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Summary

In recent reports we have described the generation of natural killer (NK) lines devoid of CD3/TCR
structures but with apparent specificity for allogeneic target cells. Using one such NK line as
an immunogen, we now report the generation of two monoclonal antibodies (mAbs), designated
2-13 and 5-38, which bind selectively to the majority of CD3~, CD16*, CD56* lymphocytes
and inhibit the lysis of specific allogeneic target cells by a panel of alloreactive NK lines. By
contrast, these mAbs had no effect on classical NK cell mediated lysis of K562 cells or' major
histocompatability-restricted T cell-mediated cytolysis. Immunoprecipitation of radiolabeled NK
lines followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis revealed that
the target molecules of both mAbs have a molecular mass of approximately 180 kD. Leu 19,
a well-described anti-CD56 mAb, precipitated a 180 kD protein from NK cells, and the binding
of Leu 19 to NK cells was blocked by pretreatment with both 2-13 and 5-38. However, in contrast
to these mAbs, Leu 19 had no effect on the cytolytic activity of allospecific NK cells. Sequential
immunoprecipitation analysis revealed that all three mAbs recognized distinct molecular species
of CD56. We interpret these findings as indicating that multiple isoforms of CD56 are differentially
expressed on NK lines and play critical roles in the recognition/interaction of these cells with
their specific allogeneic targets.

Natural killer (NK) cells constitute up to 25% of PBLs
in humans and can be distinguished from other lym-
phocytes on the basis of their ability to lyse selected tumor
lines and virus-infected cells without prior sensitization or
restriction by MHC class I or II gene products (1-3). Al-
though a small subpopulation of CD3/TCR-bearing lym-
phocytes have NK-like activity (4), classical NK cells lack
CD3/TCR structures and express cell surface markers such
as CD16 and CD56 (5-7). Despite their distinct function
and phenotype, however, to date neither target structure(s)
(ligands) nor recognition molecules (receptors) of NK cells
have been identified.

Recently, we and others have provided evidence for the
existence of CD3/TCR independent, alloantigen recogni-
tion by NK cells (8-10). In such studies, NK lines and clones
were generated which not only killed classical NK-sensitive
targets such as K562 cells but, in addition, selectively lysed
the allogeneic cells (lymphocytes, lymphoblastoid cell lines
(LCL)!, or endothelial cells) with which fresh peripheral
blood derived NK cells had been cocultured. In the present
study we used one of these alloantigen-specific NK lines as

! Abbreviations used in this paper: LCL, lymphoblastoid cell line; N-CAM,
peural cell adhesion molecule.

an immunogen for the purpose of generating mAbs that recog-
nize molecules on the surface of NK cells involved in allo-
antigen-specific cytolysis. Two mAbs were generated that in-
hibit alloantigen-specific killing without affecting the lysis
of K562 cells. These mAbs appear to recognize different iso-
forms of CD56, suggesting that this molecule, which is selec-
tively expressed on lymphocytes with NK activity, plays a
critical role in alloantigen recognition/cytolysis of NK cells.

Materials and Methods

Generation of Antigen-specific CD3~, CD56* Natural Killer Cell
Line. Procedures for generation of antigen-specific NK lines have
been described in detail (8). Briefly, highly purified CD3-, CD16*
cells were incubated on a monolayer of irradiated LCL (ARENT
line, HLA A2,2:B38,39:DR6,6 and MSAB line A1,2:B57,57:
DR7,7) which had been bound to flat-bottomed microtiter wells
with Cell'Tak (Biopolymers, Inc., Farmington, CT). Thereafter,
cells adherent to the LCL were recovered and cultured in medium
supplemented with IL-2~containing supernatant. Culture medium
supplemented with this supernatant was added every 2-3 d, to-
gether with the original stimulator LCL. The resulting NK lines
express CD56 but not CD3, and lyse the original LCL with sub-
stantially greater potency than irrelevant LCL. NK sensitive K562
cells are lysed by all of the NK lines with high potency (8).
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Production of 2-13 and 5-38 mAbs. 6-wk-old female BALB/c
mice were immunized with an NK line (designated NS2) gener-
ated as described above. Immunizations were performed using Ribi
adjuvant (Ribi Immunochem Research, Inc., Hamilton, MT) ac-
cording to the manufacturer’s protocol. After the third immuniza-
tion, mice were splenectomized and splenocytes were fused with
SP2/0 myeloma cells as described (11). Hybridoma supernatants
were screened on the basis of their ability to inhibit the allospecific
cytotoxic activity of the immunizing NK line, using *'Cr-labeled
ARENT cells as targets in a 4-h 5'Cr-release assay (8). This
screening procedure led to the identification of two antibody
secreting hybridomas that inhibited the cytolytic activity of the
antigen-specific NK line against its original stimulator LCL,
ARENT. These hybridomas were isolated and subcloned by lim-
iting dilution.

