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Analysis of HIV-1 Reverse Transcriptase
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Detection of Viral Variants, Virus Load
Measurement, and Phenotypic Drug
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Abstract

Detection of reverse transcriptase (RT) activity in plasma is now possible through
the use of ultrasensitive RT assays. These assays are up to 1 million-fold more
sensitive than conventional RT assays because of the use of PCR amplification for
detecting the RT reaction product. One of these assays, named Amp-RT, has been
demonstrated to detect RT from retroviruses representing different genera. The
ability of Amp-RT to detect RT activity in small volumes of unprocessed plasma
samples provides a rapid tool for the generic detection of known or novel
retroviruses in biological fluids. Quantitative detection of RT activity by Amp-RT
has also been developed, providing a functional marker for plasma virus load
analysis in HIV-1 infections. Levels and kinetics of RT- and RNA-based virus loads
correlate with each other. However, significant variabilities in RT/RNA ratios have
been observed among patients. The Amp-RT assay has also been adopted for
screening plasma for phenotypic resistance to several HIV-1 RT inhibitors such as
3TC and nevirapine. The RT-based drug susceptibility results correlate with those
determined by replication-based assays and with the detection of genotypic
markers of resistance, thus providing a rapid new approach for clinical monitoring
of phenotypic drug resistance. RT analysis by the Amp-RT assay provides a simple,
rapid, and sequence independent tool for the detection of viral variants, virus load
measurements, and phenotypic drug resistance testing.
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Fig. 1. Principle of the Amp-RT assay. Detection of RT activity is done by using a known non-retroviral heteropolymeric RNA
template and a complementary DNA oligoprimer. RT detection can be done in unprocessed samples or in virus pellets obtained

by ultracentrifugation.

ed reverse transcriptase (RT), an enzyme that tran-
scribes the viral genomic RNA into a double-strand-
ed DNA copy'. Assays for detection of RT activity
have therefore conventionally been used to identify
both known and novel retroviruses. However, their
use has been limited to the detection of retroviral
particles in culture supernatants since these as-
says are less sensitive than virus-specific methods
such as protein antigen capture or genomic ampli-
fication by PCR?®.

Recently, several ultrasensitive RT assays such
as PERT and Amp-RT have been described®®. All
these assays use PCR ampilification for the detec-
tion of the RT-generated cDNA but differ in the RNA
template and testing conditions. The sensitivity of
these assays is several orders of magnitude higher
than conventional RT assays allowing the detection
of RT activity derived from 1-10 HIV-1 particles” 0.
This article reviews data generated by Amp-RT in
three apphcahons i) Detection of RT activity from
HIV-1 variants in plasma, ii) Quantitation of plasma

and is generated by in vitro transcription®. The in-
tegrity and the purity of the EMCV RNA template are
essential for both the sensitivity and the specificity
of the Amp-RT assay, since presence of residual
EMCV DNA would result in false-positive results or
background Amp-RT signals®.

An important component of the Amp-RT assay is
the PCR amplification of the EMCV cDNA. The PCR
amplification of EMCV cDNA results in an increase
on sensitivity over conventional RT assays of about
108-fold®. Thus, Amp-RT has been found to detect
10-1% units of recombinant HIV-1 RT activity or the
RT activity contained in 1-10 HIV-1 particles'®.
Analysis of sucrose gradient fractions of HIV-1 cul-
ture supernatants has shown that the peak of de-
tection of RT activity by Amp-RT corresponds to a
density of 1.13-1.16 g/mL as expected for HIV-1,
indicating that the RT activity measured is virion-
associated!".
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Like standard RT assays, Amp-RT detects HIV 1
by measuring the enzymatic activity C{f) IY ét
Detection of HIV-1 RT activity is done by measurln
the ability of a sample to produce a cDNA copy of
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Since RT is found in all retroviruses, the enzymat-
protein may be measured to
detect the presence 0 retrowruses in culture super-
, and to address the
W|th biologically de-
rived products Analysis of culture supernatants by
Ey @ﬁ assay has demonstrated the ability of

assay to detect RT activity from retroviruses
representmg different genera. Thus, lentiviruses
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and Il (HTLV-I and HTLV-II), gibbon ape leukemia
virus (GALV) and simian retroviruses types 1 and 2
(SRV-1 and SRV-2), or spumaviruses such as simi-
an foamy virus type 3 (SFV-3) have all been suc-
cessfully detected by Amp-RT demonstrating the
generic character of the assay, and supporting its
use for detecting known or novel retroviruses in bi-
ological fluids® '3 (Fig. 2).
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Fig. 2. Detection of RT activity from several retroviruses by
the Amp-RT assay. Lane 1, four ul of original
unconcentrated culture supernatant; lanes 2-10, 10-fold
serial dilutions (from ref.9).

