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Human immunodeficiency virus (HIV)-specific CD8� T-lymphocyte pressure can lead to the development of
viral escape mutants, with consequent loss of immune control. Antiretroviral drugs also exert selection
pressures on HIV, leading to the emergence of drug resistance mutations and increased levels of viral
replication. We have determined a minimal epitope of HIV protease, amino acids 76 to 84, towards which a
CD8� T-lymphocyte response is directed. This epitope, which is HLA-A2 restricted, includes two amino acids
that commonly mutate (V82A and I84V) in the face of protease inhibitor therapy. Among 29 HIV-infected
patients who were treated with protease inhibitors and who had developed resistance to these drugs, we show
that the wild-type PR82V76-84 epitope is commonly recognized by cytotoxic T lymphocytes (CTL) in HLA-A2-
positive patients and that the CTL directed to this epitope are of high avidity. In contrast, the mutant
PR82A76-84 epitope is generally not recognized by wild-type-specific CTL, or when recognized it is of low to
moderate avidity, suggesting that the protease inhibitor-selected V82A mutation acts both as a CTL and
protease inhibitor escape mutant. Paradoxically, the absence of a mutation at position 82 was associated with
the presence of a high-avidity CD8� T-cell response to the wild-type virus sequence. Our results indicate that
both HIV type 1-specific CD8� T cells and antiretroviral drugs provide complex pressures on the same amino
acid sequence of the HIV protease gene and, thus, can influence viral sequence evolution.

Cell-mediated immune responses can exert significant selec-
tion pressures on pathogens (7, 33). One of the best-studied
models of cytotoxic T lymphocyte (CTL) pressure is in human
immunodeficiency virus (HIV) and simian immunodeficiency
virus (SIV) infection, where escape viruses have been identi-
fied in primary (1, 5, 31, 34) and chronic (6, 11, 13, 23, 30, 32,
37) infection. Further support for CTL-mediated pressure
comes from the study of monkeys vaccinated and infected with
pathogenic SIV, where the frequency of viral sequence muta-
tions within CTL epitopes correlated with the level of viral
replication (4). Two recent papers also demonstrated evidence
of HIV adaptation to HLA-restricted CTL responses at a pop-
ulation level (27, 38). However, the characteristics of the CTL
response that lead to viral escape are not well understood. It is
apparent that a strong response directed towards an epitope
does not always lead to escape but sometimes appears to con-
strain evolution. In HIV-infected individuals with the HLA-
B*2705 allele, an immunodominant CTL response is made to
an epitope in Gag (28), and this strong response is maintained
until late in disease, when mutations within the epitopic se-
quence can occur and are associated with an increase in vire-

mia (13, 19). Thus, a strong dominant CTL response against an
epitopic region can suppress viral CTL epitopic escape until
late in disease.

In addition to immune-mediated pressure, antiretroviral
drugs also select for drug escape mutations (15). Although
some drugs select for single one-step mutations (i.e., lamivu-
dine and the M184V mutation), the evolutionary pathway for
most antiretroviral drugs, including the protease inhibitors
(PIs), is complex and requires multistep mutations (8, 26). The
pathways of viral evolution for any given drug can be diverse
and difficult to predict, suggesting that host factors may affect
viral evolution under drug pressure.

During prolonged treatment failure of PI-based combina-
tion antiretroviral therapy, plasma HIV RNA levels often re-
main well below the off-treatment viral load set point. This
occurs despite the emergence of highly PI-resistant HIV vari-
ants (10). The selective maintenance of a drug-resistant variant
of a lower replication capacity partially accounts for this al-
tered set point (3), but it does not fully account for durable
partial viral suppression, suggesting that other factors such as
the host response are exerting virologic control (35, 36). Given
the complex nature of viral evolution under drug pressure and
the partial control of some drug-resistant variants, we reasoned
that HIV-specific cellular immune responses directed at epi-
topes within protease could constrain viral evolution and rep-
lication during antiretroviral therapy. We tested this hypothe-
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sis in a group of 29 chronically HIV-infected patients with
PI-resistant HIV, all of whom had detectable plasma viremia
and at least one known primary mutation within protease (15).

MATERIALS AND METHODS

Study subjects and samples. We sampled 29 HIV-infected subjects participat-
ing in a cohort study of the long-term effects of antiretroviral therapy (the “Study
of the Consequences of the Protease Inhibitor Era”) who met the following
inclusion criteria: (i) current or prior use of indinavir, ritonavir, and/or lopinavir
of the PI class; (ii) current plasma HIV RNA level of greater than 200 copies/ml;
and (iii) presence of one or more primary mutations associated with multi-PI
resistance (M46I/L, V82A/F/T/S, I84V, and L90M) (15) (Table 1). Peripheral
blood mononuclear cell (PBMC) samples from two HLA-A2-positive seroneg-
ative volunteers were used as negative controls. This study was approved by the
local Institutional Review Board, and all subjects provided written informed
consent.

