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The aim of the study was to analyze the relationship between genotypic and phenotypic drug resistance
profiles of human immunodeficiency virus type 1 (HIV-1) strains isolated from patients during double-
analogue nucleoside therapy. A drug-resistant HIV strain was isolated from 20 out of 25 patients, with 16 (64%)
subjects carrying a virus with multiple drug resistance mutations. The most frequent resistance mutations were
M184V (18 isolates) and M41L (7 isolates). Discordance between the genotypic and phenotypic profile for at
least one drug was detected in 16 out of 25 strains. Particularly, eight isolates had a discordant genotypic-
phenotypic resistance pattern for two drugs and one isolate had such a pattern for three drugs. A genotypic
resistance pattern with a phenotypic sensitivity profile was detected in six isolates (four resistant to zidovudine
and two resistant to lamivudine). On the other hand for several strains a genotypic pattern of sensitivity
pattern to abacavir (10 strains), didanosine (7 strains), stavudine (3 strains), zidovudine (2 strains), and
lamivudine (1 strain) with a phenotypic resistance profile was detected. After a follow-up period of 8 months,
an impairment of virological and immunological parameters was detected only in subjects with an HIV-1
isolate with a phenotypic resistance profile in despite of the genotypic results. Predicting resistance phenotype
from genotypic data has important limitations. Despite the low number of patients and the short follow-up
period, this study suggests that during failing therapy with analogue nucleosides, a phenotypic analysis could
be performed in spite of an HIV genotypic sensitivity pattern.

Mutations in the human immunodeficiency virus (HIV) re-
verse transcriptase (RT) and protease genes are associated
with reduced sensitivity to antiretroviral drugs (9, 15). Re-
cently, two studies (3, 7) provided evidence that antiretroviral
therapy adapted to genotypic resistance mutations gave more-
effective results than therapy adapted to treatment history in
patients who failed combination regimens.

Genotype- and phenotype-based assays are fundamentally
different but yield complementary information. Phenotypic
tests measure virus drug susceptibility, resulting from known or
unknown resistance-related mutations and their interactions.
Genotypic tests detect mutations in the viral genome that may
be associated with decreased drug susceptibility.

In previous studies, during primary HIV infection, in anti-
retroviral-naive patients, discordance between genotypic and
phenotypic drug resistance analyses has been described (4, 13).
However, the clinical relevance of a large number of mutations
has not been established. Moreover, the level of phenotypic
resistance predictive of therapy failure is not known and is
probably dependent on the drug or antiviral combinations
used. Both phenotypic and genotypic resistance assays should
be interpreted with an understanding of all issues surrounding
the efficacy of antiretroviral medications such as pharmacoki-
netics and adherence, both of which may confound the clinical
interpretation of assay results. Although sequencing can detect
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all mutations present in the predominant virus population, the
phenotypic effects of uncharacterized mutations and muta-
tional interactions may be difficult to predict. Interpretation of
genotypes is difficult, as there are large numbers of polymor-
phisms in both protease and RT that may or not may confer
some degree of drug resistance.

The aim of the present study was to analyze the relationship
between the genotypic and phenotypic drug resistance profiles
of HIV type 1 (HIV-1) strains isolated from patients treated
for an average period of 18 months with a double-analogue
nucleoside therapy.

MATERIALS AND METHODS

Patients. The 25 HIV-1-seropositive subjects enrolled in the study were se-
lected from among 101 patients treated with two nucleoside RT inhibitors
(NRTI) showing a progressive decline of HIV-1 RNA in plasma to <10,000
copies/ml and an increase of CD4™" cell count to>50 cells/ml from before treat-
ment values. The selection criteria to identify the 25 patients were either the
isolation of the HIV-1 strain from peripheral blood mononuclear cells (PBMC)
and a titer of viral stock of the HIV-1 isolates of more than the prerequisite 4,000
50% tissue culture infective doses to perform the phenotypic assay. The majority
of patients were treated with lamivudine (3TC) in combination with stavudine
(d4T) (12 patients) or zidovudine (ZDV) (10 patients); further 3 patients had
been treated with ZDV and didanosine (ddI). At enrollment after an average
treatment period of 18 months (range, 6 to 74 months), median values of 2,000
HIV RNA copies/ml (range, <20 to 9,879 copies/ml) and 526 CD4* cells/ml
(range, 163 to 858 cells/ml) were detected. After enrollment, the 25 patients were
monitored for a mean time of 7.7 (standard deviation, 1.5) months for clinical
examination and evaluation of CD4™" cell count and plasma viral load. Informed
consent was obtained from all subjects participating in this study.

