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Extraepitopic Compensatory Substitutions Partially Restore Fitness to
Simian Immunodeficiency Virus Variants That Escape from an
Immunodominant Cytotoxic-T-Lymphocyte Response
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Selection for escape mutant immunodeficiency viruses by cytotoxic T lymphocytes (CTL) has been well
characterized and may be associated with disease progression. CTL epitopes accrue escape mutations at
different rates in vivo. Interestingly, certain high-frequency CTL do not select for escape until the chronic
phase of infection. Here we show that mutations conferring escape from immunodominant CTL directed
against an epitope in the viral Gag protein are strongly associated with extraepitopic mutations in gag in vivo.
The extraepitopic mutations partially restore in vitro replicative fitness of viruses bearing the escape muta-
tions. Constraints on epitope sequences may therefore play a role in determining the rate of escape from CTL

responses in vivo.

Cytotoxic-T-lymphocyte (CTL) responses are crucial to con-
tainment of human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) replication (3, 8, 12, 13). There-
fore, AIDS vaccine strategies currently being designed attempt
to elicit CTL responses. Unfortunately, it is not clear how CTL
responses elicited by vaccines should best be targeted. CTL
commonly select for resistant viruses, both in HIV-infected
humans and in SIV-infected macaques (1, 4-7, 9, 11, 14, 15,
17-19, 22). Indeed, strong CTL responses can select for escape
variant viruses with extremely rapid kinetics, driving CTL-sus-
ceptible viral sequences to extinction within 4 weeks of infec-
tion (1, 17). However, some high-frequency CTL responses can
persist throughout chronic infection but seldom, if ever, select
for escape variants. This observation has led to the notion that
frequency alone cannot accurately represent the strength of
CTL responses, since only a subset of high-frequency CTL
exert enough pressure to select for escape (10). Thus, efforts to
develop CTL-based vaccines face a conundrum. It may be most
beneficial to direct the CTL response against epitopes that
escape slowly, since these epitopes are likely to persist in cir-
culating virus strains. Conversely, rapid escape may be a bio-
logical indication of distinctly effective CTL responses.

A study of escape mutants selected in vitro has shown that
CTL specific for an epitope in HIV-1 Nef, a nonstructural
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protein, selected for resistant viruses more rapidly than CTL
directed against a Gag epitope (23). Moreover, a study of
escape from CTL that recognized a different Gag epitope
showed that escape mutations were selected for along with
other mutations that did not contribute directly to immune
evasion. The authors concluded that these mutations increased
the fitness of escape variant viruses (9). However, while this is
a likely explanation for selection for mutations that do not
mediate escape, the authors did not test their hypothesis di-
rectly.

To understand more fully the constraints on viral escape
from CTL responses, we analyzed evolution of the cloned,
pathogenic virus SIVmac239 in rhesus macaques expressing
the major histocompatibility complex (MHC) class I molecule
Mamu-A*01 and tested the fitness of escape variants in an in
vitro system. In the acute phase of SIVmac239 infection, high-
frequency CTL are targeted toward two epitopes, Tat,g ;5SLS
(STPESANL, Tat SL8) and Gag,g,_150CM9 (CTPYDINQM,
CM9), in Mamu-A*01-positive macaques (16). However, Tat
SL8-specific CTL selected for escape during acute infection in
all Mamu-A*01-positive animals (z = 10) in a previous study
(1), while Gag CM9-specific CTL selected for escape in the
chronic phase of infection in only 10 of 22 Mamu-A*01-posi-
tive animals whose viral sequences we analyzed for the present
study (Fig. 1). We reasoned that one possibility for the lack of
mutation in Gag CMO9 epitope sequences was that the struc-
tural protein Gag was under greater functional constraints
than the nonstructural protein Tat. While the structure of the
SIV p27 capsid (CA) protein has not been solved, a previous
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FIG. 1. Extraepitopic amino acid substitutions associated with escape from Gag CM9-specific CTL. VRNA was isolated from Mamu-A*01-
positive macaques in the chronic phase of infection with SIVmac239. vVRNA was reverse transcribed, and cDNA was amplified and directly
sequenced. Predicted amino acid sequences are shown for a region of the open reading frame encoding Gag. Amino acid residue numbers are
indicated above the reference sequence. The Gag CM9 epitope sequence is boxed in yellow. Lowercase letters indicate the amino acid encoded

by the variant codon at sites of mixed-base nucleotide heterogeneity.

