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The M184V substitution in human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT),
encoding high-level resistance to lamivudine (3TC), results in decreased HIV-1 replicative capacity, diminished
RT processivity, and increased RT fidelity in biochemical assays. We assessed the effect of M184V on the
development of resistance to the nonnucleoside RT inhibitors efavirenz (EFV) and nevirapine, and to the
protease inhibitor amprenavir (APV) in tissue culture. Genotypic analysis revealed differences in EFV resis-
tance-conferring mutations in subtype B (K103N) versus subtype C (V106 M), and the appearance of both was
significantly delayed in the M184V-containing variants compared with the wild type (WT). Similarly, there was
a marked delay in the emergence of mutations associated with APV resistance (154 M/L/V) in subtype B viruses
harboring M184V compared with paired WT viral isolates.

The YMDD catalytic domain of human immunodeficiency
virus type 1 (HIV-1) reverse transcriptase (RT) is highly con-
served among polymerase enzymes, and mutations within this
region have a significant effect on RT catalytic activity (23).
The M 184V mutation results in high-level resistance to the (—)
enantiomer of 2',3'-dideoxy-3'-thiacytidine (3TC) as well
as low-level resistance to other nucleoside RT inhibitors
(NRTIs), including 2',3'-dideoxycytidine, 2',3’-dideoxyinosine
(ddI), and abacavir (2, 6, 8, 20). M184V is also associated with
diminished RT processivity and viral replication fitness in pri-
mary cells (1, 3, 12, 13, 21) as well as increased RT fidelity, as
assessed by deoxynucleotide misincorporation and misinser-
tion experiments (9, 16, 21).

Interestingly, in vivo studies have revealed that 3TC can
continue to exert virological benefit in spite of the M184V
mutation (5). The presence of M184V can also result in in-
creased susceptibility to zidovudine (ZDV) and other drugs in
vitro (13, 22). In addition, a residual antiviral activity of 3TC
may sometimes still be detected in spite of M184V (17), and
M184V RT can impair the rescue of ZDV-terminated primers
during synthesis of viral DNA (7).

However, other work has shown that exposure of HIV-IIIB-
containing M184V to nine different non-NRTIs (NNRTIs)
resulted in the rapid emergence of NNRTI-resistant virus and
that this occurred at a rate similar to that seen with wild-type
(WT) HIV-IIIB (10, 13). We have monitored the evolutionary
potential and resistance patterns of M184V-containing versus
parental WT variants when grown in the presence of efavirenz
(EFV) for both subtypes B and C and amprenavir (APV) for
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subtype B viruses and found that the variants containing
M184V required a longer period of selection (i.e., delays of 10
and 29 weeks, respectively) to develop phenotypic resistance to
EFV and APV under conditions in which the genotypic pat-
terns of the WT and M184V-containing variants were similar.

Selection of resistance to EFV by using subtype B and C
clinical isolates. HIV-infected subtype B clinical isolates were
obtained with informed consent from drug-naive individuals at
our clinics in Montreal, Canada, and subtype C clinical isolates
were obtained from treatment-naive subjects from Ethiopia
and Botswana (14). Viral strains were amplified as described
by coculture of peripheral blood mononuclear cells from in-
fected patients with uninfected cord blood mononuclear cells
(11). Cord blood mononuclear cells were also used to generate
3TC-resistant variants of both of the subtype HIV-1 isolates as
described by using a multiplicity of infection of 0.01 (6). Drug
susceptibility assays and 50% inhibitory concentrations (ICs,)
of 3TC were determined by RT assay as described (6, 14); at
each passage, cells were collected and kept at —80°C for se-
quencing. Insofar as drug selections with EFV and APV re-
quired 30 to 52 weeks for development of resistance, viruses
were maintained in the presence of low concentrations of 3TC
(ie., 0.1 uM) to prevent back-mutation of M184V and over-
growth with WT variants. In the absence of 3TC, M184V-
containing viruses reverted to WT within 20 weeks (data not
shown). Samples were genotyped by using the Open Gene
automated DNA system (Visible Genetics Inc., Toronto,
Ontario, Canada). We received 3TC, EFV, and APV as gifts
from Shire Biochem. Inc. (Montreal, Canada), Bristol-Myers-
Squibb Pharmaceuticals (Montreal, Quebec, Canada), and
GlaxoSmithKline (Research Triangle Park, N.C.), respectively.

