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Spleen cells from C57BL/6 (B6) mice generate a strong in vitro cytotoxic T-lymphocyte (CTL) response
specific for vesicular stomatitis virus (VSV). Spleen cells from VSV-primed B6-H-2bF3 (bm3) mice, which have
a mutation in H-2Kb, require approximately 10-fold more UV-inactivated VSV to generate in vitro secondary
anti-VSV CTL, compared with spleen cells from primed B6 mice. Anti-VSV CTL elicited in both bm3 and B6
mice are primarily specific for the viral nucleocapsid protein (N protein), as demonstrated by using
recombinant vaccinia viruses that express the VSV N protein. bm3 CTL were found to exhibit only a very low
level of Iytic activity when tested against autologous VSV-infected concanavalin A spleen cell blasts as well as
several H-2b tumor cell lines. The weak anti-VSV response of bm3 CTL was found to be the result of a
combination of inefficient recognition of VSV-infected target cells and decreased elicitation of secondary
effector cells. VSV-infected bm3 target cells were not killed as well as B6 targets by either bm3 or B6 effectors.
This is because of the inefficient recognition of targets, as demonstrated by the fact that VSV-infected bm3 cells
were unable to competitively inhibit the lysis of VSV-infected B6 target cells by either bm3 or B6 effectors. By
using cells from recombinant mice, it was shown that the CTL response restricted by H-2Kb was low in the bm3
mice, compared with that of the B6 mice. However, the H-2Db-restricted CTL activity was similarly-low in both
the B6 and brn3 mice. The possibility that the low response to VSV-infected bm3 cells is caused by differences
between the bm3 and B6 cells in expression of either viral antigens or H-2K was investigated by radiolabeling
and immunoprecipitation. VSV-infected B6 and brn3 cells were found to express equivalent levels of both viral
antigens and H-2K. These results indicate that the bm3 mutation alters a functional site on the H-2Kb molecule
that is involved in the recognition of VSV-infected cells. The observation that elicitation of bin3 CTL can occur
at high antigen doses further suggests that the bm3 mutation results in a lower affinity of H-2K either for viral
antigen or for receptor sites on the CTL.

Antiviral cytotoxic T lymphocytes (CTL) recognize and
lyse virus-infected cells only when viral antigens are ex-
pressed on the cell surface with the appropriate host antigen
of the major histocompatibility complex (MHC). Recently it
has been shown that the specificity of CTL for viral gene
products primarily involves surface antigens derived from
nucleocapsid proteins for both anti-influenza virus CTL (24,
25, 28) and also CTLs against vesicular stomatitis virus
(VSV) (18, 27). Other viral antigens, such as viral surface
glycoproteins, are also recognized by minor populations of
antiviral CTL.
The specificity of CTL for MHC gene products primarily

involves the class I antigens, which in the mouse are the
H-2K, H-2D, and (in some strains) H-2L molecules. Dif-
ferent allelic forms of class I gene products vary in their
ability to elicit a CTL response against several viruses. For
instance, the H-2k haplotype is associated with a low CTL
response to VSV, and H-2b or H-2d is associated with a high
response (19). In contrast, with influenza virus-specific CTL,
the H-2b haplotype is linked to a low response and H-2k is
linked to a high response (1, 6). Furthermore, within a given
haplotype, there is often a preference for one H-2 locus over
another. For instance, in H-2d mice most anti-VSV CTL are
restricted by H-2Ld, and in H-2b mice the anti-VSV CTL
response is restricted primarily by H-2Kb (3, 7, 8). These
observations provide evidence that some class I molecules
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are more effective than others in eliciting CTL responses
against a given virus.
The effects of mutations in class I genes provide further

support for the idea that class I molecules act as differential
regulators of CTL activity. Most of the mutations in murine
class I MHC antigens appear to be caused by recombina-
tional mechanisms such as gene conversion, in which short
sequences from another MHC-like gene are substituted into
the sequence for wild-type MHC antigens (16). Thus, two or
more amino acid substitutions frequently occur as a result of
the mutation. The number of such "donor" genes is rela-
tively large and is thought to be the source for generation of
polymorphism in class I MHC antigens. Thus, the effects of
mutations in class I MHC antigens on functional immune
responses, such as CTL reactivity, should resemble the
differential recognition of different allelic forms of class I
MHC antigens. Indeed, the pattern that emerges from the
numerous studies of the antiviral CTL reactivity of class I
MHC antigen mutants is that whether the CTL response is
altered by a particular mutation depends on the virus being
studied. For example, the H-2Kbl mutation, examined in
this study, results phenotypically in a low CTL response to
VSV (4) and Sendai virus (4, 5), but does not alter the
response to Moloney leukemia virus (22, 23), vaccinia virus
(10, 29), or simian virus 40 (17).
There are a number of possible mechanisms by which

sequence variation in class I MHC antigens could lead to
variability in CTL reactivity with a particular virus. Among
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the most frequently proposed mechanisms are alteration in
affinity of the MHC antigen either for viral antigens or for the
CTL receptor for antigen. Other possible mechanisms in-
clude alteration in antigen specificity, variation in the levels
of antigen expression, and indirect effects of class I antigens
on other components of the immune response. The goal of
the present study was to investigate in detail the mechanism
of the low CTL response to VSV in the H-2Kb? mutant. The
data obtained provide support for mechanisms involving a
lower affinity of H-2KbI3 for either viral antigens or T-cell
receptors compared with H-2K".

