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FBL-3 is a highly immunogenic murine leukemia of C57BL/6 origin induced by Friend murine leukemia
virus (MuLV). Immunization of C57BL/6 mice with FBL-3 readily elicits CD8" cytotoxic T lymphocytes (CTL)
capable of lysing FBL-3 as well as syngeneic leukemias induced by Moloney and Rauscher MuLV. The aim of
this current study was to identify the immunogenic epitope(s) recognized by the FBL-3-specific CD8* CTL. A
series of FBL-3-specific CD8" CTL clones were generated from C57BL/6 mice immunized to FBL-3. The
majority of CTL clones (32 of 38) were specific for F-MuLV gag-encoded antigen. By using a series of
recombinant vaccinia viruses expressing full-length and truncated F-MuLV gag genes, the antigenic epitope
recognized by the FBL-3 gag-specific CTL clones, as well as by bulk-cultured CTL from spleens of mice immune
to FBL-3, was localized to the leader sequence of gPr80°“¢ protein. The precise amino acid sequence of the CTL
epitope in the leader sequence was identified as CCLCLTVFL (positions 85-93) by examining lysis of targets
incubated with a series of synthetic leader sequence peptides. No evidence of other CTL epitopes in the gPr80*“¢
or Pr65°“¢ core virion structural polyproteins was found. The identity of CCLCLTVFL as the target peptide was
validated by showing that immunization with the peptide elicited CTL that lysed FBL-3. The CTL elicited by
the Gag peptide also specifically lysed syngeneic leukemia cells induced by Moloney and Rauscher MuLV
(MBL-2 and RBL-5). The transmembrane peptide was shown to be the major gag-encoded antigenic epitope
recognized by bulk-cultured CTL derived from C57BL/6 mice immunized to MBL-2 or RBL-5. Thus, the CTL
epitope of FBL-3 is localized to the transmembrane anchor domain of the nonstructural Gag polyprotein and

is shared by leukemia/lymphoma cell lines induced by Friend, Moloney, and Rauscher MuLV.

The role of T-cell-mediated immunity in the elimination of
transformed cells has been extensively studied by using a group
murine leukemia and lymphoma cell lines induced by Friend,
Moloney, and Rauscher (FMR) murine leukemia viruses
(MuLV). Early transplantation studies demonstrated that im-
munization of mice with syngeneic FMR MuLV-induced leu-
kemia cells induces resistance to transplantation of the immu-
nizing leukemia and cross-resistance to the transplantation of
other FMR MuLV-induced leukemias (15). Resistance to
FMR MuLV-induced leukemias is primarily T-cell mediated
(2). FBL-3, a Friend MuLV (F-MuLV)-induced erythroleuke-
mia of C57BL/6 (B6) origin, has been the focus of extensive
studies by ourselves and others for learning how to manipulate
host immunity to eradicate advanced disseminated malignancy
(16). Immunization of B6 mice with FBL-3 protects against the
growth of subsequently transplanted FMR MuLV-induced tu-
mors and elicits T cells therapeutically effective for eradicating
disseminated FBL-3 in adoptive transfer regimens (3).

Previous evaluation of the antigenic determinants detected
on FBL-3 cells after immunization with FBL-3 tumor cells
demonstrated that the majority of the FBL-specific CD8* cy-
totoxic T lymphocytes (CTL) recognize F-MuLV gag-encoded
antigens, whereas FBL-reactive CD4™" helper T cells recognize
F-MuLV env-encoded antigens (23). In contrast, spontaneous
recovery of H-2° mice from Friend virus infection appears to
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induce primarily CTL with specificity for F-MuLV env-en-
coded antigens (30), and these CTL have also been shown to
be capable of lysing FBL-3 cells in vitro (7). In this infectious
virus model, CD8" CTL, CD4™ helper T cells, and virus-
neutralizing humoral antibodies specific for viral envelope pro-
tein are all required for successful recovery (17, 30), whereas in
the FBL-3 leukemia cell system, CD4™* and CD8™ T cells may
be sufficient for eliminating tumor cells in vivo (16). Thus, the
type of host exposure to retrovirus-induced antigens may play
a large role in the immune mechanisms required for resistance
and the immunodominance of particular retrovirus-encoded
antigenic epitopes. More recently, several epitopes derived
from the FMR MuLV gp70 envelope glycoprotein and recog-
nized by the CD4™ helper T cells have been identified (21, 33,
34). The current study was designed to identify the F-MuLV
gag-encoded CTL epitope(s) expressed by FBL-3 and shared
by syngeneic tumors induced by Moloney and Rauscher
MulLV.

The single F-MuLV gag gene open reading frame codes for
two alternative translational products, Pr65%*¢ and gPr805* (10).
Transcription of gPr80%“¢ is initiated upstream from Pr65%“%,
yielding a polyprotein that has the same amino acid sequence
as Pr65%“¢ but with the addition of a 98-amino-acid leader se-
quence (29). As a result, Pr655“¢ and gPr80°“¢ polyproteins are
processed differently and have markedly different functions.
The Pr65%“¢ polyprotein is myristylated on the N-terminal gly-
cine, nonglycosylated, and proteolytically cleaved into four
virion proteins (p15, p12, p30, and p10) from the N terminus to
the C terminus (Fig. 1). By marked contrast, the gPr805*
polyprotein is the precursor to nonstructural cell surface pro-
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FIG. 1. Recombinant vaccinia virus clones expressing various portions of the
F-MuLV gag gene. Two polyproteins, Pr75 and Pr65, are translated from the
F-MuLV gag gene. Pr75 starts at a CTG codon at position 355 and includes an
additional 88-amino-acid leader sequence. This protein is glycosylated to pro-
duce gPr805“¢, which appears in the plasma membrane of infected cells but is not
a component of virus particles themselves. Pr65 starts at an ATG codon at
position 618 and is incorporated into virus particles, where it is further processed
by proteolytic cleavage into p15 (MA), p12, p30 (CA), and p10 (NC) proteins.
The generation of the recombinant vaccinia virus clones and the positions of the
restriction sites used in F-MuLV clone FB29 were described previously (27).

teins. The gPr805“¢ precursor polyprotein is transported through
the endoplasmic reticulum, glycosylated, and expressed on the
cell surface with an outward orientation (10). The gPr80%“
polyproteins appear to have no discernible function for MuLV
replication in vitro but are necessary for efficient spreading and
pathogenesis of MuLV in vivo (9, 29).

