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des Maladies Infectieuses,4 Hôpital Pitié-Salpêtrière, 75013 Paris, France, and Max-Planck-Institut

für Infektionsbiologie, D-10117 Berlin, Germany2

Received 28 January 2000/Accepted 26 June 2000

The impact of drug resistance mutations induced by nucleoside reverse transcriptase (RT) inhibitors (NRTI)
on cytotoxic T-lymphocyte (CTL) recognition of human immunodeficiency virus type 1 strain LAI (HIV-1LAI)
RT was addressed in 35 treated or untreated patients. Two HIV-1LAI RT regions encompassing mutation
M41L, L74V, M184V, and T215Y/F were recognized in 75 and 83% mutated and in 33 and 42% unmutated
samples, respectively. A total of 41 new CTL epitopes overlapping these mutations were predicted. Mutations
enhanced HLA-binding scores of 17 epitopes, decreased scores of 5, and had no effect in 19. Four predicted
epitopes containing mutations 41, 74, and 184 were tested and recognized by CD8 cells from mutated or
unmutated samples, with frequencies up to 270 gamma interferon spot-forming cells per 106 peripheral blood
mononuclear cells. Therefore, RT mutations induced by NRTI can increase the immunogenicity of RT for CTL
and might allow a better immune control of resistant viruses in vivo, suggesting that specific immune therapy
might help prevent these mutations.

Cytotoxic T lymphocytes (CTL) specific for human immu-
nodeficiency virus (HIV) or simian immunodeficiency virus are
considered the most efficient virus-specific immune responses
(4, 26, 29, 39). The strength and the diversity of CTL responses
(16, 54) have been proposed, together with reverse transcrip-
tase (RT) infidelity (7, 33, 37), as an important factor for virus
variability at time of asymptomatic disease and strong immune
functions. Some viral mutations can decrease immunogenicity
by interfering with the intracellular processing or with the
HLA binding of viral peptides, thereby resulting in a lack of
CTL recognition (5, 11, 13, 14, 22, 30, 32, 34). In contrast, new
HIV variants that do not interfere with such processes can be
immunogenic for specific new CTL clones (16), a fact which
contributes to some extent to determining HIV variability (54).

The high level of HIV type 1 (HIV-1) RT sequence conser-
vation among different HIV isolates (25) makes RT one of the
most frequent targets for CTL recognition; indeed, 80% of
HIV-infected individuals have specific RT-specific CTL (17).
Prolonged antiviral mono- or bitherapy with nucleoside RT
inhibitors (NRTI), however, results in selection of HIV-1
strains containing mutations in the RT gene (36). These mu-
tations often have an impact on the enzymatic activity of RT
and on the fitness of the virus (2, 45). These drug-induced
mutations are highly standardized and characteristic of the
various NRTI used (28, 38). Highly active antiretroviral ther-
apies (HAART) combining various drug regimens have de-
creased the occurrence of such mutations by reducing levels of
virus replication, but they concomitantly decrease the intensity
of the HIV-specific CTL responses (10, 15, 29). Currently viral
replication is efficiently controlled in only 50% of patients
receiving HAART; frequency of treatment failures is increas-

ing and correlates with high levels of drug-induced mutations
(56). In industrialized countries, approximately 15% of new
cases of HIV primary infection involve strains that show pri-
mary drug-induced mutations transmitted by treated individu-
als (3, 27, 55). The consequences of these mutations for RT
recognition by CTL and the ability of the host’s RT-specific
immune responses to help control growth of resistant variants
is not known.

To address this question and to evaluate whether fixed RT
mutations induced by nucleoside analogs might alter immune
recognition, we performed a prospective analysis of CTL re-
sponses directed against RT drug-induced mutations in pa-
tients treated by NRTI in mono- or bitherapy between 1991
and 1996, before the advent of protease inhibitors, in order to
avoid bias due to decreased CTL frequencies in HAART-
treated patients.

