
 

J. Exp. Med. 

 



 

 The Rockefeller University Press • 0022-1007/2001/11/1519/12 $5.00
Volume 194, Number 10, November 19, 2001 1519–1530
http://www.jem.org/cgi/content/full/194/10/1519

 

1519

 

Acquisition of External Major Histocompatibility Complex 
Class I Molecules by Natural Killer Cells Expressing 
Inhibitory Ly49 Receptors

 

Anna Sjöström,

 

1

 

 Mikael Eriksson,

 

2

 

 Cristina Cerboni,

 

1

 

Maria H. Johansson,

 

1

 

 Charles L. Sentman,

 

2

 

 Klas Kärre,

 

1

 

and Petter Höglund

 

1

 

1

 

Microbiology and Tumor Biology Center, Karolinska Institutet, S-171 77 Stockholm, Sweden

 

2

 

Umeå Center for Molecular Pathogenesis, Umeå University, S-901 87 Umeå, Sweden

 

Abstract

 

Murine natural killer (NK) cells express inhibitory Ly49 receptors specific for major histocom-
patibility complex (MHC) class I molecules. We report that during interactions with cells in
the environment, NK cells acquired MHC class I ligands from surrounding cells in a Ly49-spe-
cific fashion and displayed them at the cell surface. Ligand acquisition sometimes reached 20%
of the MHC class I expression on surrounding cells, involved transfer of the entire MHC class
I protein to the NK cell, and was independent of whether or not the NK cell expressed the
MHC class I ligand itself. We also present indirect evidence for spontaneous MHC class I ac-
quisition in vivo, as well as describe an in vitro coculture system with transfected cells in which
the same phenomenon occurred. Functional studies in the latter model showed that uptake of
H-2D

 

d

 

 by Ly49A

 

�

 

 NK cells was accompanied by a partial inactivation of cytotoxic activity in
the NK cell, as tested against H-2D

 

d

 

-negative target cells. In addition, ligand acquisition did
not abrogate the ability of Ly49A

 

�

 

 NK cells to receive inhibitory signals from external H-2D

 

d

 

molecules. This study is the first to describe ligand acquisition by NK cells, which parallels re-
cently described phenomena in T and B cells.

Key words: immunology • cellular immunity • natural immunity • cell communication • 
biological adaptation

 

Introduction

 

NK cells constitute the third major subset of lymphocytes
and kill tumors and virus-infected cells without prior sensi-
tization (1). In contrast to T and B cells, NK cells do not
express rearranged receptors recognizing a single antigen
on the target cell. Instead, the NK cells use several germ-
line encoded receptors, with either activating or inhibitory
function, whose activities are balanced to control self toler-
ance and reactivity (2). The “missing self” hypothesis pro-
poses that NK cells kill other cells because they fail to ex-
press a complete set of host MHC class I molecules (3).
Molecular support for this hypothesis was obtained when
Karlhofer and colleagues identified an inhibitory receptor
on NK cells that bound an MHC class I molecule (4). Mu-
rine NK cells express inhibitory receptors of the Ly49 fam-
ily, which consists of at least 13 members expressed on

overlapping subsets of NK cells. By contrast, human NK
cells express killer Ig-like receptors (KIRs)

 

*

 

 belonging to
the Ig superfamily (2).

Recently, much interest in immunology has focused on
posttranscriptional membrane-related events occurring
when immune effector cells meet their target cells. Bor-
rowing terminology from the neurosciences, the inter-
phase between effector and target has been termed the
immunological synapse (5). Synapse formation occurs for
all lymphocyte subsets, including NK cells (6–10). In T
cells, synapse formation appears to increase the density of
relevant molecules in the target cell contact to ensure suf-
ficient stimulation of the T cell receptor by the few rele-
vant MHC/peptide complexes that are presented by the
APCs (5–7).
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NK Cell Acquisition of External MHC Molecules

 

An interesting consequence of the formation of the im-
munological synapse in T and B cells is that the effector cell
acquire target cell membrane molecules and incorporate
them in its own membrane (10–12). This uptake is depen-
dent on specific receptors on the effector cells and may lead
to functional effects such as fratricide in T cells and in-
creased antigen-presenting capability of B cells (10, 11).
The phenomenon is also known from neurobiology, in
which a similar transfer of proteins between cells has been
shown to be part of an intercellular communication system,
with functional consequences for the cells involved (13).

We previously developed an adoptive transfer model to
study regulation of Ly49 receptors in vivo (14). In those
studies, we were able to show that mature transferred NK
cells rapidly interacted with host cells and downregulated
their expression of Ly49A in the presence of the H-2D

 

d

 

ligand. In this study, we show that transferred Ly49A

 

�

 

 NK
cells rapidly acquired H-2D

 

d

 

 molecules from H-2D

 

d

 

–
expressing bystander cells in parallel with downregulation
of cell surface Ly49A expression. We also show that this
phenomenon is not unique to Ly49A, but occurred for
several other inhibitory Ly49 receptors. Interestingly, the
one activating Ly49 receptor we tested did not acquire
MHC class I from surrounding cells, suggesting that inhib-
itory and activating MHC class I receptors may behave dif-
ferently in this respect. In addition, evidence for ligand ac-
quisition was found in normal unmanipulated mice,
suggesting that ligand acquisition may be a spontaneously
occurring event. Furthermore, we demonstrate that when
the rat NK cell line RNK-16 transfected with the Ly49A
gene was cocultured with surrounding cells expressing the
H-2D

 

d

 

 ligand, a similarly rapid acquisition of H-2D

 

d

 

 into
the cell membrane of the NK cells occurred. This acquisi-
tion was blocked by antibodies against either Ly49A or
H-2D

 

d

 

, but not by antibodies against other MHC class I
molecules expressed by the surrounding cells. Our analysis
of the functional consequences of the H-2D

 

d

 

-acquisition
in the latter system led us to two conclusions: (i) the ability
of the Ly49A receptors to receive inhibitory signals from
H-2D

 

d

 

–expressing target cells was not abrogated after
ligand acquisition; and (ii) ligand acquisition was paralleled
by a downregulation of the general cytolytic capacity in
the NK cells. From our data, we speculate that MHC class
I acquisition may be part of a regulatory system, in which
NK cell function is continuously modulated in vivo by in-
teractions with surrounding cells expressing ligands for in-
hibitory Ly49 receptors.

 

Materials and Methods

 

Mice.

 

All mice were kept and bred at the Microbiology and
Tumor Biology Center, Karolinska Institute, Stockholm, Swe-
den. C56BL/6 (B6) mice expressing Ly49A under a modified
CD2-promoter, B6VA49A, have been described previously (15).
Mosaic DL6 mice and control DL1 mice, which are B6 mice ex-
pressing a transgene consisting of the 

 

�

 

1

 

/

 

�

 

2

 

 domains from H-2D

 

d

 

and the 

 

�

 

3

 

 from H-2L

 

d

 

, have been described previously (16).
TAP1

 

�

 

/

 

�

 

2

 

m

 

�

 

 mice that lack MHC class I expression and express

high levels of all known Ly49 receptors have also been described
previously (17). All animal experiments were approved by the de-
partment as well as by the Committee for Animal Ethics in
Stockholm, Sweden.

