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Abstract

The CD94 transmembrane-anchored glycoprotein forms disulfide-bonded heterodimers with the NKG2A subunit to form an
inhibitory receptor or with the NKG2C or NKG2E subunits to assemble a receptor complex with activating DAP12 signaling
proteins. CD94 receptors expressed on human and mouse NK cells and T cells have been proposed to be important in NK
cell tolerance to self, play an important role in NK cell development, and contribute to NK cell-mediated immunity to certain
infections including human cytomegalovirus. We generated a gene-targeted CD94-deficient mouse to understand the role
of CD94 receptors in NK cell biology. CD94-deficient NK cells develop normally and efficiently kill NK cell-susceptible targets.
Lack of these CD94 receptors does not alter control of mouse cytomegalovirus, lymphocytic choriomeningitis virus, vaccinia
virus, or Listeria monocytogenes. Thus, the expression of CD94 and its associated NKG2A, NKG2C, and NKG2E subunits is
dispensable for NK cell development, education, and many NK cell functions.
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Introduction

Natural killer (NK) cells play an important role in the innate
immune response to infections and malignancies by directly killing
pathogen-infected or transformed cells and producing cytokines and
chemokines that help shape the immune response [1]. NK cell
activation is controlled by a number of activating and inhibitory
receptors [2]. Activating NK receptors recognize a variety of stress-
induced molecules such as the human MICA and MICB molecules,
human ULBP1-6 proteins, mouse Rae-1, H60, and MULT1 family
members, all of which are recognized by the activating NKG2D
receptor [3]. Some activating NK receptors directly recognize
pathogen-encoded ligands. For example, the m157 glycoprotein
expressed by MCMV is recognized by the activating Ly49H
receptor and NKp46 interacts with influenza hemagglutinin [4,5,6].
NK cells are prevented from attacking normal self cells by inhibitory
receptors that are reactive to MHC class I [7].

In mice, the inhibitory members of the Ly49 C-type lectin-like
receptor family of NK cell receptors are the primary MHC class I
receptors [8]. Humans do not express Ly49 receptors; instead,
human NK cells express the structurally unrelated inhibitory killer
cell immunoglobulin-like receptors (KIRs) that bind to MHC class
I. Additionally, humans and mice both express members of the
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NKG2 family receptors that form obligate disulfide-bonded
heterodimers with CD94. When expressed at physiological levels,
the human NKG?2 proteins cannot be stably expressed on the cell
surface without CD94 [9,10,11]. CD94-NKG2 receptors bind
non-classical MHC class Ib molecules, HLA-E in humans and Qa-
1 in mice [12,13,14]. HLA-E and Qa-1 both present conserved
peptides derived from the leader segments of classical MHC class I
molecules [12,15]. Both human and murine NKG2 families
consist of three members that share a high degree of similarity in
their extracellular domains, NKG2A, NKG2C, and NKG2E
[13,16,17,18]. NKG2D is an unrelated receptor that does not pair
with CD94 and has low sequence homology with NKG2A,
NKG2C, and NKG2E [19].

In adult mice, CD94 is expressed on splenic NK cells and NKT
cells and a small proportion of y& T cells and CD8" T cells,
primarily CD44™ memory cells. In mouse NK cells, NKG2A is the
predominant NKG2 family member with NKG2A mRNA being
more prevalent than NKG2C and NKG2E transcripts [17].
NKG2A is the only NKG2 family member expressed in mouse T
cells [17]. The cytoplasmic domain of NKG2A contains one
canonical immunoreceptor tyrosine-based inhibitory motif (ITTIM)
in mice and two ITIMs in human [9,13,20,21]. Accordingly,
triggering of CD94-NKG2A suppresses NK cell functions.
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NKG2C and NKG2E lack known intracellular signaling domains,
but instead contain a charged residue within their transmembrane
domains that facilitate binding to the DAP12 signaling adapter
molecule, which contains an immunoreceptor tyrosine based
activating motif (ITAM) [16]. Triggering of CD94-NKG2C leads
to phosphorylation of the DAP12 I'TAM and signaling via Syk and
ZAP-70, resulting in NK cell activation [20,21]. As with other
paired inhibitory and activating ligands, the affinity for HLA-E is
10-fold higher for the inhibitory human CD94-NKG2A than the
activating CD94-NKG2C receptor [22,23]. The affinities of the
mouse CD94-NKG2 receptors for Qa-1 have not been reported.
To better understand the role of CD94-NKG2 receptors in NK
cell development and function we disrupted the gene encoding
CDY%4 (Klrd1) in the genome of 129/Sy] strain ES cells, generated
mice lacking CD94, and backcrossed this CD94-deficient mouse
onto the C57BL/6 background. Additionally, we generated a
CDY4 transgenic mouse that was crossed with the CD94-deficient
mice to restore the expression of CD94-NKG2A, CD94-NKG2C,
and CD94-NKG2E receptors in the Klrd] =/~ mice to evaluate the
role of these receptors in NK cell development and function.

