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Abstract

HIV resistance to antiretroviral agents involves the selection of mutations within
the reverse transcriptase (RT) and protease (PRO) genes, that result in structural
changes causing in most instances a loss of affinity of RT and PRO inhibitors for
their respective targets. Then, the inhibitory competition caused by these
molecules in respect to the physiologic substrates of the RT and PRO enzymes is
lost. For nucleoside analogs, a second mechanism of resistance involves the
removal of the chain terminators (pyrophosphorolisis) and is caused by the
classical AZT-resistance mutations. Complex interactions between drug resistance
mutations make difficult how to interpret and predict the benefit of antiretroviral
agents in the clinical arena. However, for most antiretroviral agents, resistance is
not a dichotomic situation but rather a relatively continuous phenomenon, in which
some partial activity of compounds is found even in the face of drug resistance
mutations. Based in this fact, resistance to PRO inhibitors may be overcome when
plasma levels of PRO inhibitors are boosted using low doses of ritonavir.
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apy-driven resistance is termed secondary resistance.
In contrast, primary resistance refers to loss of drug
susceptibility seen in naive individuals mainly as a
result of the transmission of HIV resistant viruses at the

Introduction

Due to high mutation rates associated to RNA repli-
cation and retrotranscription, most RNA viruses
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replicate as complex and dynamic distributions of relat-
ed, non-identical genomes termed viral quasispecies’.
Naturally occurring polymorphlsms atthe reverse tran
scriptase (RT) and prot @@ rdgp@ tb

tant viruses may pre-exist in 'a given patient, ev
before being exposed to any antiretroviral therapy?. In

this dynamic equilibrium of mulgiple Vita Qﬂ{r@,@hﬂ@r (P

pressure leads to the selection of those minority viral

populations harboring resistance genomes after a:vari-
able period of time we%tmf &1 \laldiive

viral replication is allowed while on treatment'. This ther-

time of acute HIV infection?,
HIV may evolve along more than one mutational
athway in developing reS|stance to a given drug.
Eﬂq[@ tq@emqqq@x rns may have different
|mp||oat|ons for cross-resistance and viral fitness. For
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that form, compete with natural deoxynucleoside
triphosphates (dNTP) for incorporation into newly
synthesized viral DNA chains causing chain termi-
nation (Fig. 1). There are at least three biochemical
mechanisms of resistance to NRTI. The first mecha-
nism is mediated by mutations that increase the rate
of hydrolytic removal (pyrophosphorolysis) of the
chain terminating NRTI and enable continued DNA
synthesis (Fig. 2)®°. The second mechanism is
mediated by mutations that allow the RT enzyme to
discriminate against NRTI, thereby preventing their
addition to the primer DNA chain (Fig. 3). The last
mechanism has been described more recently™
and is reminiscent of the inoculum effect described
in bacteriology. Briefly, an increased packaging of
RT molecules per virion could allow HIV to escape
drug pressure to some extent (Fig. 4).

Nucleoside resistance mediated
by pyrophosphorolysis

The most common mutations in HIV-1 obtained
from patients receiving NRTI were originally identi-
fied through their involvement in causing AZT resis-
tance. Various combinations of these mutations,
which occur at six codons (41L, 67N, 70R, 210W,
215Y, and 219Q), have shown to mediate both ATP-
and pyrophosphate (PP)-dependent removal of
AZT-monophosphate from a terminated cDNA chain
and cause a compensatory increase in RT proces-
sivity®®. More recently, it has become clear that
these mutations confer loss of susceptibility not only
to AZT but also other NRTI, particularly d4T, aba-
cavir (ABC), and didanosine (ddl)™*,

K70R causes low-level (4- to 8-fold) AZT resis-
tance and is usually the first change to develop in
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Figure 1. Mechanism of action of nucleoside analogs acting as inhibitors of HIV replication. a) Natural extension. b) Blocking.
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Figure 3. Resistance to nucleoside analogs due to mutations enabling RT to discriminate against the binding of nucleoside
analogs.
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Figure 4. Resistance to nucleoside analogs due to an increased packaging of RT molecules per virion.
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Figure 5. Amino acid changes at codon 215 as consequence of drug pressure and/or transmission.
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Figure 6. Dynamics of nucleotide substitutions at codon 215 under drug pressure.

apparent resistant genotypes™#. In fact, these muta-
tions arise in 10-35% of patients failing either d4T
and/or ddI?>%, Finally, previous exposure to AZT and
the presence of AZT-resistant mutations —particularly
at position 215- leads to a diminished response to
subsequent therapy including d4T2728

The influence of the

Although NAMs arise using almost all nucleoside
analogs (except 3TC), the rate in which they appear
and the loss of sensitivity they produce varies wide-
ly for each drug. Three NAMs plus 184V and/or 74V
result in resistance to ABC, whereas high-level of
resistance to AZT appears with only two NAMs.

