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ABSTRACT  Natural killer (NK) cells have the capability
of lysing virus-infected, transformed, and embryonal cells, yet
the nature of the target structure(s) recognized remains un-
clear. The availability of well-characterized temperature-sen-
sitive (ts) mutants of vesicular stomatitis virus, defective in
expression of individual viral-encoded polypeptides at the non-
permissive temperature (39°C), offered an approach to eluci-
dating NK-cell recognition of virus-infected cells. Target cells
were infected with ts mutants in three functions: the viral sur-
face glycoprotein (G protein; ts 045); the matrix (M) protein
(ts G31, ts G33), and the polymerase (ts G11). Cells infected
with wild-type virus and all ts mutants at the permissive tem-
perature (31°C) were killed by murine spleen cells. Similar to
results on cytotoxic T lymphocytes, target cells infected by ts
045 defective in expression of G protein at 39°C were not killed
by NK cells. Unexpectedly, cells infected at 39°C with the M-
protein mutants also were not killed, although G protein was
expressed at the cell surface. Target binding studies indicated
that conjugates were not formed by cells infected with the ts
mutants at the nonpermissive temperature. That expression of
G protein was not sufficient for NK cell-mediated cytotoxicity
was established in experiments in which a plasmid (pSVGL)
containing the gene for vesicular stomatitis virus G protein
was transfected into COS cells. Although G antigen was ex-
pressed on the plasma membrane, the cells were not lysed.
These results suggest either that recognition of virus-infected
cells depends on an appropriate conformation imparted to the
viral G protein by association with the M protein or that NK
cells can recognize alterations in the structure of the cell mem-
brane induced by insertion of viral M and G molecules.

Natural killer (NK) cells have the ability to discriminate be-
tween virus-infected and uninfected target cells and between
some tumor and normal cells. NK-cell recognition of target
cells appears to be nonspecnflc in the 1mmunologrcal sense
and unrestricted in major histocompatibility (1-3) yet is high-
ly “selective” for certain target structures. The nature ‘of
these structures remains problematic.

Early it was suggested that retrovirus-encoded antigens
were the major target structures for NK cells (4), but a num-
ber of exceptions in murine systems rapidly materialized (5).
High molecular weight viral glycoproteins (G proteins) that
inhibit killing have been isolated from target cells (6), but
they have not been further characterized or shown to repre-
sent target structures. In studies on NK-susceptible lympho-
ma cells and NK-resistant variants derived from them, the
ganglioside asialo-GM, has been associated with NK-cell
recognition (7), although several NK susceptible target cells
lack this ganglioside.
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Because of the availability of well-characterized condi-
tional-lethal mutants of vesicular stomatitis virus (VSV) (8),
which were useful in characterizing recognition by cytotoxic
T lymphocytes (CTL) (9), and of techniques for gene transfer
of certain VSV genes (10), we attempted to explore the role
of viral-encoded polypeptides and glycoprotems in recogni-
tion of target cells by NK cells.

MATERIALS AND METHODS

Viruses. The Indiana (HRC) serotype of VSV was used
and grown in primary chicken embryo fibroblasts. Wild-type
(wt) VSV and the mutants ts (temperature sensitive) G31 de-
fective in the matrix (M) protein and ts G11 defective in viral
polymerase (L protein) were kindly provided by P. I. Mar-
cus. Mutants ts 045 defective in G protein and ts G33 defec-
tive in M protein were kindly provided by H. Lodish. All
VSV ts mutants were propagated on Vero cell monolayers at
the permissive temperature .of 31°C (10).

Cells. An NK-resistant subclone was selected from clone
M2R derived from B16 mouse melanoma cells (11) and prop-
agated in Dulbecco’s modified Eagle's (DME) medium/F-12
medium supplemented with 10% fetal calf serum and antibi-
otics. COS cells were grown in DME medium supplemented
as above. P815 mastocytoma cells were maintained in RPMI
1640 medium with the same supplements.