Results

Generation and phenotype of CD94-deficient mice

To understand the contribution of CD94 receptors to NK cell
and T cell functions we generated a CD94-deficient mouse by
targeted disruption of exons 3 and 4 of Klrd1 in 129/Sv] ES cells and
backcrossing the null gene into the genome of C57BL/6 mice.
Splenocytes from CID94-deficient mice failed to express the CD94-
NKG2A, CD94-NKG2C, or CD94-NKG2E receptors (Fig. 1A).
Transgenic expression of CD94 in these CD94-deficient mice
(designated CD94"®~ mice) restored expression of CD94-NKG2A,
CDY94-NKG2C, and CD94-NKG2E (Fig. 1A). Although a MHC
class I promoter with an Igu enhancer drove the CD94 transgene
[24], CD94 was expressed at the highest levels on NKp46* NK cells
(Fig. 1A). Similar to B6 mice, the majority of the remaining CD94-
NKG2-expressing cells from CD94"# mice were NKT cells and T
cells (Fig 1A). CD94"%"~ splenocytes did show an increased intensity
of CDY%4 staining as determined by mean fluorescence intensity
(MFI) on the NKG2A/C/E" cells as compared to B6, CD94-
deficient, and 129/Sv] splenocytes (MFI 4433, 625, 492, and 1013,
respectively) (Fig. 1A). NKG2A/C/E expression levels, as deter-
mined by staining with an antibody that crossreacts with NKG2A,
NKG2C, and NKG2E, were consistently lower in the CDY4"s
splenocytes (MFI 147) when compared with B6 splenocytes (MFI
213); however, the MFT of NKG2A/C/E was similar between the
CD94"®" and 129/Sv] splenocytes (MFI 135), suggesting allelic
differences between the B6 and 129/Sy] genes encoding NKG2
receptors might determine the surface density of CD94-NKG2A/
C/E (Fig. 1A). Transgenic expression of CD94 restored CD94-
NKG?2 expression to approximately half of the NK cells in these
mice, similar to wildtype mice (Fig. 1B). This suggests that
expression of NKG2A, NKG2C, or NKG2E, not CD94, might
be the limiting factor in CD94-NKG2 surface expression.

Klrd1 is located between the Ly49 gene cluster and the NKR-P1
gene cluster in the NK complex (NKC) found on chromosome 6
[25,26]. B6 and 129/Sy] mice carry different loci and alleles of this
genomic cluster, with NK cells from B6 mice but not 129/Sy]
mice expressing Ly49C, Ly49H, and NKR-P1C (NK1.1) [27].
NK cells from CD94-deficient mice did not express any of these
receptors, indicating that despite being backcrossed to B6 for 9
generations they retained the NKC of 129/Sy] strain mice, at least
spanning the regions containing the NKR-P1 and Ly49 loci
(Fig. 1B).
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CD19 CDI122" NKG2D* NK cell precursors undergo an
orderly development in the bone marrow that can be distinguished
based on the expression of the integrins oy (CD51) and DX5
(CD49b) [28]. o is expressed first by NK precursors, followed by
co-expression of DX5, and finally loss of oy expression. CD94-
NKG2 receptors are initially expressed by oy, DX5  immature
NK cells [28]. CD27 and CDI1lb can also delineate NK cell
maturation stages. CD27"CD11b'™ NK cells are the most immature
with CD11b expression increasing as NK cells mature, and CD27 is
lost on the most mature NK cells [29]. NK cell precursors from
CDY94-deficient, CD947%", and 129/ SyJ mice contained similar
frequencies of each these developmental stages, indicating that
expression of CD94-NKG2 is not necessary for normal NK
development (Fig. 1C). The frequency of CD11b™ CD27 mature
NK cells was somewhat higher in the B6 mice than any of the other
strains, suggesting that a factor other than CD94-NKG2 expression
may differentially regulate NK cell development in B6 vs. 129/Sy]
mice. Frequencies and absolute numbers of splenic NK cells were
similar among B6, CD94-deficient, CD94"¢", and 129/ SyJ mice
(data not shown).

NK cell functions are not altered in CD94-deficient mice

Expression of inhibitory receptors for self-MHC class Ia and Ib
molecules, including the Ly49 receptors and CD94-NKG2A,
enhances NK cell responsiveness to activation by crosslinking of
activating receptors [30,31,32,33]. To determine whether CD94-
deficiency affects NK cell education, we stimulated B6, CD94-
deficient, CD94"8"~, and 129/Sv] NK cells by crosslinking the
activating NKp46 receptor. CD94-deficient, CD94 """, and 129/
Sy] NK cells all produced IFN-y and degranulated at similar
frequencies as measured by CD107a surface staining (Fig. 2A).
This indicates that CD94 is not required for NK cell education in
NK cells carrying the 129/Sy] NK complex. CD94-deficient,
CD94"%", and 129/SyJ] NK cells all produced IFN-y and
degranulated less frequently than B6 NK cells, suggesting that
an unknown factor within the NK complex might control the
degree to which B6 and 129/Sy] NK cells are educated (Fig. 2A)

NK cells lyse target cells expressing ligands for a variety of NK
receptors, including the NKG2D receptor necessary for recogni-
tion of the prototypic NK-sensitive YAC-1 tumor cell line.
NKG2D expression was similar between B6 and CD94-deficient
NK cells (data not shown). Accordingly, NK cells from both B6
and CD94-deficient mice killed YAC-1 targets with similar
efficacy, indicating that CD94-deficiency did not affect NK cell
lytic capacity against this target cell (Fig. 2B).

NK cells are prevented from killing healthy bone marrow cells
and splenocytes by inhibitory receptors on NK cells that engage
MHC class I on these target cells. Bone marrow cells and
splenocytes from animals deficient in surface expression of MHC
class I due to deletion of the B2m, TAPI and TAP2, or H-2K" and
H-2D' genes are efficiently eliminated by NK cells in vivo [34,35].
To test whether CD94-NKG2 receptors were important in
“missing-self”” recognition we transferred a 1:1 mixture of wildtype
and B2m~’" splenocytes into B6 mice depleted of NK cells or
treated with PBS or into CD94-deficient mice. Twenty-four hours
later both B6 and CD94-deficient mice efficiently eliminated the
B2m~’" splenocytes compared to B6 mice depleted of NK cells
(Fig. 2C).