For all EFV selections, the starting and endpoint concen-
trations were 0.001 uM and 1 pM, respectively (Fig. 1A). EFV
concentrations had to be increased slowly due to marked de-
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creases in RT activity of treated cultures compared with par-
allel cultures grown in the absence of drug (Fig. 1A), and a WT
virus required 30 weeks to become fully resistant to EFV
through the acquisition of the K103N mutation compared with
40 weeks in the case of a matched virus containing the M184V
substitution (Table 1). In contrast, resistance to NVP (K103N)
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FIG. 1. Selection of resistance to drugs in tissue culture. (A) Step-
wise progression of EFV concentrations and development of resis-
tance in a paired experiment involving the WT and M184V-containing
4246 clinical isolates of subtype B origin. (B) Selection of resistance to
EFV in WT and M184V-containing clinical isolates of subtype C ori-
gin. Concentrations of EFV are expressed as changes in mean ICs,
values (n-fold). Arrows indicate time to first appearance of V106 M.
Values represent the mean * standard error of the mean (n = 6 and
2 for WT and M184V isolates, respectively). (C) Selection of resistance
to APV in WT and M184V-containing clinical isolates of subtype C
origin. Concentrations of APV are expressed as changes in mean ICs,
values (n-fold). Arrows indicate time to first appearance of the 154L
mutation.

arose within 10 weeks for both M184V-containing and WT
viruses, and the appearance of K103N was necessary for high-
level phenotypic resistance to EFV to occur (Table 1). There
was a significant delay in time to the first appearance of a
mixture of K103N and WT viruses in studies performed with
M184V-containing viruses compared with WT (Tables 1 and
2).

Subtype C clinical isolates. Resistance to EFV in subtype C
viruses arises through the acquisition of a V106 M mutation

TABLE 1. Time to development of major and minor mutations associated with resistance to EFV in WT and M184V subtype B isolates®

EFV conen Wi B-4246-WT B-4246-184V 5346-WT 3350-184V
(kM) Major Minor Major Minor Major Minor Major Minor
0 1 WT WT M184V WT WT WT M184V WT
0.004 10 WT V108I/V, V179D/V  M184V WT WT L100I/L M184V L1001/L,
K101K/E,
K101E
0.1 20 WT L100I/L, V108I/V, M184V L100I/L  KI103K/N® L100I/L MI184V
V179D/V
1 24 KI103K/N”  L100I/L, VI0SI/V, MI184V L1001 K103N L1001 M184V KI101E
V179D/V
1 30 KI103N A98G, L1001, K103K/N,> M184V L1001 K103N L1001 M184V KI101E
V108I/V, V179D
1 35 KI03N A98G, L1001, K103N, M184V L1001 K103N L1001 K103K/N,> M184V  L100I/L
V108I/V, V179D
1 40 ND¢ ND ND ND K103N L1001 K103N, M184V L1001

“ Genotypic analysis was performed at the designated weeks based on RT activity to determine the time to first appearance of resistance mutations. Baseline genotype

is also presented.

® Time to first appearance of the major/primary EFV resistance mutation in the quasispecies, i.e. KI03N. The remaining mutations are accessory mutations that
contribute to the evolution of high-level phenotypic resistance and/or increased viral fitness.

¢ ND, not done.
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TABLE 2. Time to selection of phenotypic resistance to APV and
EFV using WT versus M184V subtype B and C isolates®

Time to first
3 Primary/major resistance appearance of
Virus Drug rymut]ation prirlr)lgry resistance
mutation (weeks)
B-WT (n = 5) EFV K103N 22.0 £ 2.0
B-M184V (n = 2) EFV K103N, M184V 325 =250
C-WT (n = 5) EFV V106M 13.6 £ 1.6
C-M184V (n = 2) EFV V106M, M184V 24 + 1.0
B-WT (n = 2) APV 154M/L 245+ 15
B-M184V (n = 2) APV 154L/V, M184V 535 +52°

“ APV and EFV concentrations were increased in stepwise progression based
on RT activities. Genotypic analysis was performed to monitor the time to first
appearance of major/primary resistance mutations associated with high-level
phenotypic resistance (see Tables 1 and 3). Values represent the mean * stan-
dard error of the mean of experiments performed on different clinical isolates.

bP < 0.05 for ¢ tests of WT versus M184V isolates.

that also yields high-level cross-resistance to all currently ap-
proved NNRTIs (7). EFV resistance through the acquisition of
V106 M arose more rapidly in subtype C viruses than in sub-
type B viruses that acquired the K103N substitution. In addi-
tion, the time to appearance of V106 M was delayed by ap-
proximately 10 weeks in viruses that also contained M184V
compared to WT (Fig. 1B, Table 2). Phenotypic assays showed
>50-fold cross-resistance to NNRTIs upon acquisition of V106
M or K103N (4).

