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Although recent evidence has confirmed the importance of cytotoxic T-lymphocyte (CTL) responses in
controlling human immunodeficiency virus type 1 and simian immunodeficiency virus replication, the rele-
vance of the epitopic breadth of those CTL responses remains unexplored. In the present study, we sought to
determine whether vaccination can expand CTL populations which recognize a repertoire of viral epitopes that
is greater than is typically generated in the course of a viral infection. We demonstrate that potent secondary
CTL responses to subdominant epitopes are rapidly generated following a pathogenic simian-human immu-
nodeficiency virus challenge of rhesus monkeys vaccinated with plasmid DNA or recombinant modified
vaccinia virus Ankara vaccines. These data indicate that prior vaccination can increase the breadth of the CTL

response that evolves after an AIDS virus infection.

Recent studies have demonstrated the critical role of virus-
specific cytotoxic T-lymphocyte (CTL) responses in controlling
human immunodeficiency virus type 1 (HIV-1) replication in
humans and simian immunodeficiency virus (SIV) replication
in rhesus monkeys (12, 16, 21). Candidate AIDS vaccines that
elicit potent CTL responses are therefore being developed. In
fact, the central importance of CTL in the immune contain-
ment of HIV-1 and SIV replication is underscored by the
recent demonstration that a simian-human immunodeficiency
virus (SHIV) can escape from containment by a vaccine-elic-
ited immune response through the mutation of a single dom-
inant CTL epitope (5). This finding also suggests that a CTL
response with significant epitopic breadth may be needed in
vaccinated individuals following viral challenge to minimize
the likelihood of such eventual vaccine failures.

In preclinical AIDS vaccine studies in nonhuman primates,
CTLs in the peripheral blood of vaccinated animals are typi-
cally assessed prior to viral challenge. It is likely, however, that
the CTL populations relevant for the control of viral replica-
tion are not those effector cells circulating at the time of viral
exposure, since there is no evidence that effector CTLs can
protect against the initial establishment of a viral infection.
The important CTLs are probably those that expand in the
infected individual from memory CD8" T lymphocytes during
the period of primary infection. These expanding populations
of effector cells limit the spread of virus during the early days
following infection. In fact, a vaccine may not elicit a particu-
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larly potent primary effector CTL response but may generate a
substantial memory CTL population that can rapidly expand
following exposure to replicating virus. It is therefore impor-
tant to know the potential of HIV-1 vaccine candidates to elicit
memory CTLs specific for a diversity of epitopes that can
expand following infection.

CTLs have been implicated in containing AIDS virus repli-
cation during two distinct phases of infection. First, they have
been shown to contain the early burst of viral replication in
infected individuals during the period of primary infection
(13). Second, they have been shown to contain ongoing,
chronic viral replication (5, 16, 17, 21). A vaccine-elicited
memory CTL population might expand rapidly enough follow-
ing initial infection to limit early viral spread and establish a
low set-point level of chronic viral replication. It is also possi-
ble that vaccine-elicited memory CTL may expand to a sizeable
population too late to contribute to containing early viral
spread. Such a late-expanded CTL population may, neverthe-
less, contribute to the long-term control of chronic viral repli-
cation. It will therefore be important to characterize the kinet-
ics of the emergence of effector CTL populations in vaccinated
individuals following exposure to replicating virus to determine
how a vaccine-elicited immune response may contribute to the
control of virus spread.

The natural bias of antiviral immune responses focuses CTL
recognition on a limited number of immunodominant epitopes
(23). An understanding of this bias has led a number of labo-
ratories to develop AIDS vaccine candidates that elicit CTL
responses specific for limited numbers of immunodominant
viral epitopes (2, 10, 11, 22). The rationale for pursuing this
strategy is that such vaccines will focus the immune response
on the biologically relevant viral epitopes. However, virus-
specific CTLs that recognize many subdominant epitopes in
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addition to these limited number of dominant epitopes de-
velop in infected individuals. It has been argued that a CTL
response which recognizes a diversity of viral epitopes will
decrease the chance that viral mutations that escape from CTL
recognition will develop (5).