CD94-NKG2 receptors do not contribute to NK cell
control of MCMV

After MCMYV infection all NK cells are activated, likely due to
the inflammatory cytokine milieu induced by the infection [36].
Despite not expressing the MCMV specific Ly49H receptor

December 2010 | Volume 5 | Issue 12 | e15184



A CD94-NKG2A/C/E* B

10 i31.4 3.09 CSTBUS

CD94--

CD94Ts-

0 10°92.51 214
w : w
S - 8™ o
5 w0 0.393 m n'.: E
R - 2 — 129/SvJ R
N sl "3 X
z Jaoe_ | z
NKp46
C
65.8 18.8 o 12,7

CD94-Deficient Mice

] J‘J\ C57BL/6
0826 0357
}j\ cD94-+
hj\ CD94To-
2 s s 1 o N M R 7 (R B R |
0979 457 1
: r—rL ”/{\ 129/SvJ
'iqaﬁ 654
CD94 NK1.1 Ly49H Ly49C/|
21.2

C57BL/6
CD94-
CD94Te~
10 o J82 24.6 wt 135.3 20.1
X @) =, 129/Sv)
: - B.S?. - 23‘_
CD122 Integrin c, CD11b

Figure 1. Splenic CD94-deficient and CD9479'~ NK cells are phenotypically normal. (A) Splenocytes from B6, CD94-deficient, CD94'%~, and
129/SvJ) mice were analyzed for CD94-NKG2 expression. CD94-NKG2" cells were analyzed for NKp46 and TCRp expression as shown in the second
column. (B) NK cells (NKp46* TCRB") were analyzed for expression of CD94, NKG2A/C/E, NK1.1, Ly49C/l, and Ly49H. (C) CD19™ bone marrow cells were
analyzed for NK cell precursors (NKG2D" CD122") and the developmental markers DX5, oy, CD27, and CD11b. Data are representative of three to five

experiments each.
doi:10.1371/journal.pone.0015184.g001

(Fig. 1B), CD94-deficient NK cells upregulated expression of
CD69, granzyme B, and IFN-7y to a similar extent as B6 NK cells
(Fig 3A). CD94-deficient and CD94"®" mice were equally
susceptible to MCMYV infection, suggesting that in the absence
of the Ly49H activating receptor CD94-NKG2 does not play an
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important role in the control of MCMYV (Fig. 3B). CD94-deficient
and CD94™#~ NK cells express the 129/Sy] allele of the Ly49I
inhibitory receptor, which binds to MCMV ml157 [6]. This
interaction may mask any effect CD94-NKG2 receptors could
have on control of MCMV. To determine whether CD94-NKG2
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CD94-Deficient Mice

CD94--

A
80+ 251
+!0
.
S 3
(=) 1=
o =
Be o
B
40-
~Q~ 129/SvJ
5, 30- —0—  CD94 - deficient
x
9 20
2
)
O
2 10
200 100 50 25 12 6 3
E:T Ratio
C
NK depleted B6 B6
1504
1004 i
504 39.1
R o B M i

0 'H]z 10 10 Il]5

H-2K?
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IFN-y production upon stimulated with plate-bound anti-NKp46 mAb. (B) Splenocytes from CD94-deficient mice and wildtype 129/SvJ mice primed
with poly I:C in vivo were assayed for NK cell-mediated cytotoxicity against the YAC-1 target cell. (C) CD94-deficient mice and B6 mice either depleted
of NK cells with anti-NK1.1 mAb or treated with PBS received a mixture of CFSE-labeled wildtype and B2m ™~ B6 splenocytes. Twenty-four hours later
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five experiments each.
doi:10.1371/journal.pone.0015184.g002

receptors affect NK cell control in mice that express the MCMV-
specific Ly49H activating receptor we treated B6 mice either with
PBS or a non-depleting, blocking antibody that recognizes
NKG2A, NKG2C, and NKG2E. Despite saturating the CD94-
NKG2 receptors with the neutralizing antibody (data not shown),
this treatment had no effect on NK cell control of MCMV
infection in these mice (Fig. 3C). Blocking NKG2A, NKG2C, and
NKG2E also did not affect control of MCMYV in the susceptible
BALB/c mice that do not express Ly49H or Ly49I (Fig. 3D). Thus

@ PLoS ONE | www.plosone.org

CD94-NKG2 receptors do not affect the NK cell response to
infection with the Smith strain of MCMV.

CD94-deficient mice control LCMV, vaccinia virus, and
Listeria infection as efficiently as B6 mice

To determine whether CD94-NKG2 receptors contributed to
the clearance of other infections we infected CD94-deficient and
B6 mice with LCMYV, vaccinia virus or Listeria monocylogenes.
LCMV clearance was slightly delayed in the CD94-deficient mice

December 2010 | Volume 5 | Issue 12 | e15184
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CD94-Deficient Mice

BALB/c mice receiving the 20D5HCmIgG1-Q antibody or PBS were infected with 5x10* pfu MCMV and then analyzed for viral titers three days later.
Graphs represent the average = s.e.m. of four or five animals per group. Not statistically significant (n.s.).

doi:10.1371/journal.pone.0015184.9003

with viral loads in the spleens and livers of B6 mice peaking at day
3 compared to day 5 in the CD94-deficient mice (Fig 4A).
However, differences in viral titers were not statistically significant.
Despite this delay in peak viral load, CD94-deficient mice cleared
the infection by day 13 suggesting that CD94-NKG2 does not play
a prominent role in control of LCMV infection. The role of NK
cells in the control of Listeria monocytogenes infection is controversial,
with some studies suggesting that NK cells provide protection
against Listeria and others that NK cells promote bacterial growth
[37]. Three days after challenge with Listeria, the bacterial burden
in the spleens and liver was similar between CD94-deficient and
B6 mice (Fig 4B). Similarly, control of vaccinia virus replication
was comparable in CD94-deficient and B6 mice (Fig. 4C).