The current studies showed that the F-MuLV gag-encoded
epitope recognized by the FBL-3 specific CTL is present in the
transmembrane region of the gPr805“¢ leader sequence. The
leader sequence epitope (gPr805“¢ 85-93; CCLCLTVFL [p85-
93]) was identified by using a series of synthetic peptides. A
previous study has independently localized a different CTL
epitope to the same gPr80“¢ leader sequence by testing a
single CTL clone (24). However, the identity of the epitope
(CCLCLTVFL) identified in the current studies was validated
by showing that immunization of B6 mice with the peptide
elicited CTL that lysed FBL-3, as well as syngeneic leukemias
induced by Moloney and Rauscher MuLV. Moreover, the
transmembrane peptide proved to also be a major epitope for
bulk-cultured CTL from B6 mice immunized with Moloney
and Rauscher MuLV-induced leukemias. No evidence of other
CTL epitopes in the gPr80%“¢ or Pr65%“¢ core virion structural
polyproteins was found. Thus, the gPr80%“ leader sequence
epitope (p85-93) may account for the majority of the gag-
specific CTL cross-reactivity between FMR MuLV-induced
tumors in B6 mice. Identification of the CTL epitope of FBL-3
leukemia will allow subsequent studies using FMR MuLV tu-
mor models to elucidate the principles involved in the use of
peptide-based vaccine therapy and T-cell therapy to eradicate
antigenic malignancies.

MATERIALS AND METHODS

Mice. Six- to eight-week-old B6 mice and BALB/c mice were obtained from
the Jackson Laboratory (Bar Harbor, Maine) and maintained in the animal care
facilities of the University of Washington.

Tumor. FBL-3 is an F-MuLV-induced leukemia of B6 (H-2°) origin that
expresses tumor-associated antigens that cross-react with other FMR MuLV-
induced tumors. MBL-2 is a Moloney MuLV-induced lymphoma cell line that
possesses tumor-associated antigens that cross-react with other FMR MuLV-
induced tumors. RBL-5 is a Rauscher MuLV-induced leukemia of B6 (H-2°)
origin that possesses tumor-associated antigens that cross-react with other FMR
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MuLV-induced tumors. EL-4 is a dimethylbenzanthrene-induced lymphoma of
B6 origin that is antigenically distinct from FBL-3 leukemia. LSTRA is a Molo-
ney MuLV-induced lymphoma of BALB/c (H-2¢) origin (15). RMA-S is a ge-
netically defective Rauscher MuLV-induced leukemia of B6 (H-2°) origin that
expresses low levels of H-2 D® and K® molecules and does not process endog-
enous antigens (38).

Fibroblast cell lines. The transfectant fibroblast cell lines expressing the class
I-restricting antigen D® and/or F-MuLV proteins were established as previously
described (20). Briefly, plasmids containing the D" gene and the selectable
marker pSV2neo were transfected into Fisher rat embryo fibroblasts cells and
cultured with 400 p.g of G418 (GIBCO Laboratories, Grand Island, N.Y.) per ml,
and stable G418-resistant transfectants were isolated (cell line B2). Plasmids
consisting of the F-MuLV provirus (pF-MuLV clone 57) or F-MuLV gag or
F-MuLV env gene were constructed and cotransfected into Fisher rat embryo
fibroblasts along with D® in pSV2neo. Stable G418-resistant cell lines that ex-
press D® plus F-MuLV gag and env, D® plus F-MuLV gag, or D® plus F-MuLV
env were isolated and termed FB2, Ps6, and N34, respectively.

Construction of recombinant vaccinia viruses expressing the F-MuLV gag
genes. Recombinant vaccinia viruses containing the entire F-MuLV gag gene or
its shorter fragments were described previously (27). Recombinant vaccinia vi-
ruses expressing the F-MuLV env gene (11) or influenza virus hemagglutinin
gene (37) have been described previously.

Peptides. The amino acid sequences of synthetic F-MuLV Gag peptides used
in this study are shown in Tables 2 and 3. The peptide sequences were selected
from F-MuLV gPr805% protein on the basis of the peptide binding motifs of the
DP or K" molecules (12). An H-2 K"-specific ovalbumin p257-264 (SIINFEKL)
peptide (31) and an H-2 DP-specific influenza virus NP 1934 p366-374 (ASNEN-
METM) peptide (32) were constructed. All peptides were synthesized by Patrick
S. H. Chou (Biopolymer Facility, University of Washington) by using 9-fluore-
nylmethoxycarbonyl chemistry in an automated peptide synthesizer (model
433A; Applied Biosystems, Inc., Foster City, Calif.). All peptides synthesized
were purified by high-performance liquid chromatography using a reverse-phase
semipreparative C,g column and were shown to have purity of greater than 99%.
Mass spectroscopy analysis was used to confirm that the peptides had the exact
predicted molecular weight. The peptides were first dissolved either in water or
in dimethyl sulfoxide (Sigma Chemical Co., St. Louis, Mo.), depending on the
water solubility of individual peptides. The peptide solutions were then diluted
either in phosphate-buffered saline (PBS) or in medium. The concentration of
dimethyl sulfoxide was less than 0.1% in the final dilution used.

