-deficient (DAP10+12 KO) mice
that lack expression of Ly49D and Ly49H, treated the mice
with a depleting anti-CD8 mAb to ablate alloreactive CD8*
T cells, and then injected allogeneic BALB/c splenocytes (de-
leted from NK cells and T cells to avoid graft-versus-host
reactions). Although prior studies have shown that Ly49D™
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NK cells in C57BL/6 mice reject H-2D4* splenocytes in vivo
(George et al., 1999a,b), we observed no expansion of the
adoptively transferred Ly49D* NK cells nor did we observe
alterations in the phenotype of the Ly49D" NK cells that
would indicate their differentiation. Specifically, we did not
detect the up-regulation of KLRG1 and Ly6C and down-
regulation of CD27 and DNAM-1 that accompany the tran-
sition of Ly49H"* NK cells from naive to memory cells after
MCMYV infection (unpublished data).

The expansion and generation of MCM V-specific mem-
ory Ly49H" NK cells requires IL-12, which is efficiently in-
duced during viral infection (Sun et al., 2012). Therefore, we
speculated that the expansion of alloantigen-specific Ly49D™*
NK cells might similarly require robust production of cytokines,
such as [L-12, that are not induced by challenge with alloanti-
gen alone. Therefore, as schematically outlined in Fig. 1 A, after
adoptive transfer of WT NK cells into DAP10+12 KO recipi-
ent mice treated with a depleting anti-CD8 mAb on day —1,
the mice were infected with a sublethal dose of a MCMV
mutant strain lacking m157 (Am157 MCMV) to elicit an
inflammatory response. The m157-deleted MCMYV strain
was used to prevent expansion of MCMV-specific Ly49H*
NK cells, which might complicate interpretation of the results
given that a subset of the Ly49D* NK cells coexpresses Ly49H.
To stimulate the adoptively transferred Ly49D* NK cells,
BALB/c splenocytes (depleted from T and NK cells to pre-
vent graft-versus-host reactions) were injected intravenously
into recipient mice on days 0.5, 1.5, and 3 postinfection
(p1; hereafter referred to as Ly49D alloantigen stimulation).
In these conditions, donor Ly49D* NK cells in the blood
preferentially proliferated after Ly49D alloantigen stimulation,
whereas Ly49D~ NK cells did not expand (Fig. 1, B and C).
Subsequently, Ly49D" NK cells underwent contraction, but
were detectable in the blood and the spleen up to a month
after Ly49D alloantigen stimulation (Fig. 1, C and D). The
same trend was observed in the differentiation of long-lived,
alloantigen-primed NK cells on days 28-30 pi in the spleen
and blood (unpublished data). The kinetics of the alloantigen-
specific Ly49D* NK cell response strikingly resemble those of
Ly49H* NK cells during MCMYV infection (Sun et al.,2009a),
although the magnitude of the Ly49D* NK cell response is
less than the MCMV-induced response of Ly49H" NK cells.
Long-lived, alloantigen-primed Ly49D* NK cells displayed
the same phenotype (KLRG1Msh CD27-, CD11b*, Ly6C*,
and DNAM-17) as MCM V-specific memory Ly49H"* NK cells
(Fig. 1 E; Sun et al., 2009a; Nabekura et al., 2014). These find-
ings demonstrate that Ly49D is capable of providing the acti-
vating signal for expansion and differentiation of Ly49D"
NK cells, if accompanied by inflammation or infection.

Expansion and differentiation of Ly49D+ NK cells are

dependent on H-2D¢ and an optimal inflammatory condition
We addressed the factors necessary for the expansion and dif-
ferentiation of Ly49D* NK cells after alloantigen stimulation.
As compared with the response of donor Ly49D* NK cells
after stimulation with BALB/c splenocytes and Am157 MCMV
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Figure 1. Ly49D* NK cells expand and differentiate after alloantigen stimulation. (A) 300,000 CD45.1+ WT NK cells were transferred into CD45.2+
DAP10+12 KO mice that had been depleted of CD8* T cells on the day before infection, and were infected with 5 x 10* pfu Am157 MCMV on day 0.
4,000,000-5,000,000 T cell- and NK cell-depleted BALB/c splenocytes were injected on days 0.5, 1.5, and 3 pi. (B) Percentages of CD45.1+ donor NK cells
in the blood on day O (before infection), 7, and 28 pi. (C) The kinetics of the absolute number of Ly49D+* and Ly49D~ NK cells in the blood were repre-
sented as the ratio relative to the number of Ly49D* and Ly49D~ NK cells in the blood on day O (before infection and alloantigen stimulation). (D) Long-
lived alloantigen-stimulated Ly49D* NK cells in the spleen. The y axis represents the number of long-lived donor Ly49D+* and Ly49D~ NK cells detected in
the spleen on day 28 pi compared with the number of naive Ly49D* and Ly49D~ NK cells adoptively transferred into the recipient mice on the day before
infection. Data are representative of 4 experiments (n = 6-8 mice per experiment). (E) Phenotype of alloantigen-primed Ly49D* NK cells on day 28 pi in
the spleen. Expression of CD11b, CD27, KLRG1, Ly6C, and DNAM-1 on NK cells is shown. Bold and thin lines represent alloantigen-primed Ly49D* NK cells
and naive Ly49D+* NK cells. Data are representative of 3 experiments (n = 3-4 mice per experiment). *, P < 0.05; **, P < 0.01; **, P < 0.005 versus Ly49D".

