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Adoptive transfer studies have shown that cytotoxic T lymphocytes (CTL) of high avidity, capable of
recognizing low levels of peptide-MHC I molecules, are more efficient at reducing viral titers than are
low-avidity CTL, thus establishing CTL avidity as a critical parameter for the ability of a CTL to clear virus
in vivo. It has been well documented that CTL of high avidity are relatively CD8 independent, whereas
low-avidity CTL require CD8 engagement in order to become activated. In this study we have analyzed the
antiviral CTL response elicited following infection with the paramyxovirus simian virus 5 (SV5). We have
identified the immunodominant and subdominant CTL responses and subsequently assessed the avidity of
these responses by their CD8 dependence. This is the first study in which the relationship between immu-
nodominance and CTL avidity has been investigated. The immunodominant response was directed against an
epitope present in the viral M protein, and subdominant responses were directed against epitopes present in
the P, F, and HN proteins. Similarly to other CTL responses we have analyzed, the immunodominant response
and the subdominant F and HN responses were comprised of both high- and low-avidity CTL. However, the
subdominant response directed against the epitope present in the P protein is novel, as it is exclusively high
avidity. This high-avidity response is independent of both the route of infection and expression by recombinant
SV5. A further understanding of the inherent properties of P that elicit only high-avidity CTL may allow for
the design of more efficacious vaccine vectors that preferentially elicit high-avidity CTL in vivo.

The importance of cytotoxic T lymphocytes (CTL) in the
clearance of viral pathogens is well established. Virus-specific
CD8� T cells clear virus by the recognition of viral peptides in
the context of major histocompatibility complex (MHC) class I
molecules on infected cells. Numerous studies have previously
shown that CTL specific for the same peptide antigen are not
always functionally equivalent. Within the T-cell population
specific for a single epitope there are CTL with a broad range
of avidities (2, 3, 17, 51, 53). CTL avidity can be defined by the
amount of stimulation required to elicit effector function.
High-avidity CTL can recognize antigen-presenting cells
(APC) pulsed with 100- to 1,000-fold less peptide antigen than
low-avidity CTL (3).

The in vivo importance of high-avidity CTL became evident
when it was shown in a vaccinia virus clearance model that
adoptively transferred high-avidity CTL were 1,000-fold more
efficient at reducing viral titers than were low-avidity CTL (3,
15). High-avidity CTL have been shown to lyse virally infected
cells at earlier time points, when the density of viral peptide-
MHC complexes on infected cells is still low, and in addition to
affect killing more quickly than do low-avidity CTL (15).
Therefore, there is a strong interest in designing vaccines that
can be used to preferentially elicit high-avidity CTL responses.

There has been remarkable progress in recent years on the

development of reverse-genetics systems for manipulating neg-
ative-strand RNA viruses. As such, a number of nonsegmented
negative-strand RNA viruses have been engineered to express
a variety of foreign proteins (13, 18, 31, 38). The ability to
recover paramyxoviruses and rhabdoviruses from cDNA has
raised the possibility of using these viruses as therapeutic vec-
tors to deliver antigens that will elicit long-term protective
immunity against a variety of pathogens.

The paramyxovirus family of viruses includes members such
as the human parainfluenza viruses, mumps virus, measles
virus, and the prototypic virus simian virus 5 (SV5). A number
of properties inherent in these viruses have evoked interest in
using members of this family as vaccine vectors. These prop-
erties include the following: (i) the RNA genome does not
integrate into host DNA, and recombination between viral
genomes does not occur; (ii) the RNA genome is small, but
packaging constraints are not apparent; and (iii) the technol-
ogy exists to engineer these viruses to express multiple tandem-
linked foreign genes. In addition to these properties, SV5 has
been shown to be immunogenic in humans; however, it is not
associated with any known disease (11, 19). SV5 can also rep-
licate to high titers in many different cell types without pro-
ducing apparent cytopathic effects. Finally, replication of SV5
in the respiratory tract provides an attractive route of deliver-
ing vaccines that may elicit mucosal immune responses.