Immunofluorescence Analysis.  All mAbs used in this study were
produced and purified in this laboratory as described (12) with the
exception of Leu 19 (anti-CD56), which was kindly provided by
Dr. Lewis Lanier of Becton-Dickinson Corp. (Mountain View, CA).
Immunofluorescence staining was performed as described (8, 12).
In brief, determination of the distribution of the surface molecule(s)
recognized by these mAbs utilized two-color analysis in which cells
were stained with mAbs 2-13 or 5-38, followed by FITC-conjugated
rat anti-mouse IgG2a Ab (Zymed Laboratory, San Francisco, CA)
and one of the following reagents: anti-Leu-2, anti-Leu 3, anti-Leu
4, or anti-Leu 11 mAb directly conjugated to PE. To determine
whether mAbs 2-13 and/or 5-38 block the binding of other mAbs,
PBL were treated with 2-13 or 5-38 mAbs at 4° C for 30 min,
washed and then stained with fluorochrome-conjugated mAb and
analyzed in a flow cytometer (12). To study the nature of the epi-
topes recognized by these mAbs, PBLs were treated with various
concentrations of neuraminidase or trypsin (Sigma Chemical Co.,
St. Louis, MO) at 37° C for 30 min, or were cultured with 1-10
pg/ml tunicamycin (Calbiochem-Behring Corp., San Diego, CA)
for 1-3 d. Thereafter, the cells were analyzed by indirect im-
munofluorescence with mAbs 2-13 and 5-38 as well as mAbs to
HLA-DR and Leu 7 (CD57).

Analysis of Immunoprecipitates. NK lines and KG1a5 leukemic
cells (kindly provided by Dr. Lewis Lanier of Becton-Dickinson
Corp.) (13) were washed five times in cold PBS, and surface-labeled
with Bjodine using the lactoperoxidase method or, alternatively,
metabolically labeled with [**S]methionine as described elsewhere
(14). After radiolabeling, cells were washed three times with PBS
and suspended in lysis buffer containing 1% NP-40. The lysates
werte pre-cleared three times with packed Protein A-Sepharose beads
for 2 h under rotation, followed by incubation with hybridoma
supernatant for 2 h at 4°C. 20 pl of packed Protein A-Sepharose
beads was then added, and samples were incubated overnight at
4°C under rotation. Immunoprecipitates were eluted from Protein
A-Sepharose by boiling for 5 min in buffer containing 1% SDS
in the presence or absence of 5% 2-ME and analyzed on SDS-
polyacrylamide gels (11, 14). Peptide mapping was performed as
described (15), using protease XVII from Staphylococcus aureus strain
V8 (Sigma Chemical Co.) (15).

Cytotoxicity Assays. 'The alloantigen-specific NK cell line and
fresh NK-enriched PBL (obtained by Percoll centrifugation) were
tested as effectors in 4-h 3!Cr-release cytotoxicity assays as de-
scribed (8). CD4* and CD8* allospecific cytotoxic T cell lines,
generated as described (16) were also used as effectors. In experi-
ments designed to explore the role of cell surface molecules in
cytotoxicity, mAbs were added at the initiation of the 4-h 'Cr-
release assays. In hybridoma lysis assays (17), mAb producing hy-
bridomas were labeled with *'Cr and used as targets in 4-h 5Cr-
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release assays. All hybridomas expressed surface immunoglobulin
as determined by immunofluorescence analysis on a flow cytometer.

Results

Mice were immunized as described in Materials and
Methods with an allospecific NK cell line designated NS2
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Figure 1. Cytotoxic activity of CD3~ NK cell lines which were used
in this study. The lines were generated as described in Materials and Methods
and tested for cytotoxic activity against the original stimulator LCL, ir-
relevant LCL (PGF, HLA A3, -:B7, -:DR2,-), and K562 cells, using a
4-h 5'Cr-release assay. Values represent the mean percent killing of tripli-
cate wells.
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Figure 2. Effects of 2-13 and 5-38 mAbs on alloantigen specific cyto-
toxic activity. The ARENT specific NK line, NS2 (CD3-, CD56%),
which had been used as the immunogen was tested for cytolytic activity
against the ARENT line at an E/T of 10:1 in the presence or absence
of 50% vol of hybridoma supernatant which was added to the wells at
the onset of 4-h 51Cr-release assays. 2-12 mAb which does not affect any
known immune responses (data not shown) is included as a negative control.