Laboratory monitoring. A blood sample was obtained from patients at enroll-
ment for genotypic and phenotypic drug resistance analysis. Viral load and CD4
cell count were evaluated at base line and after a follow-up period.
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FIG. 1. Prevalence of genotypic resistance mutations to NRTIs in

HIV RNA was quantified with the Amplicor Monitor Assay (Roche Molecular
System Branchburg, N.J.). When the level of HIV RNA in plasma dropped
below 400 copies/ml, separate aliquots of plasma were assayed using the Roche
Ultradirect Assay (limit of detection, 20 copies/ml).

HIV was isolated from CD8-depleted PBMC as previously described (2).
Briefly, negative selection with magnetic beads (Miltenyi Biotec GmbH) was
used to remove CD8™ T cells from PBMC, and the negative fraction, activated
in the presence of human recombinant interleukin-2 (100 U/ml; Sigma) and
phytohemagglutinin (5 pg/ml; Sigma), was cocultured with 107 CD8-depleted
PBMC combined from two seronegative donors. Cultures, placed in a humidified
chamber at 37°C with 5% CO,, were maintained for 60 days and monitored twice
a week for p24 antigen production using a commercially available enzyme im-
munoassay (Abbott Laboratories, North Chicago, Ill.). A culture was considered
positive if the concentrations of p24 exceeded 1,000 pg/ml in two consecutive
determinations.

Positive supernatants were harvested by centrifugation and stored in liquid
nitrogen.

Phenotypic assay. HIV-1 strains isolated from PBMCs at enrollment were
tested for sensitivity to NRTI according to AIDS Clinical Trials Group Consen-
sus procedures (1). Briefly, phytohemagglutinin-stimulated donor PBMC (4 X
10° cells) were infected with 2 ml of medium containing viral stock adjusted to a
multiplicity of infection of 2,000 50% tissue culture infective doses/ml. After a
2-h adsorption period, aliquots of the cells washed twice in phosphate-buffered
saline were put into a 96-well plate containing five different concentrations of
ZDV (0.001, 0.01, 0.1, 1, and 5 pM), 3TC (0.01, 0.1, 1, 5, and 25 uM), d4T (0.005,
0.05, 0.5, 5, and 25 uM), ddI (0.01, 0.1, 1, 5, and 25 wM), or abacavir (0.01, 0.1,
1, 5, and 25 uM). All culture assays were carried out in quadruplicate and
monitored for p24 antigen production for 7 days after infection. Fifty percent
inhibitory concentrations (ICs() of drug against virus were determined based on
comparative growth of isolates in untreated control cultures. For phenotypic
drug susceptibility testing, two strains, HIV-1yp,7; and HIV-1G5 ¢, isolated from
antiretroviral-naive patients in 1986, served as the susceptible control. An isolate,
HIV-1gys43, With the complete Q151M multinucleoside resistance complex
(A62V, V751, F77L, F116Y, and Q151M) served as the resistant control.

Stocks of d4T and ddI were from Bristol Myers Squibb (Princeton, N.J.);
ZDV, 3TC, and abacavir were from Glaxo Wellcome (Hertfordshire, United
Kingdom). The ranges of concentrations tested were 0.005, 0.05, 0.5, 5, and 25
wM d4T; 0.01, 0.1, 1, 5, and 25 pM ddI; 0.001, 0.01, 0.1, 1, and 5 M ZDV; 0.01,
0.1, 1, 5, and 25 pM 3TC; and 0.01, 0.1, 1, 5, and 25 pM abacavir.

An ICs, of more than 10-fold or less than 4-fold the average ICs, of the
drug-susceptible reference strains indicated a resistance or susceptibility to drug,
respectively. HIV isolates with a 4- to 10-fold ICs, were considered to have an
indeterminate susceptibility to drug.