MATERIALS AND METHODS

Mice. Mice of the following strains were used: C57BL/6
(B6 mice) (b, b), B6-H-2b"3/EgAoEg (bm3 mice) (bm3, b),
BALB/c (d, d), HTI/Go (b, d), and HTG/Go (d, b). These
mice were either purchased from Jackson Laboratory (Bar
Harbor, Maine), obtained from Bernard Amos (Duke Uni-
versity, Durham, N.C.), or raised in our own breeding
colony from stock originally obtained from Jackson Labora-
tory or from Dr. Amos. The letters in parentheses indicate
the H-2K and H-2D alleles. In all experiments, sex-matched
mice were used.

Cultured cell lines. The following cell lines were used:
EL-4 (b, b), a thymus lymphoma of B6 origin; MC57G (b, b),
a macrophagelike cell line of B6 origin; and P815 (d, d), a
mastocytoma of DBA/2 origin. All of these cells were
cultured in supplemented RPMI 1640. Supplements included
10% fetal bovine serum (heat inactivated; 56°C, 1 h); 0.03%
glutamine, 2-mercaptoethanol (50 ,uM), penicillin (Flow Lab-
oratories, Inc., McLean, Va.), and streptomycin (Flow
Laboratories).

Virus. Stocks of VSV were prepared by infecting baby
hamster kidney cells with VSV (Indiana serotype) at a

multiplicity of infection of 0.02. After overnight incubation,
virus was purified from culture fluid by differential centrifu-
gation and isopycnic centrifugation through a sucrose gradi-
ent as previously described (21). Viral protein concentration
was determined by the method of Lowry et al. (14). Vaccinia
virus recombinants that express the N protein or G protein
of VSV (Indiana serotype) were obtained from Bernard
Moss (National Institutes of Health, Bethesda, Md.) through
Jonathan Yewdell (Wistar Institute of Anatomy and Biology,
Philadelphia, Pa.). Virus stocks were prepared by infecting
HeLa cells at a multiplicity of infection of 0.1. After incu-
bation for 48 h, cells were harvested and lysed by sonication.
Virus titers were determined by plaque assay on CV1 cells.
Monoclonal antibodies. The monoclonal antibodies specific

for VSV G protein (clone I1) or N protein (clone 10G4) (13)
and clone 34-4-20S, specific for H-2Kb (obtained from the
American Type Culture Collection, Rockville, Md.), were
purified from culture supernatant on a protein A-Sepharose
column (Pharmacia, Inc., Piscataway, N.J.) (9).

Generation of effector cells. Mice were primed with 1.0 x

106 PFU of VSV in 0.1 ml of phosphate-buffered saline by
intracardial injection. After at least 4 weeks, spleens were
removed from these mice and cleared of erythrocytes with
Tris-NH4Cl (15), and 8 x 106 spleen cells were cultured with
various amounts of UV-inactivated VSV in 2.0 ml of sup-
plemented RPMI in 24-well plates (Linbro, Hamden, Conn.)
at 37°C in an atmosphere of 6% CO2 and 94% air. The cells
were tested for their ability to lyse 51Cr-labeled target cells
after 6 days in culture. The effector cells elicited in the
secondary culture were H-2 restricted, were virus specific,
and were found to express the phenotype of Thy-1+, Lyt-

11"w, Lyt-2,3+ by removal of lytic activity with antisera and
complement (Cedarlane Laboratories, Ltd., Westbury,
N.Y.) (data not shown).

Production of conA-induced spleen cell blasts. Spleens were
removed from mice and cleared of erythrocytes with Tris-
NH4Cl, and the spleen cells were adjusted to 1.0 x 107 cells
per ml in supplemented RPMI and added to 60-mm-diameter
tissue culture dishes. Concanavalin A (conA) in RPMI media
with 5 x 10-5 M 2-mercaptoethanol was added to spleen cell
cultures to give a final concentration of 2.0 pLg/ml. The
cultures were incubated for 48 h at 37°C in an atmosphere of
6% CO2 and 94% air.

Target cells. Target cells were prepared by infecting 2.5 x
106 EL-4-, P815-, MC57G-, or conA-induced blasts from
various mouse strains in 0.5 ml of supplemented RPMI with
VSV or vaccinia virus at a multiplicity of infection of 30 to
50. Infection was allowed to occur for 1 h at 37°C in an
atmosphere of 6% CO2 and 94% air. Cells were then washed
once in supplemented RPMI and, in the case of vaccinia
virus infection, incubated for an additional 6 h at 37°C. Cells
were then labeled with 200 pLCi of Na251CrO4 (New England
Nuclear Corp., Boston, Mass.) in 0.5 ml of supplemented
RPMI for 1.5 h at 37°C.