 

Cell Lines and Media.

 

The RNK-16 and RNK.Ly49A rat
NK leukemia cell lines have been described previously (18). The
cells were cultured in RPMI Glutamax (GIBCO BRL) supple-
mented with 50 

 

�

 

M 2-ME, 100 U/ml penicillin, 100 

 

�

 

g/ml
streptomycin, and 10% FCS in 5% CO

 

2

 

 at 37

 

�

 

C. The transfec-
tants were maintained in 1 mg/ml G418 for selection purposes.
All cells were mycoplasma free. EL-4 is a lymphoma of B6 origin.
EL-4D

 

d

 

 cells were created by stable transfection of EL-4 with a
genomic construct encoding the H-2D

 

d

 

 molecule (19). EL-4D

 

d

 

cells were cultured in RPMI 1640 medium supplemented with
100 U/ml penicillin, 100 

 

�

 

g/ml streptomycin, 2 mM glutamine,
and 10% FCS in 10% CO

 

2

 

.

 

Antibodies.

 

The mAbs 3–25.4 (anti-

 

�

 

1

 

/

 

�

 

2

 

 domains of H-2D

 

d

 

;
FITC-conjugated), 34–2-12S (anti-

 

�

 

3

 

 domain of H-2D

 

d

 

; FITC-
conjugated), AF6–88.5 (anti-H-2K

 

b

 

; biotinylated), SF1–1.1 (anti-
H-2K

 

d

 

; biotinylated), PK136 (anti-NK1.1; PE-conjugated), 4E5
(anti-Ly49D; FITC conjugated), and A1 (anti-Ly49A; biotiny-
lated) were purchased from BD PharMingen. Goat anti–mouse
IgG (H

 

�

 

L)-PE–conjugated, goat anti–mouse IgG

 

�

 

IgM (H

 

�

 

L)-
FITC–conjugated, and goat anti–mouse F(ab)

 

2

 

-biotinylated anti-
sera were purchased from Caltag, streptavidin-RED670 from Life
Technologies, and streptavidin-PE from Molecular Probes. mAb
34–5-8S (anti-H-2D

 

d

 

, 

 

�

 

1

 

/

 

�

 

2

 

), 34–4-21S (anti-H-2D

 

d

 

, 

 

�

 

1

 

/

 

�

 

2

 

),
30–5-7 (anti–H-2L

 

d

 

), 4D11 (anti-Ly49G2), A1 (anti-Ly49A), and
2.4.G2 (anti-FcR

 

�

 

) were produced from their respective hybrid-
oma lines. Purified 30–5-7 and 34–4-21S was biotinylated using
Sulfo-NHS-LC Biotin (Pierce Chemical Co.) according to the
manufacturer’s instructions. The mAb 4LO3311 (anti-Ly49C)
was a gift from Susanne Lemieux, INRS, Quebec, Canada.

 

Adoptive Transfer.

 

Nylon wool nonadherent (NWNA) spleen
cells (2–5 

 

	

 

 10

 

7

 

 cells) were inoculated intravenously into 4 Gy ir-
radiated recipient mice. Spleens were recovered from the recipi-
ent mice 20 min–18 h later and separated over a nylon-wool col-
umn. NWNA splenic NK cells were either analyzed for Ly49 and
MHC class I expression in FACS

 

®

 

 analysis or sorted on a FACS-
vantage™ (Becton Dickinson). In Fig. 1 C, spleens were recov-
ered after 18 h and cells were cultured in 1,000 U rIL-2/ml at
37

 

�

 

C. Cells were analyzed by FACS

 

®

 

 at indicated time points.

 

Flow Cytometry Analysis after In Vivo Transfer.

 

10

 

6

 

 cells per
well were plated in V-bottomed 96-well plates. In all experi-
ments cells were first incubated with anti-FcR

 

�

 

 Ab 20 min on
ice to block Fc-binding receptors. Cells were then washed with
PBS 1% FCS and incubated with various antibodies for 30 min–
1 h, followed by washes in PBS 1% FCS. When secondary anti-
IgG or anti-IgG plus IgM antibodies were used, this step was fol-
lowed by a blocking step with normal mouse serum, used in a
1:25 dilution, before the next antibodies were added. After the
final incubation, cells were washed and analyzed using a FAC-
Scan™ or FACSort™ (Becton Dickinson) with associated
CELLQuest™ software.

 

Labeling of Cells with CFSE.

 

CFSE was purchased from Mo-
lecular Probes. Cells were diluted to 10

 

7

 

 cells per milliliter in PBS
with 1 

 

�

 

M CFSE, followed by 10-min incubation in 37

 

�

 

C and
washed. Cells were then either inoculated intravenously or cocul-
tured in vitro.

 

Cell Lysates and Immunoprecipitations.

 

NWNA B6VA49A,
BALB/c cells, and sorted CFSE-labeled B6VA49A cells were
surface biotinylated, using 0.5 mg/ml of EZ-Link™ Sulfo-NHS-
LC-Biotin (Pierce Chemical Co.) in 50 

 

�

 

l PBS/0.5 

 

	

 

 10

 

6

 

 cells.
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Cells were incubated on ice for 20 min and washed in PBS fol-
lowed by a second biotinylation where fresh biotin was added.
After the final biotinylation, the cells were washed three times
with PBS supplemented with 50 mM NH

 

4

 

Cl, to remove un-
bound biotin. Cell lysates were made by incubating the cells with
lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1mM EDTA,
10% glycerol, 1% NP-40, 1mM PMSF, 2 

 

�

 

g/ml leupeptin, apro-
tinin, and pepstatin) 20 min on ice, with occasional agitation.
The lysates were cleared of debris by centrifugation at 14,000
rpm for 15 min. Precleared supernatant was immunoprecipitated
with 5 

 

�

 

g anti–H-2D

 

d

 

 (34–5-8S) mAb conjugated to protein
A-sepharose for 2 h at 4

 

�

 

C followed by 4–5 washes in washing
buffer (50 mM Tris, 150 mM NaCl, 5 mM NaEDTA) with pro-
teins (0.1% BSA) followed by 3–4 washes in washing buffer
without proteins.

 

SDS-PAGE and Western Blot Analysis.

 

The samples were
boiled at 95

 

�

 

C for 5 min in nonreducing sample buffer and run
on a 10% SDS-PAGE. Proteins were then transferred to protran
BA 85 cellulosenitrat(e) filter (Schleicher and Schuell). After the
transfer, filter was blocked with 5% nonfat dry milk followed by
1-h incubation with 2 

 

�

 

g/ml streptavidin conjugated with HRP
and washed extensively for 1 h in 1

 

	

 

TTBS solution (20 mM
Tris, pH 7.5, 150 mM NaCl, 0.05% Tween 20). The membrane
was developed using ECL Western blotting detection reagents
(Amersham Pharmacia Biotech), following the instructions of
the manufacturer.

