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Abstract

The usefulness of ultra-deep pyrosequencing (UDPS) for the diagnosis of HIV-1 drug resis-
tance (DR) remains to be determined. Previously, we reported an explosive outbreak of
HIV-1 circulating recombinant form (CRF) 07_BC among injection drug users (IDUs) in Tai-
wan in 2004. The goal of this study was to characterize the DR of CRF07_BC strains using
different assays including UDPS. Seven CRF07_BC isolates including 4 from early epi-
demic (collected in 2004—-2005) and 3 from late epidemic (collected in 2008) were obtained
from treatment-naive patient’s peripheral blood mononuclear cells. Viral RNA was extracted
directly from patient’s plasma or from cultural supernatant and the pol sequences were
determined using RT-PCR sequencing or UDPS. For comparison, phenotypic drug suscep-
tibility assay using MAGIC-5 cells (in-house phenotypic assay) and Antivirogram were per-
formed. In-house phenotypic assay showed that all the early epidemic and none of the late
epidemic CRF07_BC isolates were resistant to most protease inhibitors (Pls) (4.4—47.3
fold). Neither genotypic assay nor Antivirogram detected any DR mutations. UDPS showed
that early epidemic isolates contained 0.01-0.08% of PI DR major mutations. Furthermore,
the combinations of major and accessory Pl DR mutations significantly correlated with the
phenotypic DR. The in-house phenotypic assay is superior to other conventional phenotypic
assays in the detection of DR variants with a frequency as low as 0.01%.
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Introduction

Combination antiretroviral therapy (cART), also known as highly active antiretroviral therapy
(HAART) can decrease the morbidity and mortality of HIV-1/AIDS patients [1-3]. However,
the emergence of HIV-1 drug resistance (DR) may lead to cART failure [4, 5]. Therefore,
detection of DR viruses is important for clinical management of HIV-1/AIDS. Two assays
have been designed for the detection of HIV-1 DR: genotypic and phenotypic assays [6]. Geno-
typic assay uses direct PCR amplification of the HIV-1 pol region followed by Sanger sequenc-
ing (also called bulk sequencing). It is widely used in the clinical laboratory diagnosis of HIV-1
DR since it is less expensive and has a short processing time [6]. However, the results of these
assays do not always represent the clinical outcome because resistance is predicted by muta-
tions that had been previously observed [7]. In addition, the specimens need to contain at least
20% of the DR quasispecies or variants [8, 9]. In contrast, phenotypic assays measure HIV-1
viral replication in cells cultured in different drug concentrations. There are two types of phe-
notypic assays: commercially available phenotypic assays generate chimeric viruses by homol-
ogous recombination of PCR-derived sequences and then culture with cells in different drug
concentrations [10, 11] and in-house phenotypic assay use peripheral blood mononuclear cells
(PBMC:s) to isolate HIV-1 and then incubate them in target cells (MAGIC-5 cells) with differ-
ent drug concentrations [12, 13]. It has been reported that phenotypic drug resistance using
recombinant virus assay was limited to detect low-frequency viral quasispecies below than
50% [14]. However, there is no data on the sensitivity of the in-house phenotypic assay which
uses primary isolates from the patients directly.

Compared with standard population sequencing, a number of ultrasensitive assays, includ-
ing allele-specific PCR and deep sequencing, can detect mutations present at a far lower fre-
quency [15-17]. Low-frequency variants containing non-nucleoside reverse transcriptase
inhibitor (NNRTTI) resistance mutations were associated with virologic failure in patients
receiving first-line cART [18]. In addition, using allele-specific PCR, Rowley et al. demon-
strated that low-frequency variants containing K103N and Y181C increased the risk of treat-
ment failure of nevirapine [19]. One of the approaches is ultra-deep pyrosequencing (UDPS)
which sequences millions of PCR amplicons, such as sequencing on the Roche 454 platform.
However, few studies have been conducted to evaluate the usefulness of UDPS in the detection
of low-frequency DR variants in clinical settings [18, 20-22].

