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In this study, we monitored the temporal breadths, frequencies, and functions of antiviral CD4 and CD8 T
cells in 2 of 22 DNA/modified vaccinia virus Ankara-vaccinated macaques that lost control of a simian-human
immunodeficiency virus 89.6P challenge by 196 weeks postchallenge. Our results show that both mutation and
exhaustion contributed to escape. With the reappearance of viremia, responding CD8 and CD4 T cells
underwent an initial increase and then loss of breadth and frequency. Antiviral gamma interferon (IFN-�)- and
interleukin 2-coproducing cells were lost before IFN-�-producing cells and CD4 cells before CD8 cells. At
euthanasia, all CD8, but no CD4, Gag epitopes detected during long-term control contained mutations.

In preclinical macaque models, recombinant human immu-
nodeficiency virus/AIDS T-cell vaccines have primarily con-
trolled, rather than prevented, infections (3, 6, 13, 15). For the
best of these vaccines, this has resulted in chronic infections in
which virus is present at the low levels associated with success-
ful multidrug therapies in humans. In our studies with DNA/
modified vaccinia virus Ankara-vaccinated and simian-human
immunodeficiency virus (SHIV)-89.6P-challenged macaques,
multiyear control below 300 copies of viral RNA per ml of
blood has been associated with stable low breadths and low
frequencies of antiviral CD8 and CD4 T lymphocytes (14).

One of the major problems in human immunodeficiency
virus vaccine development has been mutational escape from
CD8 T-cell responses (4, 5, 11). Mutational escape is seen in
both acute and chronic infections (1, 8, 12). During chronic
infections, escape can also occur due to persistent stimulation
by virus, leading to exhaustion of T cells (10, 17). Exhaustion of
T cells is characterized by a hierarchal loss of interleukin 2
(IL-2), then tumor necrosis factor alpha, and then gamma
interferon (IFN-�) production and ultimately apoptosis and
death of the chronically stimulated cell (16).

We previously reported long-term control of a SHIV-89.6P
challenge in DNA/modified vaccinia virus Ankara-vaccinated
macaques (3, 14). When this trial was terminated at 190 to 200
weeks postchallenge, 90% of the macaques had retained con-
trol of their SHIV-89.6P challenge. All of these macaques had
stable IFN-�- and IL-2-coproducing CD4 and CD8 T-cell re-
sponses to epitopes mapped at week 140 postchallenge. How-
ever, 2 of the 22 animals had plasma viral RNA levels of over
1,000 copies per ml and suddenly declining levels of CD4
counts. These two animals (no. 4 and no. 5) were spared
euthanasia to monitor whether they were undergoing irrevers-
ible viral escape or a transient reemergence of virus, such as
had been observed earlier in the trial. Here, we report the
monitoring of these two animals during what turned out to be
permanent reemergences of virus and progression to opportu-
nistic infections and AIDS.

Viral load and CD4 counts. Figure 1 presents temporal
postchallenge levels of viral RNA and CD4 counts for the two
animals in which the infection escaped the immune response.
By 12 weeks postchallenge, both animals had controlled rep-
lication of the challenge virus from peaks of 1.9 � 106 (animal
no. 4) and 4.3 � 108 (animal no. 5) to �1,000 copies of viral
RNA per ml of plasma. Between 12 and 52 weeks postchal-
lenge, both animals had levels of viral RNA fluctuating around
1,000 copies per ml of plasma. With time, these levels further
declined to �300 copies of viral RNA per ml of plasma. Be-
tween years 1 and 3 postchallenge, animals 4 and 5 ranked
highest and fourth, respectively, among the 22 challenged an-
imals for transient low levels of reemergent virus (measured by
area under the viral RNA curve). Toward the end of the fourth
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year, both animals had reemerging virus that persisted into the
fifth year and the development of AIDS.

Both animals 4 and 5 had a dip in CD4 counts at 2 weeks
postchallenge during the peak of viremia (Fig. 1). CD4 counts
had recovered to prechallenge levels for animal 4 by 12 weeks
postchallenge but required a year for recovery for animal 5.
Over the next 3 years, animal 4 maintained prechallenge levels
of CD4 counts, whereas animal 5 had transient periods of
lower counts. The increase in viral loads at the end of the
fourth year corresponded to a fall in CD4 counts that contin-
ued to an essentially total loss at the time of euthanasia for
both animals.