mutational analysis of the HIV-1 variant NL4-3 p24 CA pro-
tein showed that single amino acid replacements within the
sequence analogous to SIVmac239 Gag CM9 greatly reduced
or even eliminated infectivity (21). Another recently published
report has shown that threonine 182 (residue 47 of p27 CA and
position 2 of Gag CMDY) is crucial for proper maturation of SIV
virions, likely forming hydrogen bonds with aspartate 50 (20).
These results strongly argue that the region of p27 CA that
contains the Gag CM9 epitope is indeed under constraints and
that escape from Gag CM9-specific CTL may require further
mutations to compensate for the deleterious effects of escape
on viral fitness.

Association of escape in Gag CM9 with extraepitopic muta-
tions. To determine whether such compensatory substitutions
were selected for in viruses escaping from immunodominant
Gag CM9-specific CTL, we analyzed gag sequences of viruses
isolated from Mamu-A*01-positive rhesus macaques during
chronic infection with SIVmac239, as described previously
(17). Strikingly, we found that two valine-for-isoleucine substi-
tutions occurred at positions 161 and 206 of gag (I1161V and
1206V) only in animals that showed evidence of an escape
mutation within the Gag CM9 epitope. The upstream substi-
tution, 1161V, was found in 6 of 10 macaques with mutated
CM09 sequences, while the downstream substitution 1206V was
found in 9 of 10 (Fig. 1). Neither of these mutations was
present in viruses isolated from 12 of 12 chronically infected
macaques with intact Gag CM9 epitope sequences. Further-
more, several substitutions occurred in codons 242 to 250 in 6
of 10 animals with an escape variation in Gag CM9 but not in
any of the animals whose viruses lacked an escape variation.
The sequences surrounding Gag residues 161 and 206 do not
contain known Mamu-A*01-restricted CTL epitopes or pep-
tides that fit the described Mamu-A*01 binding motif. More-
over, the infected animals in this study all expressed Mamu-

A*01 but are not known to share other MHC class I alleles. It
is therefore unlikely that the observed extraepitopic mutations
are selected for by CTL that recognize unidentified Mamu-
A*01-restricted epitopes or novel epitopes bound by a single
MHC class I molecule. However, all substitutions were signif-
icantly associated with Gag CM9 escape (I1161V, P < 0.005;
1206V, P < 0.0001; residues 242 to 250, P < 0.005; Fisher’s
exact test). Together, these data strongly suggested that the
extraepitopic substitutions were selected for in association with
Gag CMY escape mutations.

Ontogeny of escape and associated mutations. It was possi-
ble to analyze viral sequences longitudinally for five animals
with Gag CM9 escape virus. Strikingly, the pattern of viral
evolution was recapitulated in each of the five animals. Muta-
tions within the epitope emerged coincident with downstream
mutations 1206V or within codons 242 to 250, with the N-
terminal 1161V substitution appearing later (Fig. 2). In none of
these samples could we detect Gag CM9 escape mutations
without other changes in the Gag protein.

No growth in vitro of escape mutants without extraepitopic
substitution I206V. To assess the contributions of extra-
epitopic substitutions to viral fitness, we constructed a panel of
mutant SIVmac239 viruses bearing a common Gag CM9 es-
cape mutation (alanine-for-threonine at codon 182, T182A) in
various combinations with 1161V and/or 1206V. Since there
was no consistent pattern of substitutions in codons 242 to 250
and because escape viruses from 4 of 10 animals had no mu-
tations in this region, we did not target residues 242 to 250 in
our mutagenesis strategy. Viruses were produced by transfec-
tion of Vero cells with plasmid DNA encoding wild-type SIV-
mac239 or epitope mutations. Viral stocks were amplified on
CEMx174 cells and titrated for p27 antigen with a commercial
enzyme-linked immunosorbent assay (Beckman-Coulter, Brea,
Calif.). In repeated attempts, we failed to detect replication of
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FIG. 2. Ontogeny of Gag CM9 escape and associated substitutions. Predicted amino acid sequences are shown for the region surrounding the
Gag CMO epitope in five Mamu-A*01-positive animals infected with STVmac239. Plasma virus RNA was isolated, reverse transcribed, and directly
sequenced as described for Fig. 1. Lowercase letters indicate the amino acid encoded by the variant codon at sites of mixed-base nucleotide