 

Coculture Conditions, Antibody Stainings, and Blocking Experi-
ments with RNK Cells.

 

To distinguish target cells from RNK ef-
fector cells in flow cytometry or in microscopy analysis, either
cell type was first labeled with CFSE and used in subsequent NK/
target cell coculture experiments. RNK-16 and RNK.Ly49A
cells (1–2.5 

 

	

 

 10

 

5

 

) were cocultured with EL4 or EL-4D

 

d

 

 cells at
1:1 ratio in flat-bottomed 24-well plates (Costar) for indicated
time periods. In some experiments, an indirect staining procedure
was employed. In this case, cells were harvested and labeled with
the anti–H-2D

 

d

 

 antibody 34–5-8S followed by goat anti–mouse
F(ab)

 

2

 

 biotin, and in a third step streptavidin-PE for flow cytome-
try and streptavidin-Texas Red for confocal microscopy (see be-
low). All stainings and washing steps were done at 4

 

�

 

C. To block
acquisition of H-2D

 

d

 

, antibodies were added to the cocultures at
the start of the culture. The following antibodies were used in the
experiment shown in this paper: YE1/48 (anti–Ly49A, purified,
2 

 

�

 

g/well), 34–5-8S (anti-H-2D

 

d

 

 purified, 9 

 

�

 

g/well), B22
(anti-H-2D

 

b

 

, supernatant, 50 

 

�

 

l/well), Y3 (anti-H-2K

 

b

 

, 9 

 

�

 

g/
well). In other experiments, supernatant of 34–5-8S (anti-H-2D

 

d

 

)
was tested. It had the same blocking effect as the purified anti-
body (data not shown). In addition, a completely irrelevant anti-
body, 30–5-7 (anti-H-2L

 

d

 

), was found to be without blocking ef-
fect (data not shown). In the blocking experiments, stainings to
analyze acquisition of H-2D

 

d

 

 was done in one step using a FITC
conjugated form of the antibody 34–2-12S, which recognizes the

 

�

 

3

 

 domain of H-2D

 

d

 

.

 

Confocal Microscopy.

 

Effector/target cocultures were prepared
and stained as described previously. Cells were then allowed to
settle onto poly-L-lysine coated coverslips, fixed in 2% paraform-
aldehyde for 15 min at 4

 

�

 

C, and finally mounted in Prolong™
antifade reagent (Molecular Probes). The slides were searched
under an immunofluorescent microscope and cell morphology
was checked by phase contrast. Digital images were acquired us-
ing a laser scanning confocal microscope ([LSCM] Multiprobe
2001; Molecular Dynamics). Images were captured with a z-step
of 1 

 

�

 

m, and analyzed with accompanying software. A krypton/
argon laser was used and images were collected at 488 nm (CFSE)

and 568 nm (Texas-Red). The numerical aperture was 1.40 on
an original magnification: 100

 

	

 

 oil objective.

 

Cytotoxicity Assays.

 

RNK.Ly49A cocultures with EL4, EL4-
D

 

d

 

, or medium alone were analyzed by flow cytometry and
RNK.Ly49A effector cells were isolated from the cell mixtures
using FACSort™ technology gating on CFSE

 

�

 

 cells. To deter-
mine cytotoxic activity of the cocultured RNKLy49A cells, 

 

51

 

Cr
release assays were performed as follows: YB2/0 and YB2/0-D

 

d

target cells were labeled with 100 �Ci Na2
51CrO4 (Nycomed

Amersham PLC) for 1 h and washed. Sorted RNKLy49A effec-
tor cells were added in triplicate wells of U-bottomed 96-well
microtiter plates followed by addition of 51Cr-labeled target cells.
After 4 h of incubation at 37�C, 100 �l of the supernatant was
harvested and its radioactive content was assayed in a �-irradia-
tion counter. The mean percentage of specific lysis of triplicate
wells was calculated using the following formula: percentage of
specific lysis 
 ((experimental release � spontaneous release)/
(maximum release � spontaneous release)) 	 100.

Results
Ly49A� NK Cells from B6 Mice Acquire Host H-2Dd Mol-

ecules after Transfer to BALB/c Mice. To study the influ-
ence of MHC class I molecules on NK cell Ly49-receptor
expression, we previously developed an in vivo adoptive
transfer protocol (14). To distinguish donor and host cells
in this system, we used NK1.1-expressing B6 mice as do-
nors, and mice negative for the NK1.1 marker, such as
BALB/c and BALB.B, as recipients. Our analysis revealed
that transferred NK cells rapidly downregulated their
Ly49A expression when the H-2Dd ligand was present
(14). We simultaneously observed that Ly49A�, but not
Ly49A�, NK cells from B6 (H-2b) mice stained positive for
H-2Dd at the cell surface after transfer into BALB/c mice
(H-2d; Fig. 1 A). When B6 cells were transferred into
BALB.B (H-2b), no H-2Dd staining was observed on the
Ly49A� cells, showing that the positive staining with the
H-2Dd-specific mAb 3.25–4 was not caused by the transfer
protocol itself or by insufficient electronic compensation of
the flow cytometer (Fig. 1 A). The H-2Dd-staining on the
B6 Ly49� cells was not only seen with the 3.25–4 antibody,
but also with H-2Dd-specific mAbs 34–2-12S, 34–4-21S
and 34–5-8S (data not shown). Thus, the acquired H-2Dd

molecules were seen using antibodies recognizing different
epitopes, including three antibodies specific for the �1/�2

domains and one specific for the �3 domain (34–2-12S).
A kinetic analysis demonstrated that Ly49A�NK1.1� B6

cells had acquired high levels of H-2Dd already 20 min af-
ter transfer (Fig. 1 B). To study how long time the ac-
quired H-2Dd molecules stayed on the cell surface, recov-
ered spleen cells from recipient mice were cultured at 37�C
in the presence of in IL-2 and analyzed for H-2Dd expres-
sion at different time points. After 1 d of culture almost all
H-2Dd molecules had disappeared from the cell surface of
the Ly49A�NK1.1� B6 cells (Fig. 1 C), showing that
when surrounding H-2Dd–expressing cells are removed,
the acquired molecules are quickly turned over and lost
from the cells.
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To investigate whether Ly49A� cells could acquire any
MHC class I molecule expressed in BALB/c mice or
whether H-2Dd was unique, we looked at expression of all
MHC class Ia molecules in the H-2d haplotype on Ly49A�

cells after transfer. H-2Dd was efficiently acquired by
Ly49A� NK cells (Fig. 2 A), resulting in a cell surface level
on the NK cells which, as a mean, reached 16% of the
H-2Dd expression on BALB/c splenocytes (100%). Acqui-
sition of H-2Kd was much less pronounced (5% of BALB/c)
but was still statistically significant, and that of H-2Ld even
smaller (Fig. 2 A). Thus, H-2Dd was the main target for
Ly49A� NK cells, which correlates well with the fact that
H-2Dd is a strong ligand for Ly49A (20). Conversely, we
also wanted to see whether Ly49A was the only H-2Dd–
binding Ly49 receptor that could acquire H-2Dd from sur-

rounding cells after transfer. To study this, we analyzed two
other receptors in the B6 haplotype that bind H-2Dd–
Ly49G2 and Ly49D (21, 22). Like Ly49A, Ly49G2 is an
inhibitory receptor, while the Ly49D receptor is activating.
Our results showed a small shift in H-2Dd staining in the
Ly49G2� population compared with the Ly49G2�, at least
in a subpopulation of the cells (Fig. 2 B). In contrast,
Ly49D� cells did not seem to differ at all from Ly49D- cells
(Fig. 2 B).