b=
-
o
)
h

108+

—-— B6
-e- CD94--

1065+

10%4

i

o
5]
1

102+

LCMV (pfu)/spleen (g)
LCMV (pfu)/liver (g)

-
=
2
h
oA

Discussion

We have generated a mouse with a targeted deletion of the Alrd!
gene encoding CD94. CD94-NKG2A is the first inhibitory
receptor for MHC class I that is expressed on developing NK
cells and is the predominant inhibitory receptor expressed on fetal
NK cells [38]. Previous work proposed that CD94-NKG2A might
be necessary for self-tolerance in these developing NK cells
[39,40]. We find, however, that deletion of A%dI neither affected
the maturation or development of NK cells in the bone marrow,
nor did it influence the numbers or frequency of mature splenic
NK cells, suggesting other mechanisms may ensure NK self

tolerance in the absence of CD94-NKG2A. Similarly, DBA/2J
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mice have a spontaneously arising mutation in the Klid] gene that
prevents expression of CD94, yet NK cells develop normally in these
mice and do not cause overt autoimmunity [24]. Compensatory
mechanisms mediated by other inhibitory receptors might facilitate
NK cell education in these CD94-deficient mice [31,32]. Loss of
CD94-NKG2A in the CD94-deficient mice might be predicted to
render the developing NK cells hypo-responsive; however, CD94-
deficient splenic NK cells produced IFN-y and degranulated at
similar frequencies to CD94"%~ and 129/Sv] NK cells. Additionally,
mature CD94-deficient NK cells were competent to kill YAC-1 cells
in vitro and B2m~ '~

were not impaired in their lytic functions. Depletion of CD94-

splenocytes in vivo, indicating that these cells

NKG2A" NK cells was previously shown to impair rejection of
B2m™"" splenocytes in vivo by B6 NK cells [31]. Sorted CD94 NK
cells from B6 mice were also reported to be less cytolytic against
YAC-1 [41]. These
discrepancies between our findings and prior reports could be

targets than their CD94" counterparts

accounted for by the differential Ly49 repertoire expressed by CD94-
deficient NK cells compared to B6 NK cells. Specifically, four of the
inhibitory Ly49 receptors in the 129/Sy] NK receptor haplotype
expressed by the CD94-deficient NK cells are reactive to H-2
(Ly49G2, 1, O, and V), whereas only two of the Ly49 receptors in B6
bind H-2" (Ly49C and T) [8,42,43]. This increased repertoire of H-
9"-reactive inhibitory receptors contributed by the 129/Sy] NKC
might render CD94-NKG2A redundant in the education of NK cells
expressing the 129/Sy] NKC. The lack of monoclonal antibodies
spectfic for 129/Sy] Ly49 receptors prevents formal testing of this
hypothesis. Additionally, in B6 mice CD94 NK cells may represent a
less mature NK cell population that CD94" NK cells, thus
complicating comparisons between CD94 NK cells in wildtype B6
mice and CD94-deficient NK cells bearing the 129/Sy] NKC.

Despite ubiquitous expression of the CD94 transgene in CD94-
deficient mice, surface expression of CD94-NKG2 was restored in
only half of the NK cells and a small fraction of T cells and NKT
cells (similar to expression of CD94-NKG2 in wildtype mice),
indicating that transcription of NKG2A, NKG2C, and NKG2E is
likely the rate-limiting factor in CD94 surface expression.
Similarly, the expression of the CD94 transgene in DBA2/]J mice,
which lack CD94 expression, restored CD94-NKG2 expression in
only a subset of NK cells [24]. The low level of CD94 surface
expression in all cells from the CD94"® mice is likely due to the
CDY94 transgene being expressed at a low level as a homodimer on
all cells. Crystal structures of CD94-NKG2A and CD94-NKG2C
show that both CD94 and the NKG2 receptors make contact with
HLA-E, suggesting that CD94 homodimers might bind Qa-1
[44,45,46]. The intracellular domain of CD94 consists of only 10
amino acids and lacks any known signaling domain; thus, the
CD94 homodimers in the CD947%~ mice are not likely to be
functional [47].

In humans, co-culture with HCM V-infected fibroblasts led to a
selective expansion of human CD94-NKG2C" NK cells, and CD94-
NKG2C expression correlated with positive serology for HCMV,
suggesting that CD94-NKG2C may directly recognize HCMV-
infected cells [48,49,50]. MCMV is often used to model immunity to
HCMYV. B6 mice express the activating Ly49H receptor, which binds
to the MCMV ml57 glycoprotein expressed on the surface of
infected cells and accounts for the NK cell-mediated resistance to
MCMV in this strain [5,6]. Blocking NKG2A/C/E receptors in B6
mice did not affect control of MCMYV infection. This may be due to
the strong activation via Ly49H, overriding any effect CD94-