The lung environment has been shown to possess a number
of unique characteristics that could impact the immune re-
sponses elicited therein (7, 12, 20, 44). As part of our efforts to
develop SV5 as a model for respiratory tract infections and to
explore its potential use as a vaccine vector, we have analyzed
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the CTL response generated following immunization with this
virus. Our results show that during SV5 infection of BALB/c
mice the immunodominant response is directed against an
epitope in the M protein, with subdominant responses elicited
against epitopes in the P, F, and HN proteins. An analysis of
the avidities of M, HN, and F responses showed that a mixture
of high- and low-avidity CTL was present in the responding
CTL populations, and this profile is typical of all antigens
analyzed to date (reference 2 and data not shown). Surpris-
ingly, the P-specific immune response consisted of almost ex-
clusively high-avidity CTL. The finding that the SV5 P protein
has an inherent property that allows for the elicitation of high-
avidity CTL has important implications for the design of more
potent vaccine vectors and elucidating the factors that control
CTL avidity.

MATERIALS AND METHODS

Mice and cell lines. BALB/c mice were purchased from the Frederick Cancer
Research and Development Center (Frederick, Md.). P815 is a DBA/2-derived
(H-2d) mastocytoma. All research performed on mice in this study has complied
with federal and institutional guidelines set forth by the Wake Forest University
Animal Care and Usage Committee.

Generation of CTL lines. Responding BALB/c spleen cells (7.5 � 106) from
mice previously immunized with wild-type SV5 intranasally (i.n.) were cocultured
with 3.5 � 106 stimulating BALB/c splenocytes (UV inactivated) infected 20 h
previously with wild-type SV5 at a multiplicity of infection (MOI) of 10. Cells
were cultured together in a 24-well plate containing 2 ml of RPMI 1640 medium
supplemented with 10% fetal calf serum, L-glutamine, sodium pyruvate, nones-
sential amino acids, HEPES, penicillin, streptomycin, 5 � 10�5 M 2-mercapto-
ethanol, and 5% concanavalin A supernatant. CTL lines were established from
primary cultures and were maintained by weekly restimulation of 3 � 105 to 5 �
105 cells/well in the presence of 5 � 106 UV-inactivated BALB/c spleen cells
infected with wild-type SV5 at an MOI of 10.

Chromium release assay. The 51Cr release assay was carried out as described
previously (1) with modifications. Target cells (106) were labeled with 200 to 300
�Ci of Na2

51CrO4 in 200 to 300 �l of RPMI 1640 medium supplemented with
10% NCS and 10 mM HEPES for 2 h at 37°C. Where appropriate, target cells
were infected 20 h previously with wild-type SV5 at an MOI of 10. Cells were
then washed and added to wells along with the appropriate number of effector
cells in 96-well round-bottom plates. After 4 h, supernatants were harvested and
counted in an Auto-Gamma 5650 (Packard). The means of triplicate samples and
percentage of 51Cr release were calculated.