Error bars show SEM.

infection, donor Ly49D* NK cells exhibited neither expan-
sion nor differentiation when stimulated with syngeneic
splenocytes accompanying Am157 MCMYV infection (Fig. 2,
A and B). Similarly, injections of BALB/c¢ splenocytes without
Am157 MCMYV infection did not support expansion and dif-
ferentiation of Ly49D* NK cells (Fig. 2, C and D). Neutral-
ization of IL-12 on the day before Am157 MCMYV infection
and day 3 pi impaired the expansion and differentiation of
Ly49D* NK cells induced by alloantigen stimulation (Fig. 2,
E and F), consistent with our prior studies documenting the
role of IL-12 in the differentiation of memory Ly49H" NK cells
during MCMYV infection (Sun et al., 2009b, 2012). These re-
sults indicate that both the interaction of Ly49D with its li-
gand and an optimal inflammatory condition to provide IL-12
are required for the acquisition of adaptive immune features
by Ly49D* NK cells.

DAP10 is required for optimal expansion

of alloantigen-specific Ly49D+ NK cells

Ly49D and Ly49H associate with DAP10 in addition to DAP12
to form activating receptor complexes (Smith et al., 1998;
Lanier, 2009). To examine the role of DAP10 in expansion

JEM Vol. 211, No. 12

and differentiation of Ly49D™ NK cells after alloantigen stim-
ulation, CD45.1" WT Ly49D* NK cells and CD45.2*
DAP10-deficient (Hest™/7) Ly49D* NK cells were admixed
and adoptively transferred into DAP10+12 KO mice, and
then stimulated with BALB/c splenocytes after Am157 MCMV
infection (Fig. 3 A). DAP10-deficient Ly49D" NK cells
showed a significant impairment in the expansion of Ly49D™
NK cells (Fig. 3 B), consistent with our prior study analyzing
the response of Ly49H" NK cells to MCMYV infection (Orr
et al., 2009). However, long-lived Ly49D* NK cells were still
detected a month after the primary alloantigen stimulation
(Fig. 3, B and C), and these DAP10-deficient alloantigen-
primed Ly49D* NK cells displayed the prototypic memory
phenotype (KLRG1heh CD11b* CD27~ Ly6Ct DNAM-1°V)
equivalently to WT alloantigen-primed Ly49D* NK cells
(unpublished data). Naive, alloantigen-stimulated, and long-
lived alloantigen-primed DAP10-deficient NK cells and WT
NK cells equivalently expressed Ly49D (unpublished data).
When DAP10-deficient alloantigen-primed Ly49D* NK cells
isolated from the primary recipient mice 28 d after the origi-
nal Ly49D alloantigen stimulation were transferred into naive
DAP10+12 KO recipient mice (Fig. 3 A), they again proliferated
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Figure 2. H-2DY, MCMV-induced inflammation, and IL-12 are
required for alloantigen-induced expansion and differentiation of
Ly49D+* NK cells. 150,000 CD45.1+Ly49D* WT NK cells were transferred
into CD45.2* DAP10+12 KO mice that had been depleted CD8* T cells on
the day before infection. (A) Recipient mice with transferred Ly49D*

NK cells were infected with 5 x 10* pfu Am157 MCMV on day 0. 4,000,000
5,000,000 T cell- and NK cell-depleted DAP10+12 KO C57BL/6 (B6) sple-
nocytes or BALB/c splenocytes were injected on days 0.5, 1.5, and 3 pi. The
absolute number of Ly49D* NK cells in the blood is shown. (B) The abso-
lute number of alloantigen-stimulated Ly49D* NK cells in the spleen on
day 28-30 pi. Data were pooled from 3 experiments (n = 7-11 mice).
* P <0.05;* P<0.01;** P <0.005 versus B6. (C) Recipient mice with
transferred Ly49D* NK cells were infected on day O with 5 x 10* pfu
Am157 MCMV or left uninfected. T cell- and NK cell-depleted BALB/c
splenocytes were injected on days 0.5, 1.5, and 3 pi. The absolute number
of Ly49D* NK cells in the blood is shown. (D) The absolute number of
alloantigen-stimulated Ly49D* NK cells in the spleen on day 28 pi. Data
were pooled from 2 experiments (n = 5-8 mice). *, P < 0.05; **, P < 0.005
versus uninfected. (E) Recipient mice with transferred Ly49D+ NK cells
were infected with 5 x 10* pfu Am157 MCMV, and T cell- and NK cell-
depleted BALB/c splenocytes were injected on days 0.5, 1.5, and 3 pi. Mice
were injected with 200 pg control |g or anti-IL-12 neutralizing mAb on
the day before infection and day 3 pi. The absolute number of Ly49D*