@ PLoS ONE | www.plosone.org
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NKG2A/C/E receptors might have had on NK cell control of
MCMV. Unlike B6 mice, BALB/c mice do not express Ly49H and
are susceptible to MCMV. Blocking NKG2A/C/E in BALB/c mice
also did not affect control of MCMYV, suggesting that Ly49H did not
mask a role for CD94-NKG2A/C/E in control of MCMV. This is in
agreement with a prior report demonstrating that viral clearance
from the submandibular glands is unaltered in CD94-deficient DBA/
2] mice (which share the BALB/c Ly49 genes) compared to DBA/2]
mice expressing a CD94 transgene, despite increased expression of
Qa-1 in the submandibular glands after viral infection [51]. The 129/
Sv] allele of Ly49I expressed in CDD94-deficient and CD94"®"~ mice
binds the MCMYV m157 glycoprotein and might prevent NK cell
responses to MCMV-infected cells [6]. Lack of CD94 did not
enhance control of MCMYV. Thus, despite potentially playing an
important role in the NK cell response to HCMV, in mice CD94-
NKG2 receptors do not appear to be essential for the NK cell
response to MCMYV in the mouse strains tested, possibly due to
redundancies in the NK response to MCMV. This may be due to
different ligands for CD94-NKG2C: induced by HCMYV or different
peptides being presented by HLA-E during infection that alter CD94-
NKG2C activity. Additionally CD94-deficienct mice did not alter
resistance to LCMYV, vaccinia virus, or Listeria monocytogenes, but might
be important for control of other pathogens. For example, CD94-
NKG2A expression on polyoma virus-specific CD8* T cells limits
their cytolytic capacity when engaging Qa-1-expressing target cells
[52]. Thus, further studies are warranted to uncover the physiological
role of CD94-NKG?2 receptors in NK cell-mediated host defense.

Materials and Methods

Mice

C57BL/6 (B6) and 129/Svy] mice purchased from the National
Cancer Institute and Jackson Labs respectively. All mice were
maintained in the specific pathogen-free animal facility of the
University of California San Francisco or Fox Chase Cancer
Center. The Fox Chase Cancer Center Institutional Animal Care
(A3285-01) and Use Committee and the UCSF Institutional
Animal Care and Use Committee (AN080996-02E) approved
animal protocols.

Generation of CD94-deficient and CD94™ mice

A fragment of 129-strain mouse genomic DNA was isolated and
the Alrd] gene was mapped and sequenced. Like human ALRDI
[53], the mouse gene is encoded by 6 exons. The neomycin-
resistance gene, flanked by lox sites, was used to disrupt Klrd1,
resulting in the partial elimination of exon 3 and complete removal
of exon 4. The deleted genetic segments contain the extracellular
region with the cysteine residue required for dimerization with
NKG2A, NKG2C, and NKG2E and removed a substantial
amount of the C-type lectin-like domain. Homologous recombi-
nation in 129 ES cells was confirmed by Southern blot analysis
and the neomycin-resistance gene was deleted by transient
transfection of the cells with the Cre recombinase to avoid effects
on expression of neighboring genes, sometimes caused by the
neomycin-resistance gene cassette. Chimeric mice were produced
and germline transmission was achieved. Mice were backcrossed
to C57BL/6 for 9 generations. A CD94 transgene driven by the
class I promoter/Igu enhancer [24] was injected into CID94-
deficient blastocysts to generate CD9478~ mice.

Antibody staining

Splenocytes were stained with anti-NKp46 (29A1.4), anti-Ly49H
(3D10), anti-Ly49C/1 (5E6), anti-CD94 (18d3), anti-NKG2A/C/E
(20D5), ant-NKG2D (CX5), ant-NKI.1 (PK136), ant-TCRf
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(H57-597), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD49b
(DX5), anti-integrin oty (RMV-7), anti-CD11b (M1/70), anti-CD27
(LG3.A10), anti-H-2K" (AF6-88.5), anti-CD69 (H1.2F3), anti-
granzyme B (GBI1), anti-CD107a (1D4B) and anti-IFN-y
(XMG1.2). Anti-NKp46, anti-Ly49H, anti-CD45.1, anti-NKG2D,
anti-NKG2A/C/E, and anti-CD94 were purchased from
eBioscience. Anti-NK1.1, anti-CD45.2, anti-H-2K", anti-TCRp,
and anti-CD11b were purchased from BioLegend. Anti-Ly49C/1,
anti-granzyme B, anti-CD107a, anti-CD69, anti-IFN-y, anti-
integrin oy and anti-CD27 were purchased from BD Biosciences.

Antibody stimulation of NK cells

IFN-y production and degranulation were determined by
incubating 5x10° splenocytes on plates coated with 10 pg/mL
of anti-NKp46 or an isotype-matched control mAb for 5 hrs in the
presence of brefeldin A and anti-CD107a. Cells were surface
stained for TCRP and DX5, and for intracellular IFN-y by using
the Intracellular Staining Kit from BD Biosciences.

NK cell-mediated cytotoxicity assay

CD94-deficient mice and wildtype 129/Sy] strain mice were
injected 1.p. with 200 pg poly I:C (Sigma) in sterile PBS. After
24 hrs, splenocytes were harvested and analyzed for cytotoxicity in
a 4-hr *'Cr-release assay against YAC-1 target cells.
Rejection of B2m~/~ splenocytes

Wildtype and B2m~ /™ B6 splenocytes were mixed 1:1, labeled
for ten minutes with 0.5 puM CFSE in PBS, and washed twice in
PBS. Ten million labeled splenocytes were transferred i.v. into
naive recipient mice, either untreated or depleted of NK cells by
i.p. administration of 200 pg of anti-NK1.1 (PK136) 24 hrs prior
to transfer. Twenty-four hours after transfer splenocytes from
recipients were analyzed by flow cytometry.

MCMYV infections

Six to ten week-old mice were infected ip. with 5x10* pfu
MCMYV (Smith strain). Two days later splenocytes were stained for
NK cell activation. For measurement of MCMV wviral titers,
spleens, salivary glands and livers were collected, homogenized,
plated on M2-10B4 cells (American Type Culture Collection) in
RPMI-1640 medium without FCS and incubated for 2 h at 37°C.
RPMI-1640 medium with 10% (vol/vol) FCS and 0.75% (wt/vol)
carboxymethyl cellulose was added and samples were incubated
for 7-10 days. Plaques were visualized by staining with crystal
violet dye.

