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Human immunodeficiency virus type 1 (HIV-1) strains resistant to nonnucleoside reverse transcriptase
inhibitors (NNRTIs) may easily be selected for in vitro and in vivo under a suboptimal therapy regimen. Al-
though cross-resistance is extensive within this class of compounds, newer NNRTIs were reported to retain ac-
tivity against laboratory strains containing defined resistance-associated mutations. We have characterized
HIV-1 resistance to loviride and the extent of cross-resistance to nevirapine, delavirdine, efavirenz, HBY-097,
and tivirapine in a set of 24 clinical samples from patients treated with long-term loviride monotherapy by
using a recombinant virus assay. Genotypic changes associated with resistance were analyzed by population
sequencing. Overall, phenotypic resistance to loviride ranged from 0.04 to 3.47 log10-fold. Resistance was ob-
served in samples from patients who had discontinued loviride for up to 27 months. Cross-resistance to the
other compounds was extensive; however, fold resistance to efavirenz was significantly lower than fold resis-
tance to nevirapine. No genotypic changes were detected in three samples; these were sensitive to all of the
NNRTIs tested. The most common genotypic change was the K103N substitution. The range of phenotypic
resistance in samples containing the K103N substitution could not be predicted from a genotypic analysis of
known NNRTI resistance-associated mutations. The Y181C substitution was detected in one isolate which was
resistant to loviride and delavirdine but sensitive to efavirenz, HBY-097, and tivirapine. Our data indicate that
the available newer NNRTIs which retain activity against some HIV-1 strains selected by other compounds of
this class in vitro may have compromised clinical efficacy in some patients pretreated with NNRTI.

Nonnucleoside reverse transcriptase (RT) inhibitors
(NNRTIs) are potent inhibitors of and highly selective for hu-
man immunodeficiency virus type 1 (HIV-1) RT (28, 29). The
first NNRTI compound to be described was a TIBO (tetra-
hydroimidazo[4,5,1-jk][1,4]-benzodiazepin-2(1H)-one and
-thione) derivative (28). Although belonging to various struc-
turally distinct chemical groups, they have the same mecha-
nism of action in that they bind to the hydrophobic pock-
et close to the polymerase catalytic site of RT and slow the
rate of polymerization catalyzed by the enzyme (39). Two
NNRTIs—nevirapine and delavirdine—have been approved
for clinical use in combination antiretroviral therapy (8, 25,
32). Efavirenz, a derivative of the newly developed benzoxazin-
2-ones, is currently in phase III of clinical development (14,
36). Loviride, a member of the a-anilinophenylacetamide
group, was tested in monotherapy and in double and triple
drug combination trials (6, 34, 40, 41). Other NNRTIs that
have been tested clinically include tivirapine, a derivative of
the TIBO group of compounds previously known as 8-C1-

TIBOs (5, 23, 30), and the quinoxaline compound HBY-097
(35, 38).