t piﬁta equires three or more
AZT and d4T, which areﬁy%ﬂe analogs smoﬁ BU rﬁ?ﬂwer muta t|on§ (Table 1), Therefore,

different extent they are selected and contribu

causing resistance to ABCH*Rand(aidli fTas
About 10-15% of individuals failing therapy with ddI
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varies among NRTI. Resistance is not a yes/no
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action'™*. On the other hand, it is interes @ é retained in most instances as long as
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Table 1. Resistance to nucleoside analogues caused by NAMs plus other RT mutations

Genotype Abacavir (>4.5-fold) ddl (>3.5-fold) d4T (>3.0-fold)
3 NAMs No No No

+44/118 No No Yes

+44/118 + 184 Yes Yes Yes

+44/118 + 69 Yes No Yes

+184 Yes Yes No

+74 Yes Yes No
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therapies™®. Figure 7 emphasizes the relative com-
promise in antiviral activity provided by NAMs in
respect to the different NRTI.

Nucleoside resistance mediated by
discriminatory mechanisms

The presence of NAMs results in loss of sensi-
tivity to nucleoside analogues by increasing its
removal (pyrophosphorolysis) from the nascent
DNA chain in which these artificial compounds
have been incorporated, blocking its further
extension®®. Once removed, natural nucleosides
can again be incorporated by the RT. This mecha-
nism is markedly different from the competitive
inhibition operated by mutations such as 184V or
74V, which modify the steric conformation of the RT,
nearby the catalytic site, complicating the binding
of artificial nucleotides 3TC and ddl, respectively
(Fig. 3).

Mutation M184V. Codon 184 is in a conserved
part of the RT, close to the active site (two of the cat-
alytic aspartates are at positions 185 and 186).
M184V sterically hinders certain NRTI, particularly
3TC, while still allowing the enzyme to function®.
The possibility that isolates containing M184V are

compromised in their replicative capacity was sug-
gested by the initial 3TC monotherapy studies,
which showed that HIV-RNA levels remained about
0.5 logs below their starting value in patients continu-
ing 3TC for 6 to 12 months, despite the presence of
3TC-resistant viruses harboring M184V. Experimen-
tal studies have shown that RT enzymes with M184V
display increased fidelity®* and/or decreased pro-
cessivity¥. The clinical relevance of these bio-
chemical findings is not well known, since the
increased fidelity does not appear to limit the abili-
ty of HIV to develop new mutations under any drug
pressure®°,

M184V causes high-level (>100-fold) 3TC resis-
tance and emerges rapidly in patients receiving
3TC monotherapy®. It is also the first mutation to
develop in isolates from patients receiving incom-
plete suppressive triple combinations including
3TC##. M184V is also selected during failures with
ABC#% and only rarely with ddI®, and causes
about 2-fold resistance to these drugs. M184V
alone renders 3TC ineffective but does not signifi-
cantly compromise the response to ABC* or ddl.
However, M184V in combination with multiple AZT
mutations or with changes at positions 65, 74 or 115
leads to significant ABC and ddl resistance®*-7,

Azt [T [——

ABC [T

d4T, ddi
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Mutation L74V. It is selected failing ddI*“ and
abacavir® monotherapy. It confers 2- to 5-fold resis-
tance to ddI“® and ddC and 2- to 3-fold resistance to
ABC*. L74V is sufficient to cause virological failure
in patients receiving ddl monotherapy*, but addi-
tional mutations are required to cause failure to ABC.

Nucleoside resistance mediated by p6
mutations

Genetic changes at the p1-p6%s-p6™ region,
localized immediately upstream of the pol gene,
seem to be involved in drug resistance's'. The p1
region carries structures regulating gag-pol frame-
shift activities. The p6%9 region encodes a protein
involved in the late viral cycle, including pol pack-
aging, particle size determination, and budding®%.
The transframe protein encoded by the p6° region
acts as a regulator of protease activation®®%’. Thus,
the p1-p69¢-p6° regions have the potential to affect
anti-HIV drug activities by several mechanisms,
including greater pol production through frame-
shift regulation, enhanced packaging of viral
enzymes, and control of viral protease. In other
words, the introduction of these downstream
changes may lead to resistance to antiretroviral
agents through a mechanism of gene or protein
dosing or titration (Fig. 4).

Insertions in p6%e are seen in a significant pro-
portion of viruses from antiretroviral-experienced
patients. More precisely, duplications of the initial
11 amino acids of p6, including the motif PTAP,
were identified as the first mutation selected under
NRTI pressure, or emerging during the stepwise
process of accumulation of resistance mutations,
leading to high-level NRTI resistance''. Theoretical-
ly, the duplication of polyproline motifs could
improve cellular protein recruitment at membrane
locations, modulating viral assembly and enhanc-
ing pol incorporation into the budding virion (Fig.
4). In previous reports™, these insertions were iden-
tified in plasma viruses collected from 21% of
patients under nucleoside analogs, whereas they
were seen in only 5% of drug-naive individuals.
However, recent studies have demonstrated similar
rates of insertions in the PTAP motif comparing
drug-naive and pretreated.individuals (Table 2)%*°,
Therefore, p6 duplications may be just natural poly-
morphisms®®, although they may affect the, sus-

ceptibility to antiretrovi I@rlp@z{r*[d@] y

cally relevant. In fact, there is a trend towards earli-
er treatment failure for individuals harboring HIV
with PTAP insertions, suggesting that these inser-
tions may be clinically relevant®,