Recombinant viruses. Plasmids carrying the SV5 NP (33), P and V (46), M
(41), F (35), SH (22), HN (21), and L (33) genes have been described. Vaccinia
viruses expressing the HN and F proteins were kindly provided by R. Paterson
and R. A. Lamb (Northwestern University) as described previously (36). Details
of the cloning strategy and recovery of recombinant vaccinia virus (rVV) ex-
pressing the SV5 NP, P, M, SH, and L proteins are available upon request from
the authors. Briefly, DNA fragments encoding the SV5 proteins were excised
from plasmids using unique flanking restriction sites, treated with Klenow frag-
ment of DNA polymerase to create blunt ends, and then ligated into the StuI site
of pSC11ss (9). The NP gene was divided into two overlapping fragments en-
coding amino-terminal residues 1 to 327 (including a C-terminal 11-amino-acid
hemagglutinin epitope tag for detection) and carboxy-terminal residues 182 to
509. The L gene was divided into two overlapping fragments encoding amino-
terminal residues 1 to 1558 and carboxy-terminal residues 1480 to 2255. rVVs
expressing the SV5 polypeptides were isolated by thymidine kinase selection
using bromodeoxyuridine and beta-galactosidase screening as described previ-
ously (9). Plaque-purified virus was screened for expression by Western blotting
using rabbit antisera specific for the NP, P, M, HN, and F polypeptides (28, 34),
an L-specific peptide (32), or monoclonal antibodies specific for the V protein
(37) or hemagglutinin epitope tag (Roche). vPE-16 used as a control virus is a
recombinant vaccinia virus construct that expresses the gp160 protein from the
IIIB strain of human immunodeficiency virus (16) and was a kind gift of Patricia
Earl and Bernard Moss (National Institute of Allergy and Infectious Diseases,
Bethesda, Md.).

Wild-type recombinant SV5 (WT rSV5) was generated using a reverse-genet-
ics system from an infectious clone as described previously (34).

ELISPOT analyses. Responder cells used for analysis were from mice immu-
nized with WT rSV5, or rVVs expressing SV5 polypeptides where indicated, 6,
12, 18, or 40 days prior to enzyme-linked immunospot (ELISPOT) analysis. To
enumerate high- and low-avidity cells, titrated numbers of splenocytes were
cultured in the presence or absence of anti-CD8 antibody (clone 53 6.72) in the
form of ascites for 15 min at 37°C. A final dilution of 1:1,000 of anti-CD8
antibody was used. Flow cytometric and functional analyses showed this concen-
tration to be saturating. A total of 5 � 104 P815 stimulators that had been
infected 18 to 24 h previously with the indicated virus and UV inactivated were
then added. Cells were cocultured in plates as described previously (2). Briefly,
cells were cultured in plates coated with 2 �g of anti-mouse gamma interferon
(IFN-�) monoclonal antibody R4-6A2 (PharMingen, San Diego, Calif.) per ml.
After 36 h, the plates were washed and incubated for 90 min with 2 �g of
biotinylated anti-mouse IFN-� monoclonal antibody XMG1.2 (PharMingen) per
ml. Following washing, the plates were incubated with 2 �g of horseradish
peroxidase-conjugated avidin per ml for 90 min. Sigma Fast 3,3�-diaminobenzi-
dine tablet sets (Sigma, St. Louis, Mo.) were subsequently added for 15 min for
the detection of IFN-�-producing cells. The number of spots was determined
with the aid of a stereomicroscope. Determination of the relative avidity of cells
is based on the fact that CTL of higher avidity are those that produce IFN-� in
the presence of anti-CD8 antibody following stimulation with APC infected with
virus and CTL of lower avidity are those that are blocked by anti-CD8 antibody
(1, 4). Nonspecific spot production was assessed by culturing the highest input
number of responder cells in the presence of stimulator cells that were unin-
fected or were infected with viruses expressing irrelevant antigens.

Tissue sampling. The mediastinal lymph nodes (MLN) were removed from
mice immunized with SV5 i.n. and processed to give single-cell suspensions.
MLN were pooled from three mice in each experiment.

Immunizations. Mice were anesthetized by intraperitoneal (i.p.) injection with
2,2,2-tribromoethanol (Avertin). Anesthetized mice were immunized i.n. with 50
�l of phosphate-buffered saline containing the indicated amount of virus as
previously described (23). Inoculations of 100 �l of viral suspensions were de-
livered subcutaneously (s.c.) into the scruffs of the necks of mice as previously
described (6). Viral suspensions were inoculated i.p. in a volume of 100 �l.