25 HIV-1 strains isolated from patients during antiretroviral therapy.

PCR and direct sequencing of RT gene. HIV DNA was obtained from PBMC
of HIV-seronegative blood donors infected with HIV strains isolated from the 25
enrolled patients. Total cellular DNA was prepared by resuspending 3 X 10°
PBMC in 400 wl of lysis buffer containing 10 mM Tris-HCl (pH 8.3), 1 mM
EDTA, 0.5% Triton X-100, 0.001% sodium dodecyl sulfate, and proteinase K
(300 mg/ml). Lysed cells were digested with proteinase K overnight at 37°C, and
at the end point the enzyme was inactivated for 15 min at 94°C. The lysates were
stored at —20°C until they were used. In the first amplification for RT gene a
fragment of 930 bp was obtained with the oligonucleotides JA99 (5'-GGG GGA
ATT GGA GGT TTT ATC AAA G-3') and MM4 (5'-TTC TGT ATG TCA
TTG ACA GTC CAG C-3") (0.2 mM), and 0.2 mM deoxynucleoside triphos-
phates. PCR was performed in 40 cycles, each consisting of denaturation at 94°C
for 30 s, annealing at 60°C for 30 s, and elongation at 74°C for 30 s, plus a final
extension at 74°C for 10 min. Five microliters was used as template for the
second amplification performed under the same conditions by additional 30
cycles using the inner primers JA100 (5'-GAC CTA CAC CTG TCA ACA TAA
TTG G-3') and MM3 (5'-GAT GGA GTT CAT AAC CCA TCC AAA G-3').
The final product consisted of a fragment of 750 bp (6).

For sequencing 200 ng of PCR product was used and a cycle sequencing kit
(Prism Ready Reaction Big Dye Terminator; Applied Biosystems, Foster, City,
Calif.) with DNA polymerase was used. The conditions for 25 cycles were 95°C
for 30 s, 60°C for 30 s, and 72°C for 30 s. To obtain forward and reverse sequences
of the PCR products, sequencing primers used in separate reactions were JA100 and
MM3. Nucleotide sequencing was performed for codons 1 to 240 of the HIV-1
RT. Detection of sequencing products and generation of sequence data were
done on an ABI 310 automated sequencer (Applied Biosystems).

Gene sequences were analyzed with DNAsis software and were related to the
HIV-1; o1 sequence (GenBank accession number K02013). Details of key mu-
tations in the pol gene associated with reduced sensitivity to antiretroviral treat-
ment were obtained from the literature (15).

Statistical analysis. Patients were stratified in four groups according to the
genotypic and phenotypic drug resistance profile. Statistical analysis of the vari-
able related to the virological and imunological parameters of the four groups
was performed by the analysis of variance for parametric data and by the
Kruskal-Wallis test for nonparametric data. Student’s ¢ test was used for contin-
uous measurements to test relationships in paired analysis.

RESULTS

The genotypic mutations related to NRTI resistance of
HIV-1 strains isolated from PBMC of the 25 patients are
shown in Fig. 1. The most frequent resistance mutations were
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FIG. 2. Comparison between genotypic and phenotypic resistance to analogue NRTIs of 25 HIV-1 strains. The following mutations were
considered to confer resistance to the indicated drugs: M41L, D67N, K70R, L210W, T215(Y/F), and K219Q, ZDV; M184V, 3TC; M184V
combined with three or more ZDV resistance mutations, abacavir; K65R and L74V, ddI; V75T, d4T.

M184V (18 isolates) and M41L (7 isolates). No multidrug
resistance mutations to NRTI (T69SSS and Q151M) were de-
tected. Five patients (20%) harbored a wild-type strain,
whereas 16 subjects (64%) carried an HIV-1 isolate with mul-
tiple mutations.

According to the resistance table for mutations in antiretro-
viral genes associated with drug resistance (15), 16 HIV-1
isolates harboring M41L, D67N, K70R, V118I, L210W,
T215Y, K219Q, and M184V-R211K-L214F mutations alone or
in combination were considered to be resistant to ZDV. Nine-
teen isolates harboring M184V or V1181 in association with
ZDV resistance mutations were defined as 3TC-resistant iso-
lates, and three isolates with M184V combined with more than
two ZDV resistance mutations were considered to be resistant
to abacavir. No primary resistance mutations to ddI (K65R and
L74V) and d4T (V75T) were detected.