Reagents. Recombinant vaccinia virus (rVV) constructs expressing HIV Pol,
Gag, Env, and Nef or no antigen (deletion in the tk gene) were obtained from
Therion, Inc. (Cambridge, Mass.). Peptides were synthesized using Fmoc-pro-
tected amino acids and were obtained through the AIDS Research and Refer-
ence Reagent Program (Division of AIDS, National Institute of Allergy and
Infectious Diseases [NIAID], National Institutes of Health [NIH]), from Res-
Gen (Invitrogen Corporation, Carlsbad, Calif.), and from G. S. Ogg (John
Radcliffe Hospital, Oxford, United Kingdom). Peptide pools were made up using
20-mer peptides corresponding to the HIV Pol gene (HIV HXB2 strain amino
acid position 41 to 390) obtained through the NIH AIDS Research and Refer-
ence Reagent Program. The amino acid sequences of the HLA-A2-restricted
HIV protease peptides were as follows: PR82V65-84, EICGHKAIGTVLVGPT
PVNI; PR82V76-84, LVGPTPVNI; PR84V76-84, LVGPTPVNV; and PR82A76-84,
LVGPTPANI. The amino acid position given corresponds to the position within
the protease gene of HIV strain HXB2. The sequences of additional peptides
were as follows: RT158-166, AIFQSSMTK (restricted by HLA-A3 supertype A3,
A11, A68, and B*0301); Gag162-172 (p55), KAFSPEVIPMF (restricted by HLA-
B57 and -B58); and cytomegalovirus (CMV) pp65, NLVPMVATV (restricted by
HLA-A2). Monoclonal antibodies for anti-gamma interferon (IFN-�; fluorescein
isothiocyanate [FITC] conjugated), anti-CD4 (R-phycoerythrin conjugated), an-
ti-CD3 (peridinin chlorophyll protein conjugated), and anti-CD8 (allophycocya-
nin [APC] conjugated) were purchased from BD PharMingen (San Jose, Calif.).

HLA typing and genotyping. DNA was extracted from PBMC using a QIAamp
DNA Mini kit (QIAGEN Inc., Valencia, Calif.). HLA typing was carried out by
using an amplification refractory mutation system with sequence-specific primers
as described by the manufacturer (Pel-Freeze, Madison, Wis.).

The genotypic resistance profile of the protease gene was determined by
population-based sequencing using the TRUEGENE HIV-1 genotyping kit on
viral RNA derived from plasma (Visible Genetics, Toronto, Canada).

Intracellular cytokine flow cytometry (CFC). PBMC (3 � 105 to 5 � 105 cells)
were prestimulated with peptides (5 �g/ml) for 1 h or infected with an rVV
construct expressing HIV Pol (multiplicity of infection, 2:1) for 4 h. Purified
anti-CD28 (3 �g/ml) (BD PharMingen) was included for additional costimula-
tion. Brefeldin A (Sigma-Aldrich, St. Louis, Mo.) was added (10 �g/ml) to the
cells. Cells with no antigen added or with a vaccinia virus construct with a
deletion in the tk gene served as negative controls, while staphylococcal entero-
toxin B was used as a positive control. After 5.5 h of antigen stimulation, the cells
were washed, fixed with 4% paraformaldehyde, and permeabilized with FACS
perm solution (Becton Dickinson). After washing, the cells were stained with
monoclonal antibody against intracellular IFN-� and the surface markers CD4,
CD3, and CD8 (BD PharMingen), washed, and analyzed by flow cytometry on a
FACSCalibur instrument using CellQuest software (BD Biosciences, Mountain
View, Calif.). Data were gated on viable CD3� T cells, and 105 lymphocytes in
each sample were acquired. Analysis of the percentage of IFN-�-producing
CD8� T cells was subsequently carried out using FlowJo (San Carlos, Calif.)
gating on viable CD3� CD4� CD8� T cells. The background (response to no
antigen) was subtracted in each experiment (median, 0.024%; interquartile
range, 0.012 to 0.032%) (data not shown).

Expansion of antigen-specific CD8� T cells. To detect low frequencies of
memory PR82V76-84-specific CD8� T cells, 1 to 4 million PBMC were cultured
in the presence of 1 �M peptide and 1 ng of interleukin-7 and interleukin-15 per
ml for 7 days. The cells were extensively washed and then subjected to a standard
CFC assay in the presence or absence of peptide. To exclude the possibility of
expansion of naive cells, PMBC from a seronegative HLA-A2-positive individual
were analyzed in parallel. No expansion was detected. As a positive control, cells

T
A

B
L

E
1.