We have previously shown that plasmid DNA vaccination of
rhesus monkeys elicits reproducible high-frequency CTL re-
sponses specific for both dominant and subdominant epitopes,
with each dominant or subdominant epitope-specific response
constituting 0.1 to 0.5% peripheral CD8" T cells (4). In con-
trast, recombinant modified vaccinia virus Ankara (rMVA)
vaccination elicited high-frequency CTL responses to domi-
nant epitopes (0.1 to 0.4%), but responses to subdominant
epitopes were of a substantially lower frequency (0.0 to 0.1%).
These findings, however, did not address the issue of whether
the subdominant CTL responses could expand in DNA- and
rMVA-vaccinated monkeys following exposure to replicating
virus or whether they have functional significance. Here we
report that robust CTL responses specific for subdominant
epitopes develop in both DNA- and rMVA-vaccinated mon-
keys but not in control animals following a pathogenic viral
challenge. The rapid kinetics of the emergence of these sec-
ondary CTL responses specific for subdominant epitopes, as
well as their persistence following infection, suggests that they
may contribute to protection against viral replication both dur-
ing the period of primary infection and in the setting of chronic
infection.

Groups of rhesus monkeys expressing the major histocom-
patibility complex class I allele Mamu-A*01 were selected for
this study. By studying monkeys that expressed this major his-
tocompatibility complex class I allele, we were able to monitor
the emergence of CTL responses specific for well-defined
dominant and subdominant Mamu-A*01-restricted SIV and
HIV epitopes (1, 8, 15). The monkeys were vaccinated with
sham plasmid DNA (n = 4) or DNA vaccines expressing SIV-
mac239 Gag and HIV-1 89.6P Env (n = 3) at weeks 0, 4, 8, and
40 (6, 7). At weeks 0 and 4, certain monkeys also received
interleukin-2/immunoglobulin (IL-2/Ig) plasmid (n = 4). At
week 46, all monkeys were challenged with 100 50% monkey
infective doses (MIDs,) of SHIV-89.6P by the intravenous
route (18, 19). These animals were a subpopulation of a pre-
viously described larger group of vaccinated and challenged
monkeys (6). Following viral challenge, we monitored CTL
responses specific for the Mamu-A*01-restricted immunodom-
inant SIV Gag p11C epitope (CTPYDINQM) (1, 15) as well as
the Mamu-A*01-restricted subdominant HIV-1 Env p41A (YA
PPISGQI) and SIV Pol p68A (STPPLVRLYV) epitopes (8).
CTL responses were assessed by staining freshly isolated pe-
ripheral blood mononuclear cells (PBMC) with fluorochrome-
labeled Mamu-A*01/peptide tetramer complexes followed by
flow cytometric analysis (3, 15), staining PBMC following pep-
tide stimulation in culture with these tetramers, and perform-
ing standard chromium release cytotoxicity assays. One micro-
gram of phycoerythrin-labeled tetrameric Mamu-A*01/p11C,
Mamu-A*01/p41A, or Mamu-A*01/p68A complexes in con-
junction with fluorescein isothiocyanate-labeled anti-human
CD8a (Leu2a; Becton Dickinson), ECD-labeled anti-human
CD8ap (2ST8-5H7; Beckman Coulter), and allophycocyanin-
labeled anti-rhesus CD3 (FN18) monoclonal antibodies
(MADs) were used to stain pl1C-, p4l1A-, or p68A-specific
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CD8™" T cells as described previously (8, 14). For staining of
freshly isolated PBMC, 100 pl of whole blood from both vac-
cinated and control monkeys was directly stained with these
reagents, lysed on an Immunoprep Reagent Q-Prep Worksta-
tion (Coulter), washed in 3 ml of phosphate-buffered saline,
and fixed in 0.5 ml of phosphate-buffered saline containing
1.5% paraformaldehyde.