For rapid screening of retroviral RT activity in
plasma, a protocol based on direct analysis of small
volumes of unprocessed plasma samples (2 pL)
has been developed and validated'. Detectable
RT activity by Amp-RT has been observed in 93 of
107 samples from HIV-1-infected individuals while
none of 118 samples from HIV-1-, HIV-2-, HTLV-I-,
and HTLV-II- seronegative blood donors have
shown reactivity in the assay. The lack of detectable
RT activity observed in some HIV-1-infected pa-
tients was associated with a low or undetectable
RNA virus load™. These results indicated that the
Amp-RT assay is a sensitive and specific method
that may be used for screening of RT activity from
HIV-1 or other retroviruses in plasma samples, pro-
viding a rapid tool for analysis of retroviral RT activ-
ity in biological fluids.

Quantitative detection of HIV-1 RT activity
in plasma of HIV-1 infected persons

Quantitation of HIV-1 IN@ s deh)l/Bj u
a useful marker of the overall level of virus rephca-
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HIV-1 RNA levels has h?
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both the efficacy of antiretroviral therapy and dis-
ease progression'422-24,

Reverse transcriptase is a virion-associated en-
zyme and therefore, represents an additional virus
marker for virus load analysis. Quantitation of plas-
ma virus loads based on levels of RT activity may
have three main advantages compared to RNA-
based quantitations. First, since functional RT is
one of the requirements for virus infectivity and
since virus particles that lack active RT enzymes
are not infectious, RT-based plasma virus load may
represent the pool of plasma virus that is potentially
infectious. Second, detection of RT is sequence-in-
dependent and is not compromised by sequence
variabilities and, therefore, can be used to quanti-
tate virus loads in persons infected with non-sub-
type B HIV-1. Third, the number of active RT mole-
cules per HIV-1 particle is higher than the number
of RNA molecules, thus providing an increased
sensitivity over RNA-based quantitations in sam-
ples with low virus loads.

Quantitation of plasma virus loads based on levels
of functional RT by Amp-RT is done by using an ex-
ternal standard curve of known units of HIV-1 RT ac-
tivity'?. The standard used for quantitation can be
an HIV-1 isolate with known RT activity per virion or,
alternatively, HIV-1 RT with known specific activity. If
an HIV-1 isolate is used, the amount of RT activity
per virion in that particular virus stock can be easi-
ly estimated by comparing the Amp-RT signal ob-
tained with the virus stock with the signal obtained
with known units of HIV-1 RT activity. Since Amp-RT
is an enzymatic assay, the results are expressed as
units of RT activity. Figure 3 shows the dynamic
range of Amp-RT, which extends over 4 log™. Iden-
tical linearities are seen when known HIV-1 virion
numbers or known units of recombinant HIV-1 RT
are used (Fig. 3). Quantitative detection of RT activ-
ity by Amp-RT is done by an ELISA-based non-ra-
dioactive oligoprobing system using a digoxigenin-
labelled EMCV-specific probe™°.
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unprocessed plasma samples or in virus pellets ob-
tained by ultracentrifugation. Direct testing of small
volumes of unprocessed plasma samples (2 pL) al-
lows detection of RT activity in samples containing
500-1,000 RNA copies/mL is highly specific, and
provides a rapid method for virus load analysis'.
However ultracentrifugation of plasma samples has
several advantages. First, it obviates the need for
running an additional Amp-RT reaction needed to
correct for possible RT inhibition that may occur
when unprocessed plasma samples are used. Sec-
ond, virus pellets can be concentrated and there-
fore, larger volumes of plasma (e.g., 10 yL) can be
tested by Amp-RT, thus increasing the sensitivity of
the assay. Higher sensitivity may be of particular
importance for monitoring low levels of plasma viral
load such as those seen in patients receiving com-
bination antiretroviral therapy. However, the speci-
ficity of the Amp-RT assay using >10 pL of plasma
has not been fully validated.