Peptide binding assay. The ability of synthetic F-MuLV Gag peptides to bind
to D® or K" class I molecules was detected by using the leukemia cell line RMA-S
as described previously (13, 25), with slight modification. In brief, RMA-S cells
were cultured for 7 h at 26°C in complete medium supplemented with 1% fetal
calf serum (FCS). A total of 10° RMA-S cells were added into each well of a
24-well plate and incubated either alone or with the designated peptide (25
wg/ml) for 16 h (overnight) at 26°C and additional 3 h at 37°C in complete
medium. Cells were then washed three times and stained with fluorescein iso-
thiocyanate-conjugated anti-D® or anti-K® antibody (PharMingen, San Diego,
Calif.). Labeled cells were again washed twice, resuspended and fixed in 500 wl
of PBS with 1% paraformaldehyde, and analyzed for fluorescence intensity by

TABLE 1. Cytotoxicity of FBL-3-specific CD8" CTL clones to
syngeneic or allogeneic tumors induced by FMR MuLV*

% Specific lysis of targets

Effector/
Effector target cell Expt 1 Expt 2
ratio FBL-3 RBL-5 EL-4 LSTRA MBL-2 RMA RMA-S
5D5 25:1 63 64 1 0 86 71 3
1:1 45 42 2 0 63 67 3
5C2 25:1 62 69 0 0 99 83 9
1:1 40 36 0 0 75 64 4
5C6 25:1 64 55 0 0 83 65 13
1:1 34 30 0 0 72 69 8
2G3 25:1 61 69 4 0 73 70 11
1:1 50 47 0 0 49 57 7
3B12 25:1 38 40 4 0 98 69 4
1:1 33 37 0 0 92 65 5
BALB/c 80:1 61 49 50 4 67 75 11
anti-B6  20:1 50 25 21 5 49 46 5

“The CD8" CTL clones generated from FBL-3-immunized B6 mice were
assessed for lysis of syngeneic (FBL-3, MBL-2, RBL-5, RMA, and RMA-S) or al-
logeneic (LSTRA) tumors induced by FMR MuLV in a standard 4-h chromium
release assay. EL-4 is a B6 lymphoma antigenically distinct from the FMR MuLV-
induced tumors. Alloreactive T cells (BALB/c anti-B6) were used as positive con-
trol effectors and were generated by standard 5-day mixed lymphocyte culture.
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TABLE 2. Recognition by the majority of FBL-3-specific CD8"
CTL clones of F-MuLV gag-encoded antigen”

Effector/ % Specific lysis of targets
Effector target cell

ratio FBL-3 B2 FB2 Ps6 N34

5D5 25:1 59 8 41 23 2
5:1 57 6 39 21 0

2G3 25:1 65 7 48 24 2
5:1 61 0 47 19 0

3B12 25:1 51 4 7 6 4
5:1 43 0 2 3 2

BALB/c anti-B6 80:1 72 60 64 35 52
20:1 67 45 44 26 38

“ FBL-3-specific CTL clones were assessed in a standard 4-h chromium release
assay with °!Cr-labeled target cells, including FBL-3 cells and rat fibroblasts
transfected with the class I-restricting element D alone (B2), D® and F-MuLV
env and gag (FB2), D® and F-MuLV gag (Ps6), or D® and F-MuLV env (N34).
Alloreactive T cells (BALB/c anti-B6) were used as a positive control and were
generated by standard 5-day mixed lymphocyte culture.

flow cytometry in a flow cytometer (Coulter). The percentage of increase of D®
or K" molecules on the surface of the RMA-S cells was measured by increased
mean fluorescent intensity of cells incubated with peptide compared with that of
cells incubated in medium alone.
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Generation of FMR MuLV-induced tumor-specific bulk-cultured CTL lines
and clones. T cells specific for FMR MuLV-induced tumors were derived from
spleens of B6 mice previously immunized with FBL-3, MBL-2, or RBL-5. Mice
were immunized with the FMR MuLV-induced tumors in vivo by two intraper-
itoneal inoculations, separated by 2 weeks, of 107 irradiated (10,000 rads of ~y
radiation) tumor cells, and immune cells were obtained 2 weeks later. Bulk-
cultured tumor-specific CTL were generated under conditions described previ-
ously (5). Briefly, 4 X 10° immune splenocytes were specifically activated by
culture for 5 days with 5 X 10° irradiated (10,000 rads of y radiation) immunizing
tumor cells and 2 X 10° irradiated (3,000 rads of -y radiation) B6 spleen cells as
accessory cells in wells of a 24-well plate in medium consisting of a 1:1 mixture
of RPMI 1640 medium (GIBCO Laboratories) and EHAA medium (Biofluids
Inc., Rockville, Md.) with 5 X 10~ M 2-mercaptoethanol, 100 U of penicillin per
ml, 100 pg of streptomycin per ml, 10 mM L-glutamine, and 10% FCS. The cells
were then expanded in number by 7 to 9 days of culture with medium containing
10 U of human recombinant interleukin-2 (rIL-2; provided by Hoffmann-La-
Roche, Inc., Nutley, N.J.) per ml. The resultant tumor-specific bulk T-cell lines
were propagated by repeated cycles of restimulation with irradiated tumor cells
plus syngeneic antigen-presenting cells and expanded in number in culture with
10 U of rIL-2 per ml every 2 weeks.

FBL-3-specific T-cell clones were derived from the FBL-3 tumor-reactive bulk
T cells (12 days in culture) by the limiting-dilution method. Briefly, T cells were
placed at 5, 1, and 0.5 cells per well in 96-well microtiter plates with 10* irradi-
ated FBL-3 tumor cells plus 10° irradiated B6 splenic cells per well in the
presence of 100 U of rIL-2 per ml. T-cell clones were expanded only from the
positive wells, plated at 0.5 cells per well, propagated by repeated cycles of
restimulation with antigen plus irradiated syngeneic antigen-presenting cells, and
expanded in number in culture with low-dose rIL-2 (10 U/ml) every 2 weeks. The
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FIG. 2. FBL-3-specific CD8" CTL clones recognize only targets infected with vaccinia viruses containing genes encoding the leader sequence of F-MuLV gPr805%
protein. >'Cr-labeled EL-4 cells were infected with a panel of recombinant vaccinia viruses (Vac) expressing overlapping regions of the F-MuLV gag or env gene
(Vac-env) or influenza virus HA gene (Vac-Flu) and used as targets. The FBL-3-specific CTL clones and bulk-cultured CTL from spleens of FBL-3-immunized B6 mice
were assessed for the ability to recognize and lyse the recombinant vaccinia virus-infected EL-4 targets in a standard 4-h 3'Cr release assay. B6 anti-vaccinia virus CTL

were used as positive control effectors. E/T and E:T, effector/target cell ratio.
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phenotype of T-cell clones was determined by fluorescence-activated cell sorting
(FACS) analysis following staining with fluorescein-conjugated anti-Thy 1.2
(1%), fluorescein-conjugated anti-Lyt2 (2%), or phycoerythrin-conjugated anti-
L3T4 (3%) monoclonal antibody (Becton Dickinson Immunocytochemistry Sys-
tems, Mountain View, Calif.).