Alternatively, peripheral blood lymphocytes (PBL) from
rhesus monkeys were isolated and washed in Hanks’ balanced
salt solution containing 2% fetal calf serum (FCS). PBL (5 X
10°) in 2 ml of RPMI 1640 medium containing 12% FCS (R12)
were cultured in the presence of 1-pg/ml concentrations of SIV
Gag p11C (CTPYDINQM), HIV-1 Env p41A (YAPPISGQI),
or SIV Pol p68A (STPPLVRLYV) peptides (8, 14). On day 3 of
culture, 2 ml of 40 U of human recombinant IL-2 (Hoffman-La
Roche) per ml was added. On day 12 of culture, peptide-
stimulated PBL were centrifuged over a Ficoll gradient,
washed, and stained with tetramer as described elsewhere (14).

Alternatively, on day 3 of culture, 2 ml of 40 U of human
recombinant IL-2 (Hoffman-La Roche) per ml was added. On
day 12 of culture, peptide-stimulated PBL were centrifuged
over Ficoll (Ficoll-Paque) and assessed as effectors in standard
S1Cr release assays by using U-bottomed, 96-well plates con-
taining 10* target cells per well. Autologous B-lymphoblastoid
cell lines pulsed with 1-pg/ml concentrations of p11C, p68A, or
p11B control peptide (ALSEGCTPYDIN) and labeled over-
night with 100 wCi of >'Cr per ml were used as targets. After
4 h of incubation at 37°C, supernatants were harvested, mixed
with scintillation fluid, and measured by using a Wallac 1450
Microbeta liquid scintillation counter. To measure spontane-
ous release of *'Cr, target cells were incubated with 100 ul of
medium, and for maximum release target cells were incubated
with 100 wl of 2% Triton X-100. Percent lysis was calculated as
follows: (experimental release — spontaneous release)/(maxi-
mum release — spontaneous release) X 100.

As shown in Fig. 1A, only 0.0 to 0.2% of freshly isolated
CD8" T lymphocytes from the control vaccinated monkeys
bound the Env p4lA tetramer following SHIV-89.6P chal-
lenge, indicating low-frequency p41A-specific CTL responses.
These low-frequency primary p41A-specific tetramer re-
sponses are consistent with our previous experience with this
subdominant epitope in SHIV-infected rhesus monkeys (8). In
contrast, 0.2 to 0.5% of freshly isolated CD8" T lymphocytes
from the DNA-vaccinated monkeys bound the p41A tetramer
on days 14 to 21 following challenge. In the monkeys that
received the DNA vaccines plus IL-2/Ig plasmid, 0.5 to 1.6% of
freshly isolated CD8" T lymphocytes bound the p41A tetramer
on days 14 to 21 following challenge. These values are consis-
tent with potent secondary p41A-specific CTL responses. The
rapid kinetics of the emergence of these secondary p41A-
specific responses were comparable with the kinetics of the
secondary CTL responses to the dominant Gag p11C epitope
in these monkeys (6).

SHIV-89.6P typically causes an abrupt and profound deple-
tion of CD4" T lymphocytes within 2 to 3 weeks of infection
(18, 19). The absence of CD4 *-T-lymphocyte-mediated immu-
nologic help in SHIV 89.6P-infected monkeys might have the-
oretically interfered with the ability of these animals to mount
virus-specific CTL responses, and preserved CD4"-T-lympho-
cyte populations might facilitate the generation of such re-



6378  NOTES
A. p41A
16 Control DNA
’ —e—KPB
124 —a— KPE
—a—PKT
0.8 1 —e-TDE
0.4 -
. e S e

0 20 40 80 80 100 120 140
> 16 DNA Vaccines Alone
> 1,
2 —=—702
@ 1.2 1 —a—811
g —820
s 0.8 -
ko
[
<t
by
o
°\° LJ T L] T T
0 20 40 60 80 100 120 140

DNA + IL-2/lg Plasmid

0 T T T T T T

0 20 40 60 80
Days After Challenge

100 120 140

J. VIROL.

B. p68A
Control DNA
1.6
—e—KPB

1.2 4 —=—KPE

’ —a—PKT
0.8 - ——TDE
0.4

ISP~ N S

0 20 40 60 80 100 120 140
DNA Vaccines Alone
g 1.6
3 —=—702
m 1.2 1 —a— 811
g —«820
S 0.8 -
°
|_
< 0.4 1
[T=]
o
Y -&né&%—