Relationship between RT and RNA virus
load

To study the relationship between RT and RNA
virus loads, levels of both RT activity and viral RNA
have been measured in plasma from HIV-1-infected
patients. Patterns and kinetics of plasma viremia
measured by Amp-RT were found to be similar to
those derived using RNA-based quantitation as-
says both during the seroconversion period and

following treatment with nevirapine'®% (Fig. 4). The
analysis of the relationship between RT and RNA
virus load can be made by determining RT/RNA ra-
tios. These ratios were found to be constant within
the same patient during the seroconversion period.
However, RT/RNA ratios varied in different individu-
als during both the early and late stages of HIV-1 in-
fection. The level of variation was higher than that
associated with assay variability possibly reflect-
ing variabilities in levels of virion-associated RT.
These variabilities may be due to differences in ei-
ther the amount of mature RT subunits packaged
into virions or in levels of particle-associated RT ac-
tivity'®26. The clinical implications of these differ-
ences in RT/RNA ratios are not known, and new
studies are necessary to examine if RT-based plas-
ma virus loads alone or RT/RNA ratios are better vi-
ral markers than RNA in predicting the rate of dis-
ease progression and the risk of virus transmission.

Quantitation of plasma virus load in
non- subtype B HIV-1 and in HIV-2

Because of its generic nature, the Amp-RT assay
can also be used to quantitate plasma virus loads
in patients infected with non-subtype B HIV-1 or
other retroviruses. For instance, RT-based plasma
virus load has been measured in longitudinal sam-
ples from two HIV-1 group O-infected treated with
RT and protease inhibitors'®. Since commercially
available assays that measure HIV-1 RNA levels in
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plasma are not adequate for quantitation of group O
RNA genomes, RT detection by Amp-RT may pro-
vide a useful virus marker to derive information on
the efficacy of antiretroviral therapy in HIV-1 group
O-infected patients®”?8. In addition to group O in-
fections, the assay has been successfully used to
quantitate plasma virus load in other retroviral in-
fections such as HIV-2, thus providing valuable in-
formation on levels of virus replication during both
the asymptomatic and symptomatic period of HIV-2
infections'.

Detection of phenotypic resistance to HIV-1
RT inhibitors by direct analysis of RT
activity in plasma

The management of HIV-1 disease has signifi-
cantly improved during the past few years with the
use of HIV-1 RT and protease inhibitors. Two classes
of HIV-1 RT inhibitors are being currently used for
treatment of HIV-1-infected individuals: Nucleoside
and non-nucleoside RT inhibitors. The non-nucleo-
side RT inhibitors (NNRTIs) comprise a series of
structurally diverse compounds specific for HIV-1,
and do not require metabolic activation to manifest
their antiviral effects®. In contrast, nucleoside RT in-
hibitors (NRTIs) share a similar mode of action, are
only significantly active following conversion to the
triphosphate form, and are not specific of HIV-1%.

Despite the initial antiretroviral activity of RT in-
hibitors, the benefit of treatment with these agents
is of limited duration mainly due to the emergence
of drug-resistant variants of HIV-1. Methods for de-
tecting drug resistance viruses may therefore pro-
vide valuable information for treatment decisions
and patient management, and their implementation
in clinical practice is currently being evaluated®'. To
date, several genotypic and phenotypic tests are
being used to monitor the emergence of HIV-1
resistance to RT inhibitors. Genotypic tests are
rapid and are widely used to monitor known muta-
tions associated with resistance. Among these,
primer-specific PCR, point mutation, and reverse
hybridization assays are the most commonly
used'®3%37  However, clinical monitoring of resis-
tance by genotypic testing may not detect resis-
tance mediated by unrecognized mutations. In ad-
dition, genotypic testlng cannot detect potentlal
synergistic or antagoms @ﬁ
tion patterns arising from co matlon
different RT inhibitors. The transient su press
phenotypic resistance to zrc@ d
ferred by the M184V or the L74V mutation illustrates
the effect that combl
in a given phenotype Q@ihmw&éf}‘
specific mutations may not always be associated
with phenotypic resistance®40,
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use of conventional RT assays for drug susceptibil-
ity testing in plasma is limited by the inability of
these tests to detect low levels of RT activity.