(surface phenotype CD3~, CD56*) derived from peripheral
blood CD3-, CD16* lymphocytes. Similar to lines previ-
ously generated in this laboratory (8), NS2 displayed preferen-
tial cytolytic activity against its original stimulator LCL
(ARENT) as well as NK-sensitive (K562) target cells (Fig.
1). The supernatants of two hybridomas were identified on
the basis of their ability to selectively inhibit the lysis of
ARENT cells by the NS2 line (Fig. 2), and these hybrid-
omas were cloned by limiting dilution and the mAbs (desig-
nated 2-13 and 5-38) were studied further.
Immunofluorescence analysis of PBL obtained from 10
different subjects revealed that 10-25% of cells were reactive
with these mAbs (Fig. 3 A). To compare the expression of
the target molecules of mAbs 2-13 and 5-38 with that of
other lymphocyte surface markers, two-color immunofluores-
cence analysis was performed in which PBL were stained with
both an anti-CD16 mAb (Leu 11) and either 2-13 or 5-38.
The results (Fig. 3 B) indicate that the majority of cells reac-
tive with 2-13 or 5-38 are also reactive with anti-CD16 mAb.
It should be stressed, however, that some CD16* cells were
2-13 and 5-38 negative, and a small proportion of CD3*
cells were 2-13 and 5-38 positive. Although no 2-13 and
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5-38 positive cells coexpressing CD4 would be detected, a
subset of 2-13 and 5-38 positive cells consistently expressed
the CD8 antigen. Most importantly, Leu 19, a well-charac-
terized anti-CD56 mAb, stained substantially the same PBL
as that stained by 2-13 and 5-38 (not shown), and pretreat-
ment of PBL with either 2-13 or 5-38 abolished the reac-
tivity of PE-conjugated Leu 19 (anti-CD56) antibody (Fig.
3 A), but not of other mAbs tested, including antibodies
to CD2, CD3 (OKT3), CD16, CD45RA, CD45RO, and
Leu 7 (Fig. 3 A, and data not shown). This suggests that
the molecules recognized by 2-13 and 5-38 are identical or
closely associated with the CD56 antigen on the cell surface.

Like Leu 19, the 2-13 and 5-38 mAbs did not react with
normal B cells, monocytes or granulocytes, and did not bind
lymphoblastoid cell lines, including the ARENT line which
was the specific stimulus of the NS2 NK line. Among a panel
of tumor cell lines analyzed, only the KG1 leukemic line (20%
+) and a subclone of that line, designated KG1a5 (90% +)
were recognized by 2~13 and 5-38. Leu 19 also stained the
KG1a5 clone but failed to stain the parental KG1 cells, indi-
cating that the 2-13 and 5-38 mAbs recognize either a dis-
tinct epitope on CD56 or a distinct protein from that recog-
nized by Leu 19. Moreover, when antigen-specific NK lines
of different target specificity were stained with these mAbs
(Fig. 4), the staining patterns of 5-38 are clearly distinct from
that of Leu 19 or 2-13. For example, an NK line with specificity
for the ARENT lymphoblastoid cell line (Fig. 4, line B) ex-
hibits uniformly bright staining with 5-38, but both dull
and bright populations when stained with 2-13 or Leu 19.
In addition, the staining pattern of these mAb on different
NK lines also varies, indicating that the expression of the
epitopes recognized by these antibodies varies among NK
lines. Thus, for example, while the 5-38 antibody stains an
anti-ARENT NK line with high, uniform density (Fig. 4,
line B), the same antibody exhibits variable staining on the
MSAB-specific NK line (Fig. 4, line A). When combined
with the results presented earlier, these findings suggest that
there are differences between the epitopes recognized by 2-13,
5-38, and Leu 19.

To explore the possibility that the molecules recognized
by these mAbs may have a physiologic role in activating or
upregulating NK activity, we took advantage of a hybridoma
lysis assay, a relatively simple and direct system in which an-
tibody secreting hybridoma cells are 5!Cr-labeled and then
cultured with cytotoxic effectors to determine their suscepti-
bility to lysis (17). As shown in Fig. 5, both the 2-13 and
5-38 antibody secreting hybridomas were lysed by fresh PBL.
Hybridomas secreting antibodies that recognize other mole-
cules expressed by NK cells were studied as controls. An anti-
CD16 secreting hybridoma was similarly lysed by fresh PBL,
whereas an anti-CD11b expressing hybridoma was resistant
to lysis. Identical results were obtained when fresh CD16+
NK cells, enriched from peripheral blood by Percoll gradient
centrifugation, were used as effectors (data not shown). These
results suggest that the structure(s) recognized by the 2-13
and 5-38 mAbs play a direct role in the cytolytic activity
of NK cells.

Despite these findings, however, neither of these mAbs had
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Figure 3. Immunofluorescence analysis of cell surface antigens recognized by 2-13 and 5-38 mAbs. (A) The top row depicts normal PBL which
were stained with PE-Leu 19 mAb, 2-13 or 5-38 mAb followed by FITC-rat anti-mouse IgG2a antibody. The bottom row depicts antibody blocking
of PBL pretreated with 2-13, 5~38, or OKT3 mAb at 4°C for 30 min, washed and stained with PE-Leu 19 mAb. (B) PBL were treated with 2-13
or 5-38 mAb followed by FITC-rat anti-mouse IgG2a antibody, and further stained with PE-conjugated anti-CD16, CD4, CD8, or CD3 mAbs.
Stained cells were analyzed in a flow cytometer as described in Materials and Methods.

