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Subsets of natural killer (NK) cells are
characterized by the expression of inhibi-
tory and/or stimulatory receptors specific
for major histocompatibility complex
(MHC) class I determinants. In mice, these
include the Ly49 family of molecules. One
mechanism by which tumor cells may
evade NK cell killing is by expressing the
appropriate MHC class I and binding in-
hibitory Ly49 receptors. Therefore, the
question of whether blocking the interac-
tion between the Ly49 inhibitory recep-
tors on NK and MHC class I cells on tumor

cells augments antitumor activity was
investigated. Blockade of Ly49C and I
inhibitory receptors using F(ab *)2 frag-
ments of the 5E6 monoclonal antibody
(mAb) resulted in increased cytotoxicity
against syngeneic tumors and decreased
tumor cell growth in vitro. The effect of
5E6 F(ab*)2 was specific for the MHC of
the tumor, as the use of F(ab *)2 of the mAb
against Ly49G2 failed to increase NK ac-
tivity. Treatment of leukemia-bearing mice
with 5E6 F(ab *)2 fragments or adoptive
transfer of NK cells treated ex vivo with

the F(ab *)2 resulted in significant in-
creases in survival. These results demon-
strate that blockade of NK inhibitory re-
ceptors enhances antitumor activity both
in vitro and in vivo, suggesting that NK
inhibitory receptors can be responsible
for diminishing antitumor responses.
Therefore, strategies to block inhibitory
receptors may be of potential use in in-
creasing the efficacy of immunotherapy.
(Blood. 2001;97:3132-3137)
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Introduction

The ability of neoplastic cells to evade the immune system
remains a formidable barrier limiting the success of immuno-
therapy. Tumor cells can employ various mechanisms to escape
detection by immune cells. These can include down-regulation
of major histocompatibility complex (MHC) class I expres-
sion,1-4 production of immunosuppressive cytokines such as
transforming growth factor-b,1,5 up-regulation of Fas ligand,6

and deregulation of zeta chain on T cells.7 In both mouse and
human, natural killer (NK) cells are composed of different
subsets, which are characterized by the expression of inhibitory
and/or activating receptors specific for MHC class I determi-
nants.8-11 In mice, these receptors belong to the family of Ly49
receptors, which are lectinlike molecules.12 The human counter-
part, killer immunoglobulin-like receptors, belongs to the
immunoglobulin superfamily.11 A small percentage of T cells in
mice also express Ly49 receptors.13 It has been shown that
binding of the inhibitory receptors by the appropriate class I
molecules results in generation of negative signals leading to
inactivation of NK cell functions.13-15 This inhibitory signal has
been shown to dominate over activating stimuli.15 Furthermore,
the rapid rejection of tumors lacking the expression of MHC
class I by NK cells demonstrates the pivotal role MHC plays in
regulating NK function.16-18In spite of these studies demonstrat-

ing the functions of the inhibitory receptors in vitro, the in vivo
functions of these receptors on either NK or T cells remain to
be elucidated.

One potential means for tumor escape may be by expressing
MHC class I determinants at a level that allows sufficient binding
of the Ly49 inhibitory receptors and thus escape from NK-
mediated killing. In H2b strains of mice, approximately 35% to
60% of NK cells express inhibitory Ly49C and I receptors that
recognize MHC H2b.19 These NK cells would then be turned off or
inactivated by tumors bearing MHC H2b. It has been demonstrated
that suppression of inhibitory signals in T cells by blockade of
cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4), results in
optimal antitumor effects.20 Therefore, although NK cells from H2b

strains of mice can kill syngeneic tumors with varying efficiency,
greater antitumor activity may be achieved by blocking the
interaction between the Ly49 inhibitory receptor family members
(ie, Ly49C and I) and their ligand (ie, H2b) present on the tumor.

To examine the effects of blockade of the inhibitory receptors
on antitumor activity, we have used a C1498 mouse leukemia
model and F(ab9)2 fragments of 5E6 monoclonal antibody (mAb),21

which binds to Ly49C and I receptors, for in vitro as well as in vivo
studies. The use of F(ab9)2 fragments allowed us to examine the
responses that are due to blocking the Ly49 receptors without
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depletion of the subset in vivo. The results from these studies
demonstrate that blockade of Ly49 inhibitory receptors augments
NK cell–mediated antitumor effects and that strategies to block NK
inhibitory receptor interactions may be of potential use in can-
cer therapy.

Materials and methods

Mice

C57BL/6 (B6, H2b) mice were obtained from the Animal Production Area
(National Cancer Institute at Frederick [NCI-Frederick], MD), and B6
severe combined immunodeficient scid/scid (SCID) mice were generously
provided by Dr Robert H. Wiltrout (NCI-Frederick). All mice were kept in a
specific pathogen-free condition and used at 8 to 12 weeks of age.