HIV-1 variants resistant to NNRTIs may easily be selected
in vitro (12, 18, 31) and in vivo in a monotherapy antiretroviral
regimen (10, 23, 37). Drug resistance has been shown to limit
the antiviral efficacy of this class of drugs in clinical trials (24).
Mutations resulting in resistance to this class of compound
cluster in the hydrophobic pocket within the palm domain of
the p66 RT subunit (42). Mutations commonly selected by
NNRTIs occur at amino acid positions 98 to 108, 179 to 190,
and 230 to 236. In in vitro selection experiments, individual
NNRTIs may predominantly select one or two mutations, which
may result in a disadvantage for the virus. For example, dela-
virdine selects for the P236L substitution in vitro, which con-
fers increased sensitivity to other NNRTIs in vitro (12); HBY-
097 was active against mutants selected by other NNRTIs and
itself selects for the G190E substitution with severe impair-
ment of RT activity in vitro (4, 18, 19). These considerations
led to the proposal that it may be possible to use NNRTIs se-
quentially or that NNRTI combinations may be strategically
useful; clinical trials testing the efficacy of NNRTI combina-
tions are currently being developed. Evidence from clinical
trials, however, indicates that clinical treatment results in the
selection of a few main mutations. These include changes at
amino acid positions 181 (Y181C) and 103 (K103N) with re-
sulting broad cross-resistance to this class of compounds (10,
33, 35, 37). Newer NNRTIs, such as efavirenz, are active in
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vitro against virus strains with single mutations, such as those
at position 98, 106, or 181, whereas higher-level resistance (an
up to 1,500-fold increase in the 95% inhibitory concentration
[IC95]) was observed against virus strains with double muta-
tions (46). However, in patients treated with efavirenz, the
K103N substitution was detected in the majority of patients
with a rebound in plasma viral load (2). In in vitro site-directed
mutagenesis experiments, the K103N substitution led to an 18-
fold rise in the IC90, corresponding to a concentration of 64
nM, against HIV-1 strain NL4-3 (17). Based on pharmacoki-
netic data, calculation of ICs for virus strains harboring the
K103N mutation with adjustment for protein binding showed
that the achievable levels in plasma may possibly be sufficiently
high to retain activity against virus strains with this substitution
(1). Thus, it may be possible to use efavirenz or other new
NNRTIs therapeutically in patients previously exposed to this
class of drugs harboring HIV-1 strains with NNRTI resistance-
associated mutations (1, 45, 46).

In this retrospective analysis, we investigated the develop-
ment of resistance—at the phenotypic and genotypic levels—to
loviride in patients treated with long-term loviride mono-
therapy within the INT-2 trial and its follow-up phases (40).
The resistance analyses were based on a plasma-derived re-
combinant virus phenotypic assay. We investigated the levels of
cross-resistance to five other NNRTIs: nevirapine, delavirdine,
efavirenz, HBY-097, and the 8-C1-TIBO derivative tivirapine.

MATERIALS AND METHODS

Patient population. Patients who had participated in the INT-2 trial (40) and
had elected to continue taking loviride through the follow-up protocols were
included in this study. Informed consent was obtained from all patients.

Sample preparation. Plasma was prepared from whole blood collected in
EDTA tubes and frozen at 270°C.

Preparation of recombinant HIV-1 and drug susceptibility assay. Drug resis-
tance was tested by using the Antivirogram, a recombinant virus assay-based
method, as previously described (13, 22). Loviride and tivirapine were produced
by the Janssen Research Foundation. Delavirdine, efavirenz, and HBY-097 were
kindly supplied by Pharmacia & Upjohn (Kalamazoo, Mich.), Dupont Merck
Pharmaceutical Company (Wilmington, Del.), and Hoechst-Bayer (Frankfurt,
Germany), respectively. Results are expressed as fold resistance (IC50 of recom-
binant/IC50 of wild type) or as log10 fold resistance (log10-R). The wild-type
recombinant virus was based on pHXB2; a construct with RT deleted
(pHIVDRT) provided the background for the patient plasma-derived recombi-
nant viruses (13, 22). Resistance was defined as an increase in the IC50 of $
fourfold (log10 0.60) compared to the wild type. The IC50s for the wild-type strain
were 0.0165 to 0.065 mM loviride, 0.021 to 0.023 mM nevirapine, 1.32 to 1.61 mM
delavirdine, 0.0021 to 0.0023 mM efavirenz, 0.0027 mM HBY-097, and 0.016 to
0.042 mM tivirapine. The high IC50 of delavirdine was due to instability of the
compound in solution when stored at 220°C (product information from Phar-
macia & Upjohn).

Sequence determination. RT genotypes were determined by sequencing of the
RT region from recombinant HIV-1, as well as directly from plasma-derived RT
regions, as previously described (13).

