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T-Lymphocyte Escape Mutations with Diminished Replicative Ability Can
Result in AIDS Progression in Rhesus Macaques’
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Cytotoxic T-lymphocyte (CTL) responses frequently select for immunodeficiency virus mutations that result
in escape from CTL recognition with viral fitness costs. The replication in vivo of such viruses carrying not
single but multiple escape mutations in the absence of the CTL pressure has remained undetermined. Here,
we have examined the replication of simian immunodeficiency virus (SIV) with five gag mutations selected in
a macaque possessing the major histocompatibility complex haplotype 90-120-1a after its transmission into
90-120-1a-negative macaques. Our results showed that even such a “crippled” SIV infection can result in
persistent viral replication, multiple reversions, and AIDS progression.

Virus-specific CD8™ cytotoxic T-lymphocyte (CTL) responses
exert a suppressive effect on human immunodeficiency virus
(HIV) and simian immunodeficiency virus (SIV) replication
(1, 10, 15, 21, 27). Under the CTL pressure, viral mutations
resulting in viral escape from CTL recognition are frequently
selected for, with viral fitness costs (2, 5, 8, 9, 12, 16, 19, 20, 24,
25, 26, 28). The transmission of the virus carrying a CTL
escape mutation with lower viral fitness between major histo-
compatibility complex class I (MHC-I)-mismatched individuals
can result in reversion of the mutation due to the absence of
the CTL pressure (7, 14, 16, 17, 18). Such CTL escape muta-
tions and their reversions have been suggested to be involved
in viral evolution (3, 11, 13, 23).

We have developed a prophylactic vaccine using a Sendai
virus vector expressing SIVmac239 Gag and shown its protec-
tive efficacy against SIVmac239 challenge in a group of Bur-
mese rhesus macaques (Macaca mulatta) possessing MHC-I
haplotype 90-120-1a (20). In these vaccinated macaques that
are controlling SIVmac239 replication, Gag,ys -1 €pitope-
specific CTL responses exerted strong selective pressure on the
virus, and rapid selection of a mutant escaping from this
CTL was observed at week 5 postchallenge. The virus, SIVmac
239Gag216S, with this CTL escape mutation, GagL.216S, lead-
ing to a substitution from leucine (L) to serine (S) at amino
acid (aa) 216 in Gag showed lower replicative ability than the
wild type (14, 20). Two of these vaccinees (macaques V3 and
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V5) showed an accumulation of additional viral CTL escape
mutations in gag during the period of viral control and then
the reappearance of plasma viremia around week 60 after
SIVmac239 challenge (12). The SIV carrying these multiple
CTL escape mutations showed lower replicative ability in vitro
than the SIV carrying the single Gagl.216S mutation.

How such viruses with multiple CTL escape mutations rep-
licate and evolve in the absence of the CTL pressure has not
yet been well determined, while the reversion of CTL escape
mutations has previously been shown by the transmission of
viruses with single escape mutations (7, 14, 18). In the present
study, we have examined the replication, in the absence of the
CTL pressure in 90-120-Ia-negative macaques, of the SIV with
multiple gag CTL escape mutations that were accumulated in
a 90-120-1a-positive macaque.

The induction of Gag,ys »i6-specific CTL, Gag,,;_»49-Spe-
cific CTL, and Gags,5_sgo-specific CTL responses has previ-
ously been observed after SIVmac239 challenge in 90-120-1a-
positive macaques (12). The 90-120-Ia-positive vaccinees
V5 and V3 showed rapid selection of the Gagl.216S mutation
(Gag,pe_216 CTL escape mutation) and then of an additional
two mutations resulting in escape from Gag,,_,4o-specific CTL
and Gags,; s50-specific CTL recognition, respectively, during
the period of viral control. These were a Gag,,;_»49 CTL es-
cape mutation leading to a GagD244E (aspartic acid [D] to
glutamic acid [E] at aa 244 in Gag) substitution and a
Gags73_350 CTL escape mutation leading to GagA373T (ala-
nine [A] to threonine [T] at aa 373) in vaccinee VS5 or
GagV375A (valine [V] to A at aa 375) or GagP376S (proline
[P] to S at aa 376) in vaccinee V3. Viruses at the reappearance
of viremia had one or two additional mutations in gag, Gagl247
L (isoleucine [I] to L at aa 247) and GagA312V (A to V at aa
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312) in vaccinee V5 or GagP172S (P to S at aa 172) or
GagV145A (V to A at aa 145) in vaccinee V3. All of these
mutations except for the Gags,; 359 CTL escape mutations
resulted in amino acid changes in the Gag CA. We constructed
molecular clones of SIVs with these gag mutations (12). The
SIVs with three CTL escape mutations (Gag,og 16, Gag41_040, and
Gag,/3_350 CTL escape mutations) were referred to as group Q
SIV mutants, and the SIVs with four or five gag mutations
selected at the reappearance of viremia as group R SIV mu-
tants. These group Q and R SIV mutants both showed lower
replicative ability in vitro than SIVmac239Gag216S, while in
the competition assay between groups Q and R, the viral rep-
licative ability was not significantly affected by the GagP172S
or GagV145A mutation but was reduced by the addition of the
Gagl247L and GagA312V mutations (12). These results do not
support the possibility of compensation for loss of viral fitness
from these mutations (4, 6). In the present study, we have
examined the in vivo replication of the SIV carrying five gag
mutations, GaglL.216S, GagD244E, Gagl247L, GagA312V, and
GagA373T, selected in macaque V5 at the reappearance of
viremia, which was assumed to show the lowest replicative
ability among group Q and R SIV mutants. The macaques
were maintained in accordance with the guidelines for animal
experiments performed at the National Institute of Infectious
Diseases (22).