1454 Role of CD56 Molecules in Natural Killer Cell Function



f

control OKT3 leu19 2-13 5-38
B —_A._“
control OKT3 leu19 2-13 5-38

Figure 4.

Immunofluorescence analysis of 2-13 and 5-38 antigens on alloantigen-specific NK lines. Two NK lines with different target specificities

(] specific for MSAB; [B] specific for ARENT) were separated from feeder cells over a Ficoll-Hypaque gradient and surface antigen expression was analyzed.

any effect on the lysis of K562 cells by the NS2 NK line or
fresh PBL (Fig. 6, A and B). In addition, these mAbs had
no inhibitory effect on class I MHC restricted cytolysis medi-
ated by CD8* T cells or class Il MHC restricted cytolysis
mediated by CD4* T cells, even when the ARENT cell line
was used as the stimulator and target of such cytolysis (Fig.
6, C and D). These results are not surprising since neither
the T effector cells nor the target ARENT cells are stained
by mAbs 2-13 or 5-38.

We next analyzed the effects of these and other mAbs on
the cytotoxicity of three additional antigen-specific NK lines
(Fig. 7 A). Two of these lines, like the NS2 line, were gener-
ated against ARENT cells, while a third NK line was gener-
ated against an unrelated lymphoblastoid line, MSAB. As
shown, the antigen-specific cytotoxicity of all three NK lines

%  cytotoxicity

51 Cr-labeled 0 20 40 60
Hybridoma | A . 4

CD11b{OKM1)

CD16(leutic)

Figure 5. Lysis of hybridomas by PBL. PBL were assayed for cytotox-
icity against 51Cr-labeled hybridoma cell line in a 4-h radioisotope release
assay. E/T = 10:1.
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was completely inhibited by a mAb to LFA-1-c, whereas Leu
19 and Leu 7 mAbs had no effect on cytolysis. mAbs 2-13
and 5-38 inhibited the cytotoxicity of all three NK lines against
their specific targets, albeit to a lesser extent than the anti-
LFA-1 mAb. As shown in Fig. 7 B, these mAbs inhibited
allospecific cytotoxicity in a concentration-dependent manner.
In combination with our earlier results, which indicate that
both 2-13 and 5-38 mAbs bind to the majority of peripheral
blood NK cells, these findings are interpreted as suggesting
that both mAbs recognize a framework determinant on a
molecule or molecules involved in allospecific interactions be-
tween NK cells and their targets.

To explore the structural characteristics of the surface an-
tigen(s) recognized by 2-13 and 5-38, the antigen-specific
NK line, NS2, and KG1a5 leukemic cell line were surface-
labeled with %1 or metabolically labeled with 33S-methi-
onine, followed by immunoprecipitation with 2-13, 5-38,
or Leu 19, and analysis of the precipitates by SDS-PAGE. These
mAbs precipitated an approximately 180-kD protein from
the NS2 line as well as the KG1a5 clone under reducing and
nonreducing conditions (Fig. 8), similar to that previously
reported for Leu 19 (5, 7, 13). However, the Leu 19 precipi-
tate migrates as a broader band (160-185 kD) than the 2-13
or 5-38 precipitates (170-180 kD). To further analyze the
molecules recognized by 2-13, 5-38, and Leu 19 mAbs, se-
quential immunoprecipitation was performed on a radiola-
beled lysate of KG1a5 cells in which the lysate was twice im-
munoprecipitated with one of the mAbs (until no further
band at 180 kD was visible by SDS-PAGE), followed by im-
munoprecipitation with another of the mAbs. As shown in
Fig. 9, the Leu 19 pre-cleared lysate yielded similar but some-
what smaller proteins when immunoprecipitated with either
5-38 or 2-13. Analogous results were obtained in lysates
precleared with either 5-38 or Leu 19, followed by immuno-
precipitation with the reciprocal antibodies. These results
clearly indicate that the target molecule(s), presumably iso-
forms of CD56, are heterogeneous, and that while some of
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Figure 7. Effects of 2-13 and
5-38 mAbs on the allospecific cyto-
lytic activity of a panel of NK lines.
(A) Antigen-specific NK lines with
two different target specificities were
assayed for their cytotoxic activity
against their original stimulator
LCL in 4-h 51Cr-release assays in
the presence of various mAbs; for
these assays 2-13 and 5-38 mAbs
were present as 50% volume of cul-
ture supernatant, while the final
concentration of LFA-1c, Leu 19,
and Leu 7 mAbs was 25 pg/ml.
(B) An ARENT-specific NK line
(NKB8171) was assayed for cytolytic
activity against its original stimu-
lator LCL in the presence of varying
amounts of 2-13 or 5-38 mAb cul-
ture supernatants. E/T ratio = 20:1.
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these forms are recognized by all three mAbs, other forms
are not.