NK cells in the blood is shown. (F) The absolute number of alloantigen-
stimulated Ly49D* NK cells in the spleen on day 29 pi. Data were pooled
from 2 experiments (n = 6 mice). *, P < 0.05; *, P < 0.01; **, P < 0.005
versus anti-IL-12. Error bars show SEM.
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Figure 3. DAP10 is required for optimal expansion of alloantigen-
specific NK cells. (A) 150,000 CD45.1+ WT Ly49D* NK cells and CD45.2*
DAP10-deficient Ly49D* NK cells were cotransferred into DAP10+12 KO mice
that had been depleted of CD8* T cells followed by infection with 5 x 10* pfu
Am157 MCMV on day 0. 4,000,000-5,000,000 T cell- and NK cell-depleted
BALB/c splenocytes were injected on days 0.5, 1.5, and 3 pi. Alloantigen-
primed NK cells were isolated from spleens of recipient mice 28 d after pri-
mary alloantigen stimulation, transferred into naive DAP10+12 KO mice, and
then challenged with Ly49D alloantigen stimulation. (B) The absolute number
of Ly49D+ NK cells in the blood after the primary Ly49D alloantigen stimula-
tion is shown. (C) The absolute number of alloantigen-primed Ly49D* NK cells
in the spleen on day 28 pi. Data are representative of 2 experiments (n = 4
mice per experiment). (D) Secondary expansion of alloantigen-primed Ly49D*
NK cells in the spleen on day 7 after alloantigen stimulation was represented
as the fold-expansion relative to the number of alloantigen-primed NK cells
detected in the spleen of mice adoptively transferred without rechallenge by
alloantigen stimulation. Data are pooled from 3 experiments (n = 9 mice).
* P <0.05;*, P <0005 versus Hest™/~. Error bars show SEM.
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Figure 4. Ly49A suppresses expansion of naive and alloantigen-
stimulated Ly49D* NK cells. (A) 300,000 WT NK cells were transferred
into DAP10+12 KO mice that had been depleted of CD8* T cells on the
day before infection, infected with Am157 MCMV on day 0, and then

T cell- and NK cell-depleted BALB/c splenocytes were injected on days 0.5,
1.5, and 3 pi. The kinetics of the absolute number of donor NK cells in the
blood were represented as the ratio relative to the number of NK cells in
the blood on day 0 (before infection). Data are pooled from 3 experiments
(n =9 mice). (B) Expression of KLRG1 on naive and alloantigen-stimulated
Ly49D* NK cells on days 7 and 28 pi in the blood is shown. Bold and thin
lines represent Ly49D*A* NK cells and Ly49D+*A~ NK cells, respectively.
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poorly in response to a secondary alloantigen stimulation
(Fig. 3 D).These results demonstrate that DAP10 is required for
the optimal expansion of naive and alloantigen-primed Ly49D*
NK cells, but dispensable for differentiation of alloantigen-
stimulated Ly49D" NK cells.

Ly49A suppresses expansion of alloantigen-

stimulated Ly49D+ NK cells

Both the activating Ly49D receptor and the inhibitory Ly49A
recognize H-2D9 (Karlhofer et al., 1992; George et al., 1999a).
We examined the impact of the inhibitory signal through
Ly49A on the alloantigen-induced expansion and differen-
tiation of Ly49D* NK cells expressing Ly49A (Ly49D*A")
compared with Ly49D* NK cells lacking Ly49A (Ly49D*A™).
Ly49D*A~ NK cells were more proliferative than Ly49D*A™*
NK cells at the peak of the initial expansion after alloantigen
stimulation (Fig. 4 A). Although both Ly49D*A" NK cells
and Ly49D*A~ NK cells highly expressed KLRG1 after allo-
antigen stimulation as compared with naive Ly49D* NK cells,
alloantigen-stimulated Ly49D* A" NK cells showed a less ac-
tivated phenotype than alloantigen-stimulated Ly49D*A~
NK cells 7 and 28 d after the alloantigen stimulation, as indi-
cated by lower expression of KLRG1 (Fig. 4 B). When the
alloantigen-stimulated Ly49D* NK cells were examined a
month after the alloantigen challenge, the skewing toward the
Ly49D*A~ NK cell subset was no longer evident (Fig. 4,
A and D). Interestingly, Ly49D*A* NK cells expressed higher
amounts of Bcl-2 compared with Ly49D*A~ NK cells in the
contraction phase of the response (Fig. 4 C). These results
demonstrate that expression of the inhibitory Ly49A receptor
suppresses activation of Ly49D* NK cells and confers a selective
survival advantage during the contraction phase after alloanti-
gen stimulation. When these alloantigen-induced, long-lived
Ly49D* NK cells were isolated from the primary recipient
mice a month after initial stimulation and transferred into
naive recipient mice, followed by a secondary alloantigen
challenge, Ly49D*A~ NK cells again showed better secondary