Generation of F-MuLV Gag peptide-specific CTL lines. B6 mice were inocu-
lated on day 0 by subcutaneous injection in the rear flank with various F-MuLV
Gag peptides (100 pg in 50 pl) emulsified with 50 pl of complete Freund’s
adjuvant (Sigma) or with complete Freund’s adjuvant (50 pl) emulsified with
PBS as a control. Two weeks later, mice were boosted by subcutaneous injection
with the immunizing Gag peptides (100 pg in 50 ml) emulsified with 50 pl of
incomplete Freund’s adjuvant (Sigma) or with incomplete Freund’s adjuvant
emulsified with PBS as a control. Spleens were harvested 10 days after the final
immunization. Immune splenic lymphocytes were stimulated with the immuniz-
ing peptides at 25 pg/ml in 24-well culture plates (total volume, 2 ml) at 4 X 10°
cells per well with 2 X 10° irradiated syngeneic spleen cells. The plates were
cultured in a humidified atmosphere under 5% CO, tension at 37°C for 5 days
and then split 1:2. After 10 days, lymphocytes were restimulated with 25 pg of the
Gag peptides per ml at 10° lymphocytes per well in 24-well plates with 5 X 10°
irradiated syngeneic spleen cells. On days 12 and 15, cells were split 1:2 with
medium containing 10 U of rIL-2 per ml. Peptide-specific cytotoxic T-cell lines
were maintained by periodic restimulation with peptide (5 wg/ml) plus irradiated
syngeneic spleen cells and then subjected to expansion with rIL-2 (10 U/ml)
every 2 weeks.

Cytotoxicity assay. Target cells (107) were incubated at 37°C with 250 pnCi of
S1Cr (New England Nuclear, Boston, Mass.) in 1 ml of 20% FCS-RPMI 1640 for
45 min. Labeled targets were washed three times and resuspended in 20%
FCS-RPMI 1640 at 10° cells per ml. For peptide loading, >'Cr-labeled cells were
incubated with various concentrations of Gag peptide for 60 min at 37°C and
then diluted with 20% FCS-RPMI 1640 to 10° cells per ml. Effector cells in 100
ul were added to 96-well plates, and then 10* labeled target cells were added.
Plates were incubated for 4 h at 37°C; then 100 pl of supernatant was harvested
from each well and counted in a gamma counter. The percent specific lysis was
calculated. All determinations of cytotoxicity were carried out in triplicate with
a minimum of three effector-to-target cell ratios.

For antibody blocking assays, >'Cr-labeled target cells at 10* cells in 50 pl were
added to each well of 96-well plates. Various concentrations (0.02 to 20 pg/ml)
of antibodies to H-2 D®, K", or Ia or to Fc receptor (PharMingen) in 50 ul were
added to appropriate wells and incubated for 45 min at room temperature.
FBL-3-specific CTL clones were used as effector cells and added in 100 pl to
each well of 96-well plates. After 4 h of incubation at 37°C, 100 pl of supernatant
was harvested from each well and counted in a gamma counter.

For assays using vaccinia virus-infected targets, EL-4 cells were infected (10
PFU per cell) with various vaccinia virus recombinants in 24-well plates (10° cells
per well) at 37°C for 1 h with frequent shaking. Chromium (100 pl, 100 wCi) was
then added to each well, and the plates were cultured at 37°C for 16 h. The cells
were then harvested, washed twice with Hanks balanced salt solution, resus-
pended in RPMI 1640 with 20% FCS, and used as targets in a standard 4-h
chromium release assay. FBL-3-specific CD8* CTL clones and bulk-cultured
CTL were used as effector cells. Spleen cells from B6 mice immunized in vivo
with wild-type vaccinia virus (107 PFU, intravenous injection) were used as
positive control effector cells.

RESULTS

The majority of FBL-3-specific CD8* CTL clones generated
from mice immunized to FBL-3 are specific for F-MuLV gag-
encoded antigen. Thirty-eight FBL-3-specific CD8" CTL clones
were generated from spleens of B6 mice immunized to FBL-3
and tested for cytolytic activity against syngeneic and alloge-
neic tumors induced by FMR MuLV. All CTL clones tested
lysed FBL-3 as well as syngeneic MBL-2, RBL-5, and RMA,
induced by Moloney and Rauscher MuLV, respectively. The
FBL-3-specific CD8* CTL clones failed to lyse FMR-MuLV-
negative EL-4 and Moloney MuLV-induced allogeneic LSTRA
tumors. RMA-S, a subline of RMA that is defective in trans-
porter associated with antigen processing (TAP) and subse-
quently expresses low levels of H-2?, was lysed to a low degree.
Results with five representative CTL clones are presented in
Table 1. The D restriction of the FBL-3-specific CD8" CTL
clones was confirmed in antibody blocking assays showing that
CTL activity against FBL-3 was blocked by antibody to D but
not by antibody to K", Ia, or Fc receptor (data not shown).

The majority (32 of 38) of FBL-3-specific CTL clones are
specific for antigen determinants encoded by the F-MuLV gag
gene, as determined by lysis of fibroblast lines cotransfected
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TABLE 3. FBL-3-specific CTL recognize a single peptide from
the leader sequence of the F-MuLV gPr80%“ polyprotein

% Specific lysis

Amino acid ~ H-2 D of targets”