Antibodies and generation of F(ab *)2 fragments

Antimouse FcgR (2.4G2, rat immunoglobulin [Ig]–G2a), fluorescein
isothiocyanate (FITC)–conjugated anti-NK1.1 (PK136, mouse IgG2a), and
biotinylated anti-Ly49C and I (5E6, mouse IgG2a) were purchased from
Pharmingen (San Diego, CA). Phycoerythrin (PE)-conjugated streptavidin
and F(ab9)2 fragments of normal mouse IgG (NMG) were purchased from
Jackson ImmunoResearch (West Grove, PA). F(ab9)2 fragments of anti-
Ly49C and I (5E6) and anti-Ly49G2 (4D11, rat IgG2a; the hybridoma was a
gift from Dr John Ortaldo, NCI-FCRDC) mAbs were prepared as previ-
ously described.21 Briefly, the antibodies were purified from ascites fluid by
affinity column purification, concentrated to 5 mg/mL, digested with
pepsin, and neutralized with 2 M Tris base solution. The neutralized
digestion mixture was dialyzed against phosphate-buffered saline (PBS)
overnight. The efficiency of digestion and purity of the resulting F(ab9)2

fragments were checked by 4%- to 20%-gradient sodium dodecyl sulfate–
polyacrylamide gel electrophoresis.21

Cell lines

All cell lines were obtained from American Type Culture Collection
(Rockville, MD). C1498 (H2b) is a murine leukemia, and EL4 (H2b) is a
murine T-cell lymphoma. P815 (H2d) is a murine mastocytoma. Frozen
stocks of the cell lines were thawed every 2 months for in vitro assays.

SCID NK cell culture and cell sorting

Single-cell suspensions of splenocytes and bone marrow cells from B6
SCID mice were prepared with red cell lysis. Cells were cultured in NK cell
media (RPMI 1640 supplemented with 10% fetal bovine serum [FBS], 100
U/mL penicillin/streptomycin, 23 103 mM L-glutamine, 10 mM Hepes, 1
mM nonessential amino acids, 1 mM sodium pyruvate, 2.53 1025 M
2-ME, and 1mg/mL indomethacin) containing 5000 IU/mL recombinant
human interleukin-2 (rhIL-2) (Biological Response Modifiers Program,
NCI-FCRDC) at 0.5 to 13 106 cells per milliliter for 5 to 7 days. For
cytotoxicity assays, a pure population of NK1.115E61 and NK1.115E62

NK cell subsets were sorted from B6 SCID splenocytes and cultured in NK
media containing 5000 IU/mL rhIL-2 for 5 to 7 days as previously
described.21

Cytotoxicity assay

We incubated 1.5 to 23 106 C1498 or EL4 targets with 150 to 250mCi
sodium chromate (51Cr) (Amersham Life Science, Arlington Heights, IL)
for 1.5 hours at 37°C. Radiolabeled cells were washed and diluted to an
appropriate concentration. Various numbers of NK1.115E61 or NK1.115E62

effectors were added first to the wells of V-bottom 96-well microtiter plates
in triplicates. For assays determining the effect of 5E6 F(ab9)2, the effectors
were preincubated with 40 to 60mg/mL 5E6 F(ab9)2 for 30 to 60 minutes at
37°C and then cocultured with the targets for 4 hours.51Cr activity in the
culture supernatant was then measured in a liquid scintillation counter, and
the percentage of specific lysis was calculated as previously described.21

Clonogenic assays

Various numbers of B6 SCID NK cells activated with rhIL-2 for 5 to 7 days
were plated in U-bottom 96-well microtiter plates to achieve NK-to-tumor
ratios of 100:1, 50:1, 10:1, 5:1, 2:1, or 1:1 and pretreated with media alone
or 25mg/mL F(ab9)2 fragments of NMG, 5E6, or 4D11 for 2 to 3 hours at
37°C in complete Iscoves modified Dulbecco medium (IMDM) (supple-
mented with 10% FBS, 100 U/mL penicillin/streptomycin, 23 103 mM
L-glutamine, 53 1025M 2-ME, and 5000 IU/mL IL-2). Then 100, 50, or 25
C1498, EL4, or P815 cells, respectively, were added per well, and the cells
were cocultured for 48 hours. The cocultured cells were collected and
transferred into the colony assay media (prepared the same as complete
IMDM except for 1.1% methyl cellulose [wt/vol] and no rhIL-2) and plated
in 35-mm petri dishes in triplicates. Cultures were incubated for 6 to 7 days
in humidified atmosphere at 37°C with 5% CO2. Colonies were enumerated
on a stereo microscope (Nikon, Melville, NY).

