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Abstract

The effects of drug resistance on HIV-1 replication capacity have been studied, but data from clinical isolates are
few. We accessed the patients with HIV-1 infection at the National Taiwan University Hospital who experienced
virological failure. Genotypic susceptibility and replication capacity of clinical HIV-1 isolates were measured.
There were 80 patients enrolled between September 2007 and August 2010. The HIV-1 replication capacity
declined significantly with the increasing number of major resistance-associated mutations (RAMs) to protease
inhibitors (PIs) (p<0.001); however, it did not decline significantly with the increasing RAMs to first-line
nonnucleoside analogue reverse transcriptase inhibitors (NNRTIs) (p=0.098). Regarding the effects of resistance
to antiretroviral drugs in salvage therapy, decreased replication capacity was noted with the increasing RAMs to
darunavir/ritonavir (p<0.001) and specific RAMs (L100I, K101P, and Y181C/1/V) to etravirine (p<0.001).
Although NNRTI-related RAMs have less remarkable effects, both PI- and NNRTI-related RAMs reduced
replication capacity, especially RAMs to darunavir/ritonavir and etravirine, which are commonly used in
salvage therapy for treatment of patients infected with highly resistant HIV. Thus, decreased viral fitness during
the emergence of RAMs suggests the importance of continued optimal antiretroviral treatment even when

virological failure was noted.

Introduction

IROLOGICAL FAILURE OF antiretroviral therapy may be
due to transmitted drug resistance or emergence of re-
sistance during therapy. Transmission and acquisition of
drug-resistant HIV have been documented as 6% to 16% re-
sistance to at least one drug and 3% to 5% reduced suscepti-
bility for more than one class of medication in the United States
and Europe; thus, patients may face limited treatment op-
tions.'> However, clinical studies have suggested that devel-
opment of drug resistance may not be associated with more
rapid disease progression.*” Furthermore, treatment interrup-
tion in patients who fail to respond to antiretroviral therapy
may reverse multidrug-resistant HIV-1 to wild-type virus and
may thus be associated with a higher risk of disease progression
or death than continued incompletely suppressive therapy.®
The benefit of persistent viral suppression despite the use of
optimal therapy may be mediated by reductions in viral fit-

ness associated with resistance-associated mutations (RAMs).
When HIV develops resistance to antiretroviral therapy
through the acquisition of mutations, reduced replication
capacity and reduced pathogenicity may result.”® The im-
paired viral fitness associated with acquisition of drug resis-
tance presumably results from alterations in natural substrate
binding and catalytic activity that occur as a consequence of
structural changes in reverse transcriptase, protease enzymes,
or integrase.”!" Thus, if completely suppressive regimens are
not available, continued incompletely suppressive therapy
may theoretically provide benefits.

Studies regarding the effect of RAMs on different classes of
antiretroviral drugs and HIV-1 replication capacity have been
limited, and most data were produced by in vitro experiments
on recombinant viruses from site-directed mutagenesis.'*"?
We are specifically interested in darunavir/ritonavir (DRV /r)
and etravirine (ETB) since they are essential components
of salvage antiretroviral therapy for patients infected with
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drug-resistant HIV-1 in Taiwan'¥; thus, HIV-1 resistance to
DRV/r or ETR is a critical issue for patients who fail to re-
spond to first-line antiretroviral therapy. In this study, we
explored the effect of protease inhibitor (PI), including DRV /r,
-related and/or nonnucleoside analogue reverse transcriptase
inhibitor (NNRTI), including ETR-related RAMs on HIV-1
replication capacity by correlating the numbers of RAMs and
susceptibility from genotypic resistance tests with the replica-
tion capacity of clinical HIV-1 isolates.