Selection of resistance to APV by using subtype B clinical
isolates. The B-3350-WT virus and its M184V-containing
counterpart were selected for resistance to APV as described
above, with RT assays performed on a weekly basis (Fig. 1C).
APV concentrations were increased slowly, and no increases in
drug concentrations were applied when levels of RT activity
were <10% of those of control cultures grown in the absence
of drug, since a too-rapid increase in protease inhibitor con-
centration caused complete viral suppression. A period of >6
months was required for the acquisition of mutations in the
viral protease (PR) associated with high-level phenotypic re-
sistance to APV, i.e., IS4L/M/V (Fig. 1C, Table 3).

Genotypic results comparing paired WT and M184V viruses
show that 24 weeks were required for an initial emergence of
phenotypic resistance to APV in WT viruses (Tables 2 and 3).
This was delayed by >19 weeks for the M184V variants com-
pared to WT, under conditions in which only very low concen-
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trations of APV, i.e., <0.1 uM, were present for over 22 weeks
(Fig. 1C, Table 3).

There was also a lag in regard to appearance of the major
154 M/V/L mutations associated with resistance to APV (Table
3) in the M 184V variants versus WT. Phenotypic analysis re-
vealed that acquisition of the I154V/L/M mutations conferred
>50-fold resistance to APV as well as cross-resistance to indi-
navir and nelfinavir (data not shown). In addition to 154
M/V/L, other accessory mutations, i.e., V321 and M46I, were
also present. Selections of subtype C viruses with APV have
been in progress for over 1 year. We have not yet succeeded in
documenting resistance to APV using either WT subtype C
viruses or subtype C viruses containing the M 184V substitution
in RT.

Our study was designed to determine the impact of the
M184V mutation in RT on the development of resistance to
EFV and APV as drugs representative of NNRTIs and pro-
tease inhibitors, respectively. Overall, our data are in agree-
ment with previously published data on the evolutionary po-
tential of viruses harboring the M184V mutation (12), i.e.,
M184V attenuated the emergence of resistance to EFV in
subtype B and C infections as well as resistance to APV in
subtype B viruses. While these data appear to conflict with
earlier findings that M184V viruses were not delayed in the
development of resistance to NNRTIs (10), it is noteworthy
that EFV resistance develops more slowly than that to NVP
and delavirdine (DLV), and it was only NVP and not EFV that
had previously been assessed (18, 19). Moreover, our study
employed clinical isolates and primary cells compared with
recombinant viruses and cell lines. In this regard, it should be
noted that the lower fitness of M184V-containing viruses is
more pronounced in primary cells than in cell lines (1, 13).
Similar results were obtained in regard to the slower appear-
ance of the I54L/M/V mutations in M184V variants of subtype
B viruses that were selected with APV.

It has been demonstrated that a single-cycle recombinant
assay can yield increased mutational rates of RTs resistant to
ZDV in the presence of each of ZDV and 3TC (15). However,
recombinant single-cycle assays do not take into account the
cumulative effects of M184V on HIV-1 replicative rates, the
ability of HIV-1 to initiate new rounds of infection, or the
accumulation of mutations that may require months or even
years to develop either in vivo or in cell culture.

TABLE 3. Development of resistance to APV in WT and M184V clade B isolates”

AP(‘:LKJ;’;‘C“ Wk 4246-WT 4246-M184V 3350-WT 3350-M 184V

0 1 WT WT (M184V) WT (L63P, V771, 193L) WT (L63P, V771, 193L; M184V)
0.1 23 V32I, 1541/M°? WT WT WT
0.4 30 V321, 154M WT V321, M46I, 15417 WT
0.4 34-35 V321, 154M V321/V, N37S V321, M46l, 154L M461/L

10 46-47  V32L M46L, I54M V321, M46I/M V321, M46l, 154L M46L

10 52 V321, M4o6l, 154M V32I/V, M461, 1541/V? ND M461, 1541/L°

10 55 ND* ND ND M461, 15412

10 58 V321, M4o6l, 154M V321/V, M4o6l, 154V ND ND

“ Genotypic analysis was performed at designated weeks based on RT activity to determine the time to appearance of resistance mutations. The baseline genotype
included mutations shown in parentheses that were sustained at subsequent time points.
® Time to first appearance of the major resistance mutations, I54M/V/L, that confer high-level phenotypic resistance to protease inhibitors.

¢ ND, not done.



VoL. 47, 2003

Overall, our results demonstrate that the low replicative
fitness of HIV-1 variants that contain M184V can delay the
occurrence of resistance to at least some antiviral drugs, nota-
bly APV and EFV, in primary cells.

Nucleotide accession numbers. Accession numbers for the
clinical isolates used in this study are as follows: 3350 (PR-
AY236362; RT AY236363), 5346 (PR-AY236360; RT-
AY236361), 4246 (PR-AY213138; RT-AY213139). Accession
numbers for the subtype C isolates have already been desig-
nated (21).
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