RESULTS

SV5-specific cytolytic activity in immunized mice. As a first
step in the analysis of the immunogenicity of SV5, BALB/c
mice were immunized i.n. with 106 PFU of WT SV5. Spleno-
cytes from immunized mice were harvested 6 days postimmu-
nization and restimulated in vitro with UV-inactivated synge-
neic spleen cells that had been infected with WT SV5 (MOI �
10) 18 to 24 h previously. CTL lines were maintained in vitro
by weekly restimulation with SV5-infected splenocyte stimula-
tors. CTL activity was measured in a standard 51Cr release
assay. CTL were able to lyse P815-infected targets in an anti-
gen-specific manner, efficiently lysing infected targets but not
mock-infected targets (Fig. 1). These data are in agreement
with previous findings that SV5 is immunogenic in BALB/c
mice and produces a potent CTL response that can be ex-
panded in vitro (52).

Mapping of the SV5 CTL response. We have used an ELI-
SPOT-based assay system to determine the proteins that con-
tain epitopes that are important in the immune response to
SV5. This approach has the advantage that it can be performed
on cells directly ex vivo and allows for the quantitation of the
number of responding CTL. The readout for the ELISPOT is
the detection of secreted IFN-� from activated CTL under
specific stimulation conditions.

To determine the proteins that were immunogenic, mice
were immunized with WT rSV5 i.n., and on day 12 postimmu-
nization, the splenocytes were harvested and used in ELISPOT
assays. The responder splenocytes were cocultured with P815
cells that had been infected with rVV expressing individual
SV5 proteins or polypeptides. As shown in Fig. 2, the immu-
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nodominant response to SV5 infection in the BALB/c mice is
directed against an epitope present in the M protein. Subdomi-
nant responses were detected against epitopes present in P, F,
and HN proteins. CTL from SV5-infected mice recognized
cells expressing the other SV5 polypeptides to the same extent
as negative-control stimulator cells that were infected with a
recombinant vaccinia virus expressing the human immunode-
ficiency virus gp160 glycoprotein (vPE-16). Since P815 cells
express MHC class I antigens and not MHC class II antigens,
the IFN-� production observed was mediated through class
I-restricted CTL.

Relative avidity of the SV5-specific responses over time. It
has previously been shown that CTL avidity can be an impor-
tant determinant of the potency of antiviral CTL (3). To de-
termine the relative avidity of the anti-SV5 CTL response, we
used a modified ELISPOT assay. Our assay is based on the
observation that low-avidity CTL require CD8 engagement in
order to elicit effector function, whereas high-avidity CTL are
relatively CD8 independent for activation (1, 4, 24, 42, 43, 49).
We were able to modify the ELISPOT assay to quantify the
numbers of high- and low-avidity CTL specific for SV5
polypeptides by including anti-CD8 blocking antibody in co-
cultures of responding splenocytes and P815-stimulating cells.
Only those CTL that are of high avidity will produce IFN-� in
the presence of anti-CD8 blocking antibody (2). Therefore, the
total response to each protein will be detected in the absence
of antibody, and the number of low-avidity CTL (CD8 depen-
dent) can be determined by subtracting the number of cells
detected in the presence of anti-CD8 antibody from the total
response.

Typically, a response to a particular antigen is characterized
by the presence of both high- and low-avidity CTL (2, 3, 17, 51,
53). When CTL against the M protein were analyzed on day 6
postinfection, the number of responding CTL in the presence
of anti-CD8 blocking antibody (Fig. 3A, black bar) was �60%
of the number in the absence of anti-CD8 antibody (hatched
bar). Thus, the responding population specific for the immu-
nodominant M epitope contained �40% CD8-dependent, or
low-avidity CTL (Fig. 3A). In surprising contrast to this find-
ing, the response to P was almost entirely CD8 independent.
This suggests that 6 days after immunization, the response to P
consists almost exclusively of high-avidity responders. The pre-
dominantly high-avidity P-specific CTL response detected was
not exclusively due to its subdominant status, since the re-
sponses to the subdominant epitopes from HN and F were
comprised of both high- and low-avidity CTL (Fig. 3A).