0 20 40 60 80 100 120 140
16 DNA + IL-2/lg Plasmid
—e—483
1.2 4 —a—728
—— 833
0.8 —<893
0.4 1
0 T T T T
0 20 40 60 80 100 120 140

Days After Challenge

FIG. 1. Secondary Env p41A-specific CD8" T-cell responses in plasmid DNA-vaccinated rhesus monkeys following virus challenge. Control or
gaglenv DNA-vaccinated rhesus monkeys were assessed by staining freshly isolated PBMC using a Mamu-A*01/p41A tetramer (A) and a
Mamu-A*01/p68A tetramer (B). The percentages of CD3"CD8™" T cells that stain positively with each tetramer are shown.

sponses. To determine whether the secondary p41A-specific
CTL responses generated in the vaccinated and challenged
monkeys were the result of vaccination or the result of pre-
served CD4"-T-cell help in these animals, we measured CTL
responses of these same monkeys to another subdominant
epitope, the Pol p68A peptide (8). In another study, animals
vaccinated with ALVAC-SIV-gag-pol elicited secondary Pol
p68A responses following viral challenge (20). In the present
study, vaccinated animals would not be expected to mount
secondary CTL responses to this Pol epitope since they did not
receive a Pol immunogen. As shown in Fig. 1B, 0.0 to 0.3% of
CD8™" T lymphocytes in all groups of monkeys bound the p68A
tetramer with no clear peak on days 14 to 21 following chal-
lenge. There was no difference in the magnitude of this CTL
response between control and experimentally vaccinated mon-
keys, and the size of the tetramer response did not correlate
with CD4"-T-lymphocyte responses following infection. Thus,
the absence of substantial p68A-specific CTL responses indi-
cated that the robust p41A-specific CTL responses in the ex-
perimentally vaccinated monkeys were the result of vaccine-

primed CTL responses rather than simply a reflection of
preserved CD4™-T-lymphocyte populations.

We confirmed these observations by studying PBMC from
these monkeys following in vitro stimulation with epitope pep-
tides. As shown in Table 1, stimulation of PBMC obtained from
animals 1 month following challenge with the immunodominant
Gag p11C peptide expanded the tetramer-positive cells from all
groups of monkeys, and these cells exhibited potent functional
p11C-specific CTL activity. In contrast, stimulation of these same
PBMC with the subdominant Env p41A peptide efficiently ex-
panded the tetramer-positive cells from the vaccinated but not the
control monkeys. Moreover, PBMC from the vaccinated but not
the control monkeys exhibited potent functional p41A-specific
CTL activity, consistent with the previously observed secondary
p41A-specific tetramer responses in these animals. Only minimal
expansions of p68A-specific CTL were observed in PBMC from
all three groups of monkeys. Thus, expanded populations of ef-
fector CTL specific for a subdominant viral epitope were detected
in PBMC of vaccinated but not unvaccinated monkeys following
viral challenge.
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TABLE 1. Secondary Env p41A-specific CTL responses in plasmid DNA-vaccinated rhesus monkeys following virus challenge”
CTL response specific for:
SIV Gag pl1C HIV-1 Env p41A SIV Pol p68A
Vaccine and monkey
Tetramer Tetramer Tetramer
Lysis Lysis B — Lysis
Fresh Stimulated Fresh Stimulated Fresh Stimulated
Control DNA
KPB 0.3 24 35 0.1 1 7 0.1 0 0
KPE 1.9 80 57 0.1 5 6 0.1 2 5
PKT 0.2 13 19 0.0 0 0 0.0 0 1
TDE 0.6 21 43 0.0 1 0 0.1 0 0
DNA vaccines
811 2.7 87 48 0.2 25 38 0.0 0 0
820 1.7 61 57 0.1 18 21 0.0 1 5
702 2.3 82 50 0.4 55 35 0.0 0 2
DNA vaccines + IL-2/Ig plasmid
483 17.5 93 64 1.0 80 66 0.1 1 0
728 5.0 81 64 0.3 19 48 0.0 2 6
833 4.5 72 59 0.4 40 53 0.0 3 1
893 9.1 89 63 0.6 57 51 0.1 2 5