A total of 66 samples from 35 patients, either before (n 5
29) or during (n 5 37) antiretroviral therapy by NRTI, were
selected on the basis of positive CTL responses against the
whole HIV-1LAI Pol sequence. Polyclonal HIV-specific CTL
lines were generated by cocultures of patient peripheral blood
mononuclear cells (PBMC) autologous, irradiated phytohe-
magglutinin (PHA)-stimulated cells, as described elsewhere
(16). A standard chromium release assay was performed
against autologous B-lymphoblastoid cell lines infected with
recombinant vaccinia virus expressing Pol and RT. We also
tested recognition of two HIV-1LAI RT truncated regions
(RT-1 [1 to 143] and RT-2 [143 to 293]) encompassing the sites
of NRTI-induced mutations as described elsewhere (17). CTL
responses were considered positive when the specific response
exceeded the nonspecific response by 10% or more for at least
two successive effector/target ratios. Regions RT-1 and RT-2
were recognized with similar frequencies (59% for each in
untreated samples; 49% for RT-1 and 46% for RT-2 in treated
samples), independently of their CD4 counts or viral loads
(data not shown).
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We then analyzed patients PBMC for the presence of four
major standard mutations induced in vivo by nucleoside ana-
logs at positions M41L and L74V located in RT-1 and posi-
tions M184V and T215Y/F in RT-2. We used a genotyping line
probe assay (LiPA) for HIV-1 RT (Murex Diagnostics S.A.,
Chatillon, France) according to manufacturer’s instructions as
described by Descamps et al. (12). This assay simultaneously
detects the wild-type and drug-selected variants in codons 41,
69, 70, 74, 184, 214, and 215 (43), with specific oligonucleotide
probes immobilized on membrane-based strips. When compar-
ing CTL recognition of RT-1 and RT-2 with frequencies of
mutations, we observed RT-1-specific CTL in 5 out of 6 treated
samples containing the M41L and/or L74V mutations but in
only 5 out of the 12 unmutated samples. Similarly, RT-2 was
recognized in six out of eight samples containing mutations
M184V and/or T215Y/F but in only three out of nine unmu-
tated samples (data not shown). In half of the cases, the wild-
type and mutated strains coexisted, but the LiPA method does
not allow quantification of the various clones. These results
demonstrate that CTL recognition of these RT regions is twice
as frequent in samples containing NRTI-induced mutations as
in unmutated samples.

To analyze further the immunogenicity of the M41L, L74V,
M184V, and T215Y/F mutations, CTL recognition had to be
studied at the epitope level. Only few CTL epitopes surround-
ing sites of drug-induced mutations have been described up to
now: RT 33-41 and 33-43, 179-187, 180-189, and 209-220 (17,
18, 49–51) (Table 1). Therefore, we used first a theoretical
analysis to predict new RT epitopes around sites of NRTI-
induced mutations based on a computer scoring (http://bimas
.dcrt.nih.gov/molbio/hla_bind/) that allows the location and
ranking of peptides that contain binding motifs for HLA class
I molecules (31). For a given peptide, the best score is obtained
when it contains the correct dominant and auxiliary anchor
residues for a particular HLA molecule. The median score for
66 known, published HIV CTL epitopes from the Los Alamos
HIV molecular immunology database was 15 (25th and 75th
percentiles, 3 to 120) (6, 25). For example a known HIV-1LAI
RT CTL epitope (309-317) (48) had a predicted binding score
to HLA-A0201 of 39. In the present study we used a cutoff of
10 for the HLA-binding scores of our predicted epitopes.

We analyzed scores of binding of the HIV-1LAI RT se-
quences around positions 41, 74, 184, and 215 to 19 patient
HLA molecules from our study group for which a prediction
motif was available. We could predict 41 new putative CTL
epitopes surrounding the major mutations M41L, L74V,
M184V, and T215Y. We then compared the HLA-binding

capacities of the wild-type (LAI) or mutated RT sequences. Six
epitopes were predicted around each of the mutations M41L
and L74V in the context of nine distinct HLA molecules (Fig.
1A and B). Mutation M41L occurred at anchor positions (p2
or p9) in three epitopes (32-41, 33-41, and 40-49) and in-
creased binding scores to 6 HLA molecules (Fig. 1A). Muta-
tion L74V affected the p2 anchor position in two RT epitopes
(73-81 and 73-82) in the context of three HLA molecules but
decreased the binding scores to two of them (Fig. 1B). Muta-
tion at position 184 was also located in a highly immunogenic
region since five predicted epitopes surrounding mutation
M184V were predicted in the context of 12 HLA molecules
(Fig. 1C). Mutation M184V affected anchor motif (p9) in only
one predicted epitope (RT 175-184) and induced a strong
binding score increase in two out of three HLA molecules
tested. The position 184 mutation slightly affected binding
scores to only three HLA molecules. In contrast, mutation
T215Y occurred within a poorly immunogenic region: only two
epitopes could be predicted in the context of three HLA
molecules. Mutation T215Y increased the HLA-binding score
of peptide 206-215 to three HLA molecules only (Fig. 1D).
Therefore, mutations M41L, L74V, and M184V occur in
strongly immunogenic regions that contain 11, 12, and 13 pre-
dicted CTL epitopes, respectively, while mutation T215Y oc-
curs in a poorly immunogenic region that contains only 5
predicted epitopes.