To determine if the avidity of anti-SV5 CTL responses was
maintained throughout the acute response and into the mem-
ory pool, mice were vaccinated with WT rSV5 and ELISPOT
assays were performed on splenocyte responder cells isolated
12, 18, and 40 days postinfection in the presence or absence of
anti-CD8 blocking antibody. Low-avidity CTL specific for the
immunodominant M epitope were detectable at all time points
analyzed, ranging from �30 to 70% of the total responding
population (average, 51.9 	 19.3% [standard deviation]). Sim-
ilarly, the responses to F and HN also contained a mixture of
high- and low-avidity CTL (Fig. 3). The predominantly high-
avidity response to P continued through day 12 but began to
decline by day 18, with the number of low-avidity cells increas-
ing over time (Fig. 3B and C). The number of detectable
P-specific CTL at day 40 postinfection was quite small (Fig.
3D). Thus, it was difficult to determine whether the numbers of
high- and low-avidity CTL were different in this response;
however, in two of three experiments performed, the numbers
of spots in the presence and absence of anti-CD8 antibody
were not statistically different. These data suggest that soon
after SV5 infection, a predominantly high-avidity response
against an epitope present in P is elicited, and by day 18 after
infection this high-avidity response begins to decline.

To determine if the high-avidity response to P that was
detected in the spleen was also present in the MLN, ELISPOT

FIG. 1. CTL response of BALB/c mice immunized with SV5. CTL
cultures and chromium release assays were performed as described in
Materials and Methods. P815 (H-2d) cells infected with SV5 (F) or
mock infected (�) were used as targets. The data shown are represen-
tative of three independent experiments.

FIG. 2. Immunodominant CTL response against an epitope in the
M protein and subdominant responses directed against epitopes in the
P, F, and HN proteins. Mice were immunized i.n. with SV5, and 12
days postinfection splenocytes were isolated and analyzed using ELI-
SPOT assays. P815 cells had been infected 18 h previously with recom-
binant vaccinia viruses as described in Materials and Methods and
used as stimulators. The data shown are representative of four inde-
pendent experiments.
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assays were performed on cells isolated from mice immunized
i.n. with SV5. As seen in the previous analyses, the response to
M was immunodominant, with subdominant responses appar-
ent for P, F, and HN (Fig. 4). Also in agreement with the
results shown in Fig. 3, the P-specific response at day 6 postin-
fection was predominantly high avidity. Interestingly, the rel-
ative proportion of CTL responding to the F-specific epitope
was comparatively larger in the MLN than in the spleen at the
same time point. However, the ratio of high-avidity cells to
low-avidity cells was maintained. The significance of these find-
ings is currently under investigation.

Predominantly high-avidity CTL response directed against
P is independent of expression by SV5. Although the ability to
selectively activate high-avidity CTL is a highly desirable at-
tribute for vaccine purposes, the mechanism by which an an-
tigen could display this property is unknown. As a first step in
dissecting the ability of P to induce this novel high-avidity
response, we determined whether the expression of P by a
different virus, vaccinia virus, elicited a similar response. Mice
were immunized i.n. with a recombinant vaccinia virus express-
ing the full-length P protein (rVV-P). A recombinant vaccinia
virus expressing the full-length M protein (rVV-M) was used in
parallel as a control for a protein eliciting both high- and
low-avidity CTL. ELISPOT analyses with anti-CD8 blocking
antibody were performed on splenocytes 6, 12, 18, and 40 days
postimmunization (Fig. 5). Similarly to SV5 infection, rVV-M
infection elicited CTL of both high and low avidities over the
time course of the experiment (Fig. 5). Similarly to the finding

for CTL activated by SV5 infection, rVV-P infection elicited a
mainly high-avidity P response by day 6 after immunization
(Fig. 5A). This response remained predominantly high avidity
through day 12 (Fig. 5B). As seen with SV5 infection, there was

FIG. 3. Predominantly high-avidity P-specific response in mice immunized with SV5. BALB/c mice were immunized i.n. with 3 � 106 PFU of
SV5, and ELISPOT assays were performed 6 days (A), 12 days (B), 18 days (C), or 40 days (D) after infection as described in the legend to Fig.
2. ELISPOT assays were performed in the absence (cross-hatched bars) or presence (black bars) of anti-CD8 blocking antibody. The data shown
are representative of three independent experiments.