Antisera. Polyclonal rabbit anti-VSV, anti-VSV G protein,
and anti-VSV M protein antisera were generously provided
by J. Holland. Monoclonal anti-VSV G ascites was a gift
from R. Weiss, H. Koprowski, and M. Pasternak. Sheep
anti-mouse interferon (IFN) globulin (12) was kindly provid-
ed by I. Gresser. At a dilution of 1:1000, it conrpletely neu-
tralized 200 units of mouse IFN-a.

Transfection of the Gene for VSV G Protein into COS Cells.
The plasmid pSVGL, containing the gene for the VSV G pro-
tein, was prepared as described (13), and 30 ug was added
to 10° COS cells in the presence of 500 ug of DEAE-dex-
tran per ml in serum-free medium. After 3' hr, medium
was replaced and the cells were incubated further for 40-45
hr. The COS cells were stained with monoclonal antibody
to VSV G protein for 30 min, washed, stained with a rabbit
anti-mouse fluorescein isothiocyanate-conjugated globulin,
washed, and diluted to 0.5-1 x 10° cells per ml. Approximately
20-30% of the cells expressed surface G protein. To enrich
for antigen-expressing cells, the transfected cells were sorted
by the fluorescence-activated cell sorter (FACS), and the
percentage of surface G antlgen-posrtlve cells was increased
to

Abbreviations: VSV, vesicular stomatitis virus; NK, natural killer;
CTL, cytotoxrchymphocytes TBC, target-bmdmg cells; moi, mul-
tiplicity of infection; IFN, interferon; FACS, fluorescence-actwated
cell sorter; ts, temperature sensitive; wt, wild type; G protein, viral
glycoprotem M protein, viral matrix protein.

2456



Immunology: Moller et al

RESULTS

Antigen Expression and NK Cell Lysis of Target Cells In-
fected with VSV ts Mutants at Permissive (31°C) and Nonper-
missive (39°C) Temperatures. wt VSV replicates equally well
at 31°C and at 39°C. In contrast, viral synthesis and assembly
of ts mutants of VSV proceed normally at 31°C, but little
infectious virus is produced by the ts mutants at 39°C. Mu-
tant ts 045 is defective in production of the G protein normal-
ly displayed on the outer surface of the plasma membrane,
and surface immunofluorescence was not seen at the non-
permissive temperature (39°C). The ts mutants G31 and G33
are defective in production of M protein, which is associated
with the cytoplasmic nucleocapsids and serves as a matrix
for the association of the nucleocapsid with the cytoplasmic
domain of the transmembrane G protein. Of interest is the
finding that at nonpermissive conditions, where M protein
was not detectable in the cytoplasm of cells infected by the
M-protein mutants, G protein was invariably found by stain-
ing with monoclonal or polyclonal anti-G protein antibodies
on the cell surface.

NK cell cytotoxicity of two virus-infected targets was
comparable for target cells infected at 31°C or 39°C by wt
VSV (Table 1). That viral replication is required for lysis was
indicated by the finding that cells infected with UV-inacti-
vated VSV were not lysed, even though virus could be ad-
sorbed to the surface. Cells infected with all of the ts mutants
showed killing by NK cells at 31°C, and targets infected with
ts G31 were consistently found to have significantly higher
degrees of lysis. It is well known that the mutation in G31
causes an overaccumulation of several viral proteins (8). The
phenotypes of the effector cells in this system were predomi-
nantly NK1.1* and Thy-1.2* (data not shown), correspond-
ing to the NK; and NK7y subsets previously described (15).

When cells infected at the nonpermissive temperature
were tested for susceptibility to NK cells, Killing of the G
protein mutant (ts 045) was not observed. These results indi-
cated, as in previous studies on CTL (9), that expression of
the G protein was important for NK recognition. In contrast
to results with CTL, target cells infected with M protein mu-
tants, G31 and G33, were similarly not lysed at 39°C. (The
low level of lysis of the COS cells was due to M-antigen
expression during the 8 hr of NK cell assay at 37°C.) This
was particularly unexpected because surface G protein could
be detected in M protein mutant-infected cells at 39°C by

Table 1. NK cell lysis of cells infected with VSV ts mutants at
permissive (31°C) and nonpermissive (39°C) temperatures