Cytotoxic assay. For determination of cytotoxic activity,
5.0 x 103 51Cr-labeled target cells were mixed with serial
dilutions of effector cells in a total volume of 200 p,l of
supplemented RPMI in 96-well round-bottom plates
(Linbro). These mixtures were incubated for 4 h at 37°C in an
atmosphere of 6% CO2 and 94% air. The assay was stopped
by centrifugation (500 x g, 10 min) in the cold, and the
radioactivity in 100 ,ul of the supernatant was determined.
Percent specific release was calculated as 100(E - C/T - C),
in which E is the radioactivity released by the target cells in
the presence of antigen-stimulated effector cells, C is the
radioactivity released by target cells in the presence of
medium only, and T is the total radioactivity determined
either by counting the radioactivity in both the target cells
and the supernatant or by quantitating the radioactivity
released by incubation of target cells with 10% Triton X-100.
Cold target inhibition assay. A constant number of effector

cells was mixed with serial dilutions of unlabeled target cells
in a total volume of 100 ,ul of supplemented RPMI and
incubated for 30 min at 4°C. A constant number of 51Cr-
labeled target cells in 100 [lI of supplemented RPMI was then
added to these mixtures and incubated for 4 h at 37°C in an
atmosphere of 6% CO2 and 94% air. The assay was stopped
by centrifugation in the cold, and the radioactivity in 100 pAl
of the supernatant was determined. The percent inhibition
was calculated as 100(1/U), in which I is the specific release
in the presence of unlabeled target cells and U is the specific
release in the absence of unlabeled target cells.

Radiolabeling and immunoprecipitation of viral and H-2K
antigens. ConA blasts (1.0 x 107) were infected in 0.5 ml of
supplemented RPMI with VSV at a multiplicity of infection
of 30 or else were mock infected for 4.0 h at 37°C in an
atmosphere of6% CO2 and 94% air. These cells were washed
in PBS and either labeled with [35S]methionine (13) for 1 h or
were iodinated with 125I for 45 min at 4°C by using a
commercial lactoperoxidase radioiodination system (New
England Nuclear). The labeled cells were washed twice in
PBS and then lysed with RIPA buffer (10 mM Tris [pH 7.4],
0.15 M NaCl, 1.0% deoxycholate, 1.0% Triton X-100, 0.1%
sodium dodecyl sulfate [SDS], 1.0 mM phenylmethylsul-
fonyl fluoride) and immunoprecipitated with either anti-G
protein, anti-N protein, or anti-H-2K" monoclonal antibodies
and protein-A Sepharose (Sigma Chemical Co., St. Louis,
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Mo.), as described previously (13). The immunoprecipitates
were analyzed by SDS gel electrophoresis, as described by
Laemmli (12). The gels were visualized by exposing Kodak
SB-5 film (Eastman Kodak Co., Rochester, N.Y.) with the
aid of a Cronex Lightning-Plus intensifying screen (Du Pont
Co., Wilmington, Del.) at -70°C.

RESULTS

Quantitation of the anti-VSV CTL response in the bm3
mutant. B6 and bm3 mice were primed by intracardial
injection of VSV. After at least 4 weeks, spleen cells were
cultured with UV-inactivated VSV for 6 days and then
assayed for CTL activity against infected syngeneic, conA-
stimulated spleen cell blasts over a range of effector:target
(E:T) ratios (Fig. 1). UV-inactivated VSV was used only for
the secondary elicitation, whereas infectious virus was used
for priming and for generation of targets in the 5tCr release
assay. The dose of virus used in the secondary elicitation
was that giving the maximal difference in CTL activity
between B6 and bm3 (1.0 ,ug). Titration of the lytic activity
of B6 effectors shows a maximum of about 30% specific
release, similar to previous results with VSV-infected conA-
stimulated spleen cell blasts as CTL targets (e.g., reference
3), indicating that only a portion of these cells is susceptible
to lysis. The data show that bm3 CTL exhibit a low level of
lysis against bm3 targets at all E:T ratios, compared with
lysis of B6 targets by B6 CTL. Because syngeneic target
cells were used, this result indicates that the low response of
the mutant is not caused by the presence of bm3 anti-VSV
CTL, which are uniquely restricted by H-2bb3 and are
therefore incapable of recognizing VSV antigens in the
context of H-2b. Instead, this result suggests a defect in the
generation of brn3 anti-VSV CTL in vitro.

In theory, if the low anti-VSV CTL response of the bm3
mutant is caused by a decrease in the affinity of H-2Kb??3
compared with H-2Kb for either viral antigens or T-cell
receptors, the defect should be at least partially overcome by
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FIG. 1. Lysis of syngeneic VSV-infected conA spleen cell blasts
by B6 or bm3 secondary anti-VSV CTL. Spleen cells from B6 (0) or

bm3 (0) mice primed with VSV at least 4 weeks earlier were

secondarily stimulated in vitro with 1.0 p.g of UV-inactivated VSV
per 8 x 106 cells for 6 days. These secondary anti-VSV CTL were

tested against 51Cr-labeled VSV-infected syngeneic conA blast cells.
The spontaneous release levels for B6 and bm3 were 21.1 and
22.7%, respectively. The points represent the means of triplicate
determinations, with the standard deviation never exceeding 9.5%
of the mean. Spec., Specific; Rel., release.
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FIG. 2. Titration of dose of UV-inactivated VSV required to
elicit secondary anti-VSV CTL in vitro. B6 (0) or bm3 (0) mice
were immunized with VSV. After at least 4 weeks, the spleen cells
were removed and stimulated in culture with various doses of
UV-inactivated VSV for 6 days. The secondary anti-VSV CTL
activity was tested against 5"Cr-labeled VSV-infected EL-4 cells
(multiplicity of infection, 30) at an E:T ratio of 50:1. The percent
spontaneous 5"Cr release was 11.5%. The points represent the
means of triplicate determinations, with the standard deviation
never exceeding 11.1% of the mean. Spec., Specific; Rel., release.