We first compared the in vivo replication abilities of the SIV
with a single Gagl.216S mutation and the SIVs with multiple
CTL escape mutations in 90-120-Ia-negative macaques (Fig.
1). In the competition between SIVmac239Gag216S and group
Q SIV mutants, macaque R02-017 was coinoculated intramus-
cularly with molecular-clone DNAs of SIVmac239Gag216S
and SIVmac239Gag216S244E373T and macaque R05-002 with
molecular-clone DNAs of SIVmac239Gag216S and all three
group Q SIV mutants. The results of the analysis of plasma
viral gag genome sequences (Fig. 2) showed selection of SIV
mac239Gag2168S; i.e., all the mutations other than Gagl.216S
became undetectable in 3 weeks postinoculation, indicating
lower replicative abilities in vivo of group Q SIV mutants than
of SIVmac239Gag216S, as indicated previously by in vitro
competition (12). Further analysis revealed reversion of the
selected Gagl.216S mutation to the wild-type sequence in a
few months.

In the competition between STVmac239Gag216S and group
R SIV mutants, macaque R02-023, coinoculated with molecu-
lar clone DNAs of SIVmac239Gag216S and SIVmac239Gag
216S244E2471.312V373T, showed selection of the former (Fig.
2). This macaque was euthanized at week 6 before exhibiting
reversion of the GaglL216S mutation. In macaque R02-022,
coinoculated with molecular clone DNAs of SIVmac239Gag
216S and all three group R SIV mutants, almost all mutations
other than Gagl.216S became undetectable rapidly but the
GagV145A mutation was detected even at week 14. The
Gagl.216S mutation was still dominant without reversion at
week 14, and plasma viremia became undetectable after week
14 in this macaque. Both cases indicated a lower replicative
ability in vivo of SIVmac239Gag216S244E2471.312V373T than
of SIVmac239Gag216S.

Additionally, macaque R03-022, coinoculated with the mo-
lecular-clone DNAs of SIVmac239Gag216S244E373T and SIV
mac239Gag216S244E2471.312V373T, showed selection of the
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FIG. 1. Plasma viral loads of macaques used for in vivo competition
assay (SIV gag RNA copies/ml plasma) after inoculation with SIV
molecular-clone DNAs. Animals received 10 mg in total of DNAs
consisting of an equal amount of each DNA; i.e., macaques R02-017,
R02-023, and R03-022 were inoculated with 5 mg of each DNA, and
macaques R05-002 and R02-022 with 2.5 mg of each DNA. Plasma
viral loads were determined as described previously (20).