Overall, NRTI-induced mutations increased the HLA-bind-
ing scores in 42% of the 41 predicted epitopes. In contrast,
HLA binding scores were decreased in only 5 (12%) epitopes.
Mutations 41, 74, and 215 affected peptide anchor positions,
while mutation 184 affected mostly central amino acids in pre-
dicted epitopes. Altogether 21 epitopes had anchor positions
affected; for 15 (71%) of these, the HLA-binding scores were
increased. Mutation 184, which affected mostly the central
amino acid positions of the predicted epitopes, decreased
HLA-binding scores in only three combinations. These theo-
retical results suggest that the major mutations induced by
NRTI rarely impair but rather improve at least in half of the
cases the capacity of mutated candidate epitopes to bind HLA
class I molecules.

We then tested whether such known or predicted epitopes
were indeed recognized by CD8 cells when affected by a drug-
induced mutation. We used an enzyme-linked spot (ELISPOT)
assay for single-cell gamma interferon (IFN-g) release adapted
from Dalod et al. (10), using polyvinylidene difluoride-bot-
tomed well plates (Millipore, Molsheim, France) and two anti-
human IFN-g monoclonal antibodies, the second being biotin-

TABLE 1. Most important RT mutations induced by NRTI and known RT CTL epitopes containing these mutationsa

Standard mutation
position(s)

Most frequent mutation(s)
induced by NRTI Known RT CTL epitope(s) HLA restriction

element(s)
Reference(s) for

CTL epitopes

41 M41L 33-41, 33-43 A2, A3 17
65 K65R None None None
67 D67N None None None
69/70 T69S, T69A, T69D, K70R, 69SG70, T or N69D/K70R None None None
74/75 L74V, V75T, L74V/V75 None None None
115 Y115F 107-115, 107-117, 108-118 B35, A201, A201 6, 17, 50, 51
157 P157S 153-165, 156-165, 156-164 B7, B7, B3501 6, 24, 41, 46
178 I178M 175-183 B3501 24
184 M184I, M184V 179-187, 180-189 A2/A201, A201 17, 18, 49
210 L210W 200-211, 203-212, 209-220 Bw60, B44, A2 17, 49, 52
214/215 F or L214/T215Y or F, Y215C, T215F, T215Y 209-220 A2 17
219 K219Q 209-220 A2 17

a Mutations studied here are underlined; mutations detected by LiPA HIV-1 RT are in bold.
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ylated (Diaclone, Besançon, France). PBMC were added in
triplicate wells at 105 and 5 3 104 cells per well in the presence
of peptide, PHA as a positive control, or medium alone. A
panel of peptides was synthesized according to the HIV-1

epitope sequences available at the Los Alamos HIV molecu-
lar immunology database (http://hiv-lanl.gov/immunology
/advancedctl.html) or to the predictive analysis described above
(Syntem, Nı̂mes, France). We analyzed recognition of five

FIG. 1. Changes in HLA-binding scores of predicted epitopes surrounding the NRTI-induced mutations 41 (A), 74 (B), 184 (C), and 215 (D) in HIV-1LAI RT
wild-type (WT) and mutated sequences. The HLA class I molecules studied were selected from patient haplotypes; computer scoring was done online (see text).
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epitopes affected by mutations M41L, L74V, M184V, and
T215Y in the context of the most frequent HLA molecules in
nine patients selected according to their treatment and HLA
type. As positive controls, known CTL epitopes from the HIV
RT, Env, or Nef and from cytomegalovirus (CMV) pp65 were
recognized in the context of the same HLA class I molecules,
within ranges of frequencies from 0 to 1,545 spot-forming cells
(SFC) per 106 PBMC.