% specific lysis

Affected B16 cells COS cells

Virus protein 31°C  39°C  31°C  39°C
None —_ 6+4 7+3 4+4 8+3
UV-inactivated VSV —_ 0 0 NT NT
VSV (wt) — 23+4 2+5 NT NT
ts 045 G 203 1+327+6 124
ts G31 M 288 64 48+4 203
ts G33 M 32+3 0 38+5 112
ts G11 L 154 2+2 NT NT

B16 melanoma cells were infected and incubated for 16 hr with wt
VSV or ts mutants of VSV at a multiplicity of infection (moi) of
0.001-0.1. COS cells were infected for 1.5 hr with ts mutants at a
moi of 10, washed, and incubated for 5 hr at 31°C or 39°C. The
SICr-release assays were then performed at 37°C for 8-10 hr at a
lymphocyte-to-target ratio of 100:1 as described (14). The results are
the average of triplicates of four experiments (+ SEM); spontaneous
release did not exceed 30%. The 20% specific lysis of ts G-31 at 39°C
is explained by the leakiness of the virus (confirmed by antigen
expression) during the 5!'Cr-release assay at 37°C for 8-10 hr. L
protein, viral polymerase; NT, not tested.
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immunofluorescence or FACS analysis (Fig. 1). Finally, as
expected, cells infected with mutant ts G11, defective in the
viral polymerase and unable to synthesize viral mRNA or
proteins at nonpermissive temperature, were not killed.

Inability of Anti-VSV Antiserum or Anti-interferon (IFN)
Antiserum to Inhibit Lysis of VSV-Infected Cells. The pres-
ence of specific anti-VSV antibodies (Table 2) sufficient to
neutralize 10° plaque-forming units, 100-fold more virus than
ever detected in these cultures, failed to block NK cell kill-
ing of VSV-infected cells as in other viral systems (16). In
addition, monoclonal antibodies to VSV G or M protein had
no effect on lysis of VSV-infected B16 cells or COS cells.
Similar results were obtained when sheep anti-IFN antise-
rum was added to the effector cell/target cell mixtures, as
reported previously (15), indicating that any IFN produced
in the assay did not affect the lysis observed in this system.

Lymphocyte Binding to Target Cells Infected with VSV ts
Mutants. The elegant methods developed (17) for analysis of
the interaction of lymphocytes and targets at the single-cell
level allow the discrimination between NK cell recognition
of target cells (target cell binding) and lytic events. Because
the assay has been developed only for nonadherent targets
and preliminary studies on monolayers of infected B16 mela-
noma cells were unsatisfactory, we applied the assay to non-
adherent P815 cells, which bind NK cells poorly and are re-
sistant to lysis (Table 3). P815 cells infected with wt VSV at
31°C formed approximately 20% target-binding cells (TBC).
Similar numbers of TBC were observed when P815 was in-
fected at the permissive temperature with M-protein (ts G31)
and G-protein (ts 045) mutants. However, a significant re-
duction in TBC was observed when cells were infected with
either mutant at the nonpermissive temperature (39°C).
Thus, the recognition of target structures in VSV-infected
cells requires expression of both G and M proteins.

It could be argued that, since most cells have receptors for
VSV, the target cell binding observed was solely due to bind-
ing of lymphocytes through receptors for VSV. Two lines of
evidence render this possibility unlikely. When EL4, a con-
tinuous T-cell line, was added to VSV-infected and uninfect-
ed P815 cells, there was no difference in binding (9 conju-
gates per 200 uninfected cells vs. 10 conjugates per 229 in-
fected cells). Secondly, binding of splenic lymphocytes was
not inhibited by hyperimmune rabbit anti-VSV antiserum.