The Acquired H-2Dd Protein Is of Similar Size as Endoge-
nously Encoded H-2Dd Molecules from BALB/c. To deter-
mine the size of the transferred H-2Dd protein, we immu-
noprecipitated H-2Dd from transferred Ly49A� cells. To
obtain sufficient amounts of Ly49A� cells with acquired
H-2Dd molecules, we used B6 cells transgenic for Ly49A

Figure 1. (A) Ly49A� cells acquire H-2Dd after transfer into BALB/c mice. 20–50 	 106 NWNA
splenocytes were inoculated into BALB.B and BALB/c, respectively. After 16–18 h, spleens were recov-
ered and NK1.1� cells were analyzed for their expression of Ly49A and H-2Dd. The density plots show
cells gated on the NK1.1� population. The figure shows one representative experiment out of 45. (B)
H-2Dd is acquired at high levels 20 min after transfer of B6 cells into BALB/c. Spleens were recovered
after transfer at indicated time points and H-2Dd expression on NK1.1�Ly49A� B6 cells after transfer to
BALB/c and BALB.B is shown. (C) Ly49A� NK1.1� cells lose H-2Dd expression after one night in cul-
ture. B6 cells were transferred into BALB/c mice and spleens were recovered after 18 h. Cells were cul-
tured in rIL-2 and analyzed for H-2Dd expression at indicated time points.

Figure 2. (A) Expression of H-2Dd, H-2Kd, and H-2Ld on NK1.1� B6 cells after transfer to BALB/c mice. MHC class I expression is indicated as per-
centage of the respective MHC class I expression in BALB/c (100%). Each bar represent the mean value from four individual mice from two experiments
and SDs are indicated as bars. Paired Student’s t tests were used to compare the relative fluorescence intensities between Ly49A� and Ly49A� cell popu-
lations after they had been normalized against BALB/c. P � 0.01 for H-2Dd, P � 0.05 for H-2Kd, and nonsignificant results for H-2Ld. (B) Comparison
of H-2Dd acquisition among three different H-2Dd–binding Ly49 receptors. Density plots showing H-2Dd expression on Ly49A, G2, and D populations
after B6-�BALB/c transfer. All cells are gated on NK1.1.
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(B6VA49A) as donors. To distinguish the inoculated cells
without staining them with antibodies, and thereby possi-
bly interfering with the subsequent immunoprecipitation
protocol, we labeled B6VA49A donor cells with the intra-
cellular dye CFSE before inoculating them to BALB/c
mice. 18 h after transfer, CFSE� cells were sorted and sur-
face biotinylated. We then lysed the cells and used an anti–
H-2Dd antibody to immunoprecipitate the transferred pro-
tein. The proteins were separated on an SDS-PAGE gel
followed by Western blot analysis, using streptavidin
linked to HRP to detect the bands. We observed a band
that migrated around 41 kD, corresponding to the size of
the entire H-2Dd protein (Fig. 3, lane 2). A band of similar
size was observed after immunoprecipitation from a
BALB/c lysate, which corresponds to the entire H-2Dd

protein (Fig. 3, lanes 3 and 4). To exclude that the immu-
noprecipitated molecules were derived from contaminat-
ing BALB/c cells, we included a control, in which
B6VA49A cells were deliberately contaminated with 2%
BALB/c cells (corresponding to the observed contamina-
tion of transferred B6VA49A cells after FACS® sorting in
the experiment shown in Fig. 3) before lysis and immuno-
precipitation. Although a band was seen in the contamina-
tion control (Fig. 3, lane 5), it was much weaker than the
band in the lane containing the transferred cells. No band
was observed in the sample with B6VA49A cells alone.
These results indicate that we could immunoprecipitate
acquired H-2Dd molecules on transferred B6VA49A cells,
and that the acquired H-2Dd protein corresponded to a
full-length molecule.

MHC Class I Transfer and Receptor Downregulation also Oc-
cur for the Ly49C/H-2Kb Receptor–Ligand Pair. The result
with H-2Dd–binding receptors did not conclusively dem-
onstrate whether ligand acquisition was a general phenom-
enon for Ly49 receptors or unique to just a few. Therefore,
we decided to extend our system further and look at
Ly49C and its major ligand H-2Kb. For this purpose we
used spleen cells from TAP1�/�2m� mice as donors, since
they express high levels of Ly49C. After transfer of
TAP1�/�2m� spleen cells to BALB.B and (BALB/c 	
BALB.B)F1 mice (both expressing H-2Kb), we found that
the cell surface level of Ly49C was strongly downregulated
on donor NK1.1� cells (Fig. 4 A, right graph). A small
downregulation was also seen in H-2Kb� BALB/c recipi-
ents. This downregulation was less pronounced but could
result from interaction with a ligand for Ly49C on the
H-2d background. In the same experiment, we confirmed
our previous observation (14) that Ly49A expression was rap-
idly downregulated after inoculation to BALB/c recipients

and also after inoculation to (BALB/c 	 BALB.B)F1 mice
(Fig. 4 A, left graph). Downregulation of Ly49A in
BALB.B was moderate but reproducible, possibly reflecting
a weak interaction between Ly49A and an MHC class I
molecule in the H-2b haplotype. Thus, Ly49A and Ly49C

Figure 3. Western blot analysis showing the H-2Dd

protein from sorted B6VA49A cells after transfer to
BALB/c. CFSE-labeled B6VA49A cells were trans-
ferred into BALB/c and sorted on a FACSVantage™.
Immunoprecipitation with an anti–H-2Dd mAb was
performed followed by Western blot analysis. 1, 1.5 	
106 untransferred B6VA49A cells; 2, 1.5 	 106 sorted

B6VA49A cells after transfer to BALB/c; 3, 1.5 	 106 BALB/c cells; 4, 5.0 	 106 BALB/c cells; 5, mixture of 98% B6VA49A cells and 2% BALB/c
cells (1.5 	 106 cells in total). The figure shows one experiment out of four.