Target - _—

sequence binding® Bulk

SD5  2G3 CTL

Expt 1
FBL-3 52 58 53
EL-4 0 0 6
EL-4 plus:
gPr805“¢ 13-21 DVPGTSGAI - 5 1 5
gPr80ses 25-32 RPESNHPDR - 2 3 6
gPr805“¢ 34-42 FGLFGAPPL + 6 2 2
gPr805“¢ 41-49 PLEEGYVVL - 3 4 2
gPr805“¢ 47-55 VVLVGDRGL - 0 0 1
gPr805“¢ 57-65 RFPPPSEFL + 0 7 0
gPr80“¢ 66-74 LSVWNRSRA + 4 3 2
gPr80se¢ 74-82 AARLVCCSI + 1 1 2
gPr805“¢ 76-84 RLVCCSIVL - 2 2 2
gPr805“¢ 81-89 SIVLCCLCL - 0 1 5
gPr805“¢ 85-93 CCLCLTVFL + 58 59 65
gPr80s“¢ 87-95 LCLTVFLYL - 0 1 7
gPr805“¢ 94-102 YLSENMGQT - 3 3 4
Expt 2
FBL-3 59 57 60
EL-4 3 4 0
EL-4 plus:

gPr805“¢ 81-89 SIVLCCLCL - 5 0 0
gPr80“¢ 81-89+KK  SIVLCCLCLKK - 0 0 0
gPr805“¢ 85-92 CCLCLTVF - 2 4 0
gPr80“¢ 85-93 CCLCLTVFL + 54 68 65
gPr805“¢ 86-93 CLCLTVFL + 41 36 38
gPr805“¢ 87-95 LCLTVFLYL - 3 4 7
gPr80%“¢ 85-93+KK CCLCLTVFLKK + 58 57 61

“ The gPr805“¢ peptides were tested for binding to H-2 D® molecules in a
binding assay as detailed in Materials and Methods. Positive peptide sequences
were capable of binding to D and induced upregulation of at least 50% above
background levels of the D® molecules on RMA-S cells at a peptide concentra-
tion of 25 pg/ml.

b 51Cr-labeled EL-4 cells were preincubated with designated gPr805%¢ peptides
(25 pg/ml) for 1 h at 37°C before used as targets. Cytotoxicity were assessed in
a standard 4-h 'Cr release assay with three effector/target cell ratios. The data
represent the lysis of targets by representative FBL-3-specific CTL clones (ef-
fector/target cell ratio of 5:1) and bulk-cultured CTL from FBL-3-immunized B6
mice (effector/target cell ratio of 20:1).

with genes encoding D molecules plus either F-MuLV gag and
env genes (FB2) or the F-MuLV gag gene (Ps6), as represented
by studies with clones 5D5 and 2G3 in Table 2. The CTL
clones failed to lyse the fibroblast line transfected with genes
encoding D molecules alone (B2) or a fibroblast line cotrans-
fected with genes encoding D® molecules and the F-MuLV env
gene (N34). A minority of FBL-3-specific CTL clones (6 of 38)
did not recognize either Gag or Env, as represented by studies
with clone 3B12 in Table 2. The antigen(s) recognized by these
CTL clones has not yet been determined. These results dem-
onstrating that the majority of FBL-3-specific CTL clones gen-
erated by immunization to FBL-3 are specific for antigen de-
terminants encoded by the F-MuLV gag gene confirmed
previous findings with bulk-cultured CTL (23).
FBL-3-specific CTL recognize the leader sequence of the
gPr804“¢ polyprotein. The F-MuLV gag-encoded CTL epitope
was localized by using recombinant vaccinia viruses expressing
F-MuLV gag gene fragments. F-MuLV codes for two different
but highly related Gag precursor polyproteins, Pr655“¢ and
gPr80%°6. Pr65%% is cleaved into four virion proteins, p15, p12,
p30, and pl0. The gPr80%“ glycoprotein contains the entire
539-amino-acid sequence of Pr65%“¢ proteins plus a leader se-
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FIG. 3. FBL-3-specific CTL clones and bulk-cultured CTL recognize the leader sequence Gag peptide CCLCLTVFL in a peptide dose-dependent manner. Various
concentrations of four F-MuLV gPr80%“¢ peptides were preincubated with >'Cr-labeled EL-4 cells and used as targets. The peptide-pulsed targets were assessed for
lysis by the FBL-3-specific CTL clones and bulk-cultured T cells from FBL-3-primed B6 mice in a standard 4-h 'Cr release assay. The data represent the specific lysis
of targets by FBL-3-specific CTL clones (effector/target cell ratio of 25:1) and bulk-cultured CTL from immune spleens of FBL-3 primed B6 mice (effector/target cell

ratio of 50:1).

quence. To localize the F-MuLV gag-encoded CTL epitope,
five vaccinia virus recombinants which expressed the F-MuLV
gag gene or truncated fragments were tested in CTL assays
(Fig. 1). FBL-3-specific CTL clones were shown to lyse EL-4
cells infected with Vac-p15%“¢, Vac-p15/12/305“¢, and Vac-
gPr80%“ but failed to lyse EL-4 cells infected with Vac-Pr6557%,
Vac-VGS50%%¢, Vac-env, or Vac-Flu (Fig. 2A and B). Similarly,
the bulk-cultured FBL-3-specific CTL lysed EL-4 cells infected
with Vac-p15%“¢ but failed to lyse EL-4 cells infected with
Vac-Pr65%“¢ (Fig. 2C). The results suggested that the main
CTL epitope recognized by these clones is in the leader se-
quence of the gPr805“¢, which is the common region contained
in Vac-pl15%, Vac-p15/12/30¥“%, and Vac-gPr80°“¢ recombi-
nants but is not contained in Vac-Pr65%“¢ and Vac-VGS505“¢
(Fig. 1).

FBL-3-specific CTL recognize a single epitope in the leader
sequence of the gPr805“¢ polyprotein. The leader sequence of
gPr805“¢ protein is 98 amino acids in length. Thirteen nonamer
gPr80¥“¢ peptides with amino acid sequence motifs for possible
binding to H-2 D® molecules were selected and constructed as
detailed in Materials and Methods. Three peptides had the
dominant anchor residues for H-2 D" of N at position 5. Ten
peptides had the dominant anchor residues of an aliphatic
residue (I or L) at position 9. Five peptides were capable of
binding to the D" molecules and increased the mean fluores-
cence intensity on the surface of RMA-S cells at least 50%
above the background levels as measured by FACS analysis
(Table 3). None of the 13 nonamer gPr805“¢ peptides were
capable of binding to the K molecules. The FBL-3-specific
CTL clones as well as bulk-cultured CTL from FBL-3-primed
mice were tested for lysis of EL-4 cells incubated with individ-
ual peptides. Only 1 of 13 candidate peptides, CCLCLTVFL
(gPr805°¢ 85-93), was recognized by FBL-3-specific CTL clones
and by the FBL-3-induced bulk-cultured CTL (Table 3).