Data are representative of 3 experiments (n = 3-4 mice per experiment).
(C) Expression of Bcl-2 on naive and alloantigen-stimulated Ly49D*

NK cells in the spleen on day 10 pi is shown. Bold and thin lines represent
Ly49D*A* NK cells and Ly49D*A~ NK cells. Data are representative of

2 experiments (n = 2 mice per experiment). (D) Alloantigen-primed Ly49D*
NK cells in the spleen. The y-axis represents the number of donor Ly49D*
NK cells detected in the spleen on day 28-30 pi compared with the num-
ber of naive Ly49D* NK cells adoptively transferred into the recipient mice
on the day before infection. (E) Alloantigen-primed NK cells were isolated
from spleens of recipient mice 28-30 d after primary alloantigen stimula-
tion, transferred into naive DAP10+12 KO mice, and rechallenged by
alloantigen stimulation. Secondary expansion of alloantigen-primed

NK cells in the spleen on day 7 after rechallenge by alloantigen stimula-
tion is represented as the fold-expansion relative to the number of

NK cells detected in the spleen of mice adoptively transferred with
alloantigen-primed NK cells without alloantigen stimulation. Data are
pooled from 3 experiments (n = 9 mice). *, P < 0.05; **, P < 0.005

versus D*A*. Error bars show SEM.
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expansion than Ly49D*A* NK cells, similar to the primary
expansion of naive Ly49D* NK cells (Fig. 4 E). Collectively,
these findings demonstrate that Ly49A suppresses activation and
expansion of both naive and long-lived, alloantigen-stimulated
Ly49D* NK cells, but provides a survival advantage during
contraction to the long-lived alloantigen-stimulated Ly49D™
NK cell subset.

Activating and inhibitory Ly49 receptors regulate

effector functions and antigen specificity

of alloantigen-primed Ly49D* NK cells

To determine whether Ly49D* NK cells generated by alloan-
tigen stimulation exhibit enhanced effector functions as com-
pared with naive Ly49D* NK cells, naive and long-lived,
alloantigen-stimulated Ly49D* NK cells were co-cultured
with RMA (H-2% transfectants expressing both m157 and
H-2D4 or m157 alone (Fig.5 A). Alloantigen-primed Ly49D*
NK cells bearing Ly49H (Ly49D*H™) and not expressing
Ly49H (Ly49D*H™) produced more IFN-y and degranu-
lated more efficiently than naive Ly49D*H™" and Ly49D*H ™
NK cells after co-culture with target cells expressing m157
and H-2DY, respectively (Fig. 5 B). Alloantigen-primed
Ly49D*H* also showed stronger effector functions than naive
Ly49D*H* NK cells when they were co-cultured with m157-
expressing target cells in the absence of H-2D? (Fig. 5 B).
Ly49A suppressed effector functions of naive and alloantigen-
primed Ly49D*H* NK cells only when Ly49D*H* NK cells
were co-cultured with target cells expressing H-2D¢ (Fig. 5 C).

These results show that the Ly49D alloantigen stimulation
generates Ly49D™ NK cells with enhanced effector functions
and Ly49A modulates effector functions of alloantigen-primed
Ly49D* NK cells against H-2D%expressing target cells.

The antigen specificity of alloantigen-primed NK cells

is defined by expression of activating Ly49 receptors
Because a subset of the alloantigen-stimulated Ly49D* NK cells
coexpresses Ly49H, we assessed the antigen specificity of the
secondary responses of the alloantigen-primed Ly49D* NK cells
(Fig. 6 A). Ly49D*H™ NK cells and Ly49D"H" NK cells, but
not Ly49D"H* NK cells, underwent expansion, contraction,
and differentiation after the primary Ly49D alloantigen stim-
ulation (Fig. 6, B and C). Ly49D~ NK cells and long-lived
Ly49D* NK cells were isolated from the primary recipients
28 d after the primary alloantigen stimulation and were trans-
ferred into naive DAP10+12 KO mice, followed by infection
with MCMV (Fig. 6 A). Alloantigen-primed Ly49D*H*
NK cells showed a robust expansion after the MCMYV infec-
tion (Fig. 6 D).