The Amp-RT assay overcomes the lack of sensi-
tivity of conventional RT assays for detection of HIV-1
RT activity in plasma and therefore, provides an ad-
ditional tool to monitor the development of drug re-
sistance. The basic principle of using Amp-RT as a
phenotypic assay is illustrated in figure 5. The RT
from highly resistant isolates can generate cDNA
copies of the EMCV template in the presence of in-
hibitor, which can be amplified by PCR. In contrast,
RTs from sensitive isolates are completely inhibited
resulting in undetectable EMCV PCR product (Fig.
5). Enzymatic resistance of HIV-1 RT to RT inhibitors
can be measured by determining Amp-RT IC,, val-
ues for the drug.

a) Detection of phenotypic resistance to
non-nucleoside reverse transcriptase
inhibitors (NNRTIs)

The three NNRTIs currently approved for treat-
ment of HIV-1-infected patients are nevirapine,
delavirdine and efavirenz. This class of compounds
directly inhibit HIV-1 RT by binding non competi-
tively to conserved residues of the p66 subunit of
RT, altering its structure and modifying the active
site of the enzyme?*#7#8, The binding site is a hy-
drophobic pocket close to the polymerase catalytic
site in the p66 subunit of RT, leading to a significant
slowing rate of polymerization catalyzed by the en-
zyme. Since these compounds share a common
mechanism of action and bind to a common site of
the enzyme, any slight variation due to single point
mutations may have a significant impact on the sen-
sitivity to all of them. These point mutations are well
characterized and result in the loss of stabilizing in-
teractions and emergence of steric and thermody-
namic barriers for NNRTI binding®’.

The effect that nevirapine resistance mutations
have on the enzymatic function of HIV-1 RT can be
directly measured by determining the level of RT
inhibition observed in Amp-RT reactions done in the
presence of nevirapine®. Drug susceptibility results
determined by Amp-RT in several WT and nevirap-
ine-resistant HIV-1-isolates correlate with 1C,, val-
ues determined by conventional phenotypic as-

, phenotypic resistance
in RTs carrying several
newrapme resistance mutations including Y181C,
, G190A, and Y188L, indicat-
say can successfully detect
reslsiance mediated by a wide variety of mutations
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presence and absence of the relevant inhibitor.

Fig. 5. Principle of the Amp-RT-based phenotypic assay for detection of resistance to RT inhibitors. Susceptibility of RT is
determined based on the level of inhibition produced by drug, and is measured by running quantitative Amp-RT reactions in the

C,, (uM)/fold*
HIV-1 isolate Mutations Culture Amp-RT
X267-1 0.04 4

X165-6 - 0.07/1.7 11/2.7
X82-5 K103N, Y181C 4.6/115 491/123
X403-4 Y181C 9/225 571/143
W786-6 K103N, Y181C 20/400 2283/570
X165-11 G190A,Y181C 22/550 1474/369
S469-2/M3 Y188L 100/2500 2642/661
V818-5 G190A,Y181C  >100/>2500  9804/2451

[ fold-resistance compared to isolate X267-1

Fig. 6. Correlation between nevirapine susceptibility
determined by the Amp-RT-based phenotypic assay and
drug susceptibility results obtained by a plaque-reduction
assay. Amp-RT IC,, values from two reference sensitive
(X267-1 and X165-6) and sjx nevirapine-resistanf HiVE1 ;
isolates (X82-5, X403-4, W{’&g‘B‘ X166111} S469- 2/M3\
and V818-5) are shown along relevant genotype and IC,,
values for nevirapine derived by plaque- reduct/ n assay
(adapted from ref.?5). [ N ‘ 0 T aYa
AVARY,

IC,, value for nevirapingL(Fig) 7). All tHesgesults
validated the use of this rapid approach to monitor

the development of nevirapine resistange, a dﬁés o)

gest that similar Amp-RT-based assays coul

used for other NNRTI. The usefulness of this Amp-
RT approach fof detecppn of resistance to efavirghz
is currently belngvalidated ujmg!\\ﬁ Lsol tes
carrying different mutations'asdo te with resis-*
tance.

b) Detection of phenotypic resistance to
nucleoside reverse transcriptase inhibitors
(NRTIs)

NRTIs are activated intracellularly by phosphory-
lation to the 5-triphosphate form3. The triphos-
phate form of NRTIs inhibit HIV-1 reverse transcrip-
tion through competitive inhibition with the native
dNTP for RT and chain termination of elongating
DNA®. Analysis of phenotypic resistance to NRTIs
by Amp-RT, therefore, requires the triphosphate
form of the relevant inhibitor (e.g. 3TC-TP for 3TC,
ddA-TP for ddl, ddC-TP for ddC, or AZT-TP for
AZT).