To determine whether the nonamer peptide, CCLCLTVFL

(gPr805“¢ 85-93), was the minimum-length peptide epitope rec-
ognized by FBL-3-specific CTL, two octamer peptides, CLCL
TVFL (p86-93) and CCLCLTVF (p85-92) from the gPr80%*
sequence were constructed and tested. CTL recognized both
the nonamer (CCLCLTVFL) and octamer (CLCLTVFL) pep-
tides but failed to recognize the octamer (CCLCLTVF) pep-
tide (Table 3). CTL recognized the nonamer peptide CCLC
LTVFL (p85-93) at a much lower peptide concentration
(0.00064 pg/ml) than the octamer (CLCLTVFL) peptide (0.4
wg/ml) (Fig. 3). The peptide CCLCLTVFL has a very hydro-
phobic sequence and is insoluble in water and buffers. It had to
be dissolved in dimethyl sulfoxide. Adding two lysine residues
to the C terminus greatly improved the solubility of the peptide
in water and buffers. This longer peptide (CCLCLTVFLKK)
was found to be able to bind to H-2 D molecules and be
recognized by the FBL-3-specific CTL (Table 3). The gPr805*
81-89 peptide (SIVLCCLCL), which was shown by Kondo et
al. (24) to be recognizable by FBL-3 CTL clone B413-4, was
also tested with and without C-terminus lysines, and neither
form was recognized by our CTL clones or bulk-cultured CTL
(Fig. 3 and Table 3).

The finding that all of the FBL-3 Gag-specific CTL clones
tested recognized only the unique leader sequence peptide of
gPr80%“® protein was striking and raised the question as to
whether any other FBL-3-specific CTL recognize Pr65%“¢-en-
coded proteins. Eighteen nonamer peptides with amino acid
sequence motifs for possible binding to D® molecules and
three octamer peptides with amino acid sequence motifs for
possible binding to K® molecules were selected from Pr655¢
protein and constructed. The Pr65% peptides were tested for
binding to D" or K" molecules in a peptide binding assay as
detailed in Materials and Methods. Three nonamer peptides
were capable of binding to the D® molecules, and one octamer
peptide (p15%“¢ 128-136) was capable of binding to the K mo-
lecules as measured by FACS analysis. However, when bulk-
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generated by standard 5-day mixed lymphocyte culture and used as positive control effector cells. E:T, effector/target cell ratio.

cultured FBL-3-specific CTL (Table 3) and FBL-3 Gag-spe-
cific CTL clones were tested for lytic activity against a panel of
21 synthetic peptides from the Pr65%“¢ protein, none of the 21
candidate peptides was recognized.

Immunization of B6 mice with the leader sequence Gag
peptide, CCLCLTVFL, elicits peptide-specific CTL that lyse
FBL-3. To investigate whether the gPr805“¢ 85-93 CTL epitope
peptide was immunogenic, B6 mice were immunized with CC
LCLTVFL (gPr80%“¢ 85-93) or with an alternative D-binding
Gag peptide, RSPTNLAKYV (p30%¢ 131-139), from the p30°“¢
protein. The bulk-cultured CTL elicited from mice immunized
with CCLCLTVEFL specifically lysed EL-4 cells pulsed with
CCLCLTVFL but did not lyse EL-4 cells alone or EL-4 cells
pulsed with the gPr805*¢ 81-89 (SIVLCCLCL) or p305“ 131-
139 (RSPTNLAKYV) peptide (Fig. 4A). Most importantly,
CCLCLTVFL peptide-specific CTL lysed FBL-3. The bulk-
cultured CTL elicited from mice immunized with RSPTNL
AKYV lysed EL-4 cells pulsed with RSPTNLAKYV but did not
lyse FBL-3, EL-4 cells alone, or EL-4 cells pulsed with either
gPr805°¢ 85-93 or gPr805*% 81-89 peptides (Fig. 4B). The failure
of CTL specific for the p305“¢ 131-139 peptide to lyse FBL-3
was expected, as this was not an epitope recognized by FBL-
3-induced CTL (Table 4). The failure of the D-restricted CTL
specific for the p131-139 peptide to lyse EL-4 cells pulsed with
CCLCLTVFL demonstrated that this peptide did not nonspe-

cifically sensitize target cells to lysis by irrelevant CTL. As
controls, bulk-cultured FBL-3-specific CTL were shown to lyse
FBL-3 and EL-4 cells pulsed with CCLCLTVFL but failed to
lyse EL-4 cells pulsed with the alternate peptides (Fig. 4C). All
targets were lysed by alloantigen-specific CTL (Fig. 4D). These
results show that the gPr80%“¢ 85-93 peptide was capable of
priming FBL-3-specific CTL by in vivo immunization.

The FBL-3 leader sequence peptide CCLCLTVFL is a major
CTL epitope shared by leukemia/lymphoma cell lines induced
by FMR MuLV. The F-MuLV gPr80%“¢ leader sequence pep-
tide CCLCLTVFL is also present in the leader sequences of
the gPr80%“¢ polyproteins encoded by Moloney and Rauscher
MuLV. To determine whether immunity to CCLCLTVFL
might account for the cross-reactivity between FMR MuLV-
induced tumors, CTL generated by immunization with CCLC
LTVFL peptide were tested for lysis of other FMR MuLV-
induced tumors. The CCLCLTVFL peptide-induced CTL ly-
sed FBL-3 as well as Moloney MuLV-induced MBL-2 and
Rauscher MuLV-induced RBL-5 but failed to lyse EL-4 and
LSTRA (Fig. 5). The CCLCLTVFL peptide-specific CTL ly-
sed both RMA-S and EL-4 pulsed with the CCLCLTVFL
peptide. The CCLCLTVFL peptide also proved to be an anti-
genic epitope of other FMR MuLV-induced tumors, as bulk-
cultured CTL derived from B6 mice immunized to MBL-2 or
RMA could effectively recognize and lyse EL-4 pulsed with
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TABLE 4. FBL-3-specific CTL fail to recognize synthetic
peptides from the amino acid sequence of the