Materials and Methods
Subjects

At the National Taiwan University Hospital, a major re-
ferral center for HIV/AIDS in Taiwan, HIV-l-infected pa-
tients who experienced virological failure were tested for
genotypic resistance to HIV-1 from September 2007 to August
2010." Virological failure was defined as a confirmed HIV
RNA level >400 copies/ml after 24 weeks of antiretroviral
treatment, >50 copies/ml after 48 weeks, or a repeated de-
tectable HIV RNA level after prior suppression of viremia."
Resistance testing was performed while the patients were
receiving antiretroviral treatment or immediately (<4 weeks)
after discontinuation of the failed regimen. This study was
approved by the institutional review board of the hospital,
and informed consent was obtained from all subjects before
analysis. The human experimentation guidelines of the U.S.
Department of Health and Human Services were followed in
the conduct of clinical research.

Genotypic resistance assay

The genotypic resistance assay has been described previ-
ously."® Briefly, total RNA was extracted from plasma using
the QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s protocol. Polymerase chain
reaction was performed in a final volume of 50 ul containing
20mmol/liter Tris-HCl (pH 8.4), 50mmol/liter KCl,
1.5 mmol/liter MgCl,, 0.2 mmol/liter of each deoxynucleo-
side triphosphate, 0.2 umol/liter of each specific primer, and
25U of platinum Tag DNA polymerase (Invitrogen Life
Technologies, Grand Island, NY). Population-based nucleo-
tide sequence analysis of the polymerase chain reaction
fragments was conducted using an automatic sequencer
(3100 Avent Genetic Analyzer; Applied Biosystems, Foster
City, CA).

Genotypic resistance levels

Genotypic resistance levels were assessed by determining
the number of RAMs. The following major mutations asso-
ciated with resistance to currently available PIs were detected:
V321, M461/L, 147V /A, I50L/V, I54M /L, L76V, V82A/F/L/
S/T, 184V, N88S, and L90M. The following major mutations
associated with resistance specifically to DRV /r were de-
tected: 147V, 150V, I154M/L, L76V, and 184V. The following
mutations associated with resistance to first-line NNRTIs
(nevirapine and efavirenz) were detected: L100I, K101P,
K103N/S, V106A /M, V1081, Y181C/I, Y188C/L/H, G190S/
A, and P225H. The following mutations associated with re-
sistance specifically to ETR were detected: V90I, A98G, L1001,
K101E/H/P,V1061,E138A/G/K/Q,V179D/F/T,Y181C/1/V,
G190S/A, and M230L. The categories of drug susceptibility
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(susceptible, potential low-level resistant, low-level resistant,
intermediate-level resistant, and high-level resistant) were
classified according to the definition of the Stanford Uni-
versity HIV Drug Resistance Database Program (http://
hivdb.stanford.edu/index.html).

Estimation for HIV-1 viral fitness: comparative assay
for replication capacity

The comparative replication assay to estimate HIV-1 viral
fitness was described previously and has been modified
here.'®’” A total of 10° CD8-depleted peripheral blood
mononuclear cells (PBMCs) from 10 naive HIV-1-infected
subjects were cocultured with the same number of CD8-
depleted PBMCs from HIV-1-negative donors at 37°C and 5%
CO, in a humidified chamber, and cellular proviral HIV-1
DNA was measured using the Quanti-Kin Detection System,
HIV Total DNA Quantity (Symbiosis, Asti, Italy). Capsid
protein (p24 antigen) production was measured in culture
supernatants on day 7 using an enzyme immunoassay kit
(Beckman Coulter, Fullerton, CA). A log-linear plot was
constructed using the p24 antigen levels on day 7 (on the
y-axis) versus baseline cellular proviral HIV-1 DNA (on the
x-axis). The log-linear plot was used as a reference curve. A
total of 10° CD8-depleted PBMCs derived from the patients
with virological failure to antiretroviral drugs were co-
cultured with the same number of CD8-depleted PBMCs from
HIV-1-negative donors. The replication capacity of HIV-1
isolates from the subjects was calculated as the ratio multi-
plied by 100 of the p24 antigen level of isolates (on day 7) over
the p24 antigen level determined on the reference curve ac-
cording to the baseline cellular proviral HIV-1 DNA levels. All
assays were performed in triplicate. In our preliminary ex-
periences, a plasma HIV-1 RNA level greater than 3,000
copies/ml and a CD4" T cell count greater than 100/ ul in
peripheral blood were required to perform the replication
assay; otherwise, the results from the assay would be highly
variable and thus unreliable. Thus, the subjects who met the
criteria of virological failure were enrolled only if their CD4 "
T cell count exceeded 100/ ul and their plasma HIV-1 RNA
level exceeded 3,000 copies/ml.