Multi-nucleoside resistant genotypes

Q151M complex. Mutation Q151M is a 2-base-
pair change in a conserved RT region that is close
to the first nucleotide of the single-stranded
nucleotide template*€'€2 This mutation develops in
3 t0 5% of patients who fail dual NRTI therapy with
ddl in combination with AZT or d4T222+61%5 Q151M
alone causes intermediate levels of resistance to
AZT, ddl, ddC, d4T and ABC®2%¢7, The selection of
Q151M is generally followed by mutations at posi-
tions 62, 75, 77 and 116. Isolates with V75I, F77L,
F116Y and Q151M show high-level resistance to all
NRTI, although they affect 3TC and tenofovir to a
lesser extent*®®2, The mechanism why Q151M reduces
NRTI susceptibility seems to involve a discriminato-
ry pathway against nucleoside analogs favoring
physiologic nucleosides.

Codon 67-69 inserts. Positions 65 to 72 form a
loop between the 2 and B3 strands in the fingers
region of the RT and this loop makes important
contacts with the incoming dNTP during polymeri-
sation®®. In addition to AZT-resistant mutations at
codons 67 and 70, this region contains several
other NRTI-resistant mutations, the most common
of which occur at position 69 and include
T69D/N/S/A, as well as single and double amino
acid insertions®7', T69D was initially identified as
causing resistance to ddC, but substitutions at this
position have since been reported with each of the
available NRTI. In fact, mutations at this position
contribute to resistance to each NRTI when they
occur in the presence of other classical AZT-resis-
tant mutations. By themselves, insertions at posi-
tion 69 cause low-level resistance to each of the
NRTI, but isolates containing insertions together
with T215Y/F and other AZT-resistant mutations
show high-level resistance to each of the NRTI727#
and tenofovir™.

Interactions between nucleoside resistance
mutations

NAMs with M184V or L74V. M184V reverses

|@|rpub£h@@tqmq’ma1y iStance™. For example,

reproduced or photocopying
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HIV-1 isolates harboring M41L/T215Y display 64-
fold resistance, while isolates containing this set of
mutations together with M184V are just 4-fold resis-
tant. This effect is clinically significant and explains
the slow evolution of phenotypic AZT resistance in
patients receiving AZT plus 3TC”". However, it can
be overcome by the presence of 3 or more AZT-
resistant mutations. The favorable effect of M184V
on AZT in the setting of AZT resistance seems to be
caused by the ability of M184V to impair the rescue
of chain-terminated DNA synthesis™ and does not
apply to AZT resistance caused by other mecha-
nisms, such as Q151M. Presumably M184V also
reverses the effect of the classical AZT mutations on
d4T and tenofovir, which explains the in vivo synergy
observed when using these drugs in combination™#°,

By evaluating paired genotypic and phenotypic
susceptibilities to NRTI in a large number of sam-
ples, investigators from Virologic have concluded
that the degree of cross-resistance to NRTI caused
by NAMs is modulated by the M184V'2, This muta-
tion generally restores the sensitivity to AZT, d4T
and tenofovir, whereas it impairs much more that of
ABC, ddl, ddC and 3TC (Fig. 8).

As with M184V, the presence of L74V restores, at
least in part, the sensitivity to AZT when a few AZT-
resistant mutations are present®. A similar effect most
likely occurs with d4T*. This circumstance explains
why L74V is rarely seen in patients failing dual nucleo-
side therapy with ddl plus either AZT®" or d4T%.

Mutation G333E. A polymorphism recognized in
around 10% of naive subjects, G333E, has been
reported to facilitate AZT resistance in isolates from
patients failing AZT plus 3TC and already harboring
multiple AZT-resistant mutations®'#2. This substitu-
tion by itself does not affect the susceptibility to AZT
or 3TC. However, it avoids the reversal in AZT sus-
ceptibility caused by M184V in the presence of AZT-
resistant mutations.

E44D and V118I. Each of these mutations occurs
in about 1% of untreated individuals. The preva-

lence of these genotypes is much higher in isolates
obtained from patients failing dual NRTI combina-
tions, particularly in viruses from subjects contain-
ing multiple AZT-resistant mutations. When present
in combination, E44D and V118l cause intermediate
3TC resistance®*®, and contribute to enhancing the
loss of sensitivity to other NRTI, including ddl, d4T
and ABC®2##" (Table 1). Taking into account all
these data, a significant loss of susceptibility to 3TC
may result from a set of genotypes and not just
M184V (Table 3).