Figure 4. (A). Downregulation of Ly49A and Ly49C on TAP1�/�2m�

NK cells transferred to BALB/c, BALB.B, and (BALB/c 	 BALB.B)F1

recipients. Black bars show median fluorescence intensity before transfer,
white bars after transfer to BALB.b, gray bars after transfer to BALB/c
and hatched bars after transfer to (BALB/c 	 BALB.B)F1. (B)
TAP1�/�2m�/Ly49A� cells acquire H-2Dd but not H-2Kb after
transfer of NK cells to (BALB/c 	 BALB.B)F1 mice. In the same
transfer, Ly49C� NK cells acquire H-2Kb and some H-2Dd. Histograms
show H-2Dd and H-2Kb expression on Ly49A� (bold lines) and Ly49A�

(thin lines) cells, and on Ly49C� (bold lines) and Ly49C� (thin lines). All
cells are gated on NK1.1. The figure shows one experiment out of four.
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appears to be regulated similarly when they encounter
neighboring cells expressing their specific ligands.

To investigate whether Ly49C� NK cells would acquire
H-2Kb from host cells and to analyze the specificity and se-
lectivity of the protein uptake when two strong receptor/
ligand pairs were compared, we inoculated TAP1�/�2m�

spleen cells into (BALB/c 	 BALB.B)F1 recipients. As
mentioned above, Ly49A and Ly49C receptors were both
strongly downregulated (Fig. 4 A). This phenomenon was
accompanied by an acquisition of host MHC class I mole-
cules, which correlated with Ly49 receptor specificity.
Thus, Ly49A� NK cells stained positive for H-2Dd and
Ly49C� NK cells stained positive for H-2Kb (Fig. 4 B),
while coacquisition of “irrelevant” MHC class I ligands was
much less pronounced. For Ly49A� NK cells, very little, if
any, coacquisition of H-2Kb was seen compared with
Ly49A� NK cells, while Ly49C� cells did acquire an ap-
preciable amount of H-2Dd compared with Ly49C� NK
cells. Taken together, these results parallel receptor speci-
ficity as demonstrated in functional tests and in binding as-
says (4, 20, 23), and seem to correlate well with strong
downregulation of the Ly49 receptor upon contact with
the specific ligand on surrounding cells.

Ly49A� NK Cells in Mosaic DL6 Mice Are Distributed Un-
equally between the H-2Dd/Ld-positive and H-2DdLd-negative
Populations and Are Enriched in an H-2Dd/Ld Intermediate
Population. To investigate whether acquisition of exoge-
nous H-2Dd molecules was a phenomenon seen only after
transfer of splenocytes to irradiated recipients, or whether it
could occur naturally in vivo, we took advantage of an
MHC class I transgenic mouse that expresses an H-2Dd/Ld

transgene in a mosaic fashion (16). The transgene in DL6
mice encodes a chimeric MHC class I molecule consisting
of �1/�2 domains from H-2Dd and the �3 domain from Ld.
The ratio of H-2Dd/Ld-positive to H-2Dd/Ld-negative
cells vary between individual DL6 mice, but are constant in
an individual mouse. Furthermore, the mosaic expression
pattern is not the result of cell type–specific expression, but
is seen in many different cell populations, probably reflect-
ing a position variegation type of effect decided early in
embryogenesis (24). Thus, the percentages of T and B cells
in the H-2Dd/Ld-positive and H-2Dd/Ld-negative fractions
in DL6 mice were similar to the percentages of T and B
cells in the whole spleen. However, one exception to this
was a small overrepresentation of NK cells in the H-2Dd/
Ld-positive population compared with the H-2Dd/Ld-neg-
ative (16). In light of the present findings, we hypothesized
that acquisition of exogenous H-2Dd/Ld molecules by
H-2Dd/Ld-negative Ly49A� NK cells could be the reason
for this skewing. Indeed, Ly49A� NK cells were more fre-
quent within the H-2Dd/Ld-positive fraction compared
with the H-2Dd/Ld-negative population (Fig. 5 A, gates
R1 and R3). In addition, we had earlier discovered a pop-
ulation of H-2Dd/Ld intermediate cells, especially among
NK1.1� cells (Fig. 5 A, gate R2), which was difficult to in-
terpret. Flow cytometric analysis revealed that Ly49A� cells
were even more overrepresented among NK1.1� cells in
the H-2Dd/Ld intermediate population, both compared

with the H-2Dd/Ld-negative and to the H-2Dd/Ld-positive
populations (Fig. 5 B). A mean of 48% of NK1.1� cells in
the intermediate fraction were Ly49A�, while the H-2Dd/
Ld-negative and the H-2Dd/Ld-positive populations con-
tained 18 and 30% Ly49A� NK cells, respectively. Thus,
relative to the H-2Dd/Ld-negative population, the in-
creased percentage of cells in the H-2Dd/Ld intermediate
population was almost threefold, and in the H-2Dd/Ld-
positive population less than twofold. Although it is diffi-
cult to explain the accumulation of Ly49A� NK cells in the
H-2Dd/Ld-positive population, one way to interpret the
strong accumulation of Ly49A� NK cells in the intermedi-
ate population is to argue that Ly49A� NK cells genetically
determined to become H-2Dd/Ld-negative have acquired
H-2Dd/Ld molecules from surrounding cells. Thus, apart
from giving an explanation for the skewed distribution of
NK cells between the H-2Dd/Ld-positive and H-2Dd/Ld-
negative populations in DL6 mice (16), these results suggest
that ligand acquisition may occur in vivo independent of an
artificial cell transfer protocol, and may take place sponta-
neously when NK cells encounter surrounding cells ex-
pressing the ligand. As a control for the results on Ly49A,
we analyzed the percentage of Ly49C�/I� and Ly49G2�

NK cells in the same populations. Ly49C/I did not differ
(44 compared with 43%), while Ly49G2 showed a minor
increase (68 compared with 59%) in the H-2Dd/Ld inter-
mediate population compared with the H-2Dd/Ld-negative
(data not shown). Overall, this pattern correlates well with
the observations on H-2Dd acquisition seen in the adoptive
transfer model.