NK Cell Cytotoxicity of COS Cells Transfected with the
Plasmid pSVGL Encoding the VSV G Protein. Transfection of
COS cells with a plasmid construct, pSVGL, containing the
intact gene for the VSV G protein results in the expression
and membrane association of G protein in these cells for a
period up to 48-60 hr (13, 18). Since this plasmid expresses
G protein most efficiently in COS cells, we used these cells
to test rigorously whether expression of the G protein on the
membrane of target cells was a sufficient condition for rec-
ognition and killing by NK cells. COS cells were transfected
with pSVGL and tested for susceptibility to killing by spleen
cells of nude mice either directly or after enrichment for
COS cells expressing G protein by cell sorting. By FACS
analysis 20% of the cells transfected with pSVGL expressed
surface VSV G protein (above background), and after cell
sorting 77% of the recovered cells expressed VSV G protein.
Comparable figures were seen in COS cells infected with
VSV ts G31 or G33. While cytotoxicity of the cells infected
with VSV ts G31 at 37°C was obtained (Table 4), the cells
transfected with pSVGL and expressing surface G protein
were totally refractory to killing by NK cells. Since the
transfection experiments indicated that expression of G pro-
tein was insufficient for rendering COS cells susceptible to
NK killing, we explored the influence of M protein expres-
sion on killing of COS cells. As shown in Fig. 1, FACS anal-
ysis of COS cells, incubated for S hr after infection with the
M protein mutants, expressed equal amounts of G protein at
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F1G. 1. FACS analysis of COS cells stained with monoclonal anti-VSV G protein antiserum (10% of the COS control cells are positive. (A)
COS cells transfected with the plasmid pSVGL before (30% positive) and after (80% positive) cell sorting. (B) COS cells infected with VSV G31
for 5 hr at 31°C (89% positive) and 39°C (84% positive). (C) COS cells infected with VSV G33 for S hr at 31°C (77% positive) and 39°C (69%
positive). (D) Analysis of COS cells stained for M with anti-VSV M protein antiserum (17% of the COS control cells are positive). COS cells
were infected for 5 hr with VSV G31 at 31°C (15% positive) and 39°C (16% positive). A FACS II (Becton Dickinson) was used to quantitate the
proportion of cells stained with monoclonal anti-G ascites (1:15 dilution) or anti-VSV M protein antisera (1:10 dilution). The stained cells were
exposed to a laser light of 488 nm at an intensity of 200 MW. The fluorescence signal was determined with a photomultiplier potential of 650 V.

33°C and 39°C. Yet, as shown in Table 1, COS cells infected
at 33°C were killed, while those at 39°C, expressing G but not
M protein, were not killed. These experiments clearly indi-
cate that expression of surface G protein is not sufficient for
recognition and killing by NK cells and that the M protein,
which is not expressed on the cell surface (Fig. 1D), has a
significant influence.

DISCUSSION

Well-characterized ts mutants of VSV have proven useful in
clarifying the viral proteins required for recognition by CTL.
Zinkernagel et al. (9) reported that cells infected by the VSV
G protein mutant (ts 045) were not killed by CTL at 39°C,
although targets infected by the M protein mutant (G31)

Table 2. Effect of anti-VSV or anti-IFN antisera on lysis of
VSV-infected target cells

Antiserum % specific lysis
None 239+1.4
Anti-VSV 258 £ 1.1
Anti-VSV G 234+ 1.6
Anti-VSV M 20.7 = 0.9
Anti-IFN 26.5 + 1.5

B16 melanoma cells were infected and incubated overnight at
31°C with VSV (wt) at a moi of 0.01; 50 ul of respective antibodies
were added to target cells before the effectors. The 5!Cr-release
assays were performed at 37°C at a lymphocyte-to-target ratio of
100:1, with an incubation period of 8-10 hr. Results are the average
of triplicates in three independent experiments. Spontaneous release
was 24%.

were. These results were confirmed by Hale et al. (19) with
ts mutants. These and other studies established that the VSV
G protein was the sole viral-encoded determinant required
for recognition by CTL.

In attempting to bring the viral model to bear on the recog-
nition of target structures by NK cells, several technical dif-

Table 3. NK binding of VSV-infected target cells

Infection
Target cells temperature, °C % TBC
P815 31 4.3
39 5.2
P815 + VSV (wt) 31 22.5
39 22.5
P815 + ts G31 31 23.3
39 2.9
P815 + ts 045 31 19.0
39 3.7
P815 + VSV (wt) 31 21.7