former (Fig. 2), indicating a lower replicative ability in vivo of
SIVmac239Gag216S244E2471.312V373T than of SIVmac239
Gag216S244E373T. In this macaque, reversion of the Gagl.216S
mutation was observed in 6 months, while the GagD244E and
GagA373T mutations were still dominant without reversion.
Next, we inoculated 90-120-la-negative macaques with the
SIV carrying multiple gag CTL escape mutations that was
selected in 90-120-Ia-positive macaque V5 (Fig. 3). The SIV
carrying five gag mutations, GagL.216S, GagD244E, Gagl247L,
GagA312V, and GagA373T, that was dominant at the reap-
pearance of viremia in macaque V5, was propagated on rhesus
macaque peripheral blood mononuclear cells to prepare the
SIVmac239Gag216S244E2471.312V373T challenge stock for
macaques R05-001 and R06-016. Sequencing analysis con-
firmed no gag mutation except for the five mutations in the
challenge virus. These two macaques were challenged intrave-
nously with 1,000 50% tissue culture infective dose of SIVmac
239Gag216S244E2471.312V373T. Both of them showed persis-
tent viremia, although the levels of set-point plasma viral loads
were low in macaque R06-016. Macaque R05-001, maintaining
high viral loads, showed typical signs of AIDS, such as a re-
duction in peripheral CD4" T-cell counts, diarrhea, and
general weakness, and was euthanized approximately 2 years
postchallenge. Autopsy revealed postpersistent generalized
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Macaque R02-017 inoculated with molecular clones of
SIVmac239 Gag 216S

Wks aa sequences in Gag
p-c 216th | 244th 373rd
1 Mt Wt(mt) | Wt(mt)
3 Mt Wit Wit
8 Wt Wt Wt

&

Macaque R05-002 inoculated with molecular clones of
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SIVmac239 Gag 216S 244E 373T

SIVmac239 Gag 216S 244E 373T
SIVmac239 Gag 216S 244E 376S

SIVmac239 Gag 216S 244E 247L 312V 373T

SIVmac239 Gag 216S &
& SIVmac239 Gag 216S 244E 375A &
Wks aa sequences in Gag
p-c 216th 244th 373rd 375th 376th
1 Mt wt/mt | Wt(mt) | Wt(mt) Wt
3 Mt Wit Wt Wt Wt
12 Wit Wit Wt Wt Wt
Macaque R02-023 inoculated with molecular clones of
SIVmac239 Gag 216S &
Wks aa sequences in Gag
p-c 216th 244th 247th 312th 373rd
1 Mt Wit Wit Wit Wt(mt)
3 Mt Wt Wt Wt Wt(mt)
6 Mt Wt Wt Wt Wt

SIVmac239 Gag 216S

& SIVmac239 Gag 172S 216S 244E 375A

Macaque R02-022 inoculated with molecular clones of

&
&
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20 wi/mt Mt Wt Wt Mt
25 Wt Mt Wt Wt Mt

FIG. 2. Dominant viral genome sequences in competition assay. A gag DNA fragment was amplified from plasma RNA by reverse transcription
and nested PCR and sequenced as described previously (20). The amino acid sequences at the positions where mutations were included in the
inoculums are shown. Q and R groups of SIV mutants are described in the text. Wt, only the wild-type sequence was detected; Wt(mt), the wild-type
sequence was dominant but the mutant was detectable (the mutant/wild-type ratio was less than 1/4); wt/mt, the wild type and the mutant were
detected equally; Mt(wt), the mutant was dominant but the wild type was detectable (the wild-type/mutant ratio was less than 1/4); Mt, only the
mutant was detected. Other than the residues indicated in this figure, no dominant mutation resulting in an amino acid change was detected in
the gag region in macaque R02-017, R05-002, R02-023, or R02-022, but macaque R03-022 showed one amino acid change resulting in a GagV375M
substitution at weeks 20 and 25. p-c, postchallenge.
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FIG. 3. Plasma viral loads (SIV gag RNA copies/ml plasma) in
macaques after challenge with SIV carrying five gag mutations.

lymphadenopathy conditions and pneumocystis pneumonia.
This macaque showed reversion of the GagD244E mutation in
a few months, followed by reversion of the Gagl.216S, Gagl247
L, and GagA312V mutations in a year postchallenge, while the
GagA373T mutation remained dominant without reversion
until euthanasia (Fig. 4). In contrast, macaque R06-016, with
lower viral loads, showed no reversion of the five mutations. In
the chronic phase, these two macaques showed additional Gag
amino acid changes, including Gagl140V (I to V at aa 140) and
GagV375M (V to methionine [M] at aa 375) that were de-
tected in both. Some of these mutations may contribute to the
recovery of viral fitness.