In Taiwan, HIV-1 circulating recombinant form (CRF) 07_BC is one of the predominant
strains in injection drug users (IDUs) [23, 24]. The risk factors associated with IDU infection
and the virological characteristics of CRF07_BC have been well addressed in our previous
study [24-28]. However, little is known about the characteristics of the DR profiles of treat-
ment naive patients infected with CRF07_BC. Previously we performed in-house phenotypic
and genotypic assay to determine the DR profiles in two treatment naive IDUs infected with
CRF07_BC. In-house phenotypic assay [12] showed that one IDU who was an early serocon-
verter had phenotypic DR to PIs. However, no DR mutations were observed in the HIV-1 pol
regions using genotypic assay. Therefore, we proposed that low-frequency of PI-resistant vari-
ants may exist in CRF07_BC infected patients that cannot be detected by genotypic assay but
can be identified through in-house phenotypic assay.

Materials and Methods
Subjects

Seven CRF07_BC isolates including 4 from early epidemic (collected in 2004-2005) and 3
from late epidemic (collected in 2008) were obtained from treatment-naive patient’s PBMCs.
Demographic data was assessed through a self-administered questionnaire. PBMCs were
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collected for primary culture and HIV-1 subtyping. Blood plasma was collected for viral RNA
extraction.

Ethics statement

This study was approved by the Institutional Review Boards (IRB) of Kaohsiung Medical Uni-
versity Chung-Ho Memorial Hospital. Written informed consent was obtained from patients
who agreed to participate in this study.

HIV-1 subtyping and primary culture with PBMCs

Viral RNA was extracted from plasma using QIAmp viral RNA mini kits (Qiagen, Hilden,
Germany). DNA sequencing was performed using a ABI PRISM 3700 DNA analyzer (Applied
Biosystems, Foster City, USA). HIV-1 subtyping was determined using nested multiplex poly-
merase chain reaction (PCR) and phylogenetic tree analysis as described previously [26, 28].
Briefly, two sets of nested PCR were performed to determine the HIV-1 subtype. One set
added three pairs of primers for subtype B, C and CRF01_AE. Subtype can be determined by
the different size of PCR products. Another set of nested PCR was performed using
CRF07_BC specific-primer pairs to discriminate CRF07_BC from subtype C. Virus produc-
tion was performed by donor PBMCs co- culture with infected PBMCs. The culture proce-
dures have been described elsewhere [29, 30].

Virus stock titration

MAGIC-5 cells were counted and dispensed into a 96-well tissue culture plate at 4.5x10° cells/
well with growth medium. Medium was removed the next day, and the virus diluted by growth
medium plus DEAE-dextran (20pg/ml) (Sigma, Saint Louis, USA) was added to each well.
Infection by each virus was performed in triplicate wells. Cells were assayed for infection by
staining for B-galactosidase expression at 48 hours post-infection. Culture medium was
removed, and fixing solution (0.1% formaldehyde and 0.02% glutaraldehyde in PBS) was
added to each well. The monolayer was fixed at room temperature for 5 min, and 100ul of
staining solution (4mM potassium ferrocyanide, 4mM potassium ferricyanide, 2mM magne-
sium chloride, and 400pg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside [X-gal] in
PBS) was added to each well. The number of blue-stained cells was counted and expressed as
blue cell-forming units (BFUs).

In-house phenotypic assay

Each clinical isolate was directly tested for drug susceptibility in triplicate using MAGIC-5
cells as described previously [12]. Briefly, each drug was prepared in four serial 10-fold dilu-
tions with infection medium (growth medium supplemented with 20ug/ml of DEAE-Dex-
tran). MAGIC-5 cells were counted and dispensed into a 96-well tissue culture plate at 4.5x10°
cells/well with growth medium. To determine the susceptibility to PIs, 400-600 BFU of virus
isolates with or without serial-diluted drugs were added to wells. The cells were cultured for
4-5 days for multiple-round replication, and the supernatant was transferred to another
96-well tissue culture plate with MAGIC-5 cells. In this step, the virus was cultured in a drug-
free medium, and the cells were fixed and stained as described above after 48 hours of drug-
free culture. To determine the susceptibilities to nucleoside reverse transcriptase inhibitors
(NRTTs) and NNRTTIs, 100 BFU of virus isolates with or without serial-diluted drugs were
added to wells, and the cells were fixed and stained after 48 hours of co-culture with virus and
drugs. Blue infected cells were counted under an inverted microscope, and the 50% inhibitory
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concentration (ICs,) of each drug was estimated from plots of the percentage of BFU reduction
versus drug concentration. Each experiment used the NL4.3 HIV-1 strain as control. For com-
parison, an in vitro phenotypic resistance assay that measures the level of resistance of recom-
binant HIV-1 from plasma samples was performed using Antivirogram assay [11].