In summary, the mechanisms of resistance to
nucleoside analogues can be grouped into three
pathways. The first causes an enhanced exci-
sionfremoval of the chain terminator. The second
reduces the affinity of the mutated enzyme for the
inhibitors. The third mechanism allows evading
drug pressure by packaging a high number of drug
targets into the virions, and therefore “distracting”
their action. Other properties distinguishing these
mechanisms are recorded in table 4. Finally, table 5
records the list of mutations known so far to confer
resistance to NRTI.

Resistance to non-nucleosides

The non-nucleoside reverse transcriptase
inhibitors (NNRTI) bind to a hydrophobic pocket in
the RT enzyme close to, but not continuous with,
the catalytic site. These compounds inhibit HIV-1
replication allosterically by displacing the catalytic

Table 3. Genotypes conferring clinically significant reduced
susceptibility to lamivudine

1. M184V
2. E44D plus/or V118l
3. 67/69 inserts

NAMs
(41L, 67N, 70R, 210W, 215Y/F, 219Q)

+
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Table 4. Mechanisms of resistance to nucleoside analogs

| binding 1 removal (NAMs) ! number of RT molecules
Mechanism Inhibitory competition Pyrophosphorolysis Inoculum effect
Specificity Single drugs Broad spectrum Broad spectrum
Fitness Reduced Unchanged Reduced
Codons 74,184 41, 67,70, 210, 215, 219 p6 region
Drugs ddl, 3TC AZT > d4T > ABC > ddl > 3TC AllNRTIs

aspartic residues relative to the polymerase-bind-
ing site®®®. The mutations responsible for NNRTI
resistance are in the hydrophobic pocket to which
they bind. A single mutation in this pocket may result
in high-level resistance to one or more NNRTI. Resis-
tance usually emerges rapidly when NNRTI are
administered as monotherapy or in the presence of
incomplete virus suppression, suggesting that
resistance may be caused by the selection of a pre-
existing population of mutant viruses?®,

HIV-2 and HIV-1 group O are intrinsically resistant
to most NNRTI®®%, In addition, wild-type HIV-1
group M isolates tend to have greater inter-isolate
variability in their susceptibility to NNRTI than to
NRTI and PI%. In fact, moderate decreases in NNRTI
susceptibility (<10-fold) in the absence of previous
NNRTI exposure or known NNRTI-resistant muta-
tions does not compromise the virological response
to NNRTI-containing regimens®<7,

Nucleotide substitutions affecting the susceptibil-
ity to NNRTI are found in three main regions:
between codons 98 and 108, 179 to 190, and 225 to
236%. Table 5 summarizes the codon substitutions
reported to be associated with NNRTI resistance so
far, and the loss of susceptibility they confer to each
of the commercially available compounds.

Mutations at codons 98-108

K103N is the most clinically important NNRTI-
resistant mutation®®. It causes 20 to 50-fold resis-
tance to each of the available NNRTI, which is suffi-
cient to cause virological failure with each of
them'®10 A different mutation at this position,
K1083R, is seen in 3% of NNRTI-naive subjects and
does not confer NNRTI resistance®,

V106A causes > 30-fold resistance to nevirapine
(NVP), intermediate resistance to d Iaviflgjin (DLV
but low-level resistance (o " (ETEM)&%)U
L1001 causes intermediate resistance to EFZ and

responses to EFZ-containing regimens'®. Recently,
a trial has investigated whether subjects experienc-
ing an early virological failure on NVP could be res-
cued with EFZ'™. Qverall, only subjects lacking
NNRTI-resistant mutations were able to regain sus-
tained virological response. Therefore, genotyping
at the time of early failure with NVP-containing regi-
mens may prove to be useful is some circum-
stances’.

Y188C/L/H and G190A/S cause high-level resis-
tance to NVP and EFZ, but not to DLV*'®, Moreover,
G190A/S increase the level of resistance to NVP
and EFZ in the presence of Y181C/I and/or K103N.

Mutations at codons 225-236

P225H causes low-level resistance to EFZ and
NVP. By itself, P225H seem to result in DLV hyper-
susceptibility. However, it usually occurs with
K103N in patients receiving EFZ'%1%,

M230L is a recently identified, rare mutation that
causes 20-fold resistance to EFZ, and 40-fold resis-
tance to NVP and 60-fold resistance to DLV,
P236L is a rare mutation that causes high-level
resistance to DLV and hyper-susceptibility to
NVP49,102.

Other NNRTI resistance mutations

A mutation Y to F at codon 318 is associated with
resistance to NNRTI™. It mainly causes resistance
to DLV and only slightly contributes to enhancing
the resistance to EFZ and NVP, in the presence of the
classical K103N and/or Y181C.