FIG. 4. High-avidity P-specific response detected in MLN. BALB/c
mice were immunized i.n. with 3 � 106 PFU of SV5, and 6 days later
MLN were harvested from three mice and pooled for analysis in
ELISPOT assays. ELISPOT assays were performed in the absence
(cross-hatched bars) or presence (black bars) of anti-CD8 blocking
antibody. The data shown are representative of three independent
experiments.
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a slight increase in the number of low-avidity CTL specific for
P epitope(s) detected by day 18 after immunization (Fig. 5C).
However, by day 40 postinfection with rVV-P the predominant
response was again exclusively high avidity (Fig. 5D), suggest-
ing that high-avidity P-specific CTL may preferentially survive
into the memory population following vaccinia virus infection.
These data indicate that the high-avidity response specific for
the epitope(s) present in the SV5 P protein is not dependent
on SV5 infection but rather is an inherent property of the
polypeptide or the epitope.

The route of immunization does not affect the avidity of the
P-specific response. The site of antigen entry can have signif-
icant effects on the subsequent immune response. Thus, it was
of interest to determine whether the observed pattern of im-
munodominance and the high-avidity nature of the P response
were dependent on the route of immunization. As immuniza-
tion with rVV-P yielded a large number of P-specific CTL
while maintaining the high-avidity nature of the response, mice
were immunized i.n., i.p., or s.c. with rVV-P or, as a control,
with rVV-M. Intraperitoneal immunization resulted in an im-
mune response of size and avidity similar to those obtained
with i.n. immunization (compare Fig. 6A and B). Although the
relative sizes of the P-specific and M-specific responses were
maintained following i.n. and i.p. immunization with rVV-P or
rVV-M, we observed that following s.c. infection the relative
size of the M-specific response was reduced compared to that

of the P-specific response (Fig. 6C). However, the high-avidity
nature of the P response was maintained.

The important result from this set of experiments is that the
elicitation of the P-specific high-avidity CTL response was de-
tected in mice immunized either i.n., i.p., or s.c. These results
suggest that the elicitation of the predominantly high-avidity
P-specific CTL response is independent of the route of immu-
nization and thus the high avidity nature of the P response is
unlikely to be dependent on a specialized microenvironment or
APC present in the lung or draining lymph node of the lung.

DISCUSSION

A typical antigen-specific CTL response is characterized by
the elicitation of both high-avidity and low-avidity cells (2, 3,
17, 51, 53). A number of studies have indicated that antiviral
vaccine design should focus on increasing the number of high-
avidity CTL elicited, since they are more potent than low-
avidity cells in their ability to reduce viral load in vivo (3, 15).
An ELISPOT assay to quantitate antigen-specific CTL with a
defined avidity was developed previously (2). This assay is
based on the different requirements of high- and low-avidity
cells for CD8 engagement as evidenced by the ability of anti-
CD8 antibody to block activation of low-avidity CTL (1, 4, 24,
42, 43, 49). As part of our efforts to utilize SV5 as a model for
infection of the respiratory tract and to investigate its potential