Generation of an NKG2A/C/E blocking antibody

The 20D5 monoclonal antibody reacts with NKG2A, NKG2C,
and NKG2E and blocks the binding of these receptors to Qa-1"
[17]. 20D5 is a rat IgG2a antibody that depletes NK cells when
injected m viwo. To generate a non-depleting antibody that blocks
NKG2A, NKG2C, and NKG2E, a chimeric 20D5 heavy chain
c¢DNA sequence was made consisting of rat 20D5 VH-CH1-hinge
c¢DNA and mouse IgG1 CH2-CH3 ¢cDNA by two rounds of PCR-
generating overlapping PCR products. In order to diminish Fc
effector functions of 20D5HCmIgG1, a 20D5HCmIgG1 cDNA
sequence variant was made designated 20D5HCmIgG1-Q) encod-
ing 20D5mIgG1 without a conserved N-glycosylation consensus
site. The N297Q) point mutation was made by using site-directed
mutagenesis (Quickchange site-directed mutagenesis II kit, Strata-
gene). The rat-mouse 20D5HCmIgG1-Q chimeric cDNA sequenc-
es were inserted in the pEE14.4 expression vector provided by
Lonza Biologics. The resulting pEE14.4-20D5mIgG1-Q) expression
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plasmid, together with the rat k light chain isolated from the 20D5
hybridoma, was transfected into CHOKI1SV cells (Lonza Biologics)
and stable 20D5mlIgG1-Q expressing CHOKISV clones were
selected based on MSX resistance. The 20D5mlIgG1-Q) antibody
was purified from cell culture supernatants using protein-A based
methods.

LCMV infections

Six to ten weck-old mice were infected ip. with 2x10° pfu
LCMV (Armstrong strain). On days 1, 3, 5, 7, and 13 post-
infection spleens and livers were harvested in DME with 2% FCS
(v/v). Tissues were homogenized, plated on Vero cells (ATCC),
and overlaid with 199 media containing 0.5% agarose (w/v) and
10% FCS (v/v). Four days later plaques were visualized by
staining with neutral red.

Listeria infections

Six to ten week-old mice were infected i.p. with 10° cfu log
phase Listeria monocytogenes grown in tryptic soy broth. Three days
later spleens and livers were harvested in PBS with 0.1% (v/v) NP-
40, homogenized, and plated on BHI plates.

Vaccinia infections

Vaccinia virus (WR strain) was inoculated via the 1.p. route with
500 ul PBS containing 5 x10° pfu virus. Following infections, mice
were observed daily for signs of disease (lethargy, ruffled hair,
weight loss, skin rash, eye secretions) and imminent death
(unresponsiveness to touch, lack of voluntary movements). For
the determination of virus titers on the indicated days post-
infection, the ovaries were removed and homogenized in medium
using a Tissue Lyser (Qiagen), and the spleens were made into a
single cell suspension between two frosted slides and resuspended
in 10 ml complete RPMI-1640 medium. One ml of the cell
suspensions was frozen and thawed three times and viral titers
determined by plaque assays on confluent BSC-1 cells using 10-
fold serial dilutions of the stocks in 0.5 ml RPMI-2.5 in six-well
plates (2 wells/dilution) for 1 h. Two ml fresh RPMI-2.5 was
added and the cells incubated at 37°C for 2-3 days. The media
was aspirated and the cells fixed and stained for 10 min with 0.1%
crystal violet in 20% ecthanol. The fix/stain solution was
subsequently aspirated, the cells air-dried, the plaques counted,
and the pfu/ml in stocks were calculated accordingly.

Statistical analysis

Statistical differences in viral and bacterial titers were
determined by the unpaired, two-tailed Mann-Whitney test.
Statistical differences in IFN-y and CDI107 expression were
determined by the unpaired, two-tailed Student’s t test. Statistics
were determined with Prism software (GraphPad Software, Inc.).

Acknowledgments

We thank Dr. Richard Murray for assistance in generation of the Alrd/-null
mice and Drs. Russell Vance and David Raulet for providing antibodies
and plasmids. We thank the following FCCC core facilities: Laboratory
Animal, Flow Cytometry, Sequencing, Cell Culture, Transgenic and
Hybridoma.

Author Contributions

Conceived and designed the experiments: MTO JW MF LJS JHP LLL.
Performed the experiments: MTO JW MF. Analyzed the data: MTO JW
MF LJS JHP LLL. Contributed reagents/materials/analysis tools: PS TE
ED SF. Wrote the paper: MTO LLL.

December 2010 | Volume 5 | Issue 12 | e15184



References

12.

20.

21.

26.

. Lanier LL (2005) NK cell recognition. Annu Rev Immunol 23: 225-274.
. Lanier LL (2008) Up on the tightrope: natural killer cell activation and

inhibition. Nat Immunol 9: 495-502.

. Raulet DH (2003) Roles of the NKG2D immunoreceptor and its ligands. Nat

Rev Immunol 3: 781-790.

Gazit R, Gruda R, Elboim M, Arnon TI, Katz G, et al. (2006) Lethal influenza
infection in the absence of the natural killer cell receptor gene Ncrl. Nat
Immunol 7: 517-523.

Smith HR, Heusel JW, Mechta IK, Kim S, Dorner BG, et al. (2002) Recognition
of a virus-encoded ligand by a natural killer cell activation receptor. Proc Natl
Acad Sci U S A 99: 8826-8831.