RESULTS

Patient population. The INT-2 trial (40), initiated in 1992,
compared 100 mg of loviride given three times daily versus 400
mg of a-anilinophenylacetamide lead compound R18893 given
three times daily versus placebo administration in a 6-month
randomized trial involving patients with CD4 counts above
400 cells/mm3. Twenty-six patients who elected to go on to
follow-up open-label protocols were available for resistance
testing approximately 3 years afterward. The median time of
loviride treatment was 28.5 months. Five patients had been
exposed to R18893 during the randomized-treatment period.
Three patients (B701, B710, and B720) had discontinued lov-
iride for 8, 10, and 27 months, respectively, prior to resistance
testing and had received no subsequent NNRTI therapy. Pa-
tient B701 withdrew consent, patient B710 switched to other
antiretroviral treatment, and patient B720 discontinued anti-

retroviral treatment due to pregnancy. In terms of other RT in-
hibitor treatment, one patient had received zidovudine (ZDV)
in combination with loviride for 9 months, and one patient had
received ZDV plus lamivudine in combination with loviride for
3 months at the time of sampling. At the time of resistance
testing, the median CD4 cell count was 428 (range, 168 to 818)
cells/mm3 and the median viral load was 4.67 (range, 2.7 to
5.89) log10 HIV-1 RNA copies/ml. A summary of patient char-
acteristics is provided in Table 1.

Resistance to NRTIs. By using the Antivirogram method,
phenotypic resistance to all available RT inhibitors can be
measured in one assay (13, 22). In two samples with low virus
loads (B713 and B722), it was not possible to obtain an am-
plified product for recombination. Thus, a total of 24 samples
were included in the resistance analysis.

All patient samples but the two originating from patients treat-
ed with nucleoside analogue RT inhibitors (Table 1) were fully
sensitive to all five of the nucleoside RT inhibitors (NRTIs) tested
(ZDV, zalcitabine, didanosine, stavudine, and lamivudine) (data
not shown). Sample B710 had 14-fold resistance to ZDV; the
M41L and T215Y ZDV resistance-associated mutations were
detected in plasma- and recombinant-virus-derived RT se-
quences. Sample B716 was fully resistant to lamivudine (IC50,
.100 mM) but sensitive to ZDV. The only genotypic change was
the M184V mutation associated with lamivudine resistance (43).

Resistance to loviride. We were able to test phenotypic resis-
tance to loviride in 24 of the 26 samples. The results are listed
in Table 2. Overall, resistance ranged from 0.04 to 3.47 log10-
R. These values correspond to IC50s ranging from 0.0187 to
49.225 mM.

Interestingly, resistance was detected in two of the samples
originating from patients who had discontinued loviride for 8
and 27 months: B701 and B720 (13-fold and 11-fold, respec-
tively).

TABLE 1. Patient characteristics

Patient
Treatment duration (mo) CD4 count

(cells/mm3)
Viral load

(log10 copies/ml)R18893 Loviride Othera

B701 None 40 None 191 5.74
B702 6 28 None 578 4.68
B703 None 35 None 282 4.05
B704 None 39 None 235 5.18
B705 None 29 None 387 4.08
B706 None 23 None 519 4.66
B707 None 24 None 578 3.84
B708 None 30 None 336 4.77
B709 6 30 None 465 4.62
B710 None 17 ZDV, 9; Ind, 2 259 3.74
B711 None 38 None 548 4.34
B712 None 29 None 495 3.63
B713 None 39 None 447 2.70
B714 6 27 None 306 5.85
B715 None 28 None 628 4.54
B716 None 28 ZDV, 3; 3TC, 3 271 4.90
B717 2 5 None 492 5.36
B718 None 39 None 598 5.71
B719 None 42 None 818 5.25
B720 None 8 None 727 2.70
B721 None 21 None 168 5.44
B722 None 28 None 409 3.04
B723 None 29 None 294 4.71
B724 None 31 None 460 3.28
B725 None 26 None 297 5.89
B726 2 28 None 376 4.92