To further characterize the target molecules of these mAbs,
the radiolabeled immunoprecipitates were subjected to diges-
tion with V8 protease, and the cleaved products analyzed by
SDS-PAGE. As shown in Fig. 10 A, the V8 cleaved products
of the three immunoprecipitates are similar. However, under
the milder conditions of Fig. 10 B, 50-kD and 47-kD bands
were visible in the 5-38 digest (indicated by arrows), whereas
in the Leu 19 digest only the 50-kD band can be seen (indi-
cated by an arrow). The 47-kD band was reproducibly present
in 5-38 digests but not in Leu 19 digests, strongly suggesting
that there are minor amino acid sequence differences between
some of the CD56 proteins recognized by the three mAbs
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Figure 8. SDS-PAGE analysis of
surface molecules immunoprecipi-
tated by 2-13 and 5-38 mAbs. The
KG1a5 leukemic cell line (A) and
an alloantigen specific NK line (B)
were surface labeled with 121 using
the lactoperoxidase technique, and
B lysed in buffer containing 1% NP-
40. Immunoprecipitation was per-
formed with 2-13 mAb and 5-38
mADb coupled to protein A-sepharose
beads. SDS-PAGE analysis was per-
formed under reducing and non-
reducing conditions, using 8%
acrylamide gels for the KG1a5 ly-
sate and 6% acrylamide gels for the
NK lysate. The Leu 19 immunopre-
cipitate was included as a control.
(C) represents immunoprecipitation
with nonimmune mouse serum.
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under study. When combined with the earlier analysis of se-
quential immunoprecipitates (Fig. 9), it is apparent that these
mAbs recognize several proteins, some of which share epi-
topes and some of which do not.

In a final series of experiments designed to determine
whether the epitopes recognized by 2-13 and 5-38 contain
carbohydrate, PBLs were treated with neuraminidase to re-
move sialic acid or cultured with tunicamycin to prevent in-
corporation of N-linked carbohydrate (13, 18, 19). The binding
of 2-13 and 5-38, as well as Leu 19, to NK cells was not
reduced by either procedure, whereas the binding of anti-
HLA-DR antibody included as a positive control, was
significantly reduced as previously reported (19) (data not
shown). By contrast, treatment of NK cells with trypsin
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with leu19

Figure 9. Sequential immunopre-
cipitation of 2-13, 5-38, and Leu
19 from KG1a5 cells. KG1a5 cells
were labeled with 33S-methionine
and detergent solubilized. The ly-
sates were substantially depleted of
2-13 antigen, 5-38 antigen, and Leu
19 antigen by immunoprecipitation
with 2-13, 5-38, and Leu 19 mAbs,
respectively. Each precleared lysate
was once more immunoprecipitated
with the same mAb and complete
depletion of the relevant antigen was
confirmed by SDS-PAGE. After
depletion, the lysates were immuno-
precipitated with the other mAbs.
Immunoprecipitates were analyzed
by 5% SDS-PAGE gel under re-
ducing conditions.
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resulted in nearly complete loss of the binding of 2-13, 5-38,
and Leu 19 to NK cells while only slightly affecting the ex-
pression of Leu 7 (CD57), a glycolipid antigen (data not
shown). These results confirm that the epitope recognized
by 2-13 and 5-38 are amino acid rather than carbohydrate
in nature.

2 15% acrylamide gel. (B) 5-38 and Leu 19 proteins recovered as above were digested with 75 ng of V8
protease. (Arrows) indicate differences between these two digests.

Discussion

NK cells are defined as lymphocytes that lyse selected tumor
cells or virally infected cells without prior sensitization or
MHC gene restriction (1-3). Despite the fact that NK cells
have a limited target cell range, no specific NK-associated sur-
face receptor or target ligand has yet been defined, leading
to speculation that such effectors lack a highly refined an-
tigen recognition system. However, previous attempts to ab-
sorb NK activity with target cells suggested heterogeneity
of both NK recognition and target structures (20, 21). In
addition, NK cells have been shown to mediate hybrid resis-
tance to parental bone marrow allografts (22, 23), a phe-
nomenon that appears genetically restricted and directed at
the products of noncodominant hematopoietic histocompati-
bility genes (24). Recently, we and others have provided evi-
dence for alloantigen recognition by CD3~ NK cells (8-10),
and on the basis of these observations it would appear that
at least some NK cells have the ability to distinguish target
cells from one another.