FIG. 5. The high-avidity P-specific response is independent of expression by rSV5. Mice were immunized i.n. with 106 PFU of either rVV-P or
rVV-M, and ELISPOT assays were performed on splenocytes isolated 6 days (A), 12 days (B), 18 days (C), or 40 days (D) after infection. ELISPOT
assays were performed in the absence (cross-hatched bars) or presence (black bars) of anti-CD8 blocking antibody. P815 cells infected with SV5
were used as stimulators. As negative controls, splenocytes from mice immunized with rVV-P (Mock P) or rVV-M (Mock M) were plated together
with uninfected P815 cells. The data shown are representative of three independent experiments.
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as a vaccine vector, we have applied this approach to the
analysis of CTL elicited following SV5 infection in BALB/c
mice. Using the ELISPOT assay we demonstrated that the
immunodominant CTL response elicited during SV5 infection
in BALB/c mice is directed against an epitope present in the M
protein (Fig. 2). A surprising observation was made when we
discovered that a subdominant response directed against an
epitope present in the phosphoprotein of SV5 was almost
exclusively high avidity (Fig. 3). This is the first report of an
epitope with this property.

This high-avidity P-specific response is present at day 6 and
continues through day 12 (Fig. 3). However, by day 18 after

infection low-avidity CTL can be detected in addition to high-
avidity CTL. The mechanism responsible for the increase in
low-avidity CTL at day 18 following SV5 infection is unknown.
However, one factor that has been shown to be important in
the immune response elicited by a particular epitope is the
available T-cell repertoire (14, 50). One possibility is that there
is a second epitope present in the P protein that elicits low-
avidity CTL but the frequency of these cells in the responding
population is low, thus preventing their detection until suffi-
cient time has passed to allow for their expansion. Work is in
progress to determine if the anti-P response is directed to a
single epitope or whether multiple epitopes are recognized.

As seen with WT rSV5, infection of BALB/c mice with
rVV-P results in a high-avidity P-specific response that is de-
tected through day 12 (Fig. 5A and B). By day 18 there is a
slight decrease in the relative number of high-avidity CTL (Fig.
5C). However, while the low number of P-specific CTL present
in the memory pool following immunization with WT rSV5
made it difficult to determine unambiguously the percentage of
high-avidity CTL, a greater number of CTL were present at
day 40 following rVV-P infection and here a predominantly
high-avidity response was clearly detected (Fig. 5D). This re-
sult demonstrates that the high-avidity CTL response to P is
independent of expression by SV5 and would suggest that
during acute infection high-avidity P-specific CTL that can
survive efficiently into the memory pool are elicited. It is pos-
sible that the memory responses generated as a result of im-
munization with WT rSV5 and rVV-P differ in the relative
ratio of high-avidity to low-avidity CTL. We are currently
working to increase the generation of SV5-specific memory
CTL by engineering rSV5 to express cytokines. This should
allow for determination of the ratio of high-avidity to low-
avidity CTL elicited as a result of infection with SV5.

Our studies are the first to investigate the effect of the route
of immunization on the avidity of the response elicited. Upon
immunization by different routes we found that the avidity
profile of the P-specific response was similar to that detected in
the spleen. However, the sizes of the responses to M and P
were substantially lower in mice infected s.c. (Fig. 6). This
finding is in agreement with previous studies showing that the
size of the immune response can vary depending on the route
of infection (27, 39).

Our data suggest that the SV5 P protein or a peptide within
the P protein has an inherent property that is responsible for
eliciting predominantly high-avidity responses. As has been
shown in previous studies, the determinant density on antigen-
presenting cells is an important factor for the expansion of
high-avidity CTL (1, 3, 8, 53). Stimulation with low concentra-
tions of peptide activates high-avidity CTL, whereas high con-
centrations of peptide are required for the activation of low-
avidity CTL. Thus, a low concentration of P peptide-MHC
complexes could preferentially elicit a high-avidity response.

There are a number of factors that could impact the number
of P peptide-MHC complexes displayed for recognition by
CTL including the binding affinity of the peptide for the MHC
and the efficiency with which the P peptide is liberated from
the protein. Recent structural data have shown that the P
protein of Sendai virus, a paramyxovirus related to SV5, forms
highly stable homotetramers with an atypical coiled-coil struc-
ture (45). If this structure is also present in the SV5 P protein,

FIG. 6. Route of immunization does not affect the avidity of the
response elicited. Mice were immunized with 106 PFU of either rVV-P
or rVV-M i.n. (A), i.p. (B), or s.c. (C), and ELISPOT assays were
performed as described in the legend to Fig. 5 on splenocytes isolated
12 days after infection. ELISPOT assays were performed in the ab-
sence (cross-hatched bars) or presence (black bars) of anti-CD8 block-
ing antibody. The data shown are representative of three independent
experiments.
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it is possible that the determinant density of P peptide-MHC
class I molecules is low on the surfaces of infected cells due to
the low turnover rate of the protein. The stability of P protein
during SV5 infection is currently under investigation.