Survival studies

C1498 leukemia cells were freshly thawed 7 days prior to in vivo
administration and kept in log phase until use. In some experiments, B6
mice were treated with either 5% normal mouse serum (NMS) or 180mg
5E6 F(ab9)2 per mouse (intraperitoneally [ip]) 2 days prior to the injection
of tumor cells. At day 0, mice were injected (intravenously [iv]) with a
lethal dose of C1498 (13 105 cells), and beginning on the day of tumor
injection, mice were treated with 5E6 F(ab9)2 twice a week for 3 to 4 weeks.
In the experiments indicated, 10 to 123 106 IL-2–activated NK cells were
preincubated with 300mg 5E6 or 4D11 F(ab9)2 or 5% NMS for 2 hours at
37°C and further cocultured with 1 to 1.23 106 C1498 leukemia cells in 5
mL total volume in 6-well culture plates for 24 hours. As controls, 1 to
1.23 106 C1498 cells were cultured alone. After the coculture, mice were
injected with the cocultured cells at 13 105 C1498 cells and 13 106 NK
cells per mouse (iv), a dose based on the cell concentration at the initiation
of the cocultures. In some experiments, adoptive transfer of NK cells was
performed in mice that were injected with the cocultured NK and tumor cell
mixtures described above. At days 18 and 25 post–initial NK plus tumor
cell injection, 63 107 IL-2–activated NK cells were preincubated with 500
mg 5E6 or 4D11 F(ab9)2 or 5% NMS for 2 hours at 37°C, and without
washing, the cells were diluted in PBS at 13 107/mL. The ex vivo–treated
NK cells were then transferred into tumor-bearing mice at 53 106 per
mouse (iv), and all mice were treated with 53 104 IU rhIL-2 (ip) for 3
consecutive days beginning on the day of adoptive transfer. For all in vivo
studies, 6 to 8 mice per group were used in each experiment, and 2 to 3
independent experiments were performed for the various conditions.

Statistics

The statistical analyses were performed by means of the Studentt test to
determine the significance of the differences between experimental and
control groups for in vitro assays. TheP values for the survival studies were
obtained with the log-rank test.

Results

Stable binding of 5E6 F(ab *)2 to Ly49C and I receptors
enhances NK cell cytotoxicity

To assess the effects of blocking NK cell inhibitory receptors
with F(ab9)2 fragments of 5E6 mAb, we first examined whether
stable binding of 5E6 F(ab9)2 fragments on IL-2–activated NK
cells can be maintained. We used SCID mice as a source of NK
cells since they lack T and B cells and since culture of SCID
splenocytes in IL-2 gives rise to a relatively pure population of
NK cells.1 As shown in Figure 1A, binding of 5E6 F(ab9)2 could
be detected at 37°C, and the level of expression was comparable
to 5E61 subset detected by whole antibody. In addition, binding
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of the F(ab9)2 fragments to Ly49C and I receptors was main-
tained over a 24- to 48-hour culture period (data not shown). We
then determined if blocking the interaction of MHC class I
expressed on C1498 (H2b) leukemia or EL4 (H2b) lymphoma
cell lines and Ly49C and I receptors on NK cell subsets can
result in greater cytotoxicity. In these studies, the 5E61 and
5E62 subsets were sorted from B6 (H2b) SCID splenocytes. The
sorted cells were activated with rhIL-2 for 5 to 7 days and used
as effectors against C1498 or EL4 cells in a standard 4-hour
cytotoxicity assay. The results show that C1498 and EL4 cells
could be killed by the 5E62 subset at various levels at an
effector-to-target ratio of 20:1 (18.4%6 1.2% and 49.8%6 1.8%
specific lysis for C1498 and EL4, respectively). In contrast,
both tumor cells were relatively resistant to cytotoxicity medi-
ated by the 5E61 NK subset (Figure 1B), and when 5E61 NK
cells were pretreated with 5E6 F(ab9)2, cytotoxicity against both
targets was significantly increased (Figure 1B) to levels compa-
rable to or higher than that mediated by the 5E62 subset.
However, pretreatment of the 5E61 subset with the F(ab9)2

fragment did not affect the level of cytotoxicity against an
NK-sensitive target, YAC-1 [70.8%6 1.7% vs 75.1%6 6.5%
specific lysis with vs without 5E6 F(ab9)2]. These results
demonstrate that negative signals induced via the inhibitory
receptors suppress the killing ability of NK cell subsets and that
blocking these inhibitory signals augments cytotoxicity of
this subset.