H
IV

-1
ge

no
ty

pe
an

d
cl

in
ic

al
ch

ar
ac

te
ri

st
ic

s
of

H
L

A
-A

2-
po

si
tiv

e
su

bj
ec

ts

Pa
tie

nt
C

ur
re

nt
A

R
V

a
Pr

ev
io

us
PI

hi
st

or
yb

M
ut

at
io

nc
V

L
d

C
D

4e
N

ad
ir

C
D

4

20
81

L
PV

/R
T

V
,3

T
C

,Z
D

V
,T

F
V

K
20

1,
L

33
L

/F
,M

36
M

/1
,A

71
V

,1
84

V
,L

90
M

35
6

31
0

65
30

11
N

F
V

,S
Q

V
,d

4T
R

T
V

,N
F

V
,S

Q
V

M
36

I/
M

/V
,1

54
1/

V
,A

71
A

/V
,G

73
S,

I8
4I

/V
,L

90
M

3,
58

4
23

7
50

30
12

ID
V

,R
T

V
,3

T
C

/Z
D

V
,A

B
C

SQ
V

M
46

I,
15

4V
,A

71
V

,V
77

I,
V

82
A

,L
90

M
8,

26
7

42
5

11
0

30
13

ID
V

,3
T

C
,d

4T
,E

F
V

L
10

I/
L

,M
46

1
40

,6
11

28
5

17
7

30
23

R
T

V
,A

PV
,d

4T
,E

F
V

R
T

V
,S

Q
V

L
10

I,
M

36
I,

M
46

L
,I

54
V

,V
82

A
,1

84
V

15
8,

57
6

39
5

24
0

30
37

R
T

V
,S

Q
V

,A
B

C
L

10
I,

G
48

V
,A

71
T

/I
,V

82
A

,L
90

M
2,

22
2

42
0

17
2

30
40

L
PV

/R
T

V
,d

4T
,3

T
C

ID
V

,R
T

V
,L

PV
L

10
I,

M
46

I,
G

48
V

,V
82

A
,L

90
M

50
0

29
6

96
30

43
ID

V
,3

T
C

,d
4T

.
SQ

V
M

46
I,

A
71

T
/A

,N
88

D
,L

90
M

/L
1,

98
2

23
9

84
30

50
L

PV
/R

T
V

,3
T

C
,d

4T
,N

V
P

SQ
V

,N
F

N
K

20
R

,M
36

I,
I5

4V
,V

82
A

7,
51

1
20

3
9

30
57

ID
V

,d
4T

,3
T

C
L

10
I,

M
46

1,
A

71
T

,N
88

S,
L

90
M

/L
50

0
41

6
14

3
30

84
d4

T
,A

B
C

,N
V

P
ID

V
,R

T
V

V
32

I,
M

46
I,

A
71

V
,V

82
A

/V
5,

35
1

41
1

19
3

30
88

L
PV

/R
T

V
,d

4T
,A

B
C

ID
V

,S
Q

V
,N

F
V

L
10

I,
K

20
R

,L
24

I,
M

36
I,

M
46

I,
14

7I
/V

,F
53

L
,1

54
V

,V
82

A
21

,6
37

44
37

31
51

R
T

V
,A

PV
,d

4T
,d

dI
,3

T
C

,E
F

V
SQ

V
,I

D
V

,R
T

V
,A

PV
I5

4M
,A

71
V

,I
84

V
,L

90
M

79
,8

00
27

1
50

31
53

R
T

V
,A

PV
,d

4T
,d

dI
,3

T
C

SQ
V

,I
D

V
,R

T
V

,A
PV

L
10

I,
M

46
I,

I5
4I

/L
,I

84
V

,L
90

M
2,

50
0

46
6

19
8

31
56

N
F

V
,A

B
C

,3
T

C
R

T
V

,I
D

V
,N

F
V

L
10

I,
M

36
I/

M
/L

,I
54

I/
V

,A
71

T
/A

,1
84

V
,N

88
N

/S
16

0,
75

0
76

6
59

9

a
A

R
V

,a
nt

ir
et

ro
vi

ra
lt

he
ra

py
.

b
L

PV
/R

T
V

,
lo

pi
na

vi
r-

ri
to

na
vi

r;
3T

C
,

la
m

iv
ud

in
e;

Z
D

V
,

zi
do

vu
di

ne
;

T
F

V
,

te
no

fo
vi

r;
N

F
V

,
ne

lfi
na

vi
r;

SQ
V

,
sa

qu
in

av
ir

;
d4

T
,

st
av

ud
in

e;
ID

V
,

in
di

na
vi

r;
R

T
V

,
ri

to
na

vi
r;

A
PV

,
am

pr
en

av
ir

;
dd

I,
di

da
no

si
ne

;
E

F
V

,
ef

av
ir

en
z;

A
B

C
,a

ba
ca

vi
r;

N
V

P,
ne

vi
ra

pi
ne

.
c

M
ut

at
io

ns
in

th
e

pr
ot

ea
se

ge
ne

as
so

ci
at

ed
w

ith
re

du
ce

d
su

sc
ep

tib
ili

ty
to

PI
s

(1
5)

.T
he

pr
es

en
ce

of
de

te
ct

ab
le

he
te

ro
ge

ne
ity

w
ith

in
th

e
vi

ra
ls

eq
ue

nc
e

po
pu

la
tio

n
is

in
di

ca
te

d.
e.

g.
,L

33
L

/F
po

in
ts

ou
t

th
e

pr
es

en
ce

of
bo

th
a

le
uc

in
e

(L
)

an
d

ph
en

yl
al

an
in

e
(F

)
at

po
si

tio
n

33
.

d
V

L
,v

ir
al

lo
ad

(c
op

ie
s

pe
r

m
ill

ili
te

r)
at

tim
e

of
st

ud
y.

e
C

D
4�

ce
ll

co
un

t
(c

el
ls

pe
r

cu
bi

c
m

ill
im

et
er

)
at

tim
e

of
st

ud
y.

6744 KARLSSON ET AL. J. VIROL.



from patients 3040 and 3156, who had a detectable response to both the wild-
type and mutant peptide, were included. A 1-log expansion of the magnitude of
both the wild-type and mutant-specific responses was obtained. The background
(response to no antigen) was subtracted in each experiment.