Median 28.5 428 4.67

a Ind, indinavir; 3TC, lamivudine.
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The NNRTI resistance-associated mutations that were de-
tected are presented in Table 2. No mutations were detected in
plasma-derived or recombinant-virus-derived RT sequences in
three samples (B703, B710, and B715); these were loviride
sensitive (Table 2). Repeat analysis of new samples from these
patients yielded similar results (data not shown). The most
common mutation was at amino acid position 103. The K103N
change was found in 14 samples as the sole mutation and in 2
samples in combination with other mutations in an analysis of
plasma-derived or recombinant-virus-derived RT sequences;
in one sample, the change was K103S. All samples with geno-
typic changes at position 103 were resistant to loviride (Table
2). The median log10-R value for samples containing K103N
was 1.89 (range, 1.05 to 2.24). Genotypic changes at position
103 also occurred in combination with changes at position 238
and in combination with changes at positions 101 and 138. The
highest level of resistance to loviride (2,983-fold; IC50, 49.23
mM) was seen in a sample with the K103N mutation in com-
bination with K238T. Y181C was detected in one sample with
562-fold resistance to loviride. Other NNRTI resistance-asso-
ciated changes observed in plasma-derived RT sequences were
V108I, A98G, and K101Q.

In most cases in which sequences from plasma-derived and
recombinant-virus-derived RT regions were available, these
were concordant. Exceptions were observed in samples B714
(K103S versus K103N), B719, and B725, the latter showing
double mutations in the recombinant-virus-derived sequence.

Resistance to other NNRTIs. The recombinant HIV isolates
were tested for susceptibility to nevirapine, delavirdine, efa-
virenz, HBY-097, and tivirapine. In general, a high degree of
cross-reactivity was observed. All loviride-sensitive samples
were sensitive to the other NNRTIs. The degree of cross-
reactivity to other NNRTIs in loviride-resistant samples varied
within samples and within compounds.

All samples with K103N showed decreased susceptibility to

nevirapine and delavirdine. The median log10-R value for ne-
virapine was 2.14 (range, 0.92 to 2.64). Due to the high IC50 of
delavirdine for the wild type, yielding .62.2-fold-resistance in
most cases, a median could not be calculated. The median
log10-R values were 1.53 (range, 0.51 to 2.14) for efavirenz,
1.36 (range, 0.79 to 1.95) for HBY-097, and 1.80 (range, 0.45 to
2.45) for tivirapine. Four representative samples with geno-
typic changes at amino acid position 103 are shown in Fig. 1A.
The fold resistance to efavirenz was low in some cases (e.g.,
3.2-fold in B714, corresponding to an IC50 of 0.0067 mM), as
shown in Fig. 1A. In this same sample, resistance to HBY-097
was also low (6.1-fold; IC50, 0.0165 mM). In other cases, how-
ever, resistance to efavirenz in samples containing the K103N
mutation was high, e.g., sample B706, with an efavirenz resis-
tance value of 130-fold and an efavirenz IC50 of 0.29 mM.
Sample B720 originated from a patient who had discontinued
loviride for 27 months; in this case, resistance to all com-
pounds, including efavirenz, was .10-fold.

Figure 1B shows the fold resistance values for samples with
mutations other than the K103N. Interestingly, sample B723,
containing the Y181C mutation, while displaying high resis-
tance to loviride (560-fold; IC50, 9.28 mM) and delavirdine (39.2-
fold; IC50, 62.9 mM) retained full sensitivity to efavirenz (0- to
8-fold; IC50, 0.0016 mM) and HBY-097 (2.6-fold; IC50, 0.0071
mM). A nevirapine resistance measurement was not available
for this sample. Resistance to tivirapine was low (fourfold; IC50,
0.133 mM). Samples containing changes at position 101 (B724)
or double mutations involving positions 98 and 238 (B719)
were also less than 10-fold resistant to efavirenz.