Blockade of Ly49C and I receptors inhibits
tumor growth in vitro

To determine whether blockade of Ly49C and I receptors increases
the NK-mediated inhibition of tumor growth in vitro, IL-2–
activated NK cells from B6 SCID mice were preincubated with
F(ab9)2 fragments of either 5E6 or 4D11, a mAb against Ly49G2
specific for H2Dd used as a control for specificity, for 2 to 3 hours.
Only the 5E6 F(ab9)2 should have an effect on NK cells with tumors
expressing H2b. NK cells were then incubated with syngeneic
tumors, C1498 or EL4 (both H2b), or an allogeneic tumor, P815
(H2d), all of which express neither Ly49C and I nor Ly49G2 (data
not shown), at different NK-to-tumor ratios for 48 hours. After
coculture with NK cells, viable tumor cell counts were assessed in
clonogenic assays. As shown in Figure 2A, clonogenic growth of
C1498 leukemia cells was inhibited by co-incubation with NK cells
compared with the growth of untreated cells, and this growth
inhibition was further increased when 5E6 F(ab9)2 was added
(P , .05). Although the growth of EL4 was not affected by NK
cells, pre-incubation with 5E6 F(ab9)2 also significantly decreased
the growth of EL4 (P 5 .00076; Figure 2B). In contrast to the
effects observed with 5E6 F(ab9)2, growth of neither C1498 nor

Figure 1. Effect of 5E6 F(ab *)2 fragments on 5E6 1 NK cells. The 5E6 F(ab9)2

fragments bind 5E61 NK cells and increase cytotoxicity mediated by the 5E61 NK cell
subset. (A) IL-2–activated NK cells (5 3 106) were incubated with F(ab9)2 fragments
of 5E6 (solid histogram) at 1 3 106/mL or with normal mouse IgG (dashed histogram)
at 25 mg/mL for 2 hours at 37°C and stained with FITC goat antimouse IgG specific for
F(ab9)2 fragments (left panel). As controls, NK cells were incubated alone and stained
with biotinylated 5E6 and secondary antibody, FITC-streptavidin (right panel, solid
histogram) or the secondary antibody only (dashed histogram). (B) The NK1.115E61

subset was sorted from B6 SCID splenocytes by flow cytometry, activated with rhIL-2,
and used at day 5 as effectors against C1498 or EL4 targets in standard 4-hour
cytotoxicity assay as described previously.21 Various numbers of NK1.115E61

effectors were pretreated with media (f) or 5E6 F(ab9)2 (F), and the effectors were
then cocultured with the targets for 4 hours, after which 51Cr activity was measured in
a liquid scintillation counter. A representative of 3 independent experiments is shown.

Figure 2. Treatment of NK cells with 5E6 F(ab *)2. Treatment of NK cells with 5E6
F(ab9)2 results in decreased tumor growth in vitro. Various numbers of B6 SCID NK
cells activated with rhIL-2 for 5 to 7 days were plated in U-bottom 96-well microtiter
plates at 50 mL per well and pretreated with media alone (M) or 25 mg/mL F(ab9)2

fragments of normal mouse IgG (NMG) (o), 5E6 (Ly49C and I) (f), or 4D11 (Ly49G2)
(u) for 2 to 3 hours at 37°C. Then 100, 50, or 25 C1498, EL4, or P815 cells,
respectively, were added at 50 mL per well, and the cells were cocultured for 48 hours.
As controls, tumor cells were cultured alone. After the co-incubation, the cells were
transferred into a semisolid matrix and cultured for 5 to 7 days for quantification of
leukemic cell colonies. (A) C1498 (H2b) cells at NK-to-tumor ratio of 2:1. (B) EL4
(H2b) at NK-to-tumor ratio of 10:1. (C) P815 (H2d) at NK-to-tumor ratio of 100:1. Data
from a representative of 3 independent experiments are shown as a percentage of
control cells, where tumor growth in the absence of NK and the antibody is used as
100%. The stars indicate significant differences in 5E6 or 4D11 F(ab9)2–treated
groups compared with NMG controls as determined by Student t test.
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EL4 was affected by treatment of NK cells with 4D11 F(ab9)2

(Figure 2A,B). However, the growth of P815 cells, which were
relatively resistant to even allogeneic NK cells, was significantly
decreased in the presence of 4D11 F(ab9)2 (P , .01; Figure 2C).
Interestingly, the 5E6 F(ab9)2 also exerted an effect on growth of
P815 (P , .01), corroborating previous reports showing that
Ly49C and I inhibitory receptors are capable of binding, albeit
weakly, to H2d in vitro.22The addition of 5E6 or 4D11 F(ab9)2 alone
to the tumor cells did not have a significant effect on their growth
(data not shown).