heterogeneity.

viruses containing the epitope substitution T182A alone or in
combination with only the upstream substitution 1161V after
they had been in culture for more than 8 weeks. We did,
however, produce stocks of escape mutant viruses harboring
either both extraepitopic substitutions (I161V/T182A/1206V,
SIV-VAV) or only the downstream substitution (T182A/
1206V, SIV-AV). The mutant viruses did not induce CEMx174
cell syncytia until 3 weeks postinfection, whereas wild-type
virus stocks caused peak cytopathic effects at 10 to 12 days
postinfection. Genome sequencing of the mutant viruses
showed that their gag genes harbored only the engineered
substitutions. However, sites in other open reading frames
displayed mixed base heterogeneity, two in SIV-AV (nucleo-
tides 3,751 in pol and 9,916 in nef) and three in SIV-VAV
(nucleotides 8,681 in env and 9,364 and 9,679 in nef). The latter
virus also had one nucleotide replacement, at nucleotide 7,863
in env. While all the substitutions we detected were nonsyn-
onymous, none introduced premature stop codons. Since the
plasmids encoded only the desired mutations, it is likely that
these substitutions represent stochastic changes that occurred
during the amplification of the mutant virus stocks.
Extraepitopic substitution 1206V increases fitness of Gag
CM9 escape virus. For a direct comparison of viral replicative
capacity, we infected 2 million phytohemagglutinin-stimulated
primary macaque peripheral blood mononuclear cells with
wild-type or mutant SIVmac239 alone or with mixtures of
viruses totaling 10 ng of p27. Cultures were maintained in 25
cm? flasks and fed twice weekly. To assay viral replication, we
sampled 1-ml aliquots of culture supernatant for accumulation
of viral RNA (VRNA) by quantitative reverse-transcription
(QRT)-PCR. We detected wild-type or mutant viruses in com-
petition assays by using QRT-PCR with a sequence-specific
primer directed against gag codon 182. Nonselective primers
SIV-61F, 5'-CCACCTGCCATTAAGCCCGA-3’, and SIV-
143R, 5'-CTGGCACTACTTCTGCTCCAAA-3’, were used

to amplify total VRNA. Mutant virus sequences were detected
specifically by using primer SIV-1680 3X short, 5'-ACATCTG
ATTAATGTCATAGGGGGC-3'; the 3'-terminal nucleotide
of this primer targets the alanine codon in mutants encoding
T182A and does not amplify wild-type sequences in the cycling
conditions used (data not shown).

In duplicate independent experiments, the wild-type virus
outgrew the triple mutant SIV-VAV: after 7 days in culture,
viral sequences were 95.5% wild type (average of two experi-
ments) (Fig. 3). The wild-type virus also outgrew the double
mutant SIV-AV, though to a lesser extent: sequences were
85.2% wild type at 7 days (average of two experiments). The
results of these experiments were verified by direct sequencing
of RT-PCR products derived from the same culture superna-
tants used in QRT-PCR (data not shown). We also used direct
sequencing to track the composition of virus populations in
cultures infected with mixed inocula containing equal amounts
of the mutants SIV-VAV and SIV-AV, since a QRT-PCR
assay to distinguish these two species was unavailable. After 7
days of infection, there appeared to be a nearly equal propor-
tion of SIV-VAV and SIV-AV in duplicate experiments (data
not shown). In infections of peripheral blood mononuclear
cells with wild-type or mutant viruses alone, SIV-AV and SIV-
VAV reached peak titers of 8 million copies/ml of supernatant,
while wild-type SIVmac239 reached 13.6 million copies/ml.
The mutant viruses also attained peak titers on day 5 (SIV-
VAV) or 7 (SIV-AV) postinfection, while wild-type virus rep-
lication peaked at day 3. These results are a further indication
that the replication capacity of the escape mutant viruses is
reduced with respect to that of the wild type. We therefore
conclude that, while replication capacity is restored to mutant
viruses by extraepitopic substitutions, these mutants are still
less fit than the wild type. Moreover, neither variant appears to
have a clear fitness advantage over the other.