Statistical analysis

Statistical analysis was performed using SPSS statistical
software, version 6.1.3 (SPSS Inc., Chicago, IL). For analysis of
continuous data between two groups, the nonparametric
Mann-Whitney U-test was used. One-way analysis of vari-
ance (ANOVA) was used if >3 groups were compared.
p<0.05 was considered significant.

Results
Characteristics of subjects

Between September 2007 and August 2010, 80 subjects with
HIV-1 were enrolled and analyzed. Characteristics of the
subjects are listed in Table 1. Of note, all subjects were ho-
mosexual men. Age, CD4 " T cell count, and plasma HIV RNA
level at baseline or at enrollment, as well as duration of ex-
posure to antiretroviral therapy, were similar between the
enrolled subjects exposed to Pl-based regimens and those
exposed to NNRTI-based regimens.
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TABLE 1. SELECTED CHARACTERISTICS OF ENROLLED SUBJECTS

Exposed to Pl-based  Exposed to NNRTI-based

regimens (n=46)" regimens (n=52)" p value

Sex (M/F)

Age (mean=*SD)

Baseline CD4* cell count (/ul) (mean+SD)

Baseline plasma HIV-1 DNA (x 10° copies/ml) (mean+SD)
CD4" cell count at enrollment (/ul) (mean+SD)

Plasma HIV-1 DNA at enrollment (x10° copies/ml) (mean+SD)
Duration of exposure to antiretroviral drugs (weeks) (mean+SD)

46/0
33.7+8.8
245.1+£90.7
28+19
284.5+86.7
19+12
74121

52/0
35.1+7.6
256.8+£85.6

31+17
267.8+£78.5

16+13

68+23

0.4
0.513
0.411
0.319
0.24
0.183

?A total of 18 subjects were exposed to both PI-based and NNRTI-based regimens.
PI, protease inhibitors; NNRTI, nonnucleoside analogue reverse transcriptase inhibitors.

Effects of number of RAMs on replication capacity

To assess the effect of the major RAMs to PIs on HIV-1
fitness, we determined the association between the number of
major RAMs to PIs and the replication capacity of HIV-1. We
found that the HIV-1 replication capacity declined signifi-
cantly with the increasing number of major RAMs to Pls
(p<0.001 by one-way ANOVA, Fig. 1a). The replication ca-
pacity decreased to <50% (mean, 49.8%) when the number of
major RAMs to PIs was >4. However, the mean HIV-1 rep-
lication capacity remained >60% regardless of the number of
RAMs to first-line NNRTIs and did not decline significantly
with the increasing number of RAMs to first-line NNRTIs
(p=0.098 by one-way ANOVA, Fig. 1b).

To determine the cross-effects of RAMs to PIs and RAMs to
NNRTIs on HIV-1 fitness, we assessed the distribution of
HIV-1 replication capacity according to the number of major
RAMs to PIs and RAMs to NNRTIs in a triaxial figure (Fig. 1c).
We found that the replication capacity declined markedly
with the increasing number of major RAMs to Pls if there were
the same number of RAMs to NNRTIs, and the decline in
replication capacity was less remarkable with the increasing
number of RAMs to NNRTIs if there were the same number of
major RAMs to Pls.