Treatment of leukemia-bearing mice with 5E6 F(ab *)2

or adoptive transfer of NK cells treated ex vivo
with F(ab *)2 increases the survival rate

To address whether inhibitory receptor blockade can also result in
greater antitumor activity in vivo, the C1498 acute leukemia model
was employed. B6 mice were treated with 5E6 F(ab9)2 or NMS 2
days prior to injection of a lethal dose of C1498. The animals were
further treated with the antibody or the control twice a week for 3
weeks post–tumor injection and monitored for survival. As shown
in Figure 3A, injection of C1498 leukemia cells resulted in death of
87% of the controls in which extensive tumor growth was observed
in the liver, bone marrow, and central nervous system. Treatment of
mice with the 5E6 F(ab9)2 resulted in a significant increase in
survival (P 5 .021), with 50% of mice remaining disease-free up to
100 days post–tumor injection. In contrast, treatment of mice with
5E6 whole antibody to deplete the 5E61 NK cell subset did not
have any effect on the survival of mice compared with the NMS
control even though 5E61 cells decreased from 36.2% to 7.3% of
NK cells after the treatment (data not shown). No toxicities, effects
on hematologic parameters, or changes in the pattern of tumor
growth were observed in mice receiving 5E6 F(ab9)2 (data
not shown).

While in vivo administration of 5E6 F(ab9)2 demonstrates that
blockade of Ly49C and I inhibitory receptors increases antitumor
activity, it does not distinguish NK-specific activity from that of the
minor population of T cells also expressing the inhibitory recep-
tors.13 To rule out the involvement of this T-cell subset, mice were
injected with the mixture of C1498 and NK cells that were
cocultured with or without 5E6 F(ab9)2 for 24 hours. Reduction in

tumor growth that results from the coculture of NK and tumor cells
in the presence of 5E6 F(ab9)2 was not sufficient to affect survival
compared with the control group that received NK and C1498
cocultures without 5E6 F(ab9)2 (Figure 3B). Our preliminary
observation on the kinetics of C1498 growth in vivo suggested that
the leukemia cells appear to remain dormant for 2 to 3 weeks, after
which rapid tumor growth is detected in the animal (data not
shown). Therefore, we examined whether adoptive transfer of NK
cells preincubated ex vivo with the F(ab9)2 into the tumor-bearing
mice can result in increased antitumor effects. Adoptive transfer of
NK cells that were treated with NMS, 5E6, or 4D11 F(ab9)2 was
performed at days 18 and 25 after the initial injection of the animals
with the tumor and NK cell mixture that was cocultured for 24
hours. Figure 3C demonstrates that adoptive transfer of IL-2–
activated NK cells treated with 5E6 F(ab9)2 ex vivo resulted in a
significant increase in the survival of mice, with 50% long-term
survivors (P 5 .0004). In contrast, no significant difference in
survival was observed between mice injected with NK cells treated
with NMS or 4D11 F(ab9)2. Taken together, these results demon-
strate that immunotherapy using NK cells with blockade of Ly49C
and I receptors using 5E6 F(ab9)2 fragments augments antitumor
effects in vivo.

Discussion

The concept of removing inhibitory signals to optimize immune
responses has been receiving increased attention with regard to
cancer therapy. It has been demonstrated that CTLA-4 blockade
results in enhancement of antitumor immunity against poorly
immunogenic tumor cells and increased memory responses.20

Similarly, blocking NK inhibitory receptors may be necessary for
optimal antitumor effects mediated by NK cells, even those
activated with stimulatory cytokines, such as IL-2. In this study, we
have shown that blockade of NK inhibitory receptors can promote
antitumor responses both in vitro and in vivo.

Previous studies have demonstrated that modulation of MHC
class I expression on various tumor cells influences the susceptibil-
ity of these cells to NK-mediated cytotoxicity.23 The inability of the
5E61 NK cell subset to effectively lyse C1498 or EL4 tumor cells