Our results suggest that evolution of CTL escape viruses



2584 NOTES

100

J. VIROL.

% total SIV sequences

wt mutant

50% wild type
inoculum: +

50% 1161V/T182A/1206V (SIV-VAV)

wt mutant

50% wild type
+

50% T182A/1208V (SIV-AV)

FIG. 3. Direct competition between wild-type SIV and variants reveals a fitness cost associated with escape from Gag CM9-specific CTL.
Primary macaque lymphocytes were infected with mixtures of wild-type and epitope mutant SIV (5 ng of p27 for each virus). After the mixtures
were cultured for 7 days, we quantified total VRNA and mutant VRNA in the culture supernatants by using QRT-PCR. The proportion of total
viral sequences that were mutant could therefore be calculated for each sample (orange bars). The values shown are the averages of the results
of duplicate independent experiments. Each error bar indicates the standard deviation from the average for each data point.

may be more complex than we have appreciated hitherto. Iden-
tification of mutations that compensate for a loss of fitness in
escape variants is relatively straightforward when one can ob-
serve substitution of particular amino acids, in this case valine
for isoleucine at two positions within the p27 CA protein,
occurring reproducibly in multiple individuals in association
with escape from an immunodominant CTL response. How-
ever, compensatory substitutions would be much harder to
identify if several residues were tolerated at a compensatory
site, if multiple sites could be involved in compensation, or if
compensatory substitutions occurred in viral proteins other
than the one recognized by selecting CTL. In our study, mu-
tations in SIV Gag residues 242 to 250 are significantly asso-
ciated with escape mutations within the Gag CM9 epitope, but
there is no consistent pattern of substitutions that recurs in
multiple animals. If these substitutions do in fact enhance the
fitness of Gag CM9 escape viruses, they may represent the
limit of our present ability to detect such compensatory muta-
tions. There may also be other mutations that increase the
fitness of viruses escaping from Gag CM9 CTL in vivo but are
too difficult to detect by direct sequencing.

Furthermore, the requirement for extraepitopic substitu-
tions to compensate for decreased fitness of SIV viruses es-
caping from Gag CMO9-specific CTL highlights an emerging
picture of the evolution of escape variants. It is now becoming
clear that escape from many, if not most, CTL responses exacts
a cost in viral fitness (23; Friedrich et al., submitted for pub-
lication). The outgrowth of viral escape mutants in vivo there-
fore likely depends on the balance of fitness benefits and costs
associated with particular escape mutations. This cost-benefit
relationship may help explain why even very-high-frequency
CTL select for escape variants with differing kinetics.

It is likely that several factors play a role in determining the
rate of viral escape from particular CTL responses. We have

observed an association between high functional avidity of
CTL and their ability to select for viral escape during acute
infection (17). Others have suggested that CTL directed
against epitopes derived from early proteins may be more
effective at limiting the spread of infection, since they can
recognize infected cells earlier in the viral life cycle (2). In-
deed, the epitopes in which we have found evidence for escape
during acute infection are clustered primarily in early and
regulatory proteins (17). It is also possible that some epitope
sequences are less tolerant of variation than others due to
structural or functional constraints on the gene products of
which they are a part. Mutations that confer the selective
advantage of immune evasion may thus also come at a cost to
viral replicative fitness. It therefore seems likely that the com-
bination of factors affecting evolution of escape variants will be
different for every CTL epitope. A detailed understanding of
these mechanisms should help guide the conceptual design of
CTL-based components of AIDS vaccines.
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