Sixteen out of 25 isolates showed discordance between the
genotypic and phenotypic profiles for at least one drug. Par-
ticularly, eight isolates had a discordant genotypic-phenotypic
resistance pattern for two drugs and one isolate had such a
pattern for three drugs. The relationship between genotypic
and phenotypic resistance of HIV-1 isolates to five NRTIs is
shown in Fig. 2. A genotypic profile of resistance to ZDV with
a sensitivity phenotype (<4-fold increase in ICs,) was detected
in four isolates (mean ICs,, 0.012 £ 0.003 wM), and such a
3TC profile was detected in two isolates (mean ICs,, 1.10.3
wM). On the other hand, an in vitro resistance to ZDV (>10-
fold increase in ICs,) with a sensitivity genotype was detected
in two isolates (mean ICs, 0.47 = 0.09 uM), and such profiles

were detected for 3TC in one isolate (ICs,, 38 pM), for aba-
cavir in 10 isolates (mean ICs,, 5.4 *= 8.0 uM), for ddI in 7
isolates (mean ICs,, 10.4 = 7.3 uM), and for d4T in 3 isolates
(mean ICs, 22.2+2.6 wM). No phenotypic resistance to d4T
was detected in HIV isolates with ZDV-like drug resistance
mutations.

A high phenotypic resistance (>50-fold increase in ICs) to
the five NRTIs examined was detected in three isolates with
M184V plus R211K alone (two isolates) or in combination
with L214F (one isolate). Furthermore, the HIV-1 isolates
with M184V mutation, alone or in combination with ZDV-like
mutations (M41L, L210W, T215Y, or K219Q), showed a wide
range of ddI or abacavir susceptibility. Nine isolates resistant
to abacavir had M184V mutations alone (four isolates) or
associated with one or two ZDV-like mutations. However, one
isolate resistant to ddI (54-fold increase in ICs,) showed only
ZDV-like mutations (M41L-L210W-T215Y). Two isolates
with V118I alone or in combination with M41L and T215Y
mutations (one isolate) resulted in sensitivity to 3TC in the
phenotypic drug assay. No E44D mutation was detected.

Among the three patients with a phenotypically susceptible
strain, one subject with a plasma viremia level of 2,190 HIV
RNA copies/ml had an HIV-1 isolate with resistance mutations
(D67N, K70R, and K219E), whereas two subjects with unde-
tectable viremia yielded a wild-type virus.

Table 1 shows the CD4™ cell count and HIV RNA viral load,
at enrollment and after 8 months of follow-up, in patients
according to genotypic and phenotypic drug resistance profile
of HIV-1 isolates. No significant difference at base line and
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TABLE 1. CD4" cell count and HIV-RNA viral load, at enrollment and after 8 months of follow-up, for 25 patients
according to genotypic and phenotypic drug resistance profile

Median (range)/ml

Resistance pattern”

NO.' of At enrollment After 8 mo follow-up
patients
Genotype Phenotype CD4* cell count HIV RNA copies CD4" cell count HIV RNA copies
R R 14 533 (163-730) 2,200 (<20-6,500) 445 (101-648) 7,150 (610-26,700)
S R 5 414 (213-858) 4,666 (<20-9,879) 368 (172-730) 11,606 (500-27,144)
R S 4 449 (295-602) 550 (128-3,000) 513 (336-704) 470 (100-3,800)
S S 2 324 (346-303) 240 (<20-460) 531 (691-372) 470 (430-510)

“ Genotype and phenotype evidence of resistance (R) or sensitivity (S) to at least one drug in the patient treatment.

follow-up period was found among the four groups of patients.
However, 14 patients with an HIV-1 isolate with a phenotypic
and genotypic resistance profile had a significant increase in
HIV RNA copy number (P = 0.004) and a significant CD4™"
cell number decrease (P = 0.02) from the base line value. Five
patients, with a phenotypic resistance and genotypic sensitivity
profile of HIV isolates for at least one drug included in the
patient treatment (three strains discrepant for d4T, one strain
discrepant for ZDV, and one strain discrepant for 3TC),
showed a significant increase of viral load (P = 0.04) and a
decrease of CD4™" cell count. Conversely, four patients with
phenotypic sensitivity and genotypic resistance profile of HIV
isolates (two strains discrepant for ZDV and two strains dis-
crepant for 3TC) showed a significant increase in CD4 " cell
count (P = 0.02) with a persistent low HIV RNA copy number.

Virological and immunological data of patients with unde-
tectable viral loads (<400 HIV RNA copies/ml) at enrollment
are shown in Table 2. A relevant increase in viral load was
detected in one patient (patient 18) with a resistant phenotypic
profile for the two NRTIs (d4T and 3TC) included in the
treatment.