Figure 3. Effect of 5E6 F(ab *)2 on mice injected with a lethal dose of C1498. 5E6 F(ab9)2 treatment of mice injected with a lethal dose of C1498 results in increased survival
rate. (A) B6 mice were treated with 180 mg 5E6 F(ab9)2 or 5% NMS (ip) 2 days prior to injection with 1 3 105 C1498 cells (iv). The animals were then treated with 180 mg 5E6
F(ab9)2 per dose or NMS twice a week for 3 weeks and monitored for survival. Pooled data from 2 independent experiments (n 5 15 and 12 for NMS and 5E6 F(ab9)2 groups,
respectively) is shown. (B) IL-2–activated NK cells (12 3 106) were preincubated with 300 mg 5E6 F(ab9)2 or 5% NMS for 2 hours at 37°C and were further cocultured with
1.2 3 106 C1498 leukemia cells for 24 hours. As controls, 1.2 3 106 C1498 cells were cultured alone. After the coculture, cells were washed and mice were injected with
1 3 105 C1498 and 1 3 106 NK cells per mouse (iv), a dose based on the cell concentration at the initiation of coculture (n 5 8 per group). A representative of 3 independent
experiments is shown. (C) B6 mice were injected with cocultured NK and C1498 cell mixture as in panel B. In addition, a group of mice were injected with NK and C1498 cell
mixture that was cocultured in the presence of 300 mg 4D11 F(ab9)2. At days 18 and 25 post–initial tumor plus NK cell injection (indicated by arrows), mice in the appropriate
group were injected with NK cells treated with NMS or 5E6 or 4D11 F(ab9)2 (5 3 106 per mouse, iv) followed by IL-2 injection (5 3 104 IU per mouse, ip) of all mice for 3
consecutive days. Pooled data from 2 independent experiments (n 5 20 per group except for 4D11 F(ab9)2–treated group in which n 5 10) are shown. The P value indicates a
significant difference between groups injected with NK cells treated with 5E6 or 4D11 F(ab9)2 as determined by log-rank test.
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bearing H2b demonstrates that class I expression by tumor cells can
play an important role in evasion from detection by NK cell
subsets. In spite of comparable levels of class I expression between
C1498 and EL4 cells, the extent of resistance to NK killing
exhibited by C1498 is different from EL4 (Figure 1B). NK cells
may recognize other tumor-specific determinants via activating
receptors9,24,25 or other receptors that contribute to tumor cells’
susceptibility to lysis. However, the increase in cytotoxicity that is
mediated by the 5E61 subset as a result of the blockade of Ly49C
and I receptors indicates that inhibition of the negative signals
induced via the inhibitory receptors enhances antitumor effects.

Whereas the 4-hour cytotoxicity assays show the effects of 5E6
F(ab9)2 on the sorted NK cell subset, the same effect could not be
observed if a mixed population of NK cells was used (data not
shown). This may be due to the sensitivity of a short-term
cytotoxicity assay to detect the differences in the subset of NK
cells. However, we have demonstrated that blockade of Ly49C and
I receptors resulted in a significant inhibition of tumor growth in
vitro even if a mixed population of NK cells was used in clonogenic
assays. More importantly, the specificity of the suppressive effects
on tumor growth was demonstrated with the use of F(ab9)2

fragments of both 5E6 and 4D11. Blockade of Ly49C and I
receptors, which have been shown to bind H2b as well as H2d,22

decreased the growth of tumors bearing MHC class I of either
haplotype. However, blockade of Ly49G2 resulted in decreased
growth of P815 (H2d) only, demonstrating the specificity of the
inhibitory receptor blockade for the Ly49 determinants binding the
appropriate MHC.

Recently, it has been reported that activation and recruitment of
NK cells to the sites of tumor growth depend on the expression of
MHC class I by the tumor.26 However, the relationship between
MHC class I expressed by the tumor and particular NK subsets was
not assessed. In this study, increased survival of tumor-bearing
mice treated with 5E6 F(ab9)2 (Figure 3A) demonstrates that this
subset is responsible for decreased antitumor activity against the
syngeneic tumor and that blockade of Ly49C and I receptors
increases antileukemia effects. We have observed that culturing
C1498 with NK cells in the presence of 5E6 F(ab9)2 prior to
injection does not have a significant effect on the survival of mice
compared with the control cocultures without the F(ab9)2 fragments
(Figure 3B). Our data also show that adoptive transfer of 5E6
F(ab9)2–treated NK cells is more effective in promoting antitumor
effects compared with control-treated NK cells when mice were
challenged with a reduced lethal dose of tumor cells by prior
exposure to NK cells; however, when mice were injected with a
higher dose, increased antitumor effects mediated by 5E6 F(ab9)2–
treated NK cells could not be observed (data not shown). These
results suggest that there may be a threshold at which the animals
succumb to tumor. While tumor growth measured in vitro is

significantly reduced by blockade of Ly49C and I during the
coculture (Figure 2), the coculture alone may not be sufficient to
reduce the tumor burden below the threshold level in vivo.
However, in vivo studies indicate that continual blockade of NK
inhibitory receptors by 5E6 F(ab9)2 treatment of animals or
multiple injections of NK cells that are treated ex vivo with the
antibody augments antitumor effects and can reduce the tumor
burden below the threshold level.