In the present study, using an alloantigen-specific NK line
as an immunogen, we generated two mAbs which inhibit
alloantigen-specific cytotoxic activity of CD3~ NK cells
without affecting the ability of these cells to kill classical NK
targets such as K562 cells. Immunofluorescence analysis of
PBL, KG1 cells, and NK lines recognizing different targets
revealed that the antigenic epitopes recognized by these two
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Figure 11. Proposed representation of CD56 isoforms.

mAbs are closely associated with, but not identical to the
target molecule of Leu 19, a well-described anti-CD56 mAb.
Thus, 2-13 and 5-38 block the staining of NK cells by
fluorochrome-conjugated Leu 19 mAb; however, the staining
patterns of Leu 19 on NK cells differs from that of 5-38,
and Leu 19 had no effect on the lysis of allospecific target
cells by NK lines, in contrast to 2-13 and 5-38. Sequential
immunoprecipitation with these two mAbs and Leu 19, as
well as analysis of the peptides resulting from V8 protease
digestion revealed that each mAb recognizes overlapping and
nonoverlapping isoforms of CD356, a molecule expressed selec-
tively on lymphocytes with NK activity (5, 7). Fig. 11 sum-
marizes in schematic form our interpretation of the current
results. Since the isoforms of CD56 which lack one or more
epitopes are always smaller than those which have the epi-
tope (Fig. 9), and peptide mapping with V8 protease showed
minor difference of these isoforms, we favor the view that
different isoforms are generated by a combination of alterna-
tive splicing and posttranslational modifications rather than
posttranslational modification alone. In addition, the epitopes
recognized by 2~13 and 5-38 consist of amino acids (pro-
tein) rather than carbohydrate alone, since treatment of PBLs
with neuraminidase or culture with tunicamycin did not re-
duce the binding of 2-13 and 5-38, whereas trypsin treat-
ment of NK cells greatly reduced 2-13 and 5-38 antigen ex-
pression. Although it is not yet known how many isoforms
of CD56 are present on NK cells, sequential immunoprecip-
itation confirmed the presence of at least four distinct iso-
forms. It is theoretically possible, and in our view likely, that
more than four different isoforms exist on NK cells.

The finding of multiple CD56 isoforms on NK cells is
consistent with the hypothesis that these isoforms constitute
an allorecognition apparatus with limited heterogeneity. This
view is also supported by the observation that although Leu
19, 2-13, and 5-38 mAbs stain most peripheral blood NK
cells, the staining pattern for each allospecific NK line is dis-
tinct (Fig. 3 A). An alternative explanation for our findings
is that CD56 plays an accessory role as a mediator of nonspecific
adhesion between allospecific NK effectors and their targets.
However, it is dificult to reconcile this view with the exis-
tence of multiple CD56 isoforms on NK cells, the variable
expression of these isoforms on allospecific NK lines, and the
failure of any of our anti-CD56 mAbs to affect the lysis by
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NK cells of “nonspecific” targets such as K562 erythroleukemia
cells. Definitive evidence for either of these hypotheses will
require studies of cells transfected with cDNA’s for the rele-
vant CD56 isoforms.

Since the hybridomas secreting 2-13 and 5-38 antibodies
are efficiently lysed by peripheral NK cells, it is apparent that
the CD56 isoforms play an important role not only in the
interaction between NK effectors and their targets but also
in the transduction of intracellular activation signals. Like
CD56, the molecules CD2, CD16, and the recently described
GL183 antigen have been shown to mediate signal transduc-
tion in NK cells (17, 25-27). The GL183 molecule is of par-
ticular interest since it was initially identified on some but
not all NK clones (27); however, this molecule, like CD2
and CD16, is invariant in structure and, therefore, unlikely
to be involved in alloantigen-specific interactions. The meta-
bolic pathway affected by 2-13 and 5-38 mAbs (and, by in-
ference, the natural ligands of CD56 on NK target cells) re-
main to be studied. Nonetheless, our results suggest that the
rather confined expression of CD56 on NK cells and T cells
with NK-like activity reflects a critical role for this molecule
not only in the interaction of NK cells with their targets
but also in the cytotoxic effector functions of NK cells.

Previous studies have suggested that CD56 is a single iso-
form of the neural adhesion molecule (N-CAM) (13), which
is expressed on neural and muscle tissues as multiple isoforms
and mediates homotypic adhesive interactions (28, 29). In
chicken neural tissue, where N-CAM was initially identified
(28, 30) numerous isoforms are generated from a single gene
by differential RNA splicing and posttranslational modifica-
tions, including the addition of N-linked carbohydrates in
polysialic acid (28, 30). Recently, N-CAM cDNA isolated
from human muscle tissue has been cloned and sequenced
(29). Human N-CAM has an immunoglobulin-like domain,
suggesting that it may function as a receptor for ligands yet
to be identified. In addition, Streuli et al. (31) have recently
isolated cDNA encoding a cell surface molecule of undefined
function, termed LAR, which has an extracellular region ho-
mologous to both the Ig-like and non-Ig-like domain of
N-CAM. Thus, it is possible that 2-13 and/or 5-38 cross-
react with N-CAM and N-CAM-like molecules such as LAR.
In normal lymphoid tissues, CD56 is expressed predominantly
on NK cells and a subset of T cells with NK-like activity
(5, 7). Although this preferential distribution and the im-
munoglobulin-like structure of CD56 are consistent with an
important role for this molecule in NK cell function, before
the current studies, there has appeared virtually no evidence
to support this view although CD56 is reported to be in-
volved in cytotoxic activity and homotypic adhesion between
NK cells and CD56* malignant neural cells (32). On the
other hand, our results indicate that the CD56 isoforms rec-
ognized by 2-13 and 5-38 are directly involved in NK cell/
target cell interactions, and since the LCL targets studied here
lack any detectable expression of CD56, it is clear that the
CD56 isoforms on NK cells mediate a heterotypic rather than
homotypic interaction between NK cells and their targets.
Although our limited peptide mapping analysis indicates that
there are amino acid sequence differences between the CD56