The effect of mutation M41L was evaluated in one HLA-B27
and four HLA-A2 patients before and/or after receiving 3
zidovudine. The patient 201#5 sample harbored mutation
M41L, which increased the HLA-A2-binding score of this pre-
viously described epitope (33-41) (Fig. 1A). The mutated but
not the wild-type peptide was recognized after treatment in
this patient, with a frequency of 95 SFC per 106 PBMC (Fig.
2A). We evaluated the effect of mutation L74V on recognition
of the predicted epitope 73-82 in two HLA-A3 patients before
and after treatment and found that neither of these patients
harbored mutations. The wild-type RT 73-82 peptide was rec-

ognized both before and after treatment in patients 252#0 and
252#4, with frequencies of 40 and 82 SFC per 106 PBMC,
respectively (Fig. 2B). The mutated peptide was not recog-
nized. In that case, the mutation theoretically decreased this
epitope’s binding score to HLA-A3 (Fig. 1B). Two predicted
epitopes surrounding mutation M184V were tested in three
patients. Both wild-type and mutated 175-184 peptides were
recognized in the context of HLA-B51 in patient 246#1 before
treatment, with frequencies of 51 and 100 SFC per 106 PBMC,
respectively (Fig. 2D). Another peptide, RT 181-189, was
tested in two HLA-A2 patients. Mutation 184 did not affect
significantly recognition of peptide 181-189 mutated or wild
type (Fig. 2C), the calculated binding score for which was
similarly unaffected (Fig. 1C). In patient 250#0, both wild-type
and mutated peptides were recognized with high frequencies
of 214 to 270 SFC/106 PBMC. In a second HLA-A2 patient
(201#5), no CTL could be detected against either wild-type or
mutated peptide. Peptide 206-215, encompassing mutation
T215Y, was tested in three patients before or after receiving

FIG. 2. CD8 T cell recognition of mutations 41, 74, and 184. IFN-g production by PBMC was detected by ELISPOT assay. PBMC from patient 201#5 after
treatment (A), patient 252#0 before treatment (b) or 252#4 after treatment (a) (B), and patients 250#0 (C), and 246#1 (D) before treatment were added to 96-well
plates in triplicate wells at 105 and 5 3 104 cells per well in the presence of 5 mg of peptide per ml or 0.5 mg of PHA or medium per ml in a 40-h ELISPOT assay.
Peptides for HIV proteins tested: RT 33-41 wild type (WT) (ALVEICTEM) and mutated (ALVEICTEL); RT 73-82 wild type (KLVDFRELNK) and mutated
(KVVDFRELNK); RT 175-184 wild type (NPDIVIYQYM) and mutated (NPDIVIYQYV); RT 181-189 wild type (YQYMDDLYV) and mutated (YQYVDDLYV);
RT 206-215 wild type (RQHLLRWGLT) and mutated (RQHLLRWGLY); P1, RT 309-317 (ILKEPVHGV) (47, 50); P4, RT 311-319 (SPAIFQSSMT) (6); P5, RT
295-302 (TAFTIPSI) (42); E3, gp41 557-565 (RAIEAQQHL) (42); N1, Nef 73-82 (QVPLRPMTYK) (9, 23). Peptide for CMV pp65: 495-503 (NLVPMVATV) (53).
The number of specific T cells was calculated after subtracting negative control values. Mean values from triplicate wells are shown.
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AZT. Only the patient 201#5 sample harbored the mutation
T215Y/F. Neither wild-type nor mutated peptides were recog-
nized, however (Fig. 2A).

Therefore, all predicted epitopes that could be tested were
recognized at least once, except around mutation T215Y.
These new candidate epitopes surrounding NRTI mutations
were recognized with frequencies of SFC ranging between 40
and 270 per 106 PBMC, similar to those observed for known
HIV or even RT epitopes, except when surrounding the T215Y
mutation, which appears to be located in a poorly immuno-
genic region.