As certain subsets of NK cells express inhibitory receptors that
recognize self-MHC, it is possible that autoreactivity may result
from the blockade of these inhibitory receptors. In vitro studies
using cocultures of activated NK and bone marrow cells with or
without F(ab9)2 fragments of the mAbs as well as in vivo studies,
such as bone marrow transplantation with NK cells treated with
F(ab9)2 fragments of mAbs against Ly49 inhibitory receptors,
indicated no adverse effects of Ly49C and I blockade on growth of
normal hematopoietic progenitors (manuscript in preparation).

It has been suggested that NK cells are responsible for
controlling a low tumor burden at an initial stage until the adaptive
arm of the immune system plays a major role in mediating
antitumor responses.1,27 Therefore, blocking the inhibitory recep-
tors expressed on a major subset of NK cells can be a powerful
means to eradicate tumors when the tumor burden is minimal as
that occurs after cytoreductive therapy. The significant effects
observed with blockade of a subset representing 35% to 60% of NK
cells also suggest that the combination of antibodies against
multiple subsets may lead to even more potent antitumor responses.
The effectiveness of a blockade of Ly49 inhibitory receptors in a
purging model, in which animals are transplanted with bone
marrow cells contaminated with tumors and F(ab9)2-treated NK
cells, is currently being investigated. The results from our studies
also suggest that the NK inhibitory receptor blockade may be
applied to enhance immune responses to viral infections, such as
murine cytomegalovirus, which encodes an MHC class I homo-
logue to evade the immune system.28,29

Taken together, these results demonstrate for the first time that
Ly49 receptors expressed on NK cell subsets can be responsible for
diminishing antitumor responses and that blockade of these recep-
tors augments antitumor effects. Thus, blockade of NK inhibitory
receptors can be of potential use in increasing the efficacy of
immunotherapy for cancer.

Acknowledgments

We thank Drs Robert H. Wiltrout and Scott K. Durum for critically
reviewing the manuscript and Steve Stull and De Ming Zhou for
their excellent technical expertise.

References

1. Trinchieri G. Biology of natural killer cells. Adv
Immunol. 1989;47:187-376.

2. Maeurer MJ, Gollin SM, Storkus WJ, et al. Tumor
escape from immune recognition: loss of HLA-A2
melanoma cell surface expression is associated
with a complex rearrangement of the short arm of
chromosome 6. Clin Cancer Res. 1996;2:641-
652.

3. Salazar-Onfray F, Charo J, Petersson M, et al.
Down-regulation of the expression and function of
the transporter associated with antigen process-
ing in murine tumor cell lines expressing IL-10.
J Immunol. 1997;159:3195-3202.

4. Lollini PL, Nicoletti G, Landuzzi L, et al. Down

regulation of major histocompatibility complex
class I expression in mammary carcinoma of
HER-2/neu transgenic mice. Int J Cancer. 1998;
77:937-941.

5. de Visser KE, Kast WM. Effects of TGF-beta
on the immune system: implications for cancer
immunotherapy. Leukemia. 1999;13:1188-
1199.

6. Solary E, Micheau O, Dimanche-Boitrel MT, Mar-
tin F. The Fas/Fas-ligand system: implications in
the antitumor immune response and in the activ-
ity of cytotoxic agents [in French]. Bull Cancer.
1998;85:685-694.

7. Finke JH, Zea AH, Stanley J, et al. Loss of T-cell

receptor zeta chain and p56lck in T-cells infiltrat-
ing human renal cell carcinoma. Cancer Res.
1993;53:5613-5616.

8. Held W, Roland J, Raulet DH. Allelic exclusion of
Ly49-family genes encoding class I MHC-specific
receptors on NK cells. Nature.
1995;376:355-358.

9. George TC, Mason LH, Ortaldo JR, Kumar V,
Bennett M. Positive recognition of MHC class I
molecules by the Ly49D receptor of murine NK
cells. J Immunol. 1999;162:2035-2043.

10. McVicar DW, Taylor LS, Gosselin P, et al.
DAP12-mediated signal transduction in natural

3136 KOH et al BLOOD, 15 MAY 2001 z VOLUME 97, NUMBER 10

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/97/10/3132/1673374/h8100103132.pdf by guest on 19 M

ay 2023



killer cells: a dominant role for the Syk protein-
tyrosine kinase. J Biol Chem. 1998;273:32934-
32942.