Ly49A� Cells Expressing Endogenous H-2Dd Molecules Ac-
quire External H-2Dd after Transfer to BALB/c Mice. In the
experiments discussed so far, we had investigated the

Figure 5. (A) Staining of mo-
saic DL6 mice with NK1.1 and
H-2Dd reveals three populations
with different H-2Dd levels; a
low (R1), intermediate (R2), and
a high (R3) population. (B) Per-
centage of Ly49A� cells among
NK1.1� cells in the three popu-
lations. The graph shows a sum-
mary of 16 consecutive experi-
ments including 16 individual
mice. Error bars show SD. Paired
Student’s t tests were used to
compare the amount of Ly49A-
positive cells in the intermediate
population R2 compared with
the negative population R1 (P �
0.001) and between the interme-
diate population R2 compared
with the positive population R3
(P � 0.001).
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H-2Dd uptake by H-2Dd- cells expressing Ly49A. This
could represent a different situation compared with normal
in vivo conditions, in which NK cells express the same
MHC molecules as their surrounding cells. To test whether
Ly49A� NK cells expressing H-2Dd themselves were also
able to acquire H-2Dd, we transferred spleen cells from
DL1 transgenic mice into BALB/c recipients. DL1 mice
express the same chimeric transgene as DL6 mice, and we
could therefore use an antibody specific for the �3 region
from H-2Dd to differentiate between recipient and donor
H-2Dd molecules. The results showed that Ly49A� DL1
cells were indeed able to acquire H-2Dd from the host,
even though they expressed H-2Dd on their own cell sur-
face (Fig. 6 A). If Ly49A� NK cells were able to acquire
H-2Dd even if they expressed H-2Dd themselves, we hy-
pothesized that Ly49A� NK cells in H-2Dd� mice would
have higher H-2Dd expression than would Ly49A� NK
cells. In six individual mice analyzed, Ly49A� NK cells ex-
pressed more H-2Dd than did Ly49A� NK cells (Fig. 6 B).
This is consistent with, but does not prove, the idea that
Ly49A� NK cells acquire H-2Dd molecules from sur-
rounding cells also in a normal mouse. However, other ex-
planations are possible, i.e., a longer half life of the H-2Dd

molecules as a result of binding to Ly49A at the cell surface.
The Rat NK Tumor Cell Line RNK-16 Transfected with

Ly49A Acquires H-2Dd after Coculture with an H-2Dd–
expressing Tumor Cell Line In Vitro. All previous results were
generated in vivo and we were interested to see whether
we could observe this phenomenon in an independent and
more defined in vitro system. The rat NK cell line RNK-
16, either untransfected or transfected to express Ly49A
(RNK.Ly49A) was cocultured with EL-4 cells transfected
with H-2Dd (EL-4Dd). EL-4Dd cells were stained with
CFSE to make the different cell types easily distinguishable
by flow cytometry. Our results showed that RNK.Ly49A
cells acquired H-2Dd from EL-4Dd cells, while nontrans-
fected RNK-16 cells without Ly49A did not (Fig. 7 A). To
verify that the H-2Dd staining on RNK.Ly49A cells
was not due to an abnormal property of RNK.Ly49A
cells to passively adsorb the H-2Dd antibody, we com-
pared RNK.Ly49A cells cultured with EL-4Dd with
RNK.Ly49A cells cultured alone or with nontransfected

EL-4 cells. H-2Dd staining was only seen when
RNK.Ly49A cells were cocultured with EL-4Dd (Fig. 7
B), showing that H-2Dd staining on RNK.Ly49A was a
consequence of coculture with cells positive for H-2Dd.

To further study if the acquisition of H-2Dd was depen-
dent on the interaction between Ly49A and H-2Dd, we
added antibodies against H-2Dd and Ly49A to the cocul-
ture. Acquisition of H-2Dd was completely abrogated
when antibodies to H-2Dd or Ly49A were added to the in
vitro cultures (Fig. 7 C), while antibodies against the other
MHC class I molecules expressed by EL-4Dd, i.e. H-2Db

and H-2Kb, had no effect on the acquisition of H-2Dd (Fig.
7 C). This results shows that the interaction between
Ly49A and H-2Dd was necessary for the acquisition of
H-2Dd to occur. Kinetic analysis showed that H-2Dd was
detected on RNK.Ly49A cells already after 30 min of co-
culture with EL-4Dd, and that it remained higher than on
Ly49A� RNK-16 control cells throughout the experiment
(Fig. 7 D). The kinetic data obtained with RNK.Ly49A
cells thus resembles the kinetics seen in the adoptive trans-
fer model (Fig. 1 B) and emphasizes that the acquisition is a
rapid event.

We reproducibly observed a minor shift in staining in-
tensity on nontransfected RNK-16 cells after coculture
with EL-4Dd (Fig. 7 D, white squares), although the inten-
sity of this staining was much lower compared with the
staining on RNK.Ly49A cells cultured under similar con-
ditions. One explanation for this could be that a small
amount of H-2Dd molecules are indeed transferred from
EL-4Dd to RNK-16 cells without the help of a specific re-
ceptor. Alternatively, RNK-16 cells may express a rat re-
ceptor with specificity for H-2Dd which would be respon-
sible for the uptake. In any case, the low background
staining on nontransfected RNK-16 cells does not affect
the interpretation of Ly49A as a receptor acquiring H-2Dd

from surrounding cells also in vitro.
The Acquired H-2Dd Molecules Are Distributed in a Patch-

like Pattern on the Cell Surface. To visualize the H-2Dd ac-
quisition and to analyze the distribution on the cell surface,
i.e. to see whether the H-2Dd molecules were localized to
a singular cap or evenly distributed over the membrane sur-
face, we analyzed the RNK.Ly49A cells cocultured with

Figure 6. (A) Acquisition of H-2Dd by DL1 NK
cells after transfer to BALB/c mice. Histogram overlays
show H-2Dd expression on Ly49A� (bold line) and
Ly49A� (thin line) DL1 cells after transfer to BALB/c.
H-2Dd expression on DL1 cells is measured with a
mAb recognizing �3 of H-2Dd in order to distinguish
H-2Dd derived from BALB/c since DL1 cells express a
chimeric H-2Dd molecule containing �3 from H-2Ld.
(B) H-2Dd expression on Ly49A� and Ly49A� NK
cells from H-2Dd transgenic D8 mice. The figure
shows six individual mice. In both A and B, cells gated
on NK1.1� cells.
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EL-4Dd in a LSCM. To distinguish the two cell types in
the confocal microscope we labeled the RNK.Ly49A with
CFSE (green) before coculture, and then stained all cells for
H-2Dd (red). RNK cells could then be identified as com-
pletely green cells, whereas the EL-4Dd cells obtained a red
surface staining. We found that RNK.Ly49A cells acquired
H-2Dd-molecules in a patch-like pattern on the cell sur-
face, as shown by the red H-2Dd-dots on the green
RNK.Ly49A cells (Fig. 8 a-i). In contrast, RNK-16 cells
did not acquire the red H-2Dd-dots on their cell surface
(Fig. 8 j-r), demonstrating that the Ly49A receptor had to
be present in order for the H-2Dd acquisition to occur.
When only biotinylated secondary and Texas Red-conju-
gated tertiary antibodies were used or when an irrelevant
IgG2a-antibody (PK136) was used as the primary antibody,
no red staining was observed on either RNK.Ly49A,
RNK-16, or EL-4Dd (data not shown). The cells were an-
alyzed by collecting 1-�m thick serial cross sections, with

the digital images representing one section each. Some
weak red dots were sometimes observed on a fraction of
the RNK-16 cells when analyzed by fluorescence micros-
copy, an observation that correlated with the weak back-
ground staining discussed in the previous section. These
dots were never bright enough to be detected by the
LSCM. By counting the number of H-2Dd dots on
RNK.Ly49A cells under UV-light, we found that 77% of
the cells (100 cells scored) displayed five bright dots or
more, while only 5% of the RNK-16 cells had more than
five dots and, which were weaker in intensity.