In general, the log10-R values for nevirapine were higher
than those for loviride. In contrast, the log10-R values for efa-
virenz, HBY-097, and tivirapine were lower than those for
loviride. Because of the high delavirdine IC50s for the wild-type
strain, yielding a maximum measurable resistance level of 62-
fold, this type of comparison was not possible for this com-
pound. Figure 2 illustrates the comparison of resistances to
loviride, nevirapine, and efavirenz. Nevirapine resistance (Fig.
2A) was higher than loviride resistance in the majority of
samples (P 5 0.0046), whereas efavirenz resistance was lower
in most samples, with a P value of 0.0004 (Fig. 2B). Resistance
to efavirenz was lower than resistance to nevirapine in all
samples (Fig. 2C). The difference in the fold resistance values
for efavirenz and nevirapine was highly significant, with a P
value of ,0.0001.

DISCUSSION

This is the first report of resistance and cross-resistance to
loviride, nevirapine, delavirdine, efavirenz, HBY-097, and the
8-C1-TIBO derivative tivirapine in a set of clinical HIV-1 iso-
lates. In this analysis of recombinant HIV-1 isolates from pa-
tients given long-term treatment with loviride, we have shown
that cross-resistance within this class of drugs is extensive and
may be expressed toward newer NNRTIs such as HBY-097
and efavirenz. Although the increase in resistance to nevira-
pine was significantly greater than the increase in resistance to
efavirenz, the changes in the IC50s of the latter may be large in
some cases, leading to a prediction of suboptimal virological
responses to efavirenz in some patients. However, the clinical
impact of these changes cannot be assessed without clinical
trials. As in other reported analyses, the major mutation de-
tected in the HIV-1 RT was K103N appearing as the sole mu-
tation or in combination with other NNRTI resistance-associ-
ated changes. However, not all samples contained K103N. In
addition, other NNRTI resistance-associated changes were se-
lected for.

TABLE 2. NNRTI resistance-associated mutations
and loviride resistance

Sample

Mutation(s) in RT sequences from:
IC50

(mM)
Log10 fold
resistancePlasma Recombinant

virus

B701 K103N NAa 0.475 1.12
B702 K103N K103N 1.6506 2
B703 None None 0.0187 0.04
B704 K103N K103N 1.7026 2.01
B705 K103N, K238T K103N, K238T 49.225 3.47
B706 K103N K103N, P225P/L 2.09 2.1
B707 K103N NA 1.3 1.9
B708 K103S K103S 2.419 2.17
B709 K103N NA 1.599 1.4
B710 None None 0.0412 0.4
B711 V108I NA 0.134 0.3
B712 K103N K103N 3.7342 2.35
B714 K103S K103N 0.9554 1.76
B715 None None 0.1427 0.57
B716 K103N K103N 0.9494 1.76
B717 K103N K013N 1.6452 2
B718 K101E, K103K/N,

E138A
K101E, K103K/N,

E138A
8.996 2.74

B719 A98G A98X, K238T 0.42 1.4
B720 K103N NA 0.4352 1.05
B721 K103N K103N 1.24 1.88
B723 Y181C Y181C 9.2802 2.75
B724 K101Q K101Q 0.29 1.26
B725 K103N K103N, I108I/V 0.9846 1.78
B726 K103N K103N 2.8346 2.24

a NA, not applicable.
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For the NNRTIs, in contrast to NRTIs, the achievable levels
of non-protein-bound drug in plasma correlate directly with
the potential for in vivo antiviral activity. Efavirenz and HBY-
097, with an IC90 or IC95 of 3 to 7 nM (18, 46), are more potent
compounds than the first-generation NNRTIs nevirapine (IC90,
710 nM) (20, 21) and delavirdine (IC90, 45 to 100 nM) (12). In

vitro studies with efavirenz have demonstrated an 18-fold loss
of activity due to the K103N mutation in laboratory strains of
HIV-1; however, it was calculated that the achievable levels of
the non-protein-bound drug in plasma may be sufficient to in-
hibit K103N strains in vivo (1, 46). The implications of our find-
ings of resistance in clinical samples are that not all NNRTI-