Broadening of epitopes. Responding T cells in the vacci-
nated animals were mapped for their CD8 and CD4 Gag and
Env epitopes by enzyme-linked immunospot assay and intra-
cellular cytokine staining (14). During the long period of viral
control, IFN-�-producing antiviral T cells were present at very
low breadths and frequencies (week 140 data) (14). Of the 22
animals in the study, animal 5 had the highest number of
recognized epitopes: three CD8 (one Gag and two Env) and
four CD4 (three Gag and one Env). Animal 4 recognized two
Gag CD8 and one Env CD4 epitopes. Following the reemer-
gence of virus at week 196, both animals underwent marked
increases in the breadths of their responses (Table 1). Animal
4 gained nine new CD8 (four Gag and five Env) and seven new
CD4 (six Gag and one Env) epitopes, and animal 5 gained six
new CD8 (four Gag and two Env) and five new CD4 (three
Gag and two Env) epitopes. Over the next year, both animals
also lost epitopes. By the time of euthanasia at week 257,
animal 5 had lost its nine CD8 and nine CD4 responses. At

week 264, 10 weeks before euthanasia, animal 4 had lost its
eight CD4 responses and retained responses to only 5 of its 11
mapped CD8 epitopes.

Hierarchal Loss of T-cell function and exhaustion. During
the long period of viral control, all vaccinated animals, includ-
ing animals 4 and 5, had low frequencies of IFN-� responses
with good proportions of IL-2-coproducing cells (up to 50%)
(Fig. 2) (14). Among the 22 vaccinated animals, no. 5 had the
lowest percentage of IFN-�- and IL-2-coproducing T cells
(18% for CD8 and 29% for CD4). With the reappearance of
viremia and broadening of the T-cell epitopes, the frequencies
of the IFN-� responses increased in both animals, with the
CD4 responses being higher than the CD8. The increased
IFN-� responses were not accompanied by much increase in
cells coproducing IFN-� and IL-2. In animal 4, responses to
the original CD8 epitopes maintained their capacities to co-
produce IFN-� and IL-2 over time, whereas most of the newer
epitopes were not fully functional. This was observed even at
week 207, the first time that epitopes were mapped after es-
cape. In animal 5, the already low levels of cells coproducing
IFN-� and IL-2 to the original epitopes decreased, and most of
the new responses did not coproduce IL-2. Animal 5 had lost
all functional CD8 and CD4 T cells by the time of euthanasia
at week 257 postchallenge. By week 262 postchallenge, animal
4 had lost its CD4 function and had largely lost CD8 T cells
capable of coproducing IFN-� and IL-2. During escape, the
levels of virus in the blood never reached the height achieved
during acute viremia. This could have reflected the antiviral
activities of residual immune responses, including anti-Env
antibody; the loss of CD4 T cells as targets for replication; or
the escape mutations affecting viral fitness, as well as other
phenomena.

Mutational escape. The role of mutational escape in the loss
of viral control was investigated by sequencing the gag region
of virus collected from plasma at euthanasia. Viral RNA was
extracted from the plasma with the Magna Pure robotic work-
station (Roche Applied Sciences, Indianapolis, IN). cDNA was

TABLE 1. Broadening of epitopes following loss of controla

Weeks
postchallenge

CD8 CD4

No. of epitopes No. of epitopes

Total Lost New Total Lost New

Animal 4
140 2 1
191b 2 1
207 7 5 7 6
220b 6 1 8 1
228 6 3 5
262 8 1 3 0 3
264 5 4 1 0

Animal 5
140 3 4
191b 2 1 3 1
207 8 6 7 4
220b 3 5 7 1 1
257 0 3 0 7

a Epitopes were mapped by enzyme-linked immunospot assay, followed by
intracellular cytokine staining analyses (14).

b At weeks 191 and 220, animals were retested by intracellular cytokine stain-
ing for previously mapped epitopes (14).

FIG. 1. Loss of long-term control. Temporal postchallenge viral
RNA copies (solid lines) and CD4 counts (dashed lines) in animals 4
(A) and 5 (B), which showed increases in viral loads at 196 weeks
postchallenge. The shaded area at the right in each panel highlights
data from 12 weeks to 5 years postchallenge. The background for
detection of the plasma viral RNA was 500 until 12 weeks postchal-
lenge and was then 300. The crosses indicate euthanasia.
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synthesized with Gag-specific primers, and the gag region, am-
plified by two rounds of PCR, was directly sequenced (Macro-
gen, Rockville, MD). This bulk sequencing method detects the
sequence of the predominant virus in the plasma. The viruses
from animals 4 and 5 had 17 and 31 mutations, respectively,

from the original SHIV-89.6P virus used in the challenge (Ta-
ble 2). Eight out of 13 coding mutations in animal 4 and 4 out
of 16 in animal 5 were in Gag epitopes that had been identified
in our mapping studies. Animal 4 had two mutations in each of
its two original Gag CD8 epitopes, whereas animal 5 had one
mutation in its single Gag CD8 epitope (Table 3). The pres-
ence of two mutations in the original CD8 epitopes in animal
4 may reflect one of the mutations compensating for the cost of
viral fitness of the other (7, 9). Mutations also occurred in
some of the new CD8 Gag epitopes. Two out of four new Gag
CD8 epitopes in animal 4 and one out of four in animal 5 were
mutated. Whereas no mutations were seen in the original CD4
epitopes, two out of six new CD4 epitopes in animal 4 and two
out of three in animal 5 were mutated.