. Arase H, Mocarski ES, Campbell AE, Hill AB, Lanier LL (2002) Direct

recognition of cytomegalovirus by activating and inhibitory NK cell receptors.
Science 296: 1323-1326.

. Karre K, Ljunggren HG, Piontek G, Kiessling R (1986) Selective rejection of H-

2-deficient lymphoma variants suggests alternative immune defence strategy.

Nature 319: 675-678.

. Orr MT, Lanier LL (2010) Inhibitory Ly49 receptors on mouse Natural Killer

cells. Curr Top Microbiol Immunol: in press.

. Carretero M, Cantoni C, Bellon T, Bottino C, Biassoni R, et al. (1997) The

CD94 and NKG2-A C-type lectins covalently assemble to form a natural killer
cell inhibitory receptor for HLA class I molecules. Eur J Immunol 27: 563-567.

. Lazetic S, Chang C, Houchins JP, Lanier LL, Phillips JH (1996) Human natural

killer cell receptors involved in MHC: class I recognition are disulfide-linked
heterodimers of CD94 and NKG2 subunits. J Immunol 157: 4741-4745.

. Phillips JH, Chang C, Mattson J, Gumperz JE, Parham P, et al. (1996) CD94

and a novel associated protein (94AP) form a NK cell receptor involved in the
recognition of HLA-A, HLA-B, and HLA-C allotypes. Immunity 5: 163-172.
Braud VM, Allan DS, O’Callaghan CA, Soderstrom K, D’Andrea A, et al.
(1998) HLA-E binds to natural killer cell receptors CD94/NKG2A, B and C.
Nature 391: 795-799.

. Vance RE, Kraft JR, Altman JD, Jensen PE, Raulet DH (1998) Mouse CD94/

NKG2A is a natural killer cell receptor for the nonclassical major
histocompatibility complex (MHC) class I molecule Qa-1(b). J Exp Med 188:
1841-1848.

. Borrego F, Ulbrecht M, Weiss EH, Coligan JE, Brooks AG (1998) Recognition

of human histocompatibility leukocyte antigen (HLA)-E complexed with HLA
class I signal sequence-derived peptides by CD94/NKG2 confers protection
from natural killer cell-mediated lysis. J Exp Med 187: 813-818.

. Lee N, Goodlett DR, Ishitani A, Marquardt H, Geraghty DE (1998) HLA-E

surface expression depends on binding of TAP-dependent peptides derived from
certain HLA class I signal sequences. J Immunol 160: 4951-4960.

. Lanier LL, Corliss B, Wu J, Phillips JH (1998) Association of DAP12 with

activating CD94/NKG2C NK cell receptors. Immunity 8: 693-701.

. Vance RE, Jamieson AM, Raulet DH (1999) Recognition of the class Ib

molecule Qa-1(b) by putative activating receptors CD94/NKG2C and CD94/
NKG2E on mouse natural killer cells. J Exp Med 190: 1801-1812.

. Berg SF, Dissen E, Westgaard IH, Fossum S (1998) Two genes in the rat

homologous to human NKG2. Eur J Immunol 28: 444-450.

. Houchins JP, Yabe T, McSherry C, Bach FH (1991) DNA sequence analysis of

NKG2, a family of related cDNA clones encoding type II integral membrane
proteins on human natural killer cells. ] Exp Med 173: 1017-1020.

Brooks AG, Posch PE, Scorzelli CJ, Borrego F, Coligan JE (1997) NKG2A
complexed with CD94 defines a novel inhibitory natural killer cell receptor.
J Exp Med 185: 795-800.

Houchins JP, Lanier LL, Niemi EC, Phillips JH, Ryan JC (1997) Natural killer
cell cytolytic activity is inhibited by NKG2-A and activated by NKG2-C.
J Immunol 158: 3603-3609.

. Kaiser BK, Barahmand-Pour F, Paulsene W, Medley S, Geraghty DE, et al.

(2005) Interactions between NKG2x immunoreceptors and HLA-E ligands
display overlapping affinities and thermodynamics. ] Immunol 174: 2878-2884.

. Vales-Gomez M, Reyburn HT, Erskine RA, Lopez-Botet M, Strominger JL

(1999) Kinetics and peptide dependency of the binding of the inhibitory NK
receptor CD94/NKG2-A and the activating receptor CD94/NKG2-C to HLA-
E. EMBO J 18: 4250-4260.

. Vance RE, Jamieson AM, Cado D, Raulet DH (2002) Implications of CD94

deficiency and monoallelic NKG2A expression for natural killer cell develop-
ment and repertoire formation. Proc Natl Acad Sci U S A 99: 868-873.

. Vance RE, Tanamachi DM, Hanke T, Raulet DH (1997) Cloning of a mouse

homolog of CD94 extends the family of C-type lectins on murine natural killer
cells. Eur J Immunol 27: 3236-3241.

Ho EL, Heusel JW, Brown MG, Matsumoto K, Scalzo AA, et al. (1998) Murine
Nkg2d and Cd94 are clustered within the natural killer complex and are
expressed independently in natural killer cells. Proc Natl Acad Sci U S A 95:
6320-6325.

@ PLoS ONE | www.plosone.org

27.

28.

29.

30.

31.

32.

33.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

CD94-Deficient Mice

Makrigiannis AP, Pau AT, Schwartzberg PL, McVicar DW, Beck TW, et al.
(2002) A BAC contig map of the Ly49 gene cluster in 129 mice reveals extensive
differences in gene content relative to C57BL/6 mice. Genomics 79: 437-444.
Kim S, lizuka K, Kang HS, Dokun A, French AR, et al. (2002) In vivo
developmental stages in murine natural killer cell maturation. Nat Immunol 3:
523-528.