Pr65% structural polyprotein®

Target Amino acid H-2 DP % Specific
sequence binding lysis
FBL-3 86
EL-4 4
EL-4 plus:
gPr805%¢ 85-93 CCLCLTVFL + 66
p15%8 53-61 DGTFNPDII - 3
p15%“¢ 58-66 PDITQVKI - 3
p15%8 75-83 GHPDQVPYI + 4
p15%°€ 81-89 PYIVTWEAI - 8
p15%8 128-136 QSSLYPAL - 2
pl259€ 4-12 TSPLNTKPR + 5
p12578 41-49 SSDGNGGSG - 3
p12%9€ 62-72 PMVSRLRGR - 2
p305“ 3-11 RQGGNGQFQ - 1
p305°€ 19-26 SDLYNWKNN - 8
p305°8 87-95 TQLPNDIND - 8
p305°¢ 114-121 HLVHYRQL - 2
p3058 124-132 AGLQNAGRS - 3
p305¢ 131-139 RSPTNLAKV + 0
p3058 143-151 TQGPNESPS - 2
p305“8 172-180 PGQETNVAM - 2
p3058 175-183 ETNVAMSFI - 5
p305“¢ 192-200 RKLERLEDL - 3
p3058 207-215 DLVREAEKI - 2
p305°& 221-229 TPEEREERI - 4
p30578 255-262 RHREMSKL - 4

CTL EPITOPE OF FMR MuLV-INDUCED LEUKEMIAS

@ Pr655°¢ peptides were tested for binding to H-2 D® molecules and were
assessed for recognition by FBL-3-specific CTL clones or bulk-cultured CTL in
assays similar to those described in the footnotes to Table 3. The cytotoxicity
assay data represent the specific lysis of targets by bulk-cultured CTL from
FBL-3 immunized B6 mice (effector/target cell ratio of 20:1).

CCLCLTVFL peptide (Fig. 6). Thus, the FBL-3 leader se-
quence peptide CCLCLTVFL is a major CTL epitope shared
by leukemia/lymphoma cell lines induced by FMR MuLV.

DISCUSSION

Previous studies established that CD8" CTL from B6 mice
immunized with FBL-3 recognize F-MuLV gag-encoded anti-
gens (23). The present experiments indicate that the main CTL
response of these mice is directed against a single transmem-
brane epitope, CCLCLTVFL (p85-93), within the leader se-
quence of the gPr80%*¢ polyprotein. The use of CTL clones
might conceivably have skewed the response toward epitopes
that preferentially stimulate T-cell replication; however, the
use of bulk-cultured CTL confirmed that the majority of the
response was directed against this same epitope. Mouse en-
dogenous retroviruses are primarily members of the xenotropic
and polytropic families, which have Gag and Env structural
proteins which are quite distinct from those of ecotropic
MuLV such as FMR MuLV. FMR MulLV strains are exoge-
nous ecotropic retroviruses which are genetically similar but
immunologically distinct from the endogenous ecotropic vi-
ruses such as AKV and Gross MuLV. The current results
provide a possible molecular explanation at the level of CTL
for the lack of cross-protection observed many years ago be-
tween MuLV-induced leukemias induced by the exogenous
ecotropic FMR MuLV and the endogenous ecotropic AKV
and Gross MuLV (7, 15, 19). In AKV MuLV, the peptide from
the portion of the transmembrane region of the gPr805¢ leader
region observed to be a major Gag CTL epitope in FMR
MuLV-induced leukemias has the sequence SFVCSLLFW,

7779

which has only two positions identical to the CTL epitope
peptide, CCLCLTVFL, identified in this study.

Others have independently identified an FBL-3-specific
CTL epitope in the transmembrane region of gPr805% (24).
This epitope, identified by a single CTL clone (B413-4), con-
sisted of amino acids SIVLCCLCL at positions 81 to 89 and
thus at five positions overlapped the epitope CCLCLTVFL at
positions 85 to 93 identified in the present study. However, the
FBL-3-specific CTL clones as well as FBL-3-induced bulk CTL
tested in our studies recognized and lysed only EL-4 cells
incubated with peptide CCLCLTVFL (p85-93) but not the
peptide SIVLCCLCL (p81-89) (Table 3, Fig. 3, and Fig. 4).
Our results also showed that deletion of one amino acid at
either the C or the N terminus of the Gag p85-93 peptide
resulted in complete or significant reduction of the recognition
of the peptide by our FBL-3-specific CTL. At this time we have
no satisfactory explanation for this discrepancy in results; how-
ever, it is possible that the CTL clone used by Kondo et al. (24)
is different in specificity from our CTL clones or bulk-cultured
CTL from FBL-3-immunized mice. Importantly, the current
study showed that immunization of B6 mice with the Gag
p85-93 peptide can elicit peptide-specific CTL capable of lysing
FBL-3 as well as syngeneic tumors induced by Moloney and
Rauscher MuLV, which provides substantial evidence that
CCLCLTVFL is a major gag-encoded CTL epitope. Sequenc-
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FIG. 5. CTL specific for FBL-3 leader sequence epitope CCLCLTVFL can
lyse syngeneic leukemias induced by FMR MuLV. The CD8* CTL generated
from FBL-3 gPr80%°¢ 85-93 peptide-immunized B6 mice were tested in a stan-
dard 4-h *'Cr release assay with >'Cr-labeled syngeneic (FBL-3, MBL-2, RBL-5,
RMA, and RMA-S) or allogeneic (LSTRA) tumors induced by FMR MuLV as
targets. Peptide-pulsed EL-4 or RMA-S targets were preincubated with gPr80578
85-93 peptide (25 pg/ml) for 1 h before used. E:T, effector/target cell ratio.
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FIG. 6. CTL from B6 mice immunized with Moloney or Rauscher MuLV-
induced syngeneic leukemias can recognize the immunodominant FBL-3 leader
sequence epitope CCLCLTVFL. Bulk-cultured CTL derived from B6 mice im-
munized with MBL-2 or RMA leukemia cells were assessed in a standard 4-h
SICr release assay for cytolytic activity against >!Cr-labeled FMR MuLV-induced
tumors (FBL-3, MBL-2, RMA, and LSTRA) and EL-4 cells with or without
preincubation with the FBL-3 gPr808“¢ 85-93 peptide (25 pg/ml). E:T, effector/
target cell ratio.

ing of peptides stripped from purified H-2 D® will be required
to validate the identity of the naturally processed immunodom-
inant target peptide. The demonstration that immunization to
CCLCLTVFL can effectively induce FBL-3-reactive CTL in
mice will now allow use of the FBL-3 model to examine the
principles of peptide-based vaccine and T-cell-mediated immu-
notherapy (26).