To see the possibility of transmission of the viruses carrying
the five gag mutations in the context of the polyclonal, V5-
derived SIVs, macaques R05-024 and R05-025 were inoculated
with plasma obtained from macaque V5 in the chronic phase of
SIVmac239 infection (Fig. 3). For the challenge, plasma was
obtained from macaque V5 at weeks 81, 87, 92, 100, and 113
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Macaque R05-001 infected with SIVmac239Gag216S244E247L.312V373T

Wks aa sequences in Gag
p-c | 216th | 244th | 247th | 312th | 373rd other residues
1 Mt Mt Mt Mt Mt
3 Mt Mt Mt Mt Mt
10 Mt Wt Mt Mt Mt 1140V
22 | wt/mt Wt Mt Mt Mt 1140V
37 | wt/mt Wt Mt Mt Mt V3A, 1140V
42 | Wt(mt) Wt Mt Mt Mt V3A, (V68L/M), 1140V
49 Wt Wt wt/mt | wt/mt Mt V3A, (V68L/M), 1140V
55 Wt Wt Wt Wt Mt V3A, (V68L/M), 1140V, (V340M), D429N
86 Wt Wt Wt Wt Mt V3A, (V68L/M), 1140V, D429N

V3A, (V68L/M), (1140V), V375M, (D429E)

Macaque R06-016 infected with SIVmac239Gag216S244E247L.312V373T

Wks aa sequences in Gag

p-c | 216th | 244th | 247th | 312th | 373rd other residues
5 Mt Mt Mt Mt Mt

12 Mt Mt Mt Mt Mt

30 Mt Mt Mt Mt Mt S128P, 1140V, V375M

54 Mt Mt Mt Mt Mt 1140V, V375M

Macaque R05-024 infected with V5-plasma

Wks aa sequences in Gag

p-c 3rd 68th | 145th | 216th | 244th | 247th | 312th | 373rd | 390th | 404th | otherresidues
1 [ Mtwt) | w/mt [ Mt Mt Mt Mt Mt Mt | wt/mt [ wt/mt
5 Mt(wt) | wt/mt Mt Mt Mt Mt Mt Mt wt/mt | wt/mt 1257K
49 Mt Mt Mt Mt Mt Wit Wit Wit Wt Mt A222V/, 1257K,

R485K
Macaque R05-025 infected with V5-plasma

Wks aa sequences in Gag

p-c 3rd 68th | 145th | 216th | 244th | 247th | 312th | 373rd | 390th | 404th | otherresidues
1 Mt wt/mt Mt Mt Mt Mt Mt Mt wt/mt | wt/mt
5 Mt wt/mt Mt Mt Mt Wi(mt) | Wi(mt) Mt wt/mt | wt/mt
7 Mt wt/mt Mt Mt Mt Wt Wt Mt wt/mt | wt/mt

14 Mt wt/mt Mt Mt Mt Wit Wit Mt wt/mt | wt/mt

18 Mt Wi(mt) Mt Mt Mt Wit Wit Mt wt/mt | wt/mt
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FIG. 4. Dominant viral genome sequences after challenge with SIV carrying five gag mutations. The amino acid sequences at the residues where
mutations were included in the inoculums and dominant amino acid changes at other residues in gag are shown. In the column of other residues,
the predominant mutations with detectable wild-type sequence are shown in parentheses. Wt, Wt(mt), wt/mt, Mt(wt), Mt, and p-c are defined in

the Fig. 2 legend.

post-SIVmac239 challenge and 0.2 ml of each was intrave-
nously inoculated into these two macaques. In the challenge
SIV plasma, the five gag mutations (GaglL216S, GagD244E,
Gagl247L, GagA312V, and GagA373T) and GagV145A were
dominant, and additional gag mutations were detected in the
MA- and NC-coding regions. In macaque R05-024, exhibiting
low viral loads, the SIV Gagl.216S and GagD244E muta-
tions remained dominant, while reversion of the Gagl247L,
GagA312V, and GagA373T mutations was observed (Fig. 4).
Macaque R05-025, exhibiting high viral loads, developed AIDS
and was euthanized at week 18 postchallenge. Autopsy re-
vealed lymphoatrophy and cytomegalovirus infection. This
macaque showed rapid reversion of the SIV Gagl247L and
GagA312V mutations but maintained the Gagl.216S, GagD
244E, and GagA373T mutations until euthanasia.