using higher concentrations of antigen. Such a result is
shown in Fig. 2. Primed spleen cells from either B6 or bm3
mice were cultured in vitro with various doses of UV-
inactivated VSV. The resulting effector populations were
assayed for CTL activity against VSV-infected EL-4 (H-2b)
targets. When EL-4 cells are used as targets, higher levels of
specific lysis and lower levels of spontaneous release are
obtained than with conA-stimulated spleen cell blast targets.
B6 CTL achieved 50% of maximal elicitation with approxi-
mately 0.2 jig ofVSV protein per well. In contrast, bm3 CTL
reached 50% of maximal activity at a nearly 10-fold higher
dose of around 2.0 ,ug per well. Even at the maximum dose
used in these experiments (40 ,ug), the activity of bm3
anti-VSV CTL was somewhat less than the activity of B6
CTL when assayed as a function of E:T ratios (see below).
That the defect in the bm3 mutant can be at least partially
overcome at high antigen doses suggests that H-2Kbm3 is
capable of functioning as a restricting element for anti-VSV
CTL, provided that the dominant specificities of anti-VSV
CTL are not altered by the higher antigen dose.

Specificity of anti-VSV CTL elicited in bm3 mice. The
predominant specificity of anti-VSV CTL from H-2b mice is
for surface antigens derived from the VSV nucleocapsid
protein (18) in the context of H-2Kb rather than H-2Db (8).
We tested whether the bm3 CTL elicited at high doses of
VSV displayed the same specificity or whether the increased
antigen dose elicits CTL with a different specificity. Primed
spleen cells from B6 or bm3 mice were stimulated in vitro
with UV-inactivated VSV (40 jig) and then tested for activity
against MC57G targets infected with vaccinia virus recom-
binants that express either the VSV N protein or the VSV G
protein (Fig. 3). The specificities of both B6 and bm3 CTL
for viral antigens was similar. Both CTL populations lysed
cells infected with the N protein vaccinia virus recombinant
to an extent slightly less than VSV-infected cells, whereas
little activity was observed with the G protein recombinant.

Geiger et al. (8) have shown that the majority of H-2b
anti-VSV CTL are restricted by H-2Kb rather than by
H-2Db. To determine whether the anti-VSV CTL response
generated in bn3 mice involves H-2K-restricted CTL, the
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FIG. 3. Lysis of targets infected with vaccinia virus recombi-
nants by B6 or bm3 secondary anti-VSV CTL. Spleen cells from B6
(A) or bm3 (B) mice primed with VSV at least 4 weeks earlier were
secondarily stimulated in vitro with 40 j±g of UV-inactivated VSV
per 8 x 106 cells for 6 days. The secondary anti-VSV CTL were
tested against 51Cr-labeled MC57G cells infected with VSV (0),
vaccinia recombinant that expresses N protein (A), vaccinia recom-
binant that expresses G protein (A), wild-type vaccinia virus (0), or
uninfected MC57G cells (E). The percent spontaneous release for
uninfected cells was 8.9%. The percent spontaneous release for
infected cells was: VSV, 13.5%; wild-type vaccinia, 10.5%; vaccinia
(N protein), 12.4%; and vaccinia (G protein), 11.5%. Data shown are
means of triplicate determinations, with the standard deviation not
exceeding 11.0% of the mean. Spec., Specific; Rel., release.

lytic activity of bm3 CTL was tested against VSV-infected
conA blasts from recombinant mouse strains which differ at
their H-2K and H-2D loci. The data for targets from HTI
mice (Kb, Dd) are shown in Table 1. CTL from bm3 mice
showed lytic activity against VSV-infected HTI targets, but
this activity was significantly less than that of B6 or HTI
effectors. These results are similar to those obtained with B6
targets (e.g., see Fig. 2 and 3). The results in Table 1 are
representative of three separate experiments. Lytic activity
of B6 and bm3 CTL against HTG targets (Kd, Db) was less
consistently demonstrated. In some experiments, H-2Db_
restricted killing of HTG targets was detected, and in those
experiments, B6 and bm3 CTL showed an equivalent low
level of killing (data not shown).

TABLE 1. Killing of recombinant HTI (b, conA spleen cell
blasts by anti-VSV effector cells

% Specific -5Cr release by HTI target cellsb

Effectorsa Infected Uninfected

100:1C 50:1 100:1 50:1

bmn3 26.8 17.9 8.0 2.3
B6 39.9 36.1 4.0 3.2
HTI (b, d) 40.6 33.2 4.4 3.2
HTG (d, b) -2.6 -1.3 1.7 -0.7

a Mice were primed in vivo with 1.0 x 106 PFU of VSV at least 4 weeks
earlier. Spleen cells were stimulated in vitro with 40 Lg of UV-inactivated
VSV per 8 x 106 cells for 6 days. Cells were harvested and tested for lytic
activity.

b HTI conA spleen cell blasts were infected with VSV (multiplicity of
infection, 30) or mock infected and then were 51Cr labeled and incubated with
effector cells at the indicated E:T ratio for 4 h. The percent spontaneous
release levels for infected and uninfected cells were 24.6 and 23.2% respec-
tively. Data shown are means of triplicate determinations, with the standard
deviation not exceeding 10.7% of the mean.

c E:T ratios.