Summary. Here, we have shown that hierarchal loss of T-cell
function, as well as mutations in CD8 epitopes, is associated
with viral escape during long-term control of a SHIV-89.6P
challenge in vaccinated animals. Successful long-term control
was associated with low-level, low-breadth T-cell responses
that were characterized by IFN-�- and IL-2-coproducing cells
(14). The escape virus had mutations in all of the original CD8
epitopes but none of the original CD4 epitopes. This suggests

TABLE 2. Summary of mutations in gag region of plasma virus in
animals 4 and 5

Mutation or epitope
Results for indicated animal:

4 5

Mutations
Coding 13a 16a

Noncoding 4a 15a

Total 17a 31a

Mutated epitopes
Original CD8 2/2b 1/1b

Original CD4 0/0b 0/3b

New CD8 2/4b 1/4b

New CD4 2/6b 2/3b

a Number of mutations.
b Number of mutated epitopes total number of epitopes.

FIG. 2. Temporal heights of IFN-� and IFN-� plus IL-2 responses to Gag and Env epitopes. The filled bars represent the IFN-� responses, and
the hatched bars represent the IFN-� plus IL-2 responses to individual epitopes plotted as percentages of total CD8 or CD4 T cells. The solid lines
represent the average percentages of IFN-�-producing cells that coproduced IL-2. CD8 (left) and CD4 (right) responses were mapped at 140, 207,
228, 262, and 264 weeks postchallenge for animal 4 (top) and at weeks 140, 207, and 257 postchallenge for animal 5 (bottom). At weeks 191 and
220 (*), the animals were retested by intracellular-cytokine staining for previously mapped epitopes (14). Epitope-containing sequences, designated
as in the study by Sadagopal et al. (14), are shown in different colors. Animal 4 CD8: periwinkle, Gag 10/11; plum, Gag 107/108; yellow, Gag 2;
light turquoise, Gag 25/26; dark purple, Gag 35/36; coral, Gag 47; ocean blue, Env 138; ice blue, Env 18; dark blue, Env 32; red, Env 43. Animal
4 CD4: periwinkle, Env 43; plum, Env 161; yellow, Gag 52; light turquoise, Gag 20; dark purple, Gag 97; coral, Gag 46; pink, Gag 25/26; sea green,
Gag 47/48. Animal 5 CD8: periwinkle, Gag 35/36; plum, Env 63; yellow, Env 138; light turquoise, Gag 39/40; dark purple, Gag 59; coral, Gag 64;
ocean blue, Gag 101; ice blue, Env 73. Animal 5 CD4: periwinkle, Gag 21; plum, Gag 39/40; yellow, Gag 62; light turquoise, Env 10/11; dark purple,
Env 2; coral, Gag 66; ocean blue, Gag 15; sea green, Gag 101.
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that the original CD8 T-cell responses exerted higher selection
pressure on the virus than the original CD4 helper responses,
which presumably provided support for the CD8, as well as
B-cell, responses. Although much broader and higher-fre-
quency IFN-�-producing CD8 and CD4 responses were asso-
ciated with the period of reemergent virus, these cells ap-
peared to be less effective at controlling viremia than those that
had been present during the long period of control. Also, in
contrast to the T-cell response during the long period of con-
trol, these cells did not coproduce IFN-� and IL-2. However,
even though the virus was not well controlled by the new T-cell
responses, the presence of mutations in some new CD8 and
CD4 epitopes suggests that these cells were exerting selection
on the reemergent virus.

The 2 animals with escape virus had the highest and fourth-
highest levels of detectable virus among the 22 animals studied
between 1 and 3 years postchallenge. This is consistent with
persistently replicating virus being the source of escape muta-
tions (4) and emphasizes the importance of the tightness of
vaccine-mediated control in minimizing the frequency of es-
cape. Other euthanized animals could also have undergone
escape with time. CD8 depletion studies have clearly shown
the presence of residual virus in animals in which virus could
not be detected in the blood (2).
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