Mutational interactions between NNRTI- and
NRTI-resistant mutations exist, and may be clinical-
ly relevant. For example, Y181C and L100! hyper-
mﬁimgm ﬁlﬁr Likewise, some NRTI-

[ Qo hyper-sensitize HIV-1

to certain NNRTI*°. These interactions could explain

DLV, but low-level resistance!;t b?f“m ms i INRTI-NNRTI regimens in certain
ally occurs with K103N in gi tpggé" ' Qr @aﬂ%ﬁﬁgﬁﬂm oreover, they suggest that

and significantly enhances the resistance to this

drug. Oth tati At §ing ow- ists
crug, Stner mulalons ST I EPECPTROe Vistiteneoiong
of the publisher

Mutations at codons 179-190

Y181 cau
DLV, ly

> 30-fold resistance to NVP and
¥ t 4 2 e |
theles -treat ’Fmatﬁ g Fovntg-u

ing Y181C generally have only transjent virological

the number of ways in which HIV-1 can develop

Bigyel8I5ésistance to both NRTI and

Resistance to protease inhibitors

Olications:264 (e

Into chromosomes as proviral DNA. The

AIDSREVIEWS

~
—_



AIDSREVIEWS

~
N

AIDS Rev 20024

Table 5. List of mutations known to cause resistance to antiretroviral drugs

Nucleoside analogs (NRTI)

Mutation Loss of susceptibility (increase in IC)
AZT Ddl ddC d4aT 3TC ABC TNF
M41L ATG—TTG 4 <2 - <2 - - -
K65R AAA—AGA - 4-10 4-10 - - 3 3-5
D67N GAC—AAC X <2 - <2 - - -
T69D ACT—GAT - 3 5 - - - -
K70R AAA—AGA X <2 - - - - -
K70E AAA—GAA - - - - - - -
L74V ** TTA—GTA - 5-10 5-10 - - 4 -
V75T GTA—ACA - <2 5 7 - - -
Y115F TAT-TTT - - - - - 2 -
Q151M CAG—ATG 10 5 5 - 2 - -
P157S CCG—TCG 13 - - - 5 - -
1178M ATA—ATG - - - 4 - - -
M184V ** ATG—GTG 12 2-5 2-5 - >100 4 -
M184] ** ATG—ATA - - - - X - -
T215Y ACC—TAC - <2 - <2 - - -
T215F ACC—TTC = - - - - 2 -
K219Q AAA—CAA X <2 - <2 - - -
M41L + T215Y 60-70 - - - - - -
M41L + D67N + K70R + T215Y 180 - - - - - -
D67N + K70R + T215Y + K219Q 120 - - - - - -
E44D/A + V118l + M41L + T215Y 30-50 - - - 8-50 - -
K65R + M184V - - - - - 8 -
K65R + L74V+Y115F + M184V - - - - - 10 -
L74V + M184V - - - - - 9 -
L74V + Y115F + M184V - - - - - >12 -
A62V + V75! + F77L + F116Y + Q151M 190 50 20 >10 6 - -
K67N + K70R + T215Y + K219Q 120 - - - - - -
T69SSX + T215Y 140 11 17 3 20 - -
M184V + R211K, con F214L X - - - X - -
M184V + M41L + T215Y 4 - - - >100 -
M184V + M41L + T215Y + T69D 60-70 - - - >100 10 -
G333E + other mutations 30-600 - - - >100 - -

Non-nucleosides (NNRTI)

Mutation NVP EFV DLV
A98G GCA—GGA 2-10 - 3
L1ool ** TTA—ATA 8.5-14 33->100 50->90
K101E AAA—-GAA 7-15 <8-16 5
K103N AAA—AAC >100 33-67 20-78
K103T AAA—ACA - - 35
V106A GTA—=GCA >100 - -
V106l GTA—ATA >100 - -
V108I| GTA—ATA 3-30 2 -
V179D GTT—GAT - 2 1-21
Y181C** TAT=TGT >100 2-4 >100
Y181l TAT—ATT 100 -
Y188C TAT—>TGT ﬁ
viseH i part eethis publicagjon may be—
G190A GGA—>GCA >63-75
G190S GGA—AG d h -
roos CCTﬁCAfeprod Lced or p ot@‘topylng -
M230L ATG—CTG
P236L -2
vataF 10Ut 1 prior vvr|tten perm|55|0m
Y318W TAT-TGG 53.7
L100I + K103N XOT the pUb“Sﬂ@f X
L100I + V108l 1,000 X
L100l + V179D +Y181C >100 1,000

EParmanyr Publigations?

Y181C + M230L
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Table 5. List of mutations known to cause resistance to antiretroviral drugs (cont.)