The TBC assay was performed as described by Grimm and
Bonavida (17) with minor modifications. The assay for cytotoxicity
was performed as described (14). Nylon-wool nonadherent effector
mouse spleen cells, obtained from mice treated with 100 ug of
poly-rI:rC 24 hr previously were added to 4 x 10° target cells in 200
pl infected with virus at a moi of 3 and incubated for 3 hr
(lymphocyte-to-target ratio of 1:2). After 10 min at 31°C, the cells
were centrifuged at 200 X g for 5 min and resuspended in 60 ul for
determination of the percentage of bound lymphocytes. The per-
centage of conjugating lymphocytes was determined by counting the
number of lymphocytes bound to viable single-target cells (3-800
lymphocytes were counted).
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Table 4. NK cell killing of COS cells transfected with pSVGL
coding for the VSV G protein

Cell G protein

Specific

COS cells sorted positive, % cytotoxicity, %
Uninfected No 10 0
Infected with VSV ts G31 No 34 23

Yes 85 25
Transfected with pSVGL No 30 0
Yes 77 0

COS cells were infected (31°C) and incubated overnight with the
ts mutant G31 at a moi of 0.01. COS cells were transfected with
pSVGL DNA (30 ug) in the presence of DEAE-dextran (500 ug/ml)
in serum-free medium. After 3 hr, medium was replaced, and cells
were incubated a further 40-45 hr. The cells were stained with
monoclonal antibody to VSV G protein. Approximately 20-30% of
the cells expressed surface G protein. To enrich for antigen-positive
cells, the transfected cells were sorted in the FACS, and the
percentage of G antigen-expressed cells used in the cytotoxicity
assays was 80%.

ficulties intrinsic to the NK-cell system arose that were less
problematic in the studies on CTL. While virus-infected tar-
gets are lysed within 4 hr by CTL, 8 hr are generally required
for NK-cell killing of virus-infected targets. But since VSV is
a lytic virus and rapidly inhibits host-cell synthesis, extend-
ed incubation times lead to unacceptably high spontaneous
SICr release from virus-infected cells. Conditions were cho-
sen to obtain statistically significant killing without unaccept-
ably high backgrounds (<30%).

As in the case of CTL, NK cells failed to bind or kill G-
protein mutant (ts 045)-infected cells that failed to express
the G protein on their cell surface at nonpermissive tempera-
ture. In contrast to CTL (9, 19) NK-cell killing could not be
inhibited by antibodies to VSV. Rather unexpectedly, NK
cells failed to kill two M-protein mutants at nonpermissive
temperature, even though surface G protein could be detect-
ed by immunofluorescent staining and FACS analysis. The
possibility that significant M protein is expressed on the out-
er surface of the plasma membrane and is recognized by NK
cells is rendered unlikely by three observations: the G pro-
tein mutant at the nonpermissive temperature and tunicamy-
cin-treated cells infected at permissive temperature (data not
shown), both of which produce M protein, were not killed;
and polyclonal anti-VSV antibodies highly reactive with M
protein failed to block killing. These experiments formally
indicate that, in contrast to CTL, expression of M and G
proteins is required for lysis by NK cells. A critical test of
this conclusion was made by transfecting the gene for the
VSV G protein and expressing it in COS cells. After cell
sorting, 80% of the cells expressed surface G protein but
were totally refractory to lysis by NK cells.

These data lend themselves to two interpretations: (i) the
surface G protein is the true target structure recognized by
NK cells, but it must assume an appropriate conformation,
which is imparted by its interaction with the M protein; and
(ii) the insertion of the viral M and G proteins causes an
alteration in the normal membrane structure, and it is this
perturbed configuration of host constituents which is recog-
nized by NK cells.
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While it is not possible at present to discriminate between
these two possibilities, both have considerable implications
for understanding phenomena involving NK cells. If NK
cells recognize conformational detemrinants, their mode of
recognition would be different than that of Ty cells, which
generally interact with linear or sequential determinants of
antigens. If the second possibility obtains, it would be an
interesting and important model of recognition of “altered
self” rather than “self + X,” and would endow NK cells with
an unusual mode of recognition in the immune system. The
second model would best explain the wide cross-reactivity of
NK cells for a variety of targets—e.g., virus-infected, tu-
mor, and embryonal cells and possibly antigen-presenting
cells. We would speculate that recognition by NK cells may
be mediated through lectin-like receptors that are nonclonal-
ly distributed but capable of initiating expansion of NK cells.
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