Discussion. We demonstrated herein that mutations induced
by mono- or bitherapy with NRTI, M41L, L74V, M184V, and
T215Y/F, did not impair CTL recognition of the RT sites of
drug-induced mutations in treated patients. On the contrary,
the drug-induced mutations were associated with twofold more
frequent recognition of the unmutated HIV-1LAI RT regions
that encompass those mutations. The limited number of known
CTL epitopes that surround these mutations prompted us to
use a theoretical analysis to predict new CTL epitopes re-
stricted by patient HLA molecules based on their HLA-bind-
ing capacity. Mutations M41L, L74V, and M184V occur in
immunogenic regions containing multiple predicted epitopes
binding to a number of HLA class I molecules. In contrast,
mutation T215Y occurs in a region of poor immunogenicity
that contains only five predicted epitopes. Mutations M41L,
L74V, and T215Y, but not M184V, frequently involve domi-
nant anchor motifs in these predicted epitopes. When the
mutations involved dominant anchor motifs (for 21 predicted
epitopes), the HLA-binding scores increased, in 15 cases
(15/21 5 71%), correspondng to two-thirds of the cases. Over-
all, NRTI-induced mutations, whether they affected the anchor
positions or not, augmented the HLA-binding scores for 42%
of candidate epitopes whereas a decrease was predicted for
only five epitopes, suggesting that these NRTI-induced muta-
tions may facilitate CTL recognition of the predicted epitopes.
These findings and predictions contrast with observations that
for other HIV proteins, some HIV mutations affecting critical
amino acid anchor positions result in partial escape of HIV-1
from CTL recognition (4, 14, 32). In addition, mutations spar-
ing anchor motifs in CTL epitopes can also significantly alter
peptide processing or CTL recognition (11, 21, 30). The find-
ings presented here are in agreement with our previous report
that most natural mutations occurring in HIV-1 Nef are im-
munogenic and stimulate new variant-specific CTL clones (16).

Here we demonstrated the in vivo CTL recognition of five
predicted epitopes affected by mutations M41L, L74V, M184V,
and T215Y in nine patients who beared frequent HLA mole-
cules: A2, A3, B27, B51, and B62. All candidate epitopes were
shown to be recognized at least once by CD8 T cells, except
around mutation T215Y. The ELISPOT assay measures the
frequencies of peptide-specific effector CD8 T cells that have
been already primed and amplified in vivo and produce IFN-g
(1). The production of IFN-g detected by ELISPOT assay has
also been shown to be associated with cytolytic activity in
Epstein-Barr virus infection (44). Our results therefore indi-
cate that the theoretically predicted epitopes that we tested
were efficiently processed in vivo and recognized by CD8 T
cells in vivo. The frequencies observed ranged between 40 and
270 per 106 PBMC and were similar to those observed for
other known RT or HIV epitopes. The epitope-specific CD8
cell frequencies were in accordance with the mutation-induced
predicted changes in HLA-binding scores, thus confirming the
validity of the predictive model that we used (31). Some dis-
crepancies were observed, but we cannot exclude that the level
of mutant expression in vivo might have been insufficient to

generate a specific CTL response. Alternatively, the coexist-
ence of other class I loci could have negatively selected the
appropriate CD81 T-lymphocyte response. It is only in the
case of mutation T215Y, which is frequently observed within
the AZT-induced mutations (35, 56), that predicted epitopes
failed to be recognized, suggesting a poor immune control of
this region. Thus, both predictive model and ELISPOT anal-
yses confirm the poor immunogenicity of the RT region sur-
rounding mutation 215. In contrast, the high immunogenicity
of regions surrounding mutations 41, 74, and 184 found in the
context of multiple HLA class I molecules together with the
increasing or unchanged HLA-binding scores conferred by
most mutations and their ex vivo detection by specific CD8 T
cells confirms our hypothesis that these NRTI-induced muta-
tions do not alter and might even improve the immune recog-
nition of HIV-1 RT.

In conclusion, mutations induced by NRTI do not cause loss
of CTL recognition of the RT regions harboring the mutations.
Moreover, our data strongly suggest that some of these muta-
tions induced by NRTI might increase rather than decrease the
immunogenicity of the corresponding CTL epitopes and can
be recognized in vivo by CD8 T cells. Therefore, the persis-
tence of these mutations over time might reflect not an im-
mune escape by lack of recognition but rather a strong selec-
tive pressure of the drug. These mutations are known to induce
replication disadvantage and a loss in viral fitness (2, 8, 19, 40).
We propose in addition that the enhanced CTL recognition of
the NRTI-induced variants might contribute to the relatively
poor growth capacity of mutated viruses in vivo. A larger study
is in progress in our laboratory to confirm these findings. At a
time when clinical benefits of antiretroviral therapy are clearly
shown to depend on the extent and durability of viral suppres-
sion (20), the generation of specific immune responses to these
mutated regions might improve control of emerging drug-re-
sistant mutations in HIV-1-treated individuals. Similarly, the
increasing frequencies of new contaminations with mutated
viruses should prompt design of vaccine sequences taking
those mutated epitopes into account. We propose that both
therapeutic immunization and preventive vaccine programs
should incorporate the RT-mutated immunogenic sequences
described herein.
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