Protease inhibitors (P1)

Mutation Loss of susceptibility (increase in IC)

sQv RTV IDV NFV LPV TPV APV

R8Q CGA—CAA 4 - -
D30N GAT—AAT - - -
M46l ATG—ATA - - =
M46L ATG—TTG - - =* - - -
G48V GGG—GTIG 3-8* - -
150V ATT—-GTT - - -
V82F GTC—TTC - 5% 3*
V82A GTC—GCC - 2" -
V82S GTC—TCC - 6" -
V82T GTC—ACC - 3" =
Va2l GTC—ATC - - =
184V ATA—GTA - 10 5
N88D AAT—GAT - - -
LooM TTG—ATG 3* - -

©
*
|
|
|

|
|
N w |

- - 2.4

*

gl ol wl MDD W
|
|
|

L10l + M461 + 154V + L63P + A71V 3 294 34
+ V82A + 184V
L10R + M46l + L63P + V82T + 184V 8 80 47 >100
K20R + M36l + 154V + V82A - 41 - -
K20R + M361 + 154V + A71V + V82T - 28 - -
L10l + K20R + M36l + 154V + 162V + X 67 20 X
L63A + A71V + V82A + L90OM
D30N + A71V - - - 7
V32l + E34K + M361 + A71V + 182V 9 260 76 -
V32l + M46L + A71V + V82A - - 14 -
L33F + 154V + L63P + V82F - 56 19 -
E35D + M36I + 154V + A71V + V82T - 17 8
M46L + 154V + V82A - - 10
M461 + L63P + A71V + 184V - - - 30
M46l + L63P + A71V + V82F + 184V - 27 -
L10F + V32l + M46l + 147V + 184V + T91S X X X
L10F + G16E + M46l + 147A + HB9Y X X X
+ 189V + T91S
L10F + M46l + 184V + T91S X X X
M46l + 150V - X X -
9 —
X X

|
x
x
x

X X X X
WX X O
X X X X

I w
’(\n3><><><><><><><|

5]

o
X X X X X X X X X |
XX X X X X X X X |

X X |
A
o
o

<
e
N
<

o
@
&
x|

M46l1 + 184V -
M461 + 147V + 150V -
G48V + L90M >100 - - -
G48V + 154V + L90OM >50 - - -
G48V + 184V + L9OM >30 - 30 -
G48V + 154V + A71T + V82A 18 - 13 -
G48V + A71T + V82A 9 -
154V + M46I - 9
154V + V82T - 9
V82T + 184V / 184V + L9OM X X
V82F + 184V - 10

o

|
X X X X X X X X X
XX X X X X X X X |
DX XXX X X X N X

I X o |
I X o |

— Mutation not involved with drug resistance so far
Unknown degree of resi

- e acteathis publication may be

1 Increase in susceptibility

x

*

reproduced or photocopying
viral capsid protems\éﬁ&h@hﬁtv&:hﬁy@&@ﬁé er-m'le %r@@gmsi%ﬂ@srﬁamo protease com-
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Figure 9. Inhibitory effect of protease inhibitors on the HIV replication cycle.

is mediated by structural changes in the substrate
cleft that result in a reduction in drug-binding affini-
ty to the mutant target molecule''**. The effects of
non-active site mutations are less obvious and
appear to involve other mechanisms such as alter-
ations in enzyme catalysis, effects on dimer stabili-
ty, alterations in inhibitor binding kinetics, or active
site re-shaping through long-range structural per-
turbations'4'",

Sequence analysis of drug resistance clones
has shown mutations not only within the protease
but also at several of th
8 In some circumst
positions improve the kinetics of protease enzymes

containing drug resistance [ RWD 5}@ ingr

that they are compensatory r an primary.

changes at

PR Ou

tions in the substrate cleft, the flap, other con-
served sites of the enzyme, and polymorphic
sites (Table 5). The spectrum of mutations select-
ed during therapy with indinavir (IDV), nelfinavir
(NFV), saquinavir (SQV), and ritonavir (RTV) has
been well characterized#8:102114-116.120 | agg data
are available for amprenavir (APV)™"22 and
lopinavir (LPV)'2%125,

Mutations at the protease catalytic site

bﬁ?ﬁ R Rament win 1DV and

RTV##11e126.127 - \/82A also occurs in isolates from

¥\ far a long time, following the
deveopmenO@w 48V mutation'. By them-

selves, mutations at.codon 82 cause resistance to

Th t f t
clenvage Stos AoriHH] GLEE 11 Go4BEIOF VOV EEYI ol o BEVDROY or APV Howeror

Therefore, they do not appear in the absence of pro-

t tati d {i
(o5 oo nol soam 0o necessary 1) BAtGD LERT 1B

Pl resistance in the clinical setting. Figure 11 sum-
marize
descri of

associated W|th Pl resistance, in dmg muta-

chamsms of resistance to ubj ats W|th non-B isolatesi#®!
o IDY'
reﬁ%ﬂ B enUb ICaLOS:: )

when present with other PI mutations, V82A/T/F/S
resistance to each of the available
2l can be recognized in about 1% of
untreated subjects with subtype B and in 10% of naive
tation
T Qall Pl
except NFV'3, G48V occurs primarily in patients
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binding region

Figure 10. HIV protease. Residues more frequently involved in producing resistance to protease inhibitors. Primary (left side) and

secondary (right side) mutations.
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Figure 11. Resistance may emerge as result of three different mechanisms: (1) mutations at the protease active site; (2)
mutations at non-active sites; and (3) mutations at gag cleavage sites.

receiving SQV'#13 and rarely in patients receiying

IDV#. This mutation cause$ @000 (esistanCe O
SQV and about 3-fold resistance to IDV and

RTV126,128,133,134
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failing NFV®51%6  Although preliminary reports®
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sq@rﬁgmbﬁﬁl@lﬂherefore, failures on

NFV may be rescued more successfully with other
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Figure 12. Two different pathways lead to nelfinavir resistance.

patients failing IDV, RTV and APV. It often appears
in association with other Pl-resistant mutations in
the substrate cleft or flap.