TABLE 2. Lytic activity of anti-VSV effector cells against
various targets

VSV-infected target cells (LU/culture)b
Effectora

bm3 B6 EL-4 MC57G P815

bm3 6.08 15.84 22.80 22.96 <0.02
B6 6.56 57.52 60.24 176.08 s0.02
BALB/c NTC NT 0.02 s0.02 26.48

a Mice were primed in vivo with 1.0 x 106 PFU of VSV at least 4 weeks
earlier. Spleen cells were harvested, cleared of erythrocytes, and stimulated
in vitro with 40 pLg of UV-inactivated VSV per 8 x 106 cells for 6 days. Cells
were harvested and tested for cytolytic activity.

b B6 or bm3 conA spleen cell blasts and EL-4, MC57G, or P815 cells were
infected with VSV (multiplicity of infection, 30), 51Cr labeled, and incubated
with effector cells as described in Materials and Methods (1 lytic unit [LU]
gives 40%o specific release). The percent spontaneous release levels of B6,
bm3, EL-4, MC57G, and P815 cells in the absence of effector cells were 21.1,
22.7, 9.2, 13.9, and 9.1%, respectively. LU were calculated from the mean of
triplicate determinations, with the standard deviation never exceeding 11.8%
of the mean.

c NT, Not tested.

Activity of bm3 cells as targets for anti-VSV CTL. A
decreased ability of infected bm3 cells to be recognized as
targets for anti-VSV CTL could also contribute to the low
activity of bm3 anti-VSV CTL shown in Fig. 2. To test this
point, the ability of various cell types to be lysed by B6 and
bm3 CTL was measured (Table 2). Spleen cells from B6 or
bmn3 mice primed at least 4 weeks earlier were cultured for 6
days with 40 ,ug of UV-inactivated virus per well. Titration
of E:T ratios similar to those in Fig. 1 was analyzed by the
method of Cerrotini and Brunner (2) with 1 lytic unit
representing 40% specific release. There is less lytic activity
against infected bm3 targets than against B6 targets, regard-
less of the source of CTL (Table 2). For instance, B6
effectors lyse infected B6 conA blasts nearly 10-fold better
than bm3 conA blasts. Likewise, bm3 effectors show more
activity against B6 targets than against bm3 targets. This
suggests that the low CTL response in the bm3 mice also
includes a decreased ability of the bm3 target cell to be
recognized and lysed by anti-VSV CTL. Two H-2b tumor
cell lines (EL-4 and MC57G) were more efficient targets than
conA blasts with both bm3 and B6 CTL. Similar to the data
presented in Fig. 2, B6 effectors killed both tumor cell lines
more efficiently than did bm3 effectors. However, at the high
virus dose used to elicit the CTL effectors in this experi-
ment, the difference in activity between B6 and bm3 CTL is
more pronounced when a range of E:T ratios is analyzed, as
represented by the lytic unit calculation, compared with the
single E:T ratio shown in Fig. 2. These CTL were shown to
be H-2 restricted in that P815 cells (H-2d) were not killed by
either B6 or bin3 CTL.
The results presented in Table 2 indicate that bm3 targets

are recognized poorly by both B6 and bm3 anti-VSV CTL.
To provide further support for this conclusion, the lysis of
B6 51Cr-labeled cells was competitively inhibited with unla-
beled B6 or bm3 cells in a cold-target inhibition assay.
Secondary B6 (Fig. 4) or bm3 (Fig. 5) CTL were tested for
their ability to lyse a constant number of labeled B6 target
cells in the presence of various numbers of unlabeled B6 or
bnS3 cells. The data presented in Fig. 4 show that VSV-
infected B6 cells effectively inhibited the lysis of VSV-
infected B6 targets when B6 CTL were tested. In contrast,
inhibition by virus-infected bin cells was comparable to the
nonspecific inhibition by uninfected B6 and bm3 cells.
Similarly, the lysis of labeled virus-infected targets by bin3
anti-VSV CTL was inhibited by B6 but not by bin3 unlabeled
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FIG. 4. Competitive inhibition of B6 anti-VSV CTL lysis of
VSV-infected B6 conA blasts. B6 spleen cells, primed at least 4
weeks earlier in vivo with 1.0 x 106 PFU of VSV, were incubated in
culture for 6 days with 40 p.g of UV-inactivated VSV per 8 x 106
cells. Cells were harvested and incubated with either VSV-infected
B6 (0), uninfected B6 (0), VSV-infected bm3 (A), or uninfected
bm3 (A) unlabeled conA blast inhibitor cells for 30 min at 4°C.
5"Cr-labeled VSV-infected B6 conA blasts were added (E:T, 6.25:1),
and after 4 h of incubation at 37°C, lytic activity was determined
trom the amount ot radioactivity released into the
percent specific 5"Cr release in the absence of ir
23.8%. The points represent the mean of triplicat
with the standard deviation never exceeding 13.1,
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FIG. 5. Competitive inhibition of bm3 anti-V
VSV-infected B6 conA blasts. bm3 spleen cells,
weeks earlier in vivo with 1.0 x 106 PFU of VSV,
culture for 6 days with 40 ,ug of UV-inactivated
cells. Effector cells were harvested and incub
VSV-infected B6 (0), uninfected B6 (0), VSV-inf
uninfected bm3 (A) unlabeled conA blast inhibitor
4°C. 5"Cr-labeled VSV-infected B6 conA blasts
ratio, 100:1), and after 4 h of incubation at 37°C,
was determined from the amount of radioactivity
supernatant. The percent specific 51Cr release ii
inhibitor cells was 37.7%. The points represei

triplicate determinations, with the standard deviati
ing 8.3% of the mean.