RNK.Ly49A Cells that Have Acquired H-2Dd Molecules
Showed Reduced Killing against YB2/O Tumor Cells but Were
Still Inhibited by H-2Dd Molecules Expressed by Target Cells.
RNK.Ly49A cells were cultured with EL-4, EL-4Dd, or in
media alone and were subsequently sorted by FACS® and
used as effector cells in cytotoxicity assays. Surprisingly,
RNK.Ly49A cells cultured with EL-4Dd killed the NK

Figure 7. (A) Acquisition of H-2Dd on RNK.Ly49A
cells. EL-4Dd cells were labeled with CFSE and cocultured
overnight with RNK.Ly49A or RNK-16 effector cells and
analyzed by flow cytometry using anti–H-2Dd mAb plus
goat anti–mouse biotin antiserum plus streptavidin-PE, as
described previously. Panels show H-2Dd stainings of cell
mixtures containing EL-4Dd cells cocultured with RNK-16
cells (left) or RNK.Ly49A (right), respectively. One experi-
ment of five. (B) H-2Dd staining of RNK.Ly49A cells cul-
tured overnight alone (dotted line), together with EL-4
(thin solid line) or together with EL-4Dd (thick solid line).
(C) Relative acquisition of H-2Dd by RNK.Ly49A and
RNK-16 cells after cocultures with EL-4Dd in the pres-
ence of antibodies against Ly49A or either one of the clas-
sical MHC class I molecules expressed on EL4-Dd: H-2Kb,
H-2Db, and H-2Dd. Acquisition of H-2Dd by
RNK.Ly49A was only prevented when antibodies against
either Ly49A or H-2Dd was added to the culture. H-2Dd

staining is plotted relative (fold-increase) to the staining of
RNK.Ly49A or RNK-16 cells cultured alone in the same
experiment. (D) Kinetics of H-2Dd uptake. Median values
of H-2Dd staining on gated RNK-16 or RNK.Ly49A cells
after coculture with EL-4Dd cells for various time periods.
One experiment of four with similar results.
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sensitive YB2/0 tumor cell line less well than did
RNK.Ly49A cells that were cultured with EL-4 or with
media alone (Fig. 9). However, some killing remained
unless the target cell also expressed H-2Dd. In this case,
complete inhibition of killing was seen, showing that
RNK.Ly49A cells with acquired H-2Dd molecules on the
cell surface were still able to receive inhibitory signals by
H-2Dd on target cells (Fig. 9).

Discussion
Circumstantial evidence for transfer of MHC molecules

between cells of the immune system was reported already
30 y ago (25, 26). More recent data have conclusively
shown that effector T cells acquire both MHC class I and II
molecules from APC (11, 12, 27). Also, B cells acquire
membrane antigens from surrounding cells, a phenomenon

which is followed by a very efficient presentation of these
antigens to T cells (10). We show here for the first time
that receptor-mediated ligand acquisition occurs also for
NK cells, both in vitro and in vivo. Inhibitory Ly49 recep-
tors on NK cells specifically acquired MHC class I mole-
cules from surrounding cells, both when normal NK cells
were transferred into a host expressing the ligand for the
Ly49 molecule analyzed, and also in vitro when cells trans-
fected with Ly49A were cocultured with cells transfected
with H-2Dd. Ligand acquisition was a very rapid event, oc-
curring within 30 min in both systems. The amount of ac-
quired molecules remained high as long as the surrounding
cells were present. However, after separation from sur-
rounding cells the NK cells rapidly lost the acquired mole-
cules, suggesting that in order to maintain high levels of ac-
quired molecules, continuous interactions with cells in the
environment were necessary. In addition, we present re-
sults consistent with the idea that Ly49A� NK cells sponta-
neously acquire H-2Dd from surrounding cells in vivo in
mice that have not been experimentally manipulated (Figs.
5 and 6). This is important, since all studies on ligand ac-
quisition by B and T cells published so far are based on in
vitro experimentation.

MHC class I acquisition in NK cells was related to the
specific interaction between the Ly49 receptor and its
MHC class I ligand, with some exceptions. For example,
Ly49A� NK cells acquired mainly H-2Dd, but in some
cases, we observed a small and parallel acquisition of
H-2Kd. A similar coacquisition of H-2Kb and H-2Dd was
seen for Ly49C� NK cells after transfer to (BALB/c 	
BALB.B)F1 mice. Coacquisition of several MHC class I
molecules could be due to specific interactions between the
receptor under study and all the acquired ligands. Alterna-
tively, other Ly49 receptors on the NK cell could bind to
and acquire additional MHC class I molecules. Coacquisi-
tion could also be the result of an unspecific membrane
transfer, additional MHC class I molecules being absorbed
as a bystander effect. We do not favor this explanation for

Figure 8. RNK.Ly49A cells
acquire H-2Dd-molecules in a
patch-like pattern on the cell
surface. CFSE (green) labeled
RNK.Ly49A (a-i) and RNK-16
(j-r) cells were cocultured with
unlabeled EL-4Dd cells. All cells
were stained with �-H-2Dd

(red) mAb. The cells were ana-
lyzed on a LSCM and displayed
as a series of sequential cross-
sections. Each image represents
one RNK and one EL-4Dd cell.
Acquired H-2Dd-molecules are
observed as red dots on the
green RNK.Ly49A cells, as in-
dicated by the arrow in c. Scale
bar is 5 �m.

Figure 9. Reduced cytotoxic activity by sorted RNK.Ly49A cells after
acquisition of H-2Dd. Lysis of 51Cr-labeled YB2/0 cells and YB2/0-Dd

cells by sorted RNK.Ly49A cells cocultured overnight with EL-4 (white
squares), EL-4Dd (black squares), and no cells (white circles). The figure
shows one representative experiment of four.
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the following reasons: if acquisition in our transfer experi-
ments resulted from membrane fusions involving large
chunks of membrane (27), then all MHC class I molecules
would be equally cotransferred; however, for Ly49A� NK
cells, we did not find evidence for uptake of the third
MHC class Ia molecule in the H-2d haplotype, H-2Ld, de-
spite strong acquisition of H-2Dd and weak acquisition of
H-2Kd in the same experiment. In addition, Ly49A� NK
cells did not coacquire H-2Kb when TAP1�/�2m� donor
cells were transferred to (BALB/c 	 BALB.B)F1 mice and
RNK.Ly49A did not acquire Kb or Db expressed on EL-
4Dd (unpublished data). Finally, experiments in which sur-
rounding H-2Dd� cells were stained with the membrane
dye DiI and cocultured with Ly49A� NK cells did not re-
veal transfer of dye to the NK cell despite strong acquisi-
tion of H-2Dd from the DiI� cells (unpublished data).
Therefore, we favor the idea that all acquisitions are recep-
tor specific, either resulting from broad specificity of the
Ly49 receptor under study or from coexpression of addi-
tional receptors on the NK cell.