The protease flap region (positions 46-56)
extends over the substrate binding cleft and must
be flexible to allow the entry and exit of the polypep-
tide substrates and products*®®. |n addition to
(G48V and 150V, which are also in the substrate cleft,
mutations at positions 46, 47, 53 and 54 make
important contributions to drug resistance. Muta-
tions at position 54 (generally 154V, less commonly
154T/L/M) contribute resistance to all currently avail-
able Pl and have frequently been reported in sub-
jects failing IDV, RTV, SQV and APV Mutations
at codon 47 have been reported in patients failing
APV, IDV or RTV, and often occur in conjunction with
the nearby substrate cleft V32| mutation. F53L has
rarely been reported in patients failing any PI
monotherapy, but is selected in more than 10% of
patients under multiple Pl combinations'#,

Mutations at position 46 contribute resistance to
any Pl except SQV, and have frequently been report-
ed in failures under IDV, RTV, APV and NFV/1261351,

L9OM has been recognized in isolates from
patients treated with SQV, NFV, IDV and RTV. L90OM
either contributes to, or directly confers resistance
to, each of the currently available Pl and plays a role
in-causing clinical cross-resistance to each of the
Pl In a recent study', it was concluded that

Non-active site protease mutations

Distinct amino acids at seven polymorphic
positions, including codons 10, 20, 36, 63, 71, 77
and 93, also make major contributions to drug
resistance. While these mutations do not cause
Pl resistance by themselves, some of them con-
tribute to resistance when present together with
other protease mutations, whereas others com-
pensate for the decrease in catalytic efficiency
caused by protease mutations affecting the cat-
alytic site'8144147,

Mutations at codon 10, 20, 36 and 71 occur in up
to 5-10% of untreated persons. However, in heavily-
treated patients harboring isolates with multiple
mutations in the substrate cleft, flap, or at codon 90,
the prevalence of mutations at these positions
increases dramatically. Mutations at codon 10 and
71 increase to 60-80%, whereas mutations at
codons 20 and 36 increase to 30-40%*:129.14,

Codon 63 is the most polymorphic protease
position. In untreated persons, about 45% of iso-
lates have 63L, which is considered the subtype B
consensus. However, nearly 45% have 63P, and
about 10% have other residues at this position.
When only subjects heavily treated with Pl are
examined, the prevalence of amino acids other
than L at position 63 increases to 90%'°. Muta-
tions at codons 77 and 93 double in prevalenoe
from 15-20% in untreated persons to 30-40% in

(G48V, VB2A/F/T, 184V, h
minant genotypes IOFO?Eg tg?mﬁ gfe gfmf%?eb U hﬁiﬂpﬁ gg?mmay p&s is selected in most

All previously described mutations associated p |ents failing atazanavir'® and occasionally in

with Pl resistance were sin g d@@edor@r

that resulted from 1- or 2-bas point mutations in
the protease gene. Recently, ins rts of 1105
amino acids betwedf/ EIAESIE5T b galheve
been described in Pl-experienced sub ects™,
They are located at the flap reglon

conformational changes over the ca
mfluencmg PI access to their binding site. How-

ever, t described so far do not see
incre rem ﬂ ?I© PO
tease tlo S r n age in

replication capacity.

@Cs g @rological failure on NFV
and/or IDV, m ich @nother change at codon 88

S more frequently seen*® Interestingly,
\/\}tr@%éwgt fedddit| Sﬁh@r&nhanced sensitivity

(hyper- susoept|b|l|ty) to APV™2 which might be of

wsés%bm‘@t&? ance'®. Moreover, viruses harboring
yt ubst|tut|on have low fitness compared

to wild-type'™2. More recently, hyper-susceptibility to

blicalions 2R

unknown.
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Resistance using boosted Pl combinations