Functional avidity assay. A standard CFC assay was performed using 10-fold
dilutions of peptides ranging from 10 �M to 1 pM on fresh or frozen PBMC.
Functional avidity was expressed as the peptide concentration at which 50% of
the maximal IFN-� response in each individual experiment was reached, as
described by O’Connor et al. (31).

Antagonism assay. A standard CFC assay was performed using agonist peptide
(autologous sequence) at a suboptimal concentration with the addition of an-
tagonist peptide (mutant peptide) in 10-fold dilutions, ranging from a ratio
(antagonist/agonist) of 100:1 to 0.1:1. The suboptimal concentration of peptide
was defined in the functional avidity assay as the concentration at which 50% of
the maximal IFN-� response was reached. The addition of agonist and antagonist
alone to the PBMC served as positive and negative controls.

Lytic assay. HLA-matched or mismatched Epstein-Barr virus-transformed
B-cell lines (BCLs) were used as target cells in a standard 51Cr-release cytotoxic
T-lymphocyte assay with antigen-specific CTL lines established by peptide stim-
ulation (1 �M) for 14 days. The CTL lines were restimulated with peptide at day
7. The target cells were incubated with synthetic peptide or no antigen for 1 h,
washed, and plated together with CTL lines for 4 h. The percentage of specific
lysis was determined as follows: (experimental lysis � spontaneous lysis)/(total
lysis � spontaneous lysis) � 100. The lysis by the CTL lines (effectors) of
unpulsed target cells was used as a negative control (range, 0 to 5%).

RESULTS

Study subjects. Twenty-nine chronically infected patients
with PI-resistant HIV were studied. All of the subjects had
detectable plasma viremia (median, 7,511 copies/ml; interquar-

tile range, 1,854 to 82,073) and at least one known primary
mutation within protease (15). The median CD4� T-cell count
was 310 cells/mm3 (interquartile range, 235 to 398), and the
median nadir CD4� T-cell count was 59 cells/mm3 (interquar-
tile range, 21 to 137). HLA typing showed that 15 of the
patients were HLA-A2 positive (Table 1) while 14 were neg-
ative.

Mapping of a new HLA-A2-restricted CD8� T-cell epitope
in HIV protease. To determine potential competitive or syn-
ergistic pressures from drug and CTL responses, we initially
mapped a new CTL epitope in protease recognized in HIV-
infected subjects. To map CTL epitopes in protease, PBMC
were exposed to an rVV expressing HIV Pol in a CFC assay,
which detects the production of IFN-� after specific stimula-
tion. In several patients, HIV Pol-specific IFN-� production
was detected. A representative example from subject 3011 is
shown in Fig. 1a. In order to map the CTL epitope in protease,
a matrix peptide pool (20) was used with 20-mer peptides (Fig.
1b), and a specific 20-mer peptide was identified (Fig. 1c). The
minimal peptide was then defined with short peptides and was
shown to have the sequence LVGPTPVNI (PR82V76-84) (Fig.
1d). HLA restriction analysis was performed by testing CTL on
HLA-matched or -mismatched BCLs in a 51Cr-release assay,
and this peptide was identified as HLA-A2 restricted (Fig. 2).
Two previous studies had implicated this region as containing
an HLA-A2-restricted epitope (2, 24). Interestingly, this pep-

FIG. 1. Mapping of a new epitope (PR82V76-84) in the HIV-1 protease gene. HIV-1-specific CD8� T-cell responses were detected by using CFC
ex vivo on fresh PBMC. (a) An antigen-specific response was detected to the Pol gene using an rVV construct expressing HIV-1 Pol. (b) Using
a peptide matrix made of pools of 20-mer peptides, where each peptide was present in two different pools, a response was mapped to two of the
pools. (c) It was confirmed that the specific response was directed to the PR82V65-84 peptide contained within the two pools. (d) The minimal
peptide was defined with short peptides to the PR82V76-84 peptide. The percentages of IFN-�-producing CD8� T cells correspond to raw data
obtained in the CFC assay; background (0.01 to 0.07%) has not been subtracted.
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tide covered the region of the protease gene in which two
commonly occurring mutations, V82A and I84V, are present.
No responses to this peptide were measured in two HIV-
seronegative controls (HLA-A2-positive) or 14 HIV-seropos-
itive (HLA-A2-negative) individuals (Table 2).

Relationship between HLA status and viral genotype. We
next assessed the impact of drug exposure, HLA-A2 haplotype,
and Pol-specific CD8� T-cell response on genotypic evolution
in the 29 PI-treated patients. Notably, all 29 patients had re-
ceived and failed a PI regimen containing indinavir, ritonavir,
and/or lopinavir that primarily selects for the V82A mutation
(18). The median duration on any of these PIs was 30 months
(interquartile range, 15 to 49). There were no significant dif-
ferences in duration between the HLA-A2-negative and HLA-
A2-positive groups (P � 0.708; t test) or within the HLA-A2-
positive group between those who maintained wild-type V82V
or had developed the V82A mutation (P � 0.854; t test).
However, only 7 of the 15 HLA-A2-positive individuals had
developed the V82A mutation (47%), while 10 of the 14 HLA-
A2-negative subjects (71%) were found with the V82A muta-
tion, giving an odds ratio of 0.65 (95% confidence interval, 0.35
to 1.23) (P � 0.26).