“ PBMC from control or gag-lenv DNA-vaccinated rhesus monkeys were assessed on day 31 following challenge for Gag p11C-, Env p41A-, and Pol p68A-specific
CTL responses by tetramer staining of freshly isolated PBMC, tetramer staining of peptide-stimulated PBMC, and functional specific lysis of peptide-pulsed targets

at an effector-to-target ratio of 5 to 1.

These findings were predicted, since plasmid DNA vaccina-
tion was previously shown to elicit potent CTL responses to
subdominant viral epitopes in monkeys (4). We next assessed
CTL responses to subdominant viral epitopes following viral
challenge in monkeys that had received a vaccine which had
previously been shown to elicit only marginal subdominant
epitope-specific CTL responses in monkeys (4). We assessed
CTL responses to the p41A and p68A subdominant epitopes in
rMVA-vaccinated monkeys following challenge with SHIV-
89.6P. Groups of Mamu-A*0I-positive animals were immu-
nized with MVA carrying no gene inserts (n = 4) or rMVA
vaccines expressing SIVmac239 Gag-Pol and HIV-1 89.6 Env
(n = 4) and challenged as described previously (7). As shown
in Fig. 2A, secondary p41A-specific tetramer-positive re-
sponses were observed in freshly isolated PBMC from the
rMVA-vaccinated but not the control-vaccinated monkeys fol-
lowing challenge. At days 14 to 21 following challenge, 0.3 to
1.0% of CD8" T lymphocytes bound the p41A tetramer in
three of the experimentally vaccinated animals, and 9.2%
bound the p41A tetramer in the fourth vaccinated animal
(H507). Since the rMVA-vaccinated animals did receive an
SIV Pol immunogen, we also expected to detect a secondary
p68A-specific response in these monkeys. However, as shown
in Fig. 2B, there were only minimal CD8" T-lymphocyte re-
sponses specific for the Pol p68A epitope peptide in freshly
isolated PBMC in both experimentally vaccinated and control
monkeys (0.0 to 0.1%). Nevertheless, as shown in Table 2, both
p41A-specific and p68A-specific secondary CTL responses
were detected in PBMC from the vaccinated monkeys follow-
ing in vitro stimulation with peptide. Stimulation with the dom-
inant Gag pl1C epitope peptide resulted in the efficient ex-
pansion of p11C-specific CD8" T cells from PBMC of both
vaccinated and control animals. Stimulation of PBMC with the
subdominant Env p41A epitope peptide expanded tetramer-
positive cells from three of the four experimentally vaccinated

but not from control-vaccinated monkeys, and these cell pop-
ulations exhibited p41A-specific lytic activity. In addition, stim-
ulation of PBMC with the subdominant Pol p68A epitope
peptide from two of the four vaccinated but none of the control
monkeys expanded tetramer-positive cells with p68A-specific
lytic activity. These data demonstrate that the rMVA-vacci-
nated monkeys did indeed generate p68A-specific secondary
CTL responses in half of the animals.

Both plasmid DNA and rMVA vaccination primed for sec-
ondary CTL responses to subdominant epitopes that emerged
following pathogenic SHIV challenge in rhesus monkeys. The
emergence of the secondary CTL responses specific for the
subdominant epitopes was rapid, peaking at days 14 to 21
following challenge. These kinetics mirrored the kinetics of the
evolution of secondary CTL responses to the immunodomi-
nant Gag p11C epitope and were temporally associated with
control of primary viremia in the monkeys (6). These second-
ary CTL responses to subdominant epitopes may therefore
have played a functional role in the control of early viral
replication.