33 bn,3 E6 br3
FIG. 6. bm3 or B6 conA spleen cell blasts were either infected

with VSV (I) or uninfected (U). Cells were labeled with [35S]methi-
onine from 4 to 5 h postinfection, lysed with detergent, and
immunoprecipitated with a monoclonal antibody specific for the
VSV N protein. The immunoprecipitates were analyzed by SDS-
polyacrylamide gel electrophoresis, a fluorograph of which is
shown.

supernatant. The VSV-infected cells (Fig. 5). These data suggest that the
nhibitor cells was failure of bm3 targets to be lysed by anti-VSV CTL is caused
% of the mean. ' by a defect in the recognition of the target cell by the CTL

*oftemrather than by the ability of the target cell to be lysed.
Expression of viral and H-2K proteins in B6 and bm3 target

cells. The expression of viral proteins and H-2K in conA
blasts from B6 and bm3 mice was examined to determine
whether defective expression of these proteins could ac-
count for the poor activity of bm3 cells as targets for
anti-VSV CTL. VSV-infected and uninfected conA spleen
cell blasts from B6 and bm3 mice were labeled with
[35S]methionine from 4 to 5 h postinfection. The labeled N
protein was immunoprecipitated with a monoclonal antibody
against N protein and was analyzed by SDS gel electropho-
resis and fluorography (Fig. 6). The levels of expression ofN
protein in B6 and bm3 cells were similar, although the bm3
cells synthesized slightly less N protein than did B6 cells. It
is unlikely that this minor difference in N protein synthesis
could account for the difference in CTL reactivity. Studies
with cell lines that express N protein from recombinant
vectors have shown that lytic activity of anti-VSV CTL is
only weakly dependent on the amount of N protein pro-
duced, even if the levels of N protein are too low to be

75 100 detected by immunoprecipitation experiments such as those
presented in Fig. 6 (18).

11 Ratio The expression of H-2K in B6 and bm3 spleen cell blasts
SV CTL lysis of was examined by surface iodination with 1251 followed by
primed at least 4 immunoprecipitation (Fig. 7). The VSV G protein, which is
were incubated in the major viral surface protein, was also immunoprecipitated
VSV per 8 x 106 from these extracts, as a further test of whether bmn3 cells are
ated with either defective in replication of VSV. It is not possible to analyze
ected bm3 (A), or the surface expression of N protein by this technique,
cells for 30 min at because labeling of even a small fraction of the large internal
were added (E:T pool of N protein obscures the very low level of N protein

released into the antigens expressed on the cell surface (18, 27). The data
n the absence of presented in Fig. 7 show that similar amounts of labeled G
nt the means of protein are precipitated from both infected B6 and bm3 cells,
ion never exceed- providing further support for the conclusion that bm3 cells

are not defective in expression of VSV proteins. Uninfected
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bm3 cells express less surface-labeled H-2K than do
uninfected B6 cells. However, when B6 or bm3 cells are

infected with VSV, the expression of H-2K on the cell
surface is similar in both B6 and bm3 cells. A band comigrat-
ing with G protein is seen when H-2K is immunoprecipitated
from infected cells. Since G protein is the major band seen

when infected cells are surface labeled, this could represent
a nonspecific interaction with the H-2K antigen-antibody
complex. It is conceivable that minor differences in the level
of viral or H-2K antigens contribute to the low activity of
bm3 targets; however, the data in Fig. 6 and 7 strongly
suggest that an inability of bm3 cells to express viral proteins
or a deficiency in expression of H-2K cannot explain the low
response of anti-VSV CTL to bm3 targets.

DISCUSSION

Mutations in H-2Kb have a variable effect on the CTL
response, depending on the antigen being recognized. The
two amino acid substitutions that make up the bm3 mutation
result in the phenotype of a low CTL response to Sendai
virus (4, 5) and the minor histocompatibility antigens H-3.1
and H-4.2 (26). In contrast, H-2Kb CTL specific for Moloney
leukemia virus (22, 23), vaccinia virus (10, 29), and simian
virus 40 (17) are able to efficiently recognize viral antigens in
association with H-2Kbm3. An overall conclusion of these
studies is that the determinants recognized on the H-2Kb
molecule are dependent on the foreign antigen studied. In
this study, we found that the bm3 mutation produces a low
response in the anti-VSV CTL system, as originally de-
scribed by Clark et al. (4). The basis for this effect was

characterized by (i) comparing the amount of virus required
to stimulate B6 or bm3 CTL in vitro, (ii) determining the
differences in the levels of recognition of virus-infected B6
and bm3 target cells, (iii) performing competitive inhibition
studies, and (iv) comparing the amount of surface H-2K and

G H-2K

G- L _ do

u u I

bm3 B6

-

u LIEL4

~- in-u-m
u I u I U I

bm3 B6 EL4

FIG. 7. bm3, B6, or EL-4 cells, either infected with VSV (I) or

uninfected (U), were surface labeled with 125I by the lactoperoxidase
method, lysed with detergent, and immunoprecipitated with a mono-

clonal antibody specific for either VSV G protein (left panel) or

H-2K (right panel). The immunoprecipitates were analyzed by
SDS-polyacrylamide gel electrophoresis, a fluorograph of which is
shown.

viral antigens expressed on VSV-infected B6 and bm3 target
cells.
The low activity of bm3 anti-VSV CTL against autologous