We investigated the specificity of recall responses of mem-
ory Ly49H" NK cells that had been generated after MCMV
infection (Fig. 6 E). When WT NK cells were transferred into
DAP10+12 KO mice followed by infection with MCMYV,
donor NK cell subsets bearing Ly49H efficiently expanded
and differentiated into memory NK cells, consistent with our
prior studies (Fig. 6, F and G). Donor Ly49H" and Ly49H~
NK cells were isolated from these mice 28 d after infection
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\ 14 10 Naive D*H- O Naive D*H A
» 12 1@ Primed D*H* Kk 30 {1 @ Primed D*H*A*
@ 10 {® Primed D+H- B Primed D*HA- _*_
0 0 v 8 4 20 A
. | H-2Dd z .|
s 5
E ﬂw E 4 4 10
S) LT o4
; o Ml "
* %
70 -
< 60
05 > *k 60 4 o
m157 0 50 A — 50 —
8 40
X 40 1 i3
Z 30 1 30
g 20 4 20 A
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o ] o ol :
mi157 & mi57 _ mi157 & m157
H-2Dd H-2D¢

Figure 5. Alloantigen-stimulated Ly49D* NK cells exert enhanced effector functions. Alloantigen-primed Ly49D* NK cells were isolated from
spleens of recipient mice 25-29 d after alloantigen stimulation. (A) Expression of H-2D¢ and m157 on RMA cell lines. Thin and bold lines represent RMA
cells expressing m157 and H-2D9 and RMA cells expressing m157. Shaded histograms represent RMA cells. (B) IFN-y production and degranulation of
naive Ly49D*H*, naive Ly49D*H~, and alloantigen-primed Ly49D*H*, and alloantigen-primed Ly49D*H~ NK cells after co-culture with RMA or RMA cells
expressing m157 and H-2D or m157 alone. (C) IFN-y production and degranulation of naive Ly49D*H*A*, naive Ly49D*H*A~, and alloantigen-primed
Ly49D+H*A+, and alloantigen-primed Ly49D+H*A~ NK cells after co-culture with RMA or RMA cells expressing both m157 and H-2D¢ or m157 alone.
Data are pooled from 3 experiments (n = 9-12 in each group). *, P < 0.05; **, P < 0.005. Error bars show SEM.
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Figure 6. Antigen specificity of alloantigen-
and MCMV-stimulated NK cells is defined by
expression of Ly49D and Ly49H. (A) 300,000 WT
NK cells were transferred into DAP10+12 KO

mice followed by alloantigen stimulation. Donor
long-lived NK cells were isolated from spleens of
recipient mice 28 d after primary alloantigen stim-
ulation, transferred into naive DAP10+12 KO mice,
and infected with WT MCMV. Ly49D* NK cells
were stimulated by the alloantigen stimulation as
the primary stimulus for the differentiation of
alloantigen-primed Ly49D* NK cells (B-D and I).
(B) The kinetics of the absolute number of donor
NK cells in the blood were represented as the ratio
relative to the number of NK cells in the blood on
day 0 (before infection). (C) Long-lived alloantigen-
primed Ly49D* NK cells in the spleen. The y-axis
represents the number of long-lived, alloantigen-
primed donor Ly49D* NK cells detected in the
spleen on day 28 pi compared with the number of
naive Ly49D+* NK cells adoptively transferred into
the recipient mice on the day before infection.

* P <0.05;*, P < 0.005 versus D~H*. (D) Second-
ary expansion of long-lived alloantigen-primed
NK cells in the spleen on day 7 after infection was
represented as the fold-expansion relative to the
number of NK cells detected in the spleen of mice
adoptively transferred with long-lived, alloantigen-
primed NK cells without infection.*, P < 0.01;

** P <0.005 versus D*H~. Data are pooled from

2 experiments (n = 6-8 mice). (E) 600,000 WT

NK cells were transferred into DAP10+12 KO mice
and infected with WT MCMV. Donor long-lived
NK cells were isolated from spleens of recipient
mice 28 d after primary MCMV infection, and
transferred into naive DAP10+12 KO mice, fol-
lowed by alloantigen stimulation. Ly49H* NK cells
were stimulated by WT MCMV infection as the
primary stimulus for the differentiation of mem-
ory Ly49H* NK cells (F-H). (F) The kinetics of the
absolute number of donor NK cells in the blood
were represented as the ratio relative to the num-
ber of NK cells in the blood on day 0 (before infec-
tion). (G) Long-lived MCMV-specific memory
Ly49H* NK cells in the spleen. The y-axis repre-
sents the number of long-lived donor Ly49H+

NK cells detected in the spleen on day 28 pi com-
pared with the number of naive Ly49H* NK cells
adoptively transferred into the recipient mice on
the day before infection. *, P < 0.01; **, P < 0.005
versus D*H~. (H) Secondary expansion of long-
lived MCMV-specific memory NK cells in the
spleen on day 7 after Ly49D alloantigen stimula-
tion is represented as the fold expansion relative
to the number of NK cells detected in the spleen
of mice adoptively transferred with long-lived