isoforms on lymphoid cells, the relative contribution of these
differences versus posttranslational modifications to the dif-
ferential target cell recognition by distinct NK lines is un-

known. Similarly, the nature of the natural ligand of these
isoforms on NK targets remains to be elucidated.

We thank Dr. Lewis L. Lanier for providing KG1a5 cells and anti-Leu 19 mAb, Claudia Benike for helpful
discussion and critical review of the paper, and Donna Jones for superb secretarial support.

This work was supported in part by National Institutes of Health Grants CA-24607 and AI-25922.

Address correspondence to Dr. Edgar G. Engleman, Department of Pathology, Stanford University School
of Medicine, 800 Welch Road, Palo Alto, CA 94304.

Received for publication 11 November 1990 and in revised form 21 February 1991.

References

1. Herberman, R.B., and ]J.R. Ortaldo. 1981. Natural killer cells: 12. Sasaki, DT., S.E. Dumas, and E.G. Engleman. 1987. Discrimi-
their role in defenses against disease. Science (Wash. DC). 214:24. nation of viable and non-viable cells using propidium iodide

2. Hercend, T., and R.E. Schmidt. 1988. Characteristics and uses in two color immunofluorescence. Cytometry. 8:413.
of natural killer cells. Immunol. Today. 10:241. 13. Lanier, L.L., R. Testi, J. Bindle, and J.H. Phillips. 1989. Iden-

3. Thinchieri, G., and B. Perussia. 1984. Biology of disease: human tity of Leu-19 (CD56) leukocyte differentiation antigen and
natura! killer cells: biologic and pathologic aspects. Lah Invest. neural cell adhesion molecule. J. Exp. Med. 169:2233.
50:489. 14. Stein, B.S., and E.G. Engleman. 1990. Intracellular processing

4. Koide, J., A. Rivas, and E.G. Engleman. 1989. Natural killer of the gp160 HIV-1 envelope precursor: endoproteolytic cleavage
(NK)-like cytotoxic activity of allospecific T cell receptor- occurs in a cis or medial compartment of the golgi complex.
v,6* T cell clones: distinct receptor-ligand interactions J. Biol. Chem. 265:2640.
mediate NK-like and allospecific cytotoxicity. J. Immunol. 15. Cleaveland, DW., S.G. Fisher, M.W. Kirschner, and UK.
142:4161. Laemmli. 1977. Peptide mapping by limited proteolysis in so-

5. Lanier, L.L., AM. Le, C.I. Civin, M.R. Loken, and J.H. dium dodecy! sulfate and analysis by gel electrophoreses. J. Biol.
Phillips. 1986. The relationship of CD16 (LEU-11) and LEU- Chem. 252:1102.

19 (NKH-1) antigen expression on human peripheral blood ~ 16. Takada, S., and E.G. Engleman. 1987. Evidence for an associa-
NK cells and cytotoxic T lymphocytes. J. Immunol. 136:4480. tion between CD8 molecules and the T cell receptor complex

6. Perussia, B., S. Starr, S. Abraham, V. Fanning, and G. Trin- on cytotoxic T cells. J. Immunol. 139:3231.
chieri. 1983. Human natural killer cells analyzed by B73.1, 2 17. Lanier, L.L., J.J. Ruitenberg, and J.H. Phillips. 1988. Func-
monoclonal antibody blocking Fc receptor functions. I. Char- tional and biochemical analysis of CD16 antigen on natural
acterization of the lymphocyte subset reactive with B73.1. J. killer cells and granulocytes. J. Immunol. 141:3478.
Immunol. 130:2133. 18. Elbein, A.D. 1981. The tunicamycins: useful tools for studies

7. Hercend, T., ].D. Griffin, A. Bensussan, R.E. Schmidt, M.A. on glycoproteins. Trends Biochem. Sci. 6:219.

Edson, A. Brennan, C. Murray, J.F. Daley, S.F. Schlossman, 19, Irahara, M., M. Kamada, T. Mori, T. Sudo, and T. Mori. 1987.
and J. Ritz. 1985. Generation of monoclonal antibodies to a Inhibitory effects of tunicamycin on the mixed lymphocyte reac-
human natural killer clone: characterization of two natural tion and mitogen-induced lymphocyte blastogenesis. Immunobi-
killer-associated antigens, NKH1a and NKH2, expressed on ology. 174:190.