VSV-infected bm3 cells (e.g., as shown in Fig. 1) consists of
an inability of infected bm3 cells to be recognized as targets
as well as a defect in the elicitation of bm3 anti-VSV CTL.
The defect at the target level is shown by the observation
that both bm3 and B6 CTL effectors express a low level of
lytic activity against bm3 targets. In addition, in cold-target
inhibition experiments, unlabeled infected bm3 cells are less
efficient competitors than B6 cells, regardless of whether
bm3 or B6 CTL are used as effectors.
The bm3 mutation also results in a deficiency at the level

of elicitation of memory anti-VSV CTL. This is shown by
the low level of killing expressed in the bm3 population,
which is always lower than that seen in the B6 spleen cell
population regardless of whether H-2b?3 or H-2b targets are
used. In addition, bm3 CTL are not able to respond to low
doses of antigen that are sufficient to elicit B6 CTL (Fig. 2).
The defect at the target cell level and the deficiency at the
level of activation of memory CTL show that the bm3
mutation results in an alteration in functional determinants
required by the VSV CTL system. However, no evidence
was obtained for acquisition of new antigenic specificities as
a result of the bm3 mutation. For example, the higher
activity of bm3 anti-VSV CTL on B6 versus bm3 targets
(Table 2) and the competitive inhibition experiments (Fig. 5)
indicate that anti-VSV CTL that are uniquely restricted by
H-2Kb 3 rather than by H-2Kb are not a significant part of
the CTL population. Likewise, the bm3 mutation does not
alter recognition of the N protein as the predominant antigen
for anti-VSV CTL (Fig. 3). Other explanations for the lytic
activity of bm3 effectors, such as induction of natural killer
activity, are ruled out by controls which show that these
effectors are VSV specific (no lysis of uninfected or vaccinia
virus-infected cells), are MHC restricted (Tables 1 and 2),
and show surface markers typical of CTL (see Materials and
Methods).
Two hypotheses have been considered to explain the low

responsiveness of MHC mutants to a given antigen, such as
the one used here. (i) First, the bm3 mutation could reduce
the avidity of the H-2K molecule for either the viral antigens
or for the T-cell receptor. This decreased avidity would
reduce the probability of forming the functional complex of
T-cell receptor, viral antigen, and H-2K. The decrease in the
formation of these functional complexes would be seen at
the elicitation stage as a lower number of memory bm3 CTL
activated and at the effector stage as a decreased ability of
VSV-infected bm3 cells to act as targets or as competitive
inhibitors. (ii) On the other hand, the low bm3 anti-VSV
CTL response could be caused by a mechanism similar to
the clonal deletion hypothesis set forth by Schwartz and
Klein (11, 20) for T cells restricted by class II MHC antigens.
In this case, the combination of H-2Kbr3 and VSV antigens
results in determinants which cross-react with self-deter-
minants shared between bm3 and B6. The cross-reactivity of
self-determinants and determinants produced by H-2KbP3
and viral antigen would result in a blind spot in the T-cell
repertoire of B6 and bm3 mice representing those clones
recognizing VSV antigens in the context of H-2Kb1n3. Be-
cause the defect arises in both the B6 and bm3 populations at
the time of education of the T-cell repertoire, neither B6 nor

bm3 CTL are able to recognize VSV-infected bm3 cells. The
work presented here would favor the idea that the bm3
mutation changes the avidity of association of H-2 with viral
antigens over the clonal deletion mechanism. The evidence
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for this is the observation that the defect at the level of
elicitation can be at least partially overcome at higher doses
of antigen (Fig. 2). Currently, work is in progress to compare
the association of viral and H-2K proteins incorporated into
liposomes and the effect of the association of these proteins
of the ability of liposomes to elicit secondary anti-VSV CTL
in vitro.

ACKNOWLEDGMENTS

We thank Margie MacKenzie for technical assistance, Karen
McKinnon for helpful discussion, and Teresa Hire and Sonia
Stitcher for expert secretarial assistance.

This work was supported by Public Health Service grants A120778
and A115892 and by a grant from the North Carolina Biotechnology
Center (86-G-02204). M.B. was supported by National Institutes of
Health Training Grant T32 CA09422.

LITERATURE CITED
1. Allouche, M., J. A. Owen, and P. C. Doherty. 1982. Limiting

dilution analysis of weak influenza-immune T-cell responses
associated with H-2Kb and H-2Db. J. Immunol. 129:689-693.

2. Cerrotini, J. C., and K. T. Brunner. 1974. Cell-mediated
cytoxicity, allograft rejection, and tumor immunity. Adv. Im-
munol. 18:67-132.

3. Ciaverra, R., and J. Forman. 1982. H-2L restricted recognition
of viral antigens: in the H-2d haplotype, anti-vesicular stomatitis
virus cytotoxic T-cells are restricted solely by H-2L. J. Exp.
Med. 156:778-790.

4. Clark, S. S., S. Geier, S. G. Nathenson, and J. Forman. 1985.
Analysis of associative recognition determinants on class I
H-2K mutant molecules. Immunogenetics 22:391-397.

5. de Waal, L. P., W. M. Kast, R. W. Melvold, and C. J. M.
Melief. 1983. Regulation of the cytotoxic T-lymphocyte re-
sponse against Sendai virus: a study with H-2 mutants. J.
Immunol. 130:1090-1096.

6. Doherty, P. C., W. E. Biddison, J. R. Bennink, and B. B.
Knowles. 1978. Cytotoxic T-cell responses in mice infected with
influenza and vaccinia viruses vary in magnitude with H-2
genotype. J. Exp. Med. 148:534-543.