MCMV-specific memory NK cells without alloantigen stimulation. *, P < 0.05; **, P < 0.01 versus D~H*. Data are pooled from 2 experiments (n = 6 mice).
(1) Alloantigen-primed Ly49D*H* were purified from spleens of recipient mice 28 d after primary Ly49D alloantigen stimulation. Alloantigen-primed
Ly49D+H* NK cells and naive Ly49D+H* NK cells were transferred into Ly49H-deficient or DAP12-deficient mice and infected with WT MCMV. The copy
number of MCMV IET gene in blood on day 3 pi was analyzed by quantitative PCR. Data were pooled from 2 experiments (n = 6-10 mice per
group). *, P < 0.05 versus naive. Error bars show SEM.
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and were transferred into recipient DAP10+12 KO mice fol-
lowed by alloantigen stimulation (Fig. 6 E). MCMV-induced
memory Ly49D"H" NK cells, but not MCMV-induced
memory Ly49D H" NK cells, proliferated in response to the
Ly49D alloantigen stimulation (Fig. 6 H). Moreover, when
alloantigen-primed Ly49D*H* NK cells generated by the
primary alloantigen stimulation were adoptively transferred
into naive Ly49H-deficient or DAP12-deficient recipient
mice, which lack functionally competent Ly49H* NK cells
and are unable to control early replication of MCMV (§j6lin
et al., 2002; Sun et al., 2009a), they showed an improved pro-
tective effect against MCMYV challenge on day 3 pi (Fig. 6 I).
These results indicate that NK cells coexpressing both Ly49D
and Ly49H can be primed to mount a more effective antiviral
response when initially stimulated either by alloantigen or
viral antigen.

DISCUSSION

Prior studies have established that NK cells can mount an
immune response with many of the features of adaptive im-
munity when challenged with viruses or chemical haptens
(O’Leary et al., 2006; Sun et al., 2009a, 2010; Paust et al.,
2010; Min-Oo et al.,2013). Here, we have examined whether
alloantigens also elicit the expansion of alloantigen-specific
NK cells with enhanced responses upon rechallenge. Because
the Ly49D receptor specific for H-2D9 and the Ly49H recep-
tor specific for MCMV m157 are both expressed in C57BL/6
mice and use the same signaling subunits (e.g., DAP10 and
DAP12; Karlhofer et al., 1992; Smith K.M. et al., 1998; Arase
et al., 2002; Smith H.R. et al., 2002; Lanier, 2009), we com-
pared the response of Ly49D" NK cells to alloantigen stimu-
lation with the well characterized response of Ly49H" NK cells
to MCMYV infection. Although prior studies have demon-
strated that Ly49D* NK cells in C57BL/6 mice can reject
transplanted allogeneic H-2D4 splenocytes (George et al.,
1999a,b), we have determined that alloantigen alone is insuf-
ficient to induce the expansion and differentiation of these
alloantigen-specific Ly49D* NK cells. However, Ly49D™
NK cells can be induced to expand and differentiate, and mount
a more potent recall response, as determined by ex vivo stim-
ulation, when the alloantigen stimulation is accompanied by
inflammation, in this case provided by viral infection at the
time of alloantigen challenge. As with the generation of
MCMV-specific Ly49H" memory NK cells (Sun et al.,2012),
the alloantigen-specific expansion of Ly49D" NK cells was
dependent on IL-12 produced in response to the accompany-
ing viral infection. As with allogeneic challenge, when we have
injected C57BL/6 mice with syngeneic tumor cells trans-
duced to express m157 these m157-bearing tumors are elimi-
nated by Ly49H" NK cells, but m157 alone did not induce
expansion and generation of long-lived Ly49H* memory
NK cells (unpublished data). Rather, the optimal expansion
and differentiation of NK cells requires not only a specific li-
gand for the activating Ly49 receptor but also an appropriate
inflammatory environment to provide the necessary growth
and differentiation factors.

2462

H-2Dddriven expansion of Ly49D* NK cells after the
Ly49D alloantigen stimulation was less efficient than m157-
driven expansion of Ly49H™ NK cells during MCMYV infec-
tion (Sun etal.,2010).This is likely explained by the differences
in binding affinities of Ly49D and Ly49H to H-2D< and
m157, respectively. We previously reported than Ly49H has a
high affinity for m157 (K4 = 0.936 pM; Adams et al., 2007).
In contrast, Ly49D has a much lower binding affinity to H-2D¢
than Ly49A and Ly49G, which are inhibitory receptors rec-
ognizing H-2D4 (Ly49A:H-2D? K, = 4.4 uM; and Ly49G:
H-2D4 K4 = 46.1 pM; Deng et al., 2008; Ma et al., 2014),
which was directly quantified by using H-2D%-tetramers
(Hanke et al., 1999). Therefore, the less efficient expansion of
Ly49D* NK cells is likely attributed to the lower binding
affinity of Ly49D to H-2D9 and the subsequently weaker ac-
tivating signaling. Our results demonstrate that DAP10 is re-
quired for optimal expansion of alloantigen-specific Ly49D™
NK cells. The cytoplasmic domain of DAP10 is only 19 aa, and
the only motif that is evolutionarily conserved is the YINM
sequence that we and others have shown binds to PI3 kinase
and Vav1 (Lanier, 2009). Therefore, these signaling molecules
would not be recruited to the Ly49D receptor in DAP10-
deficient NK cells when it is activated. We also have previously
shown that in the absence of DAP10 there is less downstream
activation of ERK1/2 when Ly49H is engaged (Orr et al.,2009).
Therefore, the diminished expansion of DAP10-deficient
alloantigen-stimulated Ly49D™ NK cells is almost certainly
caused by the lack of recruitment of Vav1 and PI3 kinase to the
receptor complex, which augments ERK1/2 signaling.