11. Lanier LL. NK cell receptors. Annu Rev Immunol.
1998;16:359-393.

12. Ryan JC, Seaman WE. Divergent functions of
lectin-like receptors on NK cells. Immunol Rev.
1997;155:79-89.

13. Moretta L, Mingari MC, Pende D, Bottino C, Bias-
soni R, Moretta A. The molecular basis of natural
killer (NK) cell recognition and function. J Clin Im-
munol. 1996;16:243-253.

14. Kraus E, Lambracht D, Wonigeit K, Hunig T.
Negative regulation of rat natural killer cell activity
by major histocompatibility complex class I recog-
nition. Eur J Immunol. 1996;26:2582-2586.

15. Correa I, Corral L, Raulet DH. Multiple natural
killer cell-activating signals are inhibited by major
histocompatibility complex class I expression in
target cells. Eur J Immunol. 1994;24:1323-1331.

16. Karre K, Ljunggren HG, Piontek G, Kiessling R.
Selective rejection of H-2-deficient lymphoma
variants suggests alternative immune defence
strategy. Nature. 1986;319:675-678.

17. Hoglund P, Ohlen C, Carbone E, et al. Recogni-
tion of beta 2-microglobulin-negative (beta 2m2)
T-cell blasts by natural killer cells from normal but
not from beta 2m2 mice: nonresponsiveness
controlled by beta 2m2 bone marrow in chimeric

mice. Proc Natl Acad Sci U S A. 1991;88:10332-
10336.

18. Liao NS, Bix M, Zijlstra M, Jaenisch R, Raulet D.
MHC class I deficiency: susceptibility to natural
killer (NK) cells and impaired NK activity. Science.
1991;253:199-202.

19. Yu YY, George T, Dorfman JR, Roland J, Kumar
V, Bennett M. The role of Ly49A and 5E6(Ly49C)
molecules in hybrid resistance mediated by mu-
rine natural killer cells against normal T cell
blasts. Immunity. 1996;4:67-76.

20. Leach DR, Krummel MF, Allison JP. Enhance-
ment of antitumor immunity by CTLA-4 blockade
[comment appears in Science. 1996;271:1691].
Science. 1996;271:1734-1736.

21. George TC, Ortaldo JR, Lemieux S, Kumar V,
Bennett M. Tolerance and alloreactivity of the
Ly49D subset of murine NK cells. J Immunol.
1999;163:1859-1867.

22. Hanke T, Takizawa H, McMahon CW, et al. Direct
assessment of MHC class I binding by seven
Ly49 inhibitory NK cell receptors. Immunity. 1999;
11:67-77.

23. Olsson-Alheim MY, Salcedo M, Ljunggren HG,
Karre K, Sentman CL. NK cell receptor calibra-
tion: effects of MHC class I induction on killing by
Ly49Ahigh and Ly49Alow NK cells. J Immunol.
1997;159:3189-3194.

24. Nakamura MC, Linnemeyer PA, Niemi EC, et al.

Mouse Ly-49D recognizes H-2Dd and activates
natural killer cell cytotoxicity. J Exp Med. 1999;
189:493-500.

25. Smith KM, Wu J, Bakker AB, Phillips JH, Lanier
LL. Ly-49D and Ly-49H associate with mouse
DAP12 and form activating receptors. J Immunol.
1998;161:7-10.

26. Glas R, Franksson L, Une C, et al. Recruitment
and activation of natural killer (NK) cells in vivo
determined by the target cell phenotype: an
adaptive component of NK cell-mediated re-
sponses. J Exp Med. 2000;191:129-138.

27. Boyer MW, Orchard PJ, Gorden KB, Anderson
PM, McLvor RS, Blazar BR. Dependency on in-
tercellular adhesion molecule recognition and
local interleukin-2 provision in generation of an in
vivo CD81 T-cell immune response to murine
myeloid leukemia. Blood. 1995;85:2498-2506.

28. Farrell HE, Vally H, Lynch DM, et al. Inhibition of
natural killer cells by a cytomegalovirus MHC
class I homologue in vivo [comment appears in
Nature. 1997;386:446-447]. Nature. 1997;386:
510-514.

29. Leong CC, Chapman TL, Bjorkman PJ, et al.
Modulation of natural killer cell cytotoxicity in hu-
man cytomegalovirus infection: the role of endog-
enous class I major histocompatibility complex
and a viral class I homolog [published erratum
appears in J Exp Med. 1998;188:following 614].
J Exp Med. 1998;187:1681-1687.

NK INHIBITORY RECEPTOR AND ANTITUMOR EFFECTS 3137BLOOD, 15 MAY 2001 z VOLUME 97, NUMBER 10

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/97/10/3132/1673374/h8100103132.pdf by guest on 19 M

ay 2023