Association between CD8� T-cell response and viral geno-
type. Assessments were performed in order to determine the
relationship between PI-related mutations and peptide-specific
CTL responses. We initially tested peptide-specific CD8� T-cell
responses using the CFC assay to the wild-type (PR82V76-84)
or mutant (PR82A76-84) peptides to test whether mutation of
valine (Val) to alanine (Ala) at position 82 would affect rec-
ognition in our HLA-A2-positive study subjects. Ten of 15
HLA-A2-positive patients recognized either the wild-type or

mutant peptide, while none of 14 HLA-A2-negative subjects
recognized these two peptides. Of the 15 HLA-A2-positive
subjects, 9 recognized the wild-type peptide and 6 recognized
the mutant peptide (Table 2).

The wild-type peptide stimulated weak to moderate IFN-�
production by CD8� T cells (median, 0.166%; range, 0.056 to
0.330%) in seven of the eight HLA-A2-positive individuals
with a Val (wild type) at position 82 (Table 2). Four of these
individuals did not recognize (above background) the mutant
peptide containing Ala at position 82 (representative data from
subject 3011 are shown in Fig. 3a).

To determine if the emergence of the mutant V82A could
potentially inhibit the wild-type-specific CD8� T-cell response
in vivo, an antagonism experiment was performed (17, 21).
Different ratios of the mutant peptide were added together
with suboptimal concentrations of the autologous PR82V76-84

peptide directly ex vivo and assayed in a CFC assay. No sig-
nificant inhibition of the response was detected by the poten-
tial antagonist PR82A76-84 peptide, as shown for patient 3011
in Fig. 3b. As subject 3011 also had the I84V mutation, pep-

FIG. 2. The epitope PR82V76-84 is restricted by HLA-A2. The
HLA-A2 restriction of PR82V76-84 was confirmed in a killing assay us-
ing HLA-A2-matched and -mismatched BCL presenting PR82V76-84.
An antigen-specific CTL line had been established from patient 3156
by peptide stimulation of fresh PBMC for 14 days. The class I HLA
haplotypes of the matched BCL were BCL-1 (HLA-A2/30 [19]), B7/65
(Cw7/8 [15]), and BCL-2 (HLA-A2/11, B35/53, Cw4/6), and for the
mismatched BCL-3 they were HLA-A1, B7, Cw7, and BCL-4 A30
(19)/74 (19), Cw2/7. The effector-to-target ratio was 30:1. The back-
ground killing ranged from 0 to 5% (median 0%) as determined by
lysis of unpulsed BCL.

TABLE 2. Frequency of antigen-specific CD8� T cells recognizing
the PR82V76–84 and/or PR82A76–84 peptide in the

HIV-1 protease genea

Patient Amino acid at
position 82

% IFN-�-producing
CD8� T cells HLA-A2

PR82V76–84 PR82A76–84

SNC �0.050 �0.050 �
SNC �0.050 �0.050 �
3005 Val �0.050 �0.050 �
3085 Val �0.050 �0.050 �
3148 Val �0.050 �0.050 �
3152 Val �0.050 �0.050 �
2004 Ala �0.050 �0.050 �
3004 Ala �0.050 �0.050 �
3025 Ala �0.050 �0.050 �
3028 Ala/Val �0.050 �0.050 �
3047 Ala �0.050 �0.050 �
3062 Ala �0.050 �0.050 �
3071 Ala �0.050 �0.050 �
3072 Ala �0.050 �0.050 �
3075 Ala �0.050 �0.050 �
3102 Ala �0.050 �0.050 �
2081 Val 0.166 �0.050 �
3011 Val 0.204 �0.050 �
3013 Val 0.070 �0.050 �
3043 Val �0.050 �0.050 �
3057 Val 0.056 �0.050 �
3151 Val 0.104 0.075 �
3153 Val 0.280 0.100 �
3156 Val 0.330 0.180 �
3012 Ala �0.050 �0.050 �
3023 Ala 0.130 0.360 �
3037 Ala �0.050 0.061 �
3040 Ala 0.054 0.123 �
3050 Ala �0.050 �0.050 �
3084 Ala/Val �0.050 �0.050 �
3088 Ala �0.050 �0.050 �

a Cells gated on IFN-�-producing CD3� CD8� CD4� T cells were detected by
intracellular CFC. The proportion of patients with the V82A mutation is greater
in the group of HLA-A2-negative patients than in the HLA-A2-positive group,
but the difference does not reach statistical significance (P � 0.17; chi square
test). Levels above 0.05 with the background subtracted (mean background �
2SD � 0.05) are considered positive. SNC, seronegative control; Ala/Val, pres-
ence of viral sequences with both Ala and Val at position 82.
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tides containing Val at position 84 were made and tested in the
CFC assay. A similar response was seen with both peptides,
suggesting that the I84V mutation did not affect recognition
(data not shown).

We carefully studied the sequences of patients who partici-
pated in this study. Only 2 of the 15 HLA-A2-positive sub-
jects showed mutations other than V82A or I84V within the
PR82V76-84 epitope. Subject 3012 had a Val-to-Ile mutation at
position 77, and subject 3013 had a Leu-to-Val mutation at

position 76. These mutations are rarely observed in either
treated or untreated patients; we believe that these mutations
are either uncommon secondary “compensatory” mutations or
reflect polymorphisms. Given the small numbers, no further
analysis was carried out.