The amount of MHC class I ligand that was acquired by
Ly49A was substantial, sometimes reaching 20% of the
MHC class I expression on surrounding cells. When sev-
eral receptors were analyzed, we found that the amount of
acquired molecules varied between different receptors.
Ly49A� cells always picked up a large amount of H-2Dd,
Ly49C� cells a large amount of H-2Kb, Ly49G2� NK cells
much less H-2Dd, and Ly49D� NK cells no H-2Dd at all.
The difference between Ly49G2 and Ly49A could reflect
differences in affinities for H-2Dd. Hanke et al. have dem-
onstrated that H-2Dd tetramers stained NK cells expressing
Ly49A� stronger than they stained Ly49G2� NK cells,
supporting the idea of differences in the strength of bind-
ing between H-2Dd and these two receptors (20). It is not
known how differences in Ly49 receptor affinity affect
NK cell function, but our previous and present data sug-
gest that difference in binding strength is associated with
reduced amount, but not absence, of acquired MHC class
I ligand after in vivo transfer (this study), and a small but
reproducible receptor downregulation in the presence of
H-2Dd (28).

Huard et al. recently showed that an inhibitory KIR was
downregulated on human NK cells after coculture with
surrounding MHC class I� cells, while an activating form
of the same KIR receptor was not downregulated (29).
Similarly, we found no downregulation and no H-2Dd ac-
quisition of the activating Ly49D receptor in this study. An
interesting possibility inferred from these results is that
downregulation and ligand acquisition by MHC class I–bind-
ing receptors on NK cells may depend on the presence of
an immunoreceptor tyrosine-based inhibitory motif in the
intracellular part of the receptor.

To directly analyze the effects of ligand acquisition on
NK cell function, we sorted RNK.Ly49A cells from the
cocultures and tested their killing capacity against tumor
targets. We found, surprisingly, that RNK.Ly49A NK cells
that had acquired H-2Dd displayed reduced killing against
H-2Dd-negative YB2/0 cells. One explanation for these

results is that acquired H-2Dd molecules somehow associ-
ate with Ly49A molecules at the NK cell surface and trig-
ger Ly49A signaling, with a paradoxical Ly49A-mediated
inhibition of lysis against target cells lacking H-2Dd as a re-
sult. MHC class I molecules on the NK cell itself has previ-
ously been suggested to modulate Ly49A expression (14),
and a cis interaction between Ly49A and H-2Dd is also in-
ferred from structural studies (30). However, an equally
likely hypothesis is that the reduced killing against YB2/0
targets could result from codownmodulation of activating
receptors involved in NK cell triggering. Such a mecha-
nism is not without precedent, since it was recently shown
to be responsible for decreased NK cell killing after cocul-
turing human KIR-expressing NK cells with tumor cells
expressing specific MHC class I ligands (29).

RNK.Ly49A NK cells do not themselves express
H-2Dd, which is an advantage in that it allows an isolated
analysis of the interactions between Ly49A and external
H-2Dd molecules. However, the lack of H-2Dd on
RNK.Ly49A cells is also a point of concern since it repre-
sents a different situation compared with physiological in
vivo situations, in which NK cells with useful Ly49 recep-
tor will always express ligands for those receptors them-
selves. It has previously been suggested that Ly49A and
H-2Dd interact in cis on the NK cell itself (14, 30). It could
be argued that such cis interactions, either with endoge-
nously synthesized H-2Dd molecules or with H-2Dd mole-
cules acquired from other cells, would occupy Ly49A re-
ceptors and change the rules for interactions with external
H-2Dd molecules. Our experimental models have not al-
lowed us to critically test this possibility. However, our data
demonstrate that normal H-2Dd�Ly49A� NK cells were
able to acquire external H-2Dd molecules in vivo (Fig. 6).
Such NK cells are also efficiently inhibited by target cells
expressing H-2Dd (31) as are RNK.Ly49A NK cells with
acquired H-2Dd molecules (Fig. 9). Thus, cell surface ex-
pression of H-2Dd by the NK cell itself is still compatible
with Ly49A/H-2Dd interactions in trans. We believe that
cis and trans interactions between Ly49A and H-2Dd follow
different and independent rules and that these two possible
types of interactions are not mutually exclusive.

Irrespective of the mechanism involved in the reduced
killing of YB2/0 targets by RNK.Ly49A cells with ac-
quired H-2Dd molecules, our results need to be reconciled
with data suggesting that MHC class I molecules on sur-
rounding cells do not inhibit NK cells in trans, i.e. in cold
target inhibition experiments (32, 33). In this respect, it
may be important that we assay the lytic capacity of the co-
cultured NK cells after an overnight incubation with MHC
class I� targets, while classical cold target inhibition experi-
ments are usually performed in assays 
4 h. In addition,
hot and cold targets are usually added simultaneously at the
start of the latter assay (32). Thus, in a classical cold target
inhibition experiment, it may be that the time interval be-
tween interactions with cold and hot targets is too short in
order for a mechanism similar to the one operating in our
system to develop.

Confocal microscopy showed that acquired MHC class
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I molecules aggregated in small dots in the NK cell mem-
brane. Our experimental setup did not allow us to con-
clude whether each effector/target interaction resulted in
only one dot, or whether several aggregates were trans-
ferred in each interaction. The latter seems to be the case
in 2C T cells during acquisition of H-2Ld molecules from
APC (11). Why are the acquired MHC class I molecules
aggregating in dots at the cell surface? An interesting pos-
sibility is that acquired MHC class I molecules, as reported
for MHC class II molecules (34), are concentrated in lipid
rafts in the NK cell membrane. Their recruitment to sub-
sequent target cell interaction sites where they may modu-
late activating signals by interfering with Ly49 receptor
signaling, as discussed previously, may thus be facilitated
(9). Interestingly, H-2Dd appeared in patches, albeit
larger, also on EL-4Dd cells, indicating that H-2Dd mole-
cules were unevenly distributed at the cell surface also on
those cells. Similar findings have been reported previously
(35, 36).

Finally, it should be noted that MHC class I acquisition
may have other consequences for the NK cell. For T cells,
it was shown that MHC class I uptake can render the T
cells sensitive to killing by surrounding T cells with the
same specificity, i.e. fratricide (11). Perhaps in a similar
way, the transfer of MHC class I molecules to NK cells at
the site of an infection could serve to protect them from
neighboring NK cells attacking infected cells. Another pos-
sibility is that NK cells may act to spread processed antigen
by picking up MHC class I/peptide complexes from other
cells and either delivering them at a distant site or acting as
APC themselves. NK cell Ly49 receptors are expressed by
15–60% of NK cells, they are not peptide-specific and they
are constantly interacting with MHC complexes on sur-
rounding cells (14). Thus, NK cells can potentially contrib-
ute to the spread of a large variety of MHC/peptide com-
plexes, at least under normal conditions and in the early
phase of the immune responses.
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