Hayakawa Y, Smyth MJ (2006) NKG2D and cytotoxic effector function in
tumor immune surveillance. Semin Immunol 18: 176-185.

Brodin P, Lakshmikanth T, Johansson S, Karre K, Hoglund P (2009) The
strength of inhibitory input during education quantitatively tunes the functional
responsiveness of individual natural killer cells. Blood 113: 2434-2441.
Fernandez NC, Treiner E, Vance RE, Jamieson AM, Lemieux S, et al. (2005) A
subset of natural killer cells achieves self-tolerance without expressing inhibitory
receptors specific for sel-MHC molecules. Blood 105: 4416-4423.

Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song Y], et al. (2005)
Licensing of natural killer cells by host major histocompatibility complex class I
molecules. Nature 436: 709-713.

Joncker NT, Fernandez NC, Treiner E, Vivier E, Raulet DH (2009) NK cell
responsiveness is tuned commensurate with the number of inhibitory receptors

for self-MHC class I: the rheostat model. J Immunol 182: 4572-4580.

. Bix M, Liao NS, Zijlstra M, Loring ], Jaenisch R, et al. (1991) Rejection of class I

MHC-deficient haemopoietic cells by irradiated MHC-matched mice. Nature
349: 329-331.

. Liao NS, Bix M, Zijlstra M, Jaenisch R, Raulet D (1991) MHC class I deficiency:

susceptibility to natural killer (NK) cells and impaired NK activity. Science 253:
199-202.

Dokun AO, Kim S, Smith HR, Kang HS, Chu DT, et al. (2001) Specific and
nonspecific NK cell activation during virus infection. Nat Immunol 2: 951-956.
Lodoen MB, Lanier LL (2006) Natural killer cells as an initial defense against
pathogens. Curr Opin Immunol 18: 391-398.

Kubota A, Kubota S, Lohwasser S, Mager DL, Takei F (1999) Diversity of NK
cell receptor repertoire in adult and neonatal mice. J Immunol 163: 212-216.
Van Beneden K, Stevenaert F, De Creus A, Debacker V, De Boever J, et al.
(2001) Expression of Ly49E and CD94/NKG?2 on fetal and adult NK cells.
J Immunol 166: 4302-4311.

Sivakumar PV, Gunturi A, Salcedo M, Schatzle JD, Lai WC, et al. (1999)
Cutting edge: expression of functional CD94/NKG2A inhibitory receptors on
fetal NK1.1+Ly-49- cells: a possible mechanism of tolerance during NK cell
development. J Immunol 162: 6976-6980.

Yu J, Wei M, Mao H, Zhang J, Hughes T, et al. (2009) CD94 defines
phenotypically and functionally distinct mouse NK cell subsets. ] Immunol 183:
4968-4974.

Hanke T, Takizawa H, McMahon CW, Busch DH, Pamer EG, et al. (1999)
Direct assessment of MHC class I binding by seven Ly49 inhibitory NK cell
receptors. Immunity 11: 67-77.

Makrigiannis AP, Pau AT, Saleh A, Winkler-Pickett R, Ortaldo JR, et al. (2001)
Class I MHC-binding characteristics of the 129/] Ly49 repertoire. J Immunol
166: 5034-5043.

Petrie EJ, Clements CS, Lin J, Sullivan LC, Johnson D, et al. (2008) CD94-
NKG2A recognition of human leukocyte antigen (HLA)-E bound to an HLA
class I leader sequence. J Exp Med 205: 725-735.

Sullivan LC, Clements CS, Beddoe T, Johnson D, Hoare HL, et al. (2007) The
heterodimeric assembly of the CD94-NKG2 receptor family and implications
for human leukocyte antigen-E recognition. Immunity 27: 900-911.

Kaiser BK, Pizarro JC, Kerns J, Strong RK (2008) Structural basis for NKG2A/
CDY94 recognition of HLA-E. Proc Natl Acad Sci U S A 105: 6696-6701.
Chang C, Rodriguez A, Carretero M, Lopez-Botet M, Phillips JH, et al. (1995)
Molecular characterization of human CD94: a type II membrane glycoprotein
related to the C-type lectin superfamily. Eur J Immunol 25: 2433-2437.
Guma M, Cabrera C, Erkizia I, Bofill M, Clotet B, et al. (2006) Human
cytomegalovirus infection is associated with increased proportions of NK cells
that express the CD94/NKG2C receptor in aviremic HIV-1-positive patients.
J Infect Dis 194: 38—41.

Guma M, Budt M, Saez A, Brckalo T, Hengel H, et al. (2006) Expansion of
CD94/NKG2C+ NK cells in response to human cytomegalovirus-infected
fibroblasts. Blood 107: 3624-3631.

Guma M, Angulo A, Vilches C, Gomez-Lozano N, Malats N, et al. (2004)
Imprint of human cytomegalovirus infection on the NK cell receptor repertoire.
Blood 104: 3664-3671.

Cavanaugh VJ, Raulet DH, Campbell AE (2007) Upregulation of CD94/
NKG2A receptors and Qa-1b ligand during murine cytomegalovirus infection of
salivary glands. J Gen Virol 88: 1440-1445.

Moser JM, Gibbs J, Jensen PE, Lukacher AE (2002) CD94-NKG2A receptors
regulate antiviral CD8(+) T cell responses. Nat Immunol 3: 189-195.
Rodriguez A, Carretero M, Glienke J, Bellon T, Ramirez A, et al. (1998)
Structure of the human CD94 C-type lectin gene. Immunogenetics 47: 305-309.

December 2010 | Volume 5 | Issue 12 | e15184