Effects of HIV-1 resistance to DRV/r
on replication capacity

To determine the effect of the major RAMs to DRV /r on
HIV-1 fitness, we assessed the association between the num-
ber of major RAMs to DRV /r and the replication capacity of
HIV-1. No HIV-1 isolates from the enrolled subjects had >4
major RAMs to DRV /r among 147V, 150V, 154M /L, L76V, and
184V. We found that the HIV-1 replication capacity declined
significantly with the increasing number (from 0 to 3) of major
RAMs to DRV/r (p<0.001 by one-way ANOVA, Fig. 2a). The
replication capacity was also compared between HIV-1 with
major RAMs to DRV /r and HIV-1 with major RAMs to Pls
but not to DRV /r (i.e., V321, M461/1L, 147A, V82A/F/L/S/T,
N88S, and L90M) to determine their relative effect; the repli-
cation capacity (mean+SD) was as follows: one mutation,
56.5% £10.7% versus 74.2% £ 12.3%, p <0.001; two mutations,
38.3%+13.6% versus 60.6% +11.5%, p<0.001; and three mu-
tations, 23.0%%7.8% versus 49.7%+10.8%, p=0.012, respec-
tively. The results showed that with the same number of
major RAMs, the major RAMs to DRV /r had an even more
remarkable effect on replication capacity than the major
RAMs to PIs but not to DRV /r.
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FIG. 1. The effect of resistance to antiretroviral drugs on

replication capacity. (a) Association between the number of
major resistance-associated mutations (RAMs) to protease
inhibitors (PIs) and replication capacity. The major RAMs to
PIs include V32I, M46IL, 147VA, IS0LV, I54ML, L76V,
V82AFLST, 184V, N88S, and LIOM [p<0.001 by one-way
analysis of variance (ANOVA)]. (b) Association between the
number of RAMs to first-line nonnucleoside analogue reverse
transcriptase inhibitors (NNRTIs; nevirapine and efavirenz)
and replication capacity. The mutations associated with re-
sistance to first-line NNRTIs included L1001, K101P, K103NS,
V106AM, V108I, Y181CI, Y188CLH, G190SA, and P225H
(p=0.098 by one-way ANOVA). (c) Association between the
number of RAMs to PIs, the number of RAMs to NNRTIs, and
replication capacity.
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FIG. 2. The effect of resistance to darunavir/ritonavir on

replication capacity. (a) Association between the number of re-
sistance-associated mutations (RAMSs) to darunavir/ritonavir
(DRV/r) and replication capacity. The major RAMs to DRV /r In this study, we analyzed the replication capacity of clin-
included 147V, 150V, I54ML, L76V, and 184V [p<0.001 by one-  jcal HIV-1 isolates from 80 treatment-experienced subjects.
way analysis of variance (ANOVA)]. (b) Association between
HIV-1 susceptibility to DRV/r and replication capacity
(p<0.001 by one-way ANOVA).

Discussion

Our data showed that the accumulation of drug resistance
could have an effect on replication capacity of clinical HIV-1

isolates. Generally, the RAMs to PIs have a more remarkable
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FIG. 3. The effect of resistance to etravirine on replication capacity. (a) Association between the number of resistance-
associated mutations (RAMs) to etravirine (ETR) and replication capacity. The mutations associated with resistance to ETR
include V90I, A98G, L1001, K101EHP, V106l, E138AGKQ, V179DFT, Y181CIV, G190SA, and M230L [p=0.081 by one-way
analysis of variance (ANOVA)]. (b) Association between HIV-1 susceptibility to ETR and replication capacity (p<0.001 by
one-way ANOVA). (¢) Association between the number of selected RAMs (including L1001, K101P, Y181C/I/V) to ETR and
replication capacity (p<0.001 by one-way ANOVA).



MUTATIONS AND HIV-1 REPLICATION CAPACITY

effect on decreasing replication capacity than RAMs to
NNRTIs; reduced replication capacity can also be noted with
the increased RAMs to relatively newly introduced anti-
retroviral drugs such as DRV/r and ETR.

HIV viral fitness, which refers to the ability of a virus to
reproduce within a host, was mimicked in vitro by replication
capacity. Because replication of HIV within a host is a com-
plicated task involving target cell entry, reverse transcription,
integration, gene expression, assembly, egress, maturation,
and control of the host cell for optimal replication and virion
production,' the function of the virus could be easily influ-
enced because of mutation, led by the error-prone process of
replication and pressure from antiretroviral therapy. Viral
fitness, as replication capacity, can lead to further correlation
with clinical outcome, and it has gained attention with in-
creasing drug resistance among patients experienced with
antiretroviral therapy or naive patients with transmitted
resistance.””