Of the six currently approved nucleoside
analogs, 3TC has potent anti-HIV-1_activity and
minimal toxicity and is one of the most commonly
used drug in combination therapy as first-line treat-

all \mbm fot HVA1-infected batlents52 %3 The high level

of phenotypic resistance to 3TC com‘erred by the
M184V mutation results in the lack of significant RT
mhibmbn b{)8IGTRGith drug concentrations that
completely inhibit wild type (WT) RTs. We devel-
pLsd A\ screenlnrl? strategy for 3TC resistance that
Wsests %gle cbhehtration of 3TC-TP and demon-
strated its ability to differentiate between 3TC-sen-
|t| ? d fesistant RTs>". In addition to resistance
C med|ated by the M184V mutation, this assay
vvas also able to detect low level cross-resistance to
3TC med|ated by., putations” egnferfing nultiple
dide %mucl osigé lesibfance AQ15 M% gLohwplex
A thds Conﬂrmlng previbusfdifigs hserved by cul-
ture-based assays® (Fig. 8).
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Fig. 7. Detection of phenotypic resistance to nevirapine in
plasma from two HIV-1-infected patients treated with
nevirapine monotherapy, and correlation with detection of
the Y181C mutation by differential hybridization. Open

circles correspond to the RT inhibition values determined

by the Amp-RT-based phenotypic assay, and closed circles
correspond to the log,, ratio between mutant genotypes
(Y181C) and a highly conserved region of the HIV-1 RT
(MUT/GNR). (adapted from ref.?5).
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Fig. 8. Detection of phenotypic resistance to 3TC by

analysis of RT inhibition by 5 uM 3TC-TP in the Amp-RT
assay. Amp-RT reactions done in the presence and

absence of 3TC-TP are shown. Lanes 1 and 2, wild type

(wt). HIV-1.RT; Lane 3, 3TC-resistant (M184V); Lane 4,
nevirapine-resistant (181C/Y); lane 5, 3TC/nevirapine-
resistant (M184V/Y181C); Lane 6, AZT-resistant
(D67N/K70R/T215F/K219Q); Lanes 7, 8, and {E)j\?l\/— H?T
carrying different multidrug- n iong; WNeg, F
uninfected culture supernatan @ EP‘P t l S
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rentiate between sensitive and 3TC-resistant RTs
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nation is required to provide information on the lev-
els of resistance to these drugs [unpublished ob-
servations].

The mechanisms of AZT resistance are not com-
pletely understood and affect the use of the Amp-RT
assay to measure AZT resistance. Several reports
have shown that RTs carrying the classical AZT re-
sistance mutations (e.g., M41L, T215Y/F, K70R or
D67N) have similar Kivalues or IC,, values for AZT-
TP that wild type RTs®. The inability of detecting
AZT-resistance by RT assays has also been ob-
served in Amp-RT reactions done with RTs carrying
several AZT resistance mutations. However, the as-
say has been successfully used for screening of
phenotypic resistance to AZT mediated by muta-
tions at codon 151 and other positions associated
with resistance to multiple dideoxynucleoside
analogs, thus providing a rapid tool for surveillance
of multidrug resistant phenotypes®.

Advantages of drug susceptibility testing
by Amp-RT

RT-based drug susceptibility testing by Amp-RT
has two main advantages compared to replication-
based assays. First, conventional phenotypic as-
says are based on generating virus isolates by
standard isolation or by the recombinant virus tech-
niques and are, therefore, labor intensive, costly,
and unsuitable for rapid clinical monitoring of drug
resistance. In contrast, drug susceptibility testing
by Amp-RT does not require virus isolation by cul-
ture and provides rapid information on resistance
(1-2 days). Second, the Amp-RT assay directly
measures phenotypic resistance in HIV-1 from plas-
ma samples, and therefore, does not have selection
bias associated with virus isolation in culture®”:%,

The screening assay described above using sin-
gle concentrations of nevirapine or 3TC-TP can
successfully detect phenotypic resistance in mix-
tures containing as low as 10% resistant viruses in
a background of wild type HIV-1. The detection of
low proportion of resistant viruses is unique among
phenotypic assays and may allow an early detec-
tion of resistant viruses in patients receiving these
drugs. Detection of resistance in these patients
could be used as a marker of treatment failure,
therefore providing an opportunity for an early
of wild type and resis-
een in recent serocon-
verters who have been infected with resistant viruses.
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veillance studies of drug-resistant viruses in recent
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of resistance to 3TC*. For other NRTI such as
and ddC, however, this Amp-RT testing approach
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