Lopinavir (LPV) is the latest PI introduced in the
market. Its resistance profile is not well characterized
so far. Preliminary evidence suggested that 6 to 8 of
a set of 11 mutations conferred a greater than 10-fold
increase in LPV IC,,, which was arbitrarily defined as
a clinically relevant cut-off™®. At the 2001 Drug Resis-
tance Workshop, data on over 1,300 clinical samples
collected from Pl-treated patients and on nearly
1,000 samples from drug-naive individuals were pre-
sented™. In untreated patients, 98% of samples
showed a reduced susceptibility to LPV below 2.5-
fold compared to wild-type, which they subsequently
defined as the biological cut-off for this drug. In treat-
ed patients, there was considerable cross-resistance
between LPV (n = 400 samples) and other PI, espe-
cially RTV and IDV. More than 30 mutations were

identified as being associated with decreased sus-
ceptibility to LPV, but mainly 11 of them (i.e. 10I/F/R/V,
20M/R, 241, 46l1/L, 53L, 54VIL, 63P, 71V/[T, 82A/F/T/S,
84V, 90M) were relevant for the definition of the bio-
logical cut-off. In agreement, the presence of muta-
tions at positions 82, 54 and 10, plus a median of 4
additional Pl mutations, predicts treatment failure in
NNRTI-naive patients receiving NRTI together with
EFZ and Kaletra (LPV/RTV)™5. However, similar muta-
tional patterns may be detected in patients having
good treatment response. These viruses often had
significantly lower phenotypic resistance levels at
baseline, arguing in favor of the use of phenotypic
tests in addition to DNA sequencing.

The usefulness of a simple mutation score for LPV
has been questioned by some authors™, who
found up to 31-fold LPV resistance among in vitro
APV-selected mutants with less than 6 Pl-mutations.

enhanced processing
by mutant proteases

Table 6. Predictive value of genotyping on virologic response (HIV-RNA < 500 copies/ml at 24 weeks) to ritonavir-boosted Pl
regimens in salvage therapy’
SQVsg IDV LPV APV
No. 60 47 76 16
<5 PI mutations 95% 90% 88% 100%
>5 Pl mutations 21% 23% 47% 25%
SQVsg: saquinavir soft gel. IDV: indinavir. LPV: lopinavir. APV: amprenavir
prot p51 RT p15 p31int
pol
p17 p24 p7 p6
p2  pl
gag- —
No bart of this bublication may be
rJ\/IIL\JI AL PI NTTraaatd
p7-p1 and p1 -p6p1 -p6929-p6Pol
nQLWer@gﬁrSAt% r nhAtad |
[EpTrotucet ot INQ

withodt the prior written permisgie
Of the @u@l&& ha@éging of viral enzymes (p6929)

Reduced budding and
ﬁOf virions
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These mutants had a significant reduction (>90%)
of replicative capacity, too. Moreover, other groups of
investigators have shown that specific key muta-
tions are associated either with resistance to LPV
(i.e. VB2A/[T, 154V) or APV (184V)™. However, multi-
ple data are emerging supporting the notion that
resistance using ritonavir-boosting Pl combinations
is mainly dependent of the number of Pl-resistant
mutations, with the impact of specific key mutations
being less important in the face of high PI levels.
This is explained, at least in part, by the fact that PI-
resistant mutations only cause slight reductions in
Pl susceptibility, which is often overcome when
using ritonavir-boosted Pl combinations. This has
been shown clearly with saquinavir'®, and in a pre-
liminary trial™®" a threshold of 4-5 Pl resistance muta-
tions has been shown to predict significantly the
response to salvage therapy using almost any Pl
boosted by ritonavir (Table 6).

Mutations at Gag cleavage sites and the
p6* transframe

In addition to mutations at the protease gene, Pl
resistance may develop as a consequence of
amino acid substitutions in protease cleavage sites
(Fig. 13). Some of them involve positions related to
protease scission sites whereas others (i.e., L75R,
H219Q) render the polyprotein cleavage sites more
accessible to mutant proteases or improve gag
functions, such as polymerization of viral proteins
and/or assemblye118,

HIV-1 p6, a protein involved in virus budding, has
recently been investigated by several groups with
regard to its potential role in HIV drug resistance
and viral fitness. Due to a shift in the reading frame,
two variants of p6 (i.e. p6 gag and p6 pol, also
called p6*¥) are synthesized by HIV'®. A hypotheti-
cal role for p6 pol as a competitive inhibitor of the
protease activity has been postulated’®, raising
the question of a possible interaction of this protein
with PI resistance mechanisms.

In a recent report®! in which the impact of HIV-1
protease, RT, cleavage sites and p6 mutations in
the response to salvage therapy was examined,
genotype alterations outside the protease gene
were found to be responsible for treatment failure.
Although a high prevalence of mutations at cleavage
sites p6/p1 and p1/p7 was found, no significant
relationship between t

of mutations at p1/p7 cleavage sites was associat-

which supports the concept that these alterations
may act as compensatar mutg[tiq[ s, increasin

viral fitness''e'"7. Wi h ou

Another interesting finding in this study was a

subjects with virological failure. It has been sug-

might increase protease activity, compensating for

ed with a greater number pPyTgtease( utaions) [

reduced viral fitness in individuals with primary pro-
tease mutations.

Taking together all these considerations, it may
be concluded that p1/p7 cleavage sites and C-ter-
minal p6* mutations are associated with protease
mutations. Changes in these regions most likely act
as compensatory mutations improving the activity of
mutated HIV proteases.
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