7. Forman, J., R. S. Goodenow, L. Hood, and R. Ciaverra. 1983.
Use of DNA-mediated gene transfer to analyze the role of
H-2Ld in controlling the specificity of anti-vesicular stomatitis
virus cytotoxic T-cells. J. Exp. Med. 157:1261-1272.

8. Geiger, B., K. L. Rosenthal, J. Klein, R. M. Zinkernagel, and
S. J. Singer. 1979. Selective and unidirectional membrane redis-
tribution of an H-2 antigen with an antibody-clustered viral
antigen: relationship to mechanisms of cytotoxic T-cell interac-
tions. Proc. Natl. Acad. Sci. USA 76:4603-4606.

9. Goding, J. W. 1978. Use of staphylococcal protein A as an
immunological reagent. J. Immunol. Methods 20:241-253.

10. Hurwitz, J. L., S. Pan, P. J. Wettstein, and P. C. Doherty. 1983.
Crossreactivity patterns of vaccinia-specific cytotoxic T-
lymphocytes from H-2Kb mutants. Immunogenetics 17:79-87.

11. Klein, J. 1984. What causes immunological nonresponsiveness?
Immunol. Rev. 81:177-202.

12. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

13. Lefrancois, L., and D. S. Lyles. 1982. The interaction of anti-
body with the major surface glycoprotein of vesicular stomatitis

virus. I. Analysis of neutralizing epitopes with monoclonal
antibodies. Virology 121:157-167.

14. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

15. Mishell, B. B., and S. M. Shiigi (ed.). 1980. Selected methods in
cellular immunology, p. 23. W. H. Freeman & Co. San
Francisco.

16. Nathenson, S. G., J. Geliebter, G. M. Pfaffenbach, and R. A.
Zeff. 1986. Murine major histocompatibility complex class I
mutants: molecular analysis and structure-function implica-
tions. Annu. Rev. Immunol. 4:471-502.

17. Pan, S., P. J. Wettstein, and B. B. Knowles. 1982. H-2Kb
mutations limit the cytotoxic T-lymphocyte response to SV40
TASA. J. Immunol. 128:243-246.

18. Puddington, L., M. J. Bevan, J. K. Rose, and L. Lefrancois.
1986. N protein is the predominant antigen recognized by
vesicular stomatitis virus-specific cytotoxic T cells. J. Virol.
60:708-717.

19. Rosenthal, K. L., and R. M. Zinkernagel. 1980. Inability of mice
to generate cytotoxic T lymphocytes to vesicular stomatitis
virus restricted to H-2Kk or H-2Dk. J. Immunol. 126:446-451.

20. Schwartz, R. H. 1978. A clonal deletion model for Ir gene
control of immune response. Scand. J. Immunol. 7:3-10.

21. Stampfer, M., D. Baltimore, and A. S. Huang. 1969. Ribonucleic
acid synthesis of vesicular stomatitis virus. I. Species of
ribonucleic acid found in Chinese hamster ovary cells infected
with plaque-forming and defective particles. J. Virol. 4:154-161.

22. Stukart, M. J., J. Boes, and C. J. M. Meleif. 1984. Recognition
of H-2Kb mutant target cells by Moloney virus-specific cyto-
toxic T-lymphocytes from bml3 (H-2Db mutant) mice. I. Full
recognition of Kbmll by Kb-restricted CTL. J. Immunol.
133:24-27.

23. Stukart, M. J., A. Vos, J. Boes, R. W. Melvold, D. W. Bailey,
and C. J. M. Meleif. 1982. A crucial role of the H-2D locus in
the regulation of both the D- and K-associated cytotoxic T-
lymphocyte response against Moloney virus, demonstrated with
two Db mutants. J. Immunol. 128:1360-1364.

24. Townshend, A. R. M., F. M. Gotch, and J. Davey. 1985.
Cytotoxic T cells recognize fragments of the influenza
nucleoprotein. Cell 42:457-467.

25. Townshend, A. R. M., A. J. McMichael, N. P. Carter, J. A.
Huddleston, and G. G. Brownlee. 1984. Cytotoxic T cell recog-
nition of the influenza nucleoprotein and hemagglutinin ex-
pressed in transfected mouse L cells. Cell 39:13-25.

26. Wettstein, P. J. 1982. H-2 effects on cell-cell interactions in the
response to single non-H-2 alloantigens. V. Effects of H-2Kb
mutations on presentation of H-4 and H-3 alloantigens. J.
Immunol. 128:2629-2633.

27. Yewdell, J. W., J. R. Bennink, M. Mackett, L. Lefrancois, D. S.
Lyles, and B. Moss. 1986. Recognition of cloned vesicular
stomatitis virus internal and external gene products by cytotoxic
T lymphocytes. J. Exp. Med. 163:1529-1538.

28. Yewdell, J. W., J. R. Bennink, G. L. Smith, and B. Moss. 1985.
Influenza A virus nucleoprotein is a major target antigen for
cross-reactive anti-influenza A virus cytotoxic lymphocytes.
Proc. Natl. Acad. Sci. USA 82:1785-1789.

29. Zinkernagel, R. M., and J. Klein. 1977. H-2 associated speci-
ficity of virus-immune cytotoxic T cells from H-2 mutants and
H-2 mutant and wild type mice: M523 (H-2kka) and M505
(H-2Kld) do, M504 (H-2Kda) and M506 (H-2Kfa) do not cross
react with wild type H-2k or H-2D. Immunogenetics 4:581-590.

J. VIROL.