subsets of large granular lymphocytes. J. Clin. Invest. 75:932.  20. Roder, J.C., L. Ahrlund-Richter, and M. Jondal. 1978. Target

8. Suzuki, N., E. Bianchi, H. Bass, T. Suzuki, J. Bender, R. Pardi, effector interaction in the human and murine natural killer
C.A. Brenner, JW. Larrick, and EG. Engleman. 1990. Nat- system: specificity and xenogeneic reactivity of the solubilized
ural killer lines and clones with apparent antigen specificity. natural killer-target structure complex and its loss in a somatic
J. Exp. Med. 172:457. cell hybrid. J. Exp. Med. 150:471.

9. Ciccone, E., O. Viale, D. Pende, M. Malnati, R. Biassoni, G. 21. Phillips, W.H., J.R. Ortaldo, and R.B. Herberman. 1980. Selec-
Melioli, A. Moretta, E.O. Long, and L. Moretta. 1988. Specific tive depletion of human natural killer cells on a monolayer of
lysis of allogeneic cells after activation of CD3~ lymphocytes target cells. J. Immunol. 125:2322.
in mixed lymphocyte culture. J. Exp. Med. 168:2403. 22. Pordgnon, C., J. Daley, and I. Nakamura. 1985. Hematopoi-

10. Bender, J.R., R. Pardi, and E. Engleman. 1990. T-cell receptor etic histocompatibility reactions by NK cells in vitro: model
negative natural killer cells display antigen-specific cytotoxicity for genetic resistance to marrow grafts. Science (Wash. DC).
for microvascular endothelial cells. Proc. Natl. Acad. Sci. USA. 230:1398.
87:6949. 23. Sentman, C.L., J. Hackett, Jr., V. Kumar, and M. Bennett.
11. Harlow, E., and D. Lane. 1988. In Antibodies: A Laboratory 1989. Identification of a subset of murine natural killer cells

Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY. pp. 210-212.

1460

that mediates rejection of Hh-1d but not Hh-1b bone marrow
grafts. J. Exp. Med. 170:191.

Role of CD56 Molecules in Natural Killer Cell Function



24.

25.

26.

27.

28.

Cudkowicz, G., and I. Nakamura. 1983. Genetics of the mu-
rine histocompatibility systems: an overview. Transplant. Proc.
15:2058.

Van De Griend, R., R.L.H. Bolhuis, G. Stoter, and R.C.
Roozemond. 1987. Regulation of cytolytic activity in CD3"~
and CD3* killer cell clones by monoclonal antibodies (anti-
CD16, anti-CD2, anti-CD3) depends on subclass specificity
of target cell IgG-FcR. J. Immunol. 138:3137.

Anegon, L., MC. Cuturi, G. Trinchieri, and B. Perussia. 1988.
Interaction of Fc receptor (CD16) ligand induces transcription
of interleukin 2 receptor (CD25) and lymphokine genes and
expression of their products in human natural killer cells. J.
Exp. Med. 167:452.

Moretta, A., G. Tambussi, C. Bottino, G. Tripodi, A. Merli,
E. Ciccone, G. Pantaleo, and L. Moretta. 1990. A novel sur-
face antigen expressed by a subset of human CD3~ CD16*
natural killer cells: role in cell activation and regulation of cyto-
lytic function. J. Exp Med. 171:695.

Cunningham, B.A., ].J. Hemperly, B.A. Murray, E.A. Prediger,
R. Breckenbury, and G.M. Edelman. 1987. Neural cell adhe-

1461

Suzuki et al.

29.

30.

31.

32.

sion molecule: structure, immunoglobulin like domains, cell
surface modulation, and alternative RNA splicing. Science
(Wash. DC). 236:799.

Barton, C.H., G. Kickson, H.J. Gower, L.H. Rowett, W. Putt,
V. Elsom, S.E. Moore, C. Goridis, and F.S. Walsh. 1988. Com-
plete sequence and in vitro expression of a tissue-specific
phosphatidylinositol-linked N-CAM isoform from skeletal
muscle. Development (Camb,). 104:165.

McClain, D.A., and G.M. Edelman. 1982. A neural cell adhe-
sion molecule from human brain. Proc. Natl. Acad. Sci. USA.
79:6380.

Streuli, M., N.X. Krueger, L.R. Hall, S.E. Schlossman, and
H. Saito. 1988. A new number of the immunoglobulin super-
family that has a cytoplasmic region homologous to the leu-
kocyte common antigen. J. Exp Med. 168:1553.

Nitta, T., H. Yagita, K. Sato, and K. Okumura. 1989. In-
volvement of CD56 (NKH-1/Leu 19 antigen) as an adhesion
molecule in natural killer-target cell interaction. J. Exp. Med.
170:1757.