The antigen-specific expansion of both Ly49H" and Ly49D™
NK cells 1s influenced by coexpression of inhibitory Ly49 re-
ceptors on the responding cells. Both the expansion and ef-
fector functions of the H-2Dd-specific response of Ly49D*
NK cells are restrained in Ly49D* NK cells that coexpress
Ly49A, an inhibitory receptor for H-2D9. However, the long-
lived alloantigen-stimulated Ly49D* NK cells that persisted
for more than a month after the initial challenge were not
skewed to a Ly49A-negative subset, compared with the im-
pairment of expansion of Ly49D* NK coexpressing Ly49A
during the peak of expansion. Similarly, we previously ob-
served that the Ly49H" NK cells expanding during MCMV
infection preferentially lacked the inhibitory Ly49 receptors
recognizing self H-2Y ligands at the peak of expansion (Orr
etal.,2010), but at later times this skewing was no longer evi-
dent within the memory NK cell pool (unpublished data).
The role of inhibitory receptors is to dampen the activating
signals by recruitment of phosphatases, often SHP-1, and the
dephosphorylation of key substrates such as Vav1l (Lanier, 2005).
The recruitment of phosphatases would impair prolifera-
tion initiated through an activating receptor, but also likely
suppress activation-induced cell death induced by strong sig-
naling, accounting for the preferential survival of the Ly49A-
bearing Ly49D* NK cells during the contraction phase of the
response. We observed high levels of Bcl-2 in the alloantigen-
stimulated Ly49D* NK cells coexpressing Ly49A during the
contraction phase of the response, likely accounting for their
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preferential survival. Thus, we speculate that the inhibitory
Ly49 receptors are selected against during the acute phase of
an NK cell response, when the inhibitory receptors engaging
their self-ligands would restrain expansion and effector func-
tions, but during the contraction phase of the response these
inhibitory receptors may provide a survival advantage by
dampening signaling to prevent apoptosis.

Because the Ly49 receptors are expressed on overlapping
subsets of NK cells, this provided us with the opportunity to
determine whether NK cells coexpressing both Ly49H and
Ly49D primed by stimulation through one of the receptors
would demonstrate an enhanced immune response when
subsequently activated in an antigen-specific manner through
the other receptor. This was clearly the case. Ly49D*H"*
NK cells that had been generated weeks earlier by alloanti-
gen stimulation via Ly49D in vivo exerted enhanced effector
functions on a per cell basis in response ex vivo to target cells
expressing either m157 and H-2D¢ or m157 alone. More im-
portantly, these alloantigen-primed Ly49D"H* NK cells pro-
vided more potent antiviral activity when challenged with
MCMV infection, when compared with naive Ly49D*H*
NK cells. Reciprocally, we previously observed that MCMV-
specific Ly49H" memory NK cells showed enhanced responses
when stimulated ex vivo through other activating receptors,
for example NK1.1 (Sun et al., 2009a).

Our studies in the Ly49D model system have important
implications for allogeneic transplantation in humans. As with
Ly49D, some of the activating KIR in humans have specificity
for polymorphic HLA class I ligands, for example KIR2DS1
specifically recognizes HLA-C alleles with a lysine at resi-
due 80 (referred to as group 2 HLA-C; Colonna et al., 1993;
Chewning et al., 2007). Our findings would predict that
grafted tissues or cells from a donor expressing group 2 HLA-C
proteins into a recipient lacking group 2 HLA-C alleles, but
expressing KIR2DS1"™ NK cells, likely would be insufficient
to cause the expansion and enhanced effector function of these
alloantigen-specific NK cells—unless the transplant recipient
experienced a viral infection at the time of the transplanta-
tion. Viral infection, in particular HCMV reactivation, is
common in transplant patients, particularly in patients receiv-
ing hematopoietic stem cell transplants. Remarkably, subjects
who undergo allogeneic hematopoietic stem cell transplanta-
tion for the treatment of acute myeloid leukemia (AML) have
a reduced risk of relapse and an advantage of overall survival
when the donor and/or recipient are HCMV-seropositive
before the transplantation (Behrendt et al., 2009; Elmaagacli
et al.,2011). Although the cellular and molecular mechanisms
of this anti-leukemia effect in HCMV-seropositive patients
are not understood, these observations raise the intriguing
possibility that virus-induced memory NK cells bearing acti-
vating receptors capable of recognizing AML cells might con-
tribute to the prevention of relapse. Previous studies have
reported that AML patients who receive an allogeneic hema-
topoietic stem cell transplant from a donor with polymorphic
inhibitory KIR that are mismatched with the recipients HLA
haplotype have a significantly reduced frequency of relapse and
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a survival advantage (Miller et al., 2005; Ruggeri et al., 2002,
2007). Moreover, AML patients that receive allogeneic hema-
topoietic stem cell grafts with a gene encoding the activating
KIR2DS1 have a low rate of relapse, and patients receiving
allogeneic hematopoietic stem cell grafts with a gene encod-
ing the activating KIR3DS1 exhibit decreased mortality
(Venstrom et al., 2012). Collectively, these results suggest that
alloantigen-specific or virus-specific stimulation of NK cells
may have a beneficial effect on the host response to transplan-
tation, pathogens, and cancer.