FIG. 1. Phenotypic resistance to loviride, nevirapine, delavirdine, efavirenz, HBY-097, and tivirapine in representative samples containing the K103N mutation (A)
or other NNRTI resistance-associated mutations (B). Due to the high delavirdine IC50 for the wild-type strain, the maximum resistance measurable was 62.2-fold (1.79
log10-R). ID, identification.
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FIG. 2. Resistance comparisons of nevirapine versus loviride (A), efavirenz versus loviride (B), and efavirenz versus nevirapine (C). The dashed line represents a
1:1 ratio. P values (paired t test): A, 0.0046; B, 0.0004; C, ,0.0001.
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pretreated patients with HIV-1 strains containing the K103N
mutation would be expected to benefit from subsequent efa-
virenz or HBY-097 treatment. In addition, our data indicate
that it may be difficult to deduce potential efavirenz or HBY-
097 activity from the viral genotype. For example, resistance in
samples containing the K103N substitution ranged from 11- to
226-fold for loviride and from 3.2- to 139-fold for efavirenz. It
is possible that background polymorphisms may contribute to
the variation in the level of resistance observed in K103N-
containing HIV-1 strains. However, a direct comparison with
the patients’ baseline isolates was not possible in this study and
the fold resistance values reported describe the change in IC50
compared to the wild-type virus. The amount of variation that
would be expected in a calculation of the fold increase in the
IC50 compared to the IC50 for a baseline isolate is not known.
In the one sample containing the Y181C substitution, full sen-
sitivity to efavirenz and HBY-097 was retained, thus confirm-
ing previous reports based on laboratory HIV-1 constructs with
defined mutations with a clinical isolate (17, 46).

The mechanisms for the differences in activity between the sec-
ond-generation NNRTI and the first-generation compounds—
lower IC50s and activity against some first-generation drug-
resistant strains—are not completely understood. These could
be related to differences in drug-enzyme interactions at the mo-
lecular level (42). For example, the Y181C and Y188L substi-
tutions may eliminate favorable contacts between the enzyme
and the inhibitor, as shown for TIBO compounds and for
HBY-097 (7, 15). The K103N mutation, on the other hand,
confers resistance by reducing the rate of NNRTI binding (15).
It will be of interest to investigate the molecular interactions of
wild-type and mutant RTs with second-generation compounds
such as efavirenz.

In a study of resistance in patients experiencing a viral re-
bound while being treated with efavirenz (2), the most com-
mon mutations were K103N, V108I, and P225H. Combination
of K103N with V108I or P225H was frequent. In our study, we
observed the K103N-plus-V108I combination in one sample;
we did not observe any P225H substitutions, either alone or in
combination with K103N. Thus, other polymorphisms are like-
ly involved in the level of resistance observed. The clinical sig-
nificance of the differences in the level of resistance is not clear.

Mutations leading to NNRTI resistance in vivo are stable
and do not appear to represent a fitness disadvantage, in con-
trast to some NNRTI resistance-associated mutations selected
for in vitro (18, 19) or resistance-associated mutations selected
in vivo by other drug classes (27, 44, 47). NNRTI resistance-
associated genotypes have been shown to occur naturally in
HIV-1 type O strains, HIV-2, and in a significant proportion of
NNRTI-naive, HIV-1 type B-infected individuals (3, 9, 11, 21,
26). Recently, the horizontal transmission of a nevirapine-
resistant virus was reported (16). Nevirapine resistance asso-
ciated with Y181C and A98G genotypic changes was found to
be stable over a period of 2 years in the absence of nevirapine
treatment (16). In our study, K103N-associated resistance to
loviride and other NNRTIs remained stable in patients having
discontinued NNRTI treatment for periods of 8 to 27 months.
These considerations, in view of the potential for cross-resis-
tance, have implications for treatment strategies. NNRTI com-
bined with NRTIs or with protease inhibitors have shown good
clinical efficacy in first-line treatment trials (24, 36). However,
if NNRTI resistance exists due to prior NNRTI treatment
failure, the options for subsequent treatment with this class of
drugs may be severely limited. Future research with this class
of compounds should include the development of compounds
selected for activity against NNRTI-resistant HIV-1 and the
clinical testing of NNRTI combinations.
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