While seven of the eight HLA-A2-positive patients with
wild-type Val at position 82 had a detectable response to the
autologous PR82V76-84 peptide, only three showed reactivity
against the mutant PR82A76-84 peptide, and these responses

FIG. 3. Antigen-specific CTL for the epitope PR82V76-84 do not recognize and kill targets presenting the mutant PR82A76-84 peptide. (a) In
four out of the seven HLA-A2-positive subjects who remained wild type at position 82 (V82V), antigen-specific responses detected by CFC were
only seen to the wild-type peptide PR82V76-84 but not to the PR82A76-84 mutant peptide, as illustrated with data from patient 3011. (b) To
investigate if the PR82A76-84 mutant had antagonist properties, PBMC were stimulated with a suboptimal concentration (0.1 nM) of the agonist
peptide (wild-type PR82V76-84) in the absence or presence of antagonist peptide (mutant PR82A76-84) in the CFC assay. The dashed line
corresponds to the cutoff of the assay (mean background plus 2 standard deviations � 0.05). (c) In the three remaining patients, who were wild
type at position 82 (V82V), reactivity was detected to the mutant PR82A76-84 but was always of a lower magnitude than to the wild-type peptide
PR82V76-84, as illustrated in patient 3156. (d) In one of the patients, number 3156, with a reactivity to both peptides, CTL specific for the wild-type
(PR82V76-84) epitope were not able to recognize and kill target cells presenting the mutant (PR82A76-84) epitope and thus confirmed that the V82A
mutation induces viral escape from wild-type-specific CTL.
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were all of a lower magnitude compared to responses seen to
the autologous wild-type peptide (Fig. 3c). In a killing assay, it
was confirmed that CTL specific for the wild-type peptide
(PR82V76-84) did not kill target cells presenting the peptide
containing the V82A mutation above the threshold for signif-
icant killing (10% specific lysis) (Fig. 3d).

Three of the seven HLA-A2-positive patients with the V82A
mutation had a low to moderate CD8� T-cell response to the
mutant peptide (Table 2). Two of them had a detectable re-
sponse to the wild-type peptide, compared to seven out of eight
subjects with Val at position 82 (Table 2) (P � 0.04; Fisher’s
exact test). Only in the patient with the lowest response to the
mutant peptide (subject 3037; 0.061%) were we unable to
detect any response to the wild-type peptide. The other four
patients with the V82A mutation failed to make any detectable
responses to any of these peptides, wild type or mutant (Table
2). In order to test whether subjects with V82A who failed
to make a response to the wild-type PR82V76-84 peptide had
memory CTL to V82V, we cultured PBMC from six patients
(3156, 3040, 3012, 3037, 3050, and 3084) and two seronegative
controls with the PR82V76-84 peptide for 7 days (data not
shown). Subjects 3156 and 3040, who had a very low frequency
of response to the wild-type peptide, had specific CD8� T cells
that were readily expandable in vitro. In contrast, the other
four subjects and the seronegative controls had no response
even after in vitro peptide stimulation. Thus, although there
are exceptions, these data suggest that the emergence of V82A
under selective pressure of a PI occurred primarily in those
subjects who have no detectable response to V82V.

We next assessed the potential influence of the response to
the single autologous PR82V76-84 or PR82A76-84 peptide in
relation to the total HIV-specific CD8� T-cell responses. In
seven of the HLA-A2-positive individuals (six V82V subjects
and one V82A subject), the total HIV-specific CD8� T-cell
response to the major HIV proteins (Gag, Pol, Env, and Nef)
was assayed in the CFC assay by using rVV constructs express-
ing the individual proteins. The responses to the autologous
PR82V76-84 peptide corresponded to 6 to 44% (median, 33%)
of the major HIV responses and 27 to 100% (median, 55%) of
the total HIV Pol response in these individuals (data not
shown). Thus, in these chronically infected individuals with
PI-resistant HIV, the magnitude of the response to the
PR8276-84 epitope was a substantial fraction of the total CD8�

T-cell response to the major HIV Gag, Pol, Env, and Nef
proteins.

Functional avidity of the CD8� T-cell responses. It has re-
cently been shown that T cells with high functional avidity are
associated with rapid CTL escape in acute SIV infection (31).

Such rapid selection for escape mutations is often observed
with antiretroviral therapy, particularly when lamivudine and
non-nucleoside reverse transcriptase inhibitors are used. In
order to test the functional avidity of wild-type or mutant
responses, we performed avidity measurements on PBMC
from several subjects. Log-fold dilutions of peptides were used
to determine reactivity to different epitopes, and the avidity
was determined by the 50% maximal IFN-� response. As de-
scribed by O’Connor et al. (31), we divided the functional
avidity into three categories, high (0 to 5 nM), intermediate (5
to 50 nM), and low (�50 nM) (31). The functional avidity was
analyzed in three of the seven subjects with Val at position 82
who had a detectable response to the autologous wild-type
(PR82V76-84) peptide (Fig. 4a). To determine the reproduc-
ibility of the assay, two individual samples were analyzed from
patient 3153 drawn 16 weeks apart (sample 3153.1 drawn at
baseline and 3153.2 drawn 16 weeks later). The functional
avidity of T-cell responses was consistent and of high func-
tional avidity (range, 0.10 to 0.40 nM) among the intra- and
interpatient samples (Fig. 4a). Three of the patients, with wild-
type Val at position 82, also had low-magnitude responses to
the mutant peptide. To investigate the functional avidity of the
cross-reactive response, samples from two patients (3153 and
3156) were analyzed for avidity. In both cases a lower func-
tional avidity was detected to the mutant than to the wild-type
peptides, although the difference was more pronounced in
3156 (70 versus 0.09 nM) than in 3153 (0.80 versus 0.1 nM)
(Fig. 4b). Thus, V82V appeared to be maintained in these
subjects despite high avid CTL responses and the presence of
a strong drug-associated selective pressure.