In samples from these four macaques challenged with SIV
mac239Gag216S244E2471.312V373T or V5-derived plasma,
we examined the virus-specific CD8" T-cell responses around
3 months postinfection by flow cytometric analysis of antigen-
specific gamma interferon induction (data not shown) as de-
scribed previously (14, 20). Analyses using vesicular stomatitis
virus G-pseudotyped SIV-infected cells as a stimulator re-
vealed STV-specific CD8" T-cell responses in macaques R05-
001, R0O6-016, and R05-024, but not in macaque R05-025,
which may have contributed to the rapid AIDS progression in
this animal. Macaque R05-024, exhibiting lower viral loads and

rapid selection of a gag mutation resulting in an 1257K (I to
lysine [K] at aa 257) substitution, showed CD8" T-cell re-
sponses specific for the Gag,,s 40 peptide mixture (a mixture
of Gag,ss 560, Gagaso_26s> and Gagyss 60 peptides), suggesting
a possibility of this mutation for viral escape from strong CTL
pressure. None of these four macaques showed CD8" T-cell
responses specific for the Gag,ys_»»5s (@ mixture of Gag,yg o5
and Gag,,_»s peptides), Gag,ps 55-216S (Gag,oe_220-216S and
Gagy10.2252168),  Gagysy oss  (Gagazy 24 GaBrsensp, and
Gagyag 255)s Gagasy 255 244E, Gagysg 555.244E247L, Gagse 355
(Gagser-377: Gagae7-381, and Gagsyy_sss), or Gagse, 3s5.373T pep-
tide mixture, indicating that CTL responses were not involved in
the reversion or nonreversion at residue 216, 244, 247, or 373 in
these macaques.

The in vivo competition assay in the present study showed
loss of viral fitness from the addition of the GagD244E and
GagA373T mutations into SIVmac239Gag216S and further
loss of viral fitness from additional GagI247L and GagA312V
mutations. The reversion of GagD244E in macaque RO05-
001, GagA373T in macaque R05-024, and Gagl247L and
GagA312V in macaques R05-024 and R05-025 (Fig. 4) sup-
ports this notion. However, reversion was not observed in all
the mutations after challenge with SIV carrying the five gag
mutations. Challenge with SIVmac239Gag216S carrying the
single Gagl.216S mutation has shown its reversion in 3 months
(14), whereas the reversion of the Gagl216S mutation was
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delayed or not observed after challenge with the SIV carrying
five gag mutations. This may be due to the predominant selec-
tion of the reversion of other mutations or to lower viral
replication efficiency in the latter case. Compensatory muta-
tions can also be involved in this delay or nonreversion, but no
additional gag mutation was observed in the early phase in
macaque R06-016. The possibility of a contribution to this
delay by Gagl140V in macaque R05-001 and GagV145A in
macaques R05-024 and R05-025 may be considered, while
significant recovery of viral fitness by the latter mutation has
not been observed (12).

It has been suggested that a reduction in viral fitness by CTL
escape mutations may contribute to HIV/SIV control (19, 20,
28). Pressure by multiple epitope-specific CTLs may result in
the selection of HIV/SIV with diminished replicative ability
because of accumulating multiple escape mutations. The inef-
ficient viral replication in macaques R02-022 and R03-022
(Fig. 1) and two of four macaques in the second experiment
(Fig. 3) may reflect such a lower replicative ability of the
mutant SIVs, but conversely, the results of the present study
also showed efficient viral replication in macaques R05-001
and RO05-025, indicating that the transmission of even such
“crippled” HIV/SIV carrying multiple CTL escape mutations
can result in persistent viral replication and AIDS progression.
It remains unclear what host factors determined the viral rep-
lication efficiency in vivo in our study, while macaques with
higher viral loads (R02-017, R05-002, R05-001, and R05-025)
showed the first reversion earlier than those with lower viral
loads (R02-022, R03-022, R06-016, and R05-024), suggesting
an association of reversion with viral loads. Earlier reversion
may result in the recovery of viral fitness, leading to higher
viral loads, or conversely, higher viral loads may accelerate
reversion.

Thus, our results suggest that in the transmission of HIV
accumulating CTL escape mutations at the cost of viral fitness
between MHC-mismatched individuals, even such crippled
HIV infection can finally result in AIDS progression. Previous
studies on SIVs with single CTL escape mutations showed
their rapid reversion, but the present study on SIV with mul-
tiple CTL escape mutations indicates that the reversion of all
the mutations was not required for the establishment of per-
sistent viral replication or for the onset of disease. Further-
more, it suggests a possibility that CTL escape mutations re-
sulting in viral fitness costs may not always revert rapidly even
in the absence of CTL pressure after their transmission into
MHC-mismatched hosts and can be transmitted further to
other hosts. These results provide an important insight into
HIV pathogenicity and evolution in human individuals with
divergent MHC polymorphisms.
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