The presence of the gag-encoded CTL epitope in the leader
sequence of the gPr80°“¢ polyprotein raises two interconnected
questions: (1) Why is the CD8" T-cell-mediated immunity
directed to an epitope in the transmembrane region? (2) How
do gag-encoded structural virion proteins escape recognition
by CTL? Dominance of CTL responses is related to the abun-
dance of particular peptides in the binding cleft of class I major
histocompatibility complex (MHC) molecules as well as to the
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abundance of T cells with antigen receptors specific for the
particular peptides. A lack of response can mean that the
particular epitope is not processed to be presented by class I
MHC molecules, or a hole in the T-cell receptor repertoire
may preclude T-cell reactivity. Peptides presented in the con-
text of MHC class I molecules on the cell surface are usually
processed fragments of internal proteins in cytosol transported
by TAP1-TAP2 heterodimer proteins into the endoplasmic
reticulum. The peptides presented need to be able to bind to
MHC class I with a great enough affinity to compete with
numerous other peptides for binding to nascent class I MHC
molecules. One possibility for the CCLCLTVFL epitope is that
the transmembrane peptide binds with exceedingly high affinity
and competitively precludes binding of other Gag peptides.
This possibility is unlikely, given the demonstration that the
binding affinity of CCLCLTVFL is only moderate, as deter-
mined by competitive binding of synthetic peptides represent-
ing the epitope (data not shown). However, the binding affinity
assays for synthetic peptides representing highly hydrophobic
transmembrane regions might not be accurate because of the
great difficulty in solubilizing the peptide. Moreover, methods
to increase the solubility of the peptide such as dissolving it in
polar compounds or adding flanking amino acids may have
altered affinity characteristics.

While the MHC class I-restricted antigen-processing path-
way may have evolved primarily to enable presentation of
cytoplasmic proteins, accumulating evidence has shown that a
variety of membrane proteins can be processed for class I-re-
stricted recognition. Specific CTL epitopes have been identi-
fied and localized in the transmembrane domain and even
within the signal peptide (reviewed in reference 36). The pre-
sentation of peptides derived from membrane proteins on class
I molecules is suggested to involve both TAP-dependent and
TAP-independent mechanisms (36). A second possibility for
the CCLCLTVFL epitope is that leader sequence peptides
may enter into the class I MHC processing pathway via an
alternative pathway (1, 18, 40). In cells with deficient peptide
transport, class I MHC molecules are present at the cell sur-
face in only small amounts as a result of a lack of adequate
MHC-binding peptides needed for MHC stability. The alter-
native pathway might be preferential for particular peptide
MHC combinations, particularly if the peptide binds to the
MHC molecule with moderate or greater affinity. It is possible
that entry of the transmembrane CCLCLTVFL peptide into
class I by the alternate pathway accounts for its importance
despite only moderate affinity. The only experimental evidence
supporting this possibility is the observation that CCLCL
TVFL peptide-specific CTL lyse RMA-S to a low level. RMA-
S has deficient peptide transport and low-level class I MHC
expression. It is possible that a portion of the small number of
class I MHC molecules expressed by RMA-S contain the
CCLCLTVFL peptide.

A third possibility is that all T cells capable of recognizing
structural Pr65%*¢ polyproteins have been deleted and that true
immunological tolerance exists. Mouse DNA is known to con-
tain numerous endogenous retroviral genes, and many of these
are expressed at various times during ontogeny. Such early
expression would be expected to influence selection of the
T-cell repertoire and thus influence of the MuLV-encoded
epitopes recognized by both CD4™ and CD8" T cells. How-
ever, this is unlikely since mouse B cells producing monoclonal
antibodies specific for p15, p12, and p30 F-MuLV Gag proteins
have been described (6, 8). We have not yet examined whether
immunization with cells expressing the Pr65%“ polyprotein
without the gPr80%“¢ leader sequence can induce Gag-specific
CTL. Moreover, the transmembrane region has been shown to
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contain a CTL epitope only in B6 mice. Since individual allelic
class I MHC molecules have unique peptide binding charac-
teristics, it would be of interest to determine whether the
gag-encoded CTL epitopes in other mouse strains are also
present in the transmembrane domain of the Gag leader se-
quence.

A fourth possibility is that F-MuLV Pr65%“¢ polyproteins are
blocked from entry into the class I MHC processing pathway.
For some complex viruses, particular proteins, e.g., Epstein-
Barr virus nuclear antigen 1 protein (22, 28) and cytomegalo-
virus-encoded IE1 protein (14), are blocked from entry into
the class I MHC processing pathway. However, F-MuLV is
considered to be a simple virus and has only structural proteins
with the exception of the alternatively transcribed Gag glyco-
polyproteins. A class I MHC K® molecule-restricted CTL epi-
tope derived from the MCF1233 MuLV envelope (Env)-p15E
region and shared by all endogenous AKV types of MuLV
expressed on MCF1233 MuLV-induced lymphomas of B6 mice
has recently been reported (35, 39). However, the MCF
MuLV-Env peptide-induced CTL do not recognize B6 leuke-
mias/lymphomas induced by FMR MulLV.

Although the majority of FBL-3-specific CD8" CTL recog-
nize F-MuLV gag-encoded antigen, cytotoxicity assays using
CD8* FBL-3-specific CTL clones showed that 6 of the 38
clones lysed FBL-3 but did not lyse cells expressing either
F-MuLV Gag or Env antigen. The antigen(s) recognized by
the non-F-MuLV Gag or Env antigen-specific CTL clones has
not yet been determined. One possibility would be these CTL
clones are also directed to F-MuLV gag-encoded antigen on
FBL-3 but possess lower-affinity T-cell receptors and thus
failed to exhibit detectable cytotoxicity in CTL assays using
F-MuLV gag-transfected or vaccinia virus-gag-infected targets.
Alternatively and more likely, such clones may recognize pro-
teins with altered expression as a result of the upstream virus-
induced transforming events. Altered expression of cancer-
related proteins, such as oncogenic proteins with aberrant
amino acid sequences, may offer the opportunity to serve as
tumor antigens (4).
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