We next assessed the responses in patients who had devel-
oped the V82A mutation. In the two patients (3040 and 3023)
with a response to the wild-type peptide, the functional avidity
ranged between 1.30 and 60 nM (high to low) but was lower
than in patients maintaining the wild type at position 82, where
the avidity was below 0.40 nM (Fig. 4c). From one of the
patients (3040), two individual samples drawn 24 weeks apart
from each other (3040.1 at baseline and 3040.2 drawn 24 weeks
later) were assayed, and the avidity to each sample was low
(sample 3040.1, 60 nM; sample 3040.2, 30 nM). Looking at the
responses to the mutant peptide corresponding to the autolo-
gous sequence in patients with the V82A mutation, a high
functional avidity was detected, ranging between 0.80 and 0.07
nM (Fig. 4d), comparable to the functional avidity detected to
the wild-type sequence in patients who maintained V82V.

To be able to evaluate the functional avidity data to the
epitope in protease-spanning amino acids 76 to 84, we included
other peptides corresponding to epitopes within HIV and

FIG. 4. High functional avidity of antigen-specific responses to the autologous epitope, PR82V76-84, or PR82A76-84 detected in PBMC of
HLA-A2-positive individuals. The range of peptide concentrations at which 50% maximal IFN-� responses were reached is indicated with gray bars
illustrating the interpatient range of functional avidity detected to an epitope. (a) A high functional avidity was detected to the autologous epitope
PR82V76-84 epitope in three patients with a wild-type Val at position 82. (b) An extremely low functional avidity was detected to the mutant
PR82A76-84 peptide in one of these patients. In the other patient (3153.1) the difference between the avidities was less pronounced, with functional
avidities of 0.40 nM to the wild-type peptide and 0.80 nM to the mutant peptide. (c) In patients with the Val-to-Ala mutation at position 82, the
response to the PR82V76-84 epitope ranged from high to extremely low. (d) These patients had developed a high-avidity response to the mutant
peptide. To further measure the functional avidity to other epitopes of different HLA restrictions, we studied avidity to other epitopes. (e to g)
The functional avidity was shown to be of intermediate strength to the RT158-66 epitope (50% maximal response, 15 nM) (e), intermediate to the
Gag162-172 epitope (50% maximal response range, 20 to 30 nM) (f), and high to the CMV pp65 epitope (50% maximal response range, 1 to 5 nM)
(g).
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CMV that are restricted by different HLA molecules. The
strength of the response to epitopes in reverse transcriptase
(RT) and Gag of HIV was found to be of intermediate func-
tional avidity (15, 20, and 30 nM [Fig. 4e and f]). Finally, a
response of high functional avidity, ranging from 1 to 5 nM,
was detected to an epitope within the CMV pp65 matrix pro-
tein (Fig. 4g). These data confirm that the response detected to
the autologous PR82V76-84 epitope (ranging from 0.10 to 0.40
nM) can be considered to be of a high functional avidity.

DISCUSSION

Both antiretroviral therapy and the cellular immune system
act to control viral replication. In this cross-sectional study, we
identified a new HLA-A2-restricted HIV-specific CD8� T-cell
epitope, LVGPTPVNI (PR82V76-84), in protease-spanning
amino acids 76 to 84. In this peptide, at position 82 valine (Val)
is the consensus wild-type amino acid in drug-naive patients. In
subjects with PI failure, a Val-to-Ala mutation at position 82 is
associated with resistance to several PIs. We showed that the
wild-type epitope is commonly recognized by CTL in HLA-
A2-positive patients and that the CTL responses directed to
this epitope are of high avidity. The V82V-specific CTL re-
sponse is only weakly cross-reactive with the mutant peptide
containing V82A. Paradoxically, and in contrast to our original
hypothesis, there was no increased risk of developing a V82A
mutation during PI failure in HLA-A2-positive patients com-
pared to HLA-A2-negative patients. Indeed, there was a non-
significant trend suggesting that HLA-A2-positive patients are
less likely to develop V82A than HLA-A2-negative subjects.
Among HLA-A2-positive patients, a strong high-avidity CTL
response to V82V was associated with the lack of V82A during
virologic failure of a PI-based regimen. The V82A mutation
was more often observed in HLA-A2-negative patients and in
HLA-A2-positive patients who had only a weak or moderate
CTL response to V82V. Interestingly, a memory V82V-specific
CTL response could not be rescued in most patients with
V82A, and when the V82V CTL response was present in pa-
tients with V82A it was of relatively low avidity.