MATERIALS AND METHODS

Mice and MCMYV. C57BL/6, congenic CD45.1" C57BL/6, and BALB/c
mice were purchased from the National Cancer Institute. WT, DAP10, and
DAP12 double-deficient (DAP10+12 KO; Inui et al., 2009; provided by
T. Takai, Tohoku University, Sendai, Japan), DAP10-deficient (Hest™'~; Hyka-
Nouspikel and Phillips, 2006), Ly49H-deficient (Klra8~'~; Fodil-Cornu
et al., 2008; provided by S.Vidal, McGill University, Montreal, Quebec, Canada),
and DAP12-deficient (Tyrobp™'") mice (Bakker et al., 2000) on a C57BL/6
background were maintained at the University of California, San Francisco,
in accordance with the guidelines of the Institutional Animal Care and Use
Committee. Smith strain WT MCMV and Am157 MCMV (Bubi¢ et al.,
2004; generously provided by U. Koszinowski, Max von Pettenkofer-Institut,
Munich, Germany) were prepared by using C57BL/6 3T3 cells as described
previously (Bubi€ et al., 2004). Mice were infected by intraperitoneal injec-
tion of 5-10 X 10* plaque-forming units (pfu) WT MCMV or 5 X 10* pfu
Am157 MCMV.

NK cell enrichment and adoptive transfer. NK cells were enriched by
incubating splenocytes with purified rat mAbs against mouse CD4, CD5,
CD8, CD19, Gr-1, and Ter119, followed by anti-rat IgG antibodies conju-
gated to magnetic beads (QIAGEN) as described previously (Nabekura et al.,
2014). In some experiments, NK cells were stained with antibodies against
CD45.1 or CD45.2 and purified by using a FACS Aria III (BD).

Ly49D alloantigen stimulation and MCMYV infection. Splenocytes
from BALB/c mice were depleted of T cells and NK cells by incubating with
purified rat mAbs against mouse CD4, CDS8, and NKp46, followed by anti—
rat IgG antibodies conjugated to magnetic beads. For Ly49D alloantigen
stimulation, DAP10+12 KO recipient mice were inoculated intraperitoneally
with 200 pg of a depletion mAb against mouse CDS8 (clones 2.43 orYTS169.4)
to prevent cytotoxic T lymphocyte—mediated rejection of BALB/¢ spleno-
cytes,and 3 X 10> WT NK cells or 1.5 X 105WT Ly49D* NK cells were in-
jected intravenously into DAP10+12 KO mice on the day before Am157
MCMV infection. 4,000,000-5,000,000 T cell- and NK cell-depleted
BALB/c¢ splenocytes were injected intravenously on days 0.5, 1.5, and 3 pi.
In some experiments, mice were inoculated intraperitoneally with 200 pg of
a neutralizing mAb against mouse IL-12 p40 (clone C17.8) or an isotype-
matched rat [gG2a on the day before Am157 MCMV infection and on day
3 pi. For WT MCMYV infection, 6 X 10> WT NK cells or 10> WT Ly49H*
NK cells were injected intravenously into Ly49H-deficient or DAP10+12
KO mice on the day before infection with MCMV.

Flow cytometry. Fc receptors (CD16 and CD32) were blocked with 2.4G2
mAD before surface or intracellular staining with the indicated fluorochrome-
conjugated mAbs or isotype-matched control antibodies (BD, eBioscience,
BioLegend, or TONBO Biosciences). Samples were acquired on an LSRII or
a FACSCalibur (BD) and analyzed with FlowJo software (Tree Star).

Measurement of MCMYV load. 10,000 naive or alloantigen-primed
Ly49D" NK cells expressing Ly49H were transferred separately into Ly49H-
deficient or DAP12-deficient mice and infected with WT MCMV. The
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copy number of MCMV IE1 gene in DNA prepared from peripheral blood
on day 3 pi was determined by quantitative PCR analysis using a SYBR green
master mix reagent (Roche) as described previously (Nabekura et al., 2014).

Ex vivo stimulation of NK cells. 100,000-150,000 NK cells were co-
cultured with 1.5 X 10> RMA or RMA transfectants expressing m157 alone
or both m157 and H-2D4 for 6 h at 37°C in the presence of PE-conjugated
anti-CD107a mAb and GolgiStop (BD), followed by staining for surface
molecules and intracellular [FN-y.

Statistical methods. The Student’s ¢ test was used to compare results. The
Mann—Whitney U test was used to compare MCMYV viral titers. P < 0.05
was considered statistically significant.
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