Moreover, a CTL response specific for multiple epitopes
may also contribute to containing viral replication during an
ongoing, chronic infection. The present study indicates that
vaccination with plasmid DNA or tMVA primed for durable
secondary CTL responses to both dominant and subdominant
epitopes that persisted in monkeys following SHIV-89.6P chal-
lenge. It was previously reported that these two cohorts of
experimentally vaccinated monkeys had demonstrated long-
term control of viral replication following challenge (6, 7). It is
likely that the CTL responses to these multiple epitopes con-
tributed to this long-term containment of viral replication.

It was previously shown that plasmid DNA vaccination elic-
ited CTL responses specific for both dominant and subdomi-
nant viral epitopes in rhesus monkeys. In the same study, the
rMVA vaccination was shown to elicit lower-frequency CTL
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FIG. 2. Secondary Env p41A- and Pol p68A-specific CD8" T-cell responses in rMVA-vaccinated rhesus monkeys. Control or gag-pol/env
rMVA-vaccinated rhesus monkeys were assessed by staining freshly isolated PBMC using a Mamu-A*01/p41A tetramer (A) and a Mamu-A*(01/
p68A tetramer (B). The percentages of CD3"CD8™ T cells that stain positively with each tetramer are shown.

responses specific for subdominant epitopes. While those
rMVA-induced primary CTL responses specific for subdomi-
nant viral epitopes were not readily detected by tetramer stain-
ing and functional effector cell assays, the present study shows
that TMVA elicited a population of memory CTL specific for
these subdominant epitopes that expanded in vivo following
exposure to replicating virus.

The present study demonstrates that plasmid DNA and re-

combinant poxvirus vaccine constructs expressing entire viral
genes are able to elicit memory CTL populations specific for
subdominant viral epitopes that can expand following exposure
to replicating virus. A limitation of this study is that it focuses
on only two separate subdominant epitopes. Nevertheless,
these data suggest that, in spite of the propensity for the
immune system to focus CD8" T-lymphocyte responses on
limited numbers of dominant viral epitopes, these vaccines

TABLE 2. Secondary Env p41A- and Pol p68A-specific CTL responses in rMVA-vaccinated monkeys following virus challenge®

CTL response specific for:

Vaccine and SIV Gag p11C HIV-1 Env p41A SIV Pol p68A
monkey Tetramer Tetramer Tetramer
Lysis Lysis Lysis
Fresh Stimulated Fresh Stimulated Fresh Stimulated
Control MVA
H544 0.4 9 3 0.0 2 3 0.0 0 0
H547 0.3 23 18 0.1 0 1 0.1 0 0
H549 0.3 24 46 0.0 0 3 0.0 0 0
H561 0.1 22 32 0.0 0 0 0.0 0 0
rMVA vaccines
T119 5.3 76 40 0.2 8 13 0.1 4 ND?
H500 1.6 68 36 0.5 33 22 0.0 22 25
H507 16.1 86 54 2.0 97 51 0.0 12 14
H511 1.0 11 32 0.1 1 2 0.0 0 0

“ PBMC from control or gag-pol-env tMV A-vaccinated rhesus monkeys were assessed on day 31 following challenge for Gag p11C-, Env p41A-, and Pol p68A-specific
CTL responses by tetramer staining of freshly isolated PBMC, tetramer staining of peptide-stimulated PBMC, and functional specific lysis of peptide-pulsed targets

at an effector-to-target ratio of 5 to 1.
> ND, not determined.
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primed for CTL responses with significant epitopic breadth.
These results support previous work that has shown elicitation
of both Gag- and Env-specific CTLs by ALVAC vectors in
humans (9). There are compelling arguments that vaccine-
elicited CTL specific for multiple viral epitopes may prove
useful in containing an HIV-1 infection. The greater the di-
versity of epitope-specific memory CTL populations elicited by
vaccination, the greater the likelihood of generating CTL pop-
ulations that will recognize a diversity of HIV-1 isolates fol-
lowing infection. Moreover, an increased breadth of CTL pop-
ulations may reduce the frequency at which viral mutations will
result in a virus that can escape from CTL control. The findings
in the present study suggest that both plasmid and recombinant
pox vaccine constructs can induce CTLs reactive with multiple
viral epitopes.
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