Among the eight HLA-A2-positive subjects harboring wild-
type V82V, seven had a detectable CTL response to PR82V76-84,
while only two of the seven subjects with the V82A mutation had
a detectable response to this epitope. It has been shown that viral
escape from CTL requires high viral replication and compensa-
tory mutations (19). Only after prolonged periods of time and
extensive viral replication would V82A eventually emerge. It is
noteworthy that the PR82V76-84 responses were of high avidity,
which has been shown to be associated with rapid selection of
CTL escape mutants during acute infection (31). However, in
these patients the viral replication was limited through partially
effective antiretroviral suppression and likely by lowered replica-
tive capacity of a drug-resistant virus (3). Prior studies have sug-
gested that an immunodominant response can act in a positive
manner to maintain an epitope during chronic infection (13). In
addition, we were unable to detect a response to the wild-type
peptide after restimulation in four of the five HLA-A2-positive
patients who had developed V82A. Given the complex nature of
viral evolution under drug pressure and the partial control of
some drug-resistant variants, one interesting hypothesis is that
high-avidity HIV-1-specific cellular immune responses directed at

epitopes within protease may delay or prevent the emergence of
drug resistance mutations during antiretroviral treatment. Testing
this hypothesis will require longitudinal observation of patients
receiving and ultimately failing antiretroviral therapy.

Three of the eight HLA-A2-positive subjects who remained
wild type at position 82 (V82V) had a weak reactivity to the
mutant peptide. We do not know if these three subjects had
V82A viral variants present at low frequency or whether
PR82V76-84-specific T cells can be cross-reactive. Since it has
been shown that altered peptide ligands can function as com-
petitive antagonists (12, 17, 21), this hypothesis was tested
directly in vivo. In an antagonist experiment it was shown that
the addition of PR82A76-84 peptide could not inhibit the wild-
type-specific responses and, thus, did not function as an antag-
onist.

In three of the seven HLA-A2-positive patients who had
developed the V82A mutation during treatment, a mutant-
specific response could be measured and is likely to represent
a response to the new antigenic stimuli from the mutant viral
sequence. In two of these individuals, we observed the persis-
tence of a weak but detectable CTL response to the wild-type
PR82V76-84 epitope. This could reflect the presence of cross-
reactive cells, which have been shown to be selectively ex-
panded in mice infected with pairs of influenza A virus vari-
ants, indicating that memory T-cell populations can provide
protection against antigenic variants (14). It is also possible
that the response only reflects persistence of the wild-type viral
variant as a minority sequence. Alternatively, the persistence
of this response could reflect “original antigenic sin.” Original
antigenic sin is a phenomenon in which the antibody or T-cell
response elicited in an individual after secondary viral infec-
tion reacts more strongly to the viral variant that originally
infected the individual (22). If this was applicable here, one
would expect that the development of mutations would pref-
erably lead to an expansion of wild-type-specific CTL over
mutant-specific CTL. However, although antigen-specific IFN-
�-producing CD8� T cells were detected both in response to
the wild-type and mutant peptides, the functional avidity and
magnitude of the responses were consistently higher to the
mutant epitope in patients who had developed the V82A mu-
tation. Taken together, these results do not support original
antigenic sin.

There are several explanations for V82V maintenance in
patients with a potent CTL response to this peptide. First, it is
possible that CTL-mediated immunologic pressure on other
viral proteins may indirectly affect protease sequence evolution
during treatment (9, 25, 40), thus preventing the rapid emer-
gence of V82A. Second, the protease-specific CD8� T-cell
responses observed in some HLA-A2 individuals may be of
insufficient magnitude to select for the V82A mutation. Im-
mune responses can be maintained during high viral load with-
out evidence for escape mutations (16). However, it has been
thought that such maintenance is due to a low “efficiency” of
the CD8� T-cell response, which seemed unlikely given the
high avidity demonstrated in this study. Third, the lack of
CTL-mediated selective pressure in vivo may reflect impaired
CD8� T-cell function (cytokine production and cytotoxicity)
and/or the lack of effective CD4� T-cell help (29, 39). Their
persistent detection may simply reflect continued antigenic
exposure. Finally, a dysfunctional cellular immune response
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directed at V82V may result in generalized cytokine-mediated
local T-cell activation and the recruitment of susceptible, ac-
tivated target CD4� T cells, thus resulting in the selective
maintenance of the wild-type V82V epitope over the mutant
V82A epitope.

In conclusion, we have shown that HLA-A2-positive individ-
uals recognize a specific epitope within HIV-1 protease that
contains two common PI-related mutations, V82A and I84V.
We demonstrated that the V82A mutation can function as a
CTL escape mutation. However, the impact of the CTL re-
sponse against this specific epitope is complex. Although PI
therapy clearly favors the selective advantage of V82A over
V82V (the mutation is rarely observed prior to PI therapy and
rapidly wanes after therapy is interrupted), it is not clear from
our data that a potent CTL response to V82V favors the
emergence of the escape mutation. Indeed, our data point to
the opposite effect, in that V82V was more common among
those able to recognize this epitope. Collectively, our results
indicate that both HIV-1-specific CD8� T cells and antiretro-
viral drugs provide complex pressures on the same amino acid
sequence of the HIV protease gene and, thus, can influence
viral sequence evolution.
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