The residues flanking an epitope have been shown to be
important for determining the efficiency with which epitopes
are presented (26, 29). Thus, a second feature that could con-
tribute to a low level of presented P peptide is the nature of the
residues flanking the peptide. If residues that prevent efficient
processing of the P peptide are present, this may allow for only
small amounts of P peptide to be processed and loaded into
MHC class I molecules during infection, resulting in a low level
of P epitope presented to CTL.

The binding affinity of peptides for MHC class I molecules
requires a minimum threshold in order to be immunogenic (40,
50). If the P epitope has a binding affinity that is just above the
minimum threshold for being immunogenic, it is possible that
this may play a role in the population of T cells that can
respond to the epitope. Further, the SV5 P protein is highly
phosphorylated (25). It has been shown that phosphorylation
of peptides can have negative effects on their ability to bind
MHC class I molecules (5). Thus, it is possible that the epitope
of interest is phosphorylated and binds MHC inefficiently. Fur-
ther studies of this response should allow for the identification
of the mechanism responsible for the preferential activation of
high-avidity CTL by the P protein or peptide. We anticipate
that the attribute(s) identified in the P protein or peptide can
be engineered into other proteins or peptides in order to con-
fer the ability to target high-avidity CTL in vivo.

Although the presence of immunodominant and subdomi-
nant epitopes has been well documented (10, 30, 47, 48), the
attributes that confer these properties are not fully defined.
The results from this study allow evaluation of whether there is
a link between dominance and CTL avidity. The immunodom-
inant response is by definition the response with the largest
number of responding CTL. Previous studies investigating the
repertoire of CTL capable of responding to the immunodom-
inant ovalbumin epitope (SIINFEKL) have shown that the
number of low-avidity precursors is greater than that of high-
avidity cells (2). Thus, one could hypothesize that the increase
in size of an immunodominant response could be due, at least
in part, to the activation of lower-avidity precursors in addition
to higher-avidity precursors. It would follow then that the
smaller size of a subdominant response would be the result of
the elicitation of only a subset of the CTL that possess a
restricted avidity. Although the subdominant anti-P response
would support this hypothesis, the presence of high- and low-
avidity CTL in the anti-F and anti-HN subdominant responses
at ratios similar to that found in the immunodominant re-
sponse would suggest that there is not a link between avidity
and immunodominance.

In summary, the study presented here examines the immune
response generated following i.n. infection with SV5. The re-
sults show that in BALB/c mice an immunodominant response
is elicited against an epitope present in the M protein while
subdominant responses are directed against epitopes present
in the P, F, and HN proteins. Upon further analysis the avid-
ities of the responses directed against M, F, and HN were
found to be similar to those of other antigens studied in the
past in that both high-avidity and low-avidity CTL were elic-

ited. Surprisingly, the subdominant response directed against
the P protein was almost entirely high avidity. This high-avidity
response is an inherent property of the P protein or peptide
and is independent of the route of infection. The importance
of this finding becomes apparent when considering the numer-
ous studies that have shown the increased in vivo efficacy of
high-avidity CTL in lowering viral load and clearing tumors (3,
15, 53). A further understanding of the factors that contribute
to the preferential elicitation of high-avidity P-specific CTL
and their long-term survival may allow us to confer these prop-
erties on other epitopes such that high-avidity CTL can be
targeted for in vivo activation and expansion. This in turn may
allow for the design of more potent vaccines.
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