A number of methods have been developed to measure viral
fitness, including replication kinetics and competitive culture
assays, but they are time consuming and labor intensive.?’
Furthermore, prior studies on the effect of drug resistance on
HIV-1 replication capacity were limited to recombinant viruses
from site-directed mutagenesis.u’13 However, the HIV repli-
cation process intensively involves the interaction between the
host and virus, so the replication capacity through recombinant
virus may not properly reflect the behavior of clinical isolates
with a complicated resistance pattern and the effect of back-
ground polymorphisms of the virus within the host. Our
modified simple method may provide a clinically practical
measurement for replication capacity of clinical isolates.

A prior study with a small number of cases (N=28) in-
volving the replication capacity of HIV-1 strains from patients
noted that the RAMs to NNRTIs had a minimal effect on
replication capacity of HIV-1 when compared with the RAMs
to PIs.*! Our study further supported this finding because the
dose-response was observed between accumulated RAMs
and PIs to decreased replication and the dose-related phe-
nomenon was less markedly demonstrated in RAMs to
NNRTIs. Furthermore, the triaxial figure (Fig. 1c) shows that
while combining the effect of RAMs to PIs and RAMs to
NNRTIs, the effect of RAMs to PIs predominated on HIV-1
replication capacity. This can be partially explained by the fact
that the PIs act on the active site of the enzyme, whereas the
active site of NNRTIs is more distant. The more the mutation
occurred within the active site of the enzyme, the more the
enzymatic activity can be affected and replication capacity
could decrease.”

As to the correlation between replication capacity and
treatment outcome, the ARGENTA trial (N=139) in 1999-
2000 revealed that after adjusting baseline CD4 cell counts,
HIV-1 RNA levels, and phenotypic susceptibility to the rescue
regimen, higher viral replication capacity may predict worse
treatment outcome.'® Thus, because the drug resistance to PIs
occurred with decreased replication capacity, clinical benefit
would be expected by keeping selective antiretroviral drug
pressure despite drug resistance. On the other hand, for the
novel NNRTI such as ETR, the specific RAMs to ETR led to
decreased replication capacity in our study. Whether this
finding supports the use of ETR rather than other first-line
NNRTIs for patients with NNRTI resistance warrants further
clinical studies.
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The study has several limitations. Even though our data
revealed that replication capacity decreases with increased
number of RAMs to PIs, including DRV /r, we do not know
the possible differential effect of different RAMs. In the
study on the effect of raltegravir resistance by Hu and Kur-
itzkes, the virus with a Q148H mutation was less fit than the
virus with an N155H mutation and the wild-type virus;
however, the presence of the G140S, E92Q), and E138K mu-
tation partially restored the replication capacity.'* However,
as compared to site-directed mutagenesis and study in re-
combinant virus, our study can better demonstrate the issue
of clinical isolates in a clinical setting. The effect of specific
RAMs could be studied by further observation with larger
sample sizes.

Selection bias may exist because the cases were derived
from only one major medical center rather than from a na-
tionwide survey. Baseline resistance information is lacking, so
we do not know how many major mutations developed
during antiretroviral treatment with PI-containing regimens.
Furthermore, the effect of medication adherence on the
emergence of resistance, which may bias the interpretation of
the results, could not be assessed in this study.

The external validity of this study is limited because all
80 subjects were men with a risk factor of homosexual be-
havior. However, viral biology may hardly be affected by
human behavior, and we expect that the results can be
applied to other populations, although further studies are
warranted.

In conclusion, the increasing resistance to PIs or NNRTIs
implies that the progressive accumulation of RAMs may
impede the effectiveness of antiretroviral therapy but also
decrease viral fitness. These data suggest the importance of
continued optimal antiretroviral treatment even when the
viral load cannot be reduced to an undetectable level because
of resistance.
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