DISCUSSION

In this study a discordance between the genotypic and phe-
notypic drug resistance profiles in 64% of HIV-1 strains iso-
lated from 25 patients treated with two NRTIs was detected.
Discordance between phenotypic and genotypic analyses has
previously been demonstrated. Particularly, in two studies (4,
13) a high prevalence (26 and 15%, respectively) of reduced
drug susceptibility to certain antiretroviral drugs was not asso-
ciated with the presence of recognized drug resistance muta-
tions. Differently from our study, these reports analyzed pa-
tients during primary HIV infection and who were naive to
antiretroviral therapy. Moreover, the phenotypic analyses were
performed with recombinant virus assays.

The phenotypic susceptibility measured for a certain set of
resistance mutations is probably the result of several factors,
including the inherent sequence variability of patients strains,
the reproducibility of the phenotypic test used, the presence of
minority genotypes, and the sensitivity of the assay used to map
the mutations under investigation in the presence of mixed
genotypes (8, 16). Furthermore, genotypic mutational pattern
does not necessarily correspond to a single viral clone, because
the same pattern may result from the superimposition of the
genotypes from different clones. It may be quite misleading to
assume that all mutations belong to the same clone, as is often

done in a more conservative therapeutic approach. On the
other hand, given the low limit of detection for small viral
populations and the known association of some primary and
secondary mutations, it is unlikely that each mutation repre-
sents a separate viral clone. Intermediate interpretations could
explain discordant clinical results in patients with similar ge-
notypic resistance patterns.

A phenotypic profile of sensitivity to ZDV and 3TC was
found in several isolates in spite of a demonstrated genotypic
resistance pattern. Conversely, four wild-type strains showed a
reduced sensitivity to ZDV (two isolates), 3TC (one isolate),
and abacavir (one isolate). Moreover, a reduced susceptibility
to abacavir has been detected in nine HIV-1 isolates with the
M184V mutation alone or in combination with one or two
ZDV-like resistant mutations. In a previous study, the virologic
response to abacavir was inversely associated with the number
of ZDV resistance mutations, and patients with isolates dually
resistant to ZDV and 3TC had the worst response to abacavir,
suggesting a cross-resistance among these drugs (10).

In isolates with a reduced phenotypic sensitivity to d4T
(three strains) and to ddI (seven strains), no resistance muta-
tion for these two drugs was found. The emergence of mutants
resistant to d4T and ddI is a rare event, mainly described
during monotherapy or prolonged virological therapy failure
(5, 12, 14). Nonetheless, patients heavily pretreated with two
NRTIs could have diminished virologic response to d4T-con-
taining regimens (11). Particularly, in this study three patients
failing therapy with d4T and 3TC yielded an HIV isolate with
high-level phenotypic resistance to d4T in the absence of
known mutations correlated with resistance to the drug.

A possible bias in this study is represented by the unsuccess-
ful detection by genotypic analysis of minor subpopulations
(minority viral quasispecies) of highly resistant virus subse-
quently selected in the presence of drug during the phenotype
assay. On the other hand, a sensitive phenotypic profile of an
HIV strain with mutations correlated to drug resistance could
represent impaired fitness of a resistant mutant or the result of
antagonistic interactions of some mutational patterns.

In our study, a sensitive phenotype, even in the presence of
NRTI-resistant mutations, has a favorable predictive value of
antiviral drug response. Conversely, some patients experienc-
ing virologic failure during antiretroviral therapy harbored
HIV-1 strains with a resistance of phenotype to antiretroviral
drugs without any known drug resistance mutations. This study
has been performed with patients treated with two NRTIs,
whereas the current guidelines for the use of antiretroviral
agents in HIV-infected adults and adolescents recommend the
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use of a triple therapy. Nevertheless, the backbone of antiret-
roviral regimens usually includes NRTIs, and the implication
of a genotypic-phenotypic resistance to these drugs remains
relevant for the clinical outcome. Thus, in adherent patients
failing therapy with analogue nucleosides, a phenotypic anal-
ysis should be performed in spite of an HIV genotypic sensi-
tivity pattern.

The current debate over the relative merits of phenotypic
versus genotypic analysis suffers from a lack of large-scale,
longitudinal studies aimed at correlating primary and second-
ary resistance mutations, phenotypic resistance patterns, and
sustained virologic patient responses.
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