The NTH AIDS Research and Reference Reagent Program (Division of AIDS, National
Institute of Allergy and Infectious Diseases [NIAID], NIH) provided the antiviral drugs used
in this study: PIs, ritonavir (RTV), saquinavir (SQV), indinavir (IDV), nelfinavir (NFV),
amprenavir (APV); NRTIs, zidovudine (AZT), lamivudine (3TC), stavudine (d4T), didanosine
(ddI), zalcitabine (ddC), abacavir (ABC), tenofovir (TDF); NNRTTIs, nevirapine (NVP), efavir-
enz (EFV).

In this study, all of the CRF07_BC isolates were cultured with MAGIC-5 cells containing
different concentrations of RT inhibitors or PI inhibitors. Nine NRTTs, 2 NNRTIs and 5 PIs
were used in the in-house phenotypic assay. DR was determined by comparing the fold
increase of ICs, with NL4.3 control. Fold increase was interpreted and assigned a phenotypic
resistance or susceptibility using the clinical cut off values (CCOs) or biological cut off values
(BCOs). CCOs was defined as the clinical relevant breakpoints of treated patients with drug
resistant HIV-1. BCOs was defined as the breakpoints of drug susceptibility range of wild-type
virus in the in vitro susceptibility assay. If the fold difference between patient isolates and
NL4.3 control was above the upper CCO value or BCO value, the isolates were defined as hav-
ing DR. Drug susceptibility was defined as a fold increase below the lower CCO. Intermediate
DR was a fold increase between the lower and upper CCOs. In addition, the fold increase inter-
pretation used BCOs when CCOs were lacking. However, BCOs are not derived from data of
clinical responses to ARV drugs and may lack clinical relevance [31-34].

Genotypic assay

Viral RNA was reverse transcribed to cDNA using Tetro cDNA synthesis kit (Bioline, Taun-
ton, USA) with a random hexamer. The HIV-1 pol gene was amplified by PCR using Blend
Taqplus kit (Toyobo, Osaka, Japan) with the first (F1849 and R3500) and nested primers
(MAW26 and RT21) published previously [35]. Briefly, the first PCR reaction for HIV-1 pol
region was performed using cDNA as template. The products of the first PCR process contin-
ued with nested PCR. Sequences of the pol region were compared to the consensus B sequence
from the Stanford HIV DR Database (http://hivdb.stanford.edu/) to detect and estimate muta-
tions of DR and susceptibility to PIs and reverse transcriptase inhibitors (RTTs).

Ultra-Deep Pyrosequencing (UDPS)

Amplicon sequencing was performed according to the manufacturer’s instructions. PCR was
done using Expand High Fidelity DNA polymerase (Roche Applied Science, Basel, Switzer-
land). The purified PCR products were used in direct population Sanger sequencing (ABI
3730, Applied Biosystems, Foster City, USA) and UDPS (Roche/454 GS Junior, Branford,
USA). The PCR amplicons were sequenced by forward direction on the Roche 454 GS Junior
platform. Equimolar pooling of the DNA molecular for each patient was performed and fol-
lowed by emulsion PCR and pyrosequencing on a 454 GS Junior sequencer.

UDPS sequences analysis and bioinformatics

Data cleaning was important to increase the quality of sequences for subsequent analysis. First,
sequences from each run were separated into different multiple identifiers (MIDs), and then
the data was cleaned by several steps. Sequences containing the following were discarded: 1)
sequences that could not be separated by different MIDs, 2) sequences with a consecutive
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PHRED score of less than 20, 3) sequences with < 80% similarity to the corresponding Sanger
sequence, 4) sequences containing ambiguous bases (Ns), 5) sequences with lengths shorter
than 300 base pairs, and 6) sequences containing insertions, deletions and stop codons. In the
remaining sequences, the proportion of mutations in the protease region was calculated (S1
Fig) (S1 Table). The strength of relationship between phenotypic DR and low frequency DR
variants was estimated by a Pearson correlation coefficient. The difference was considered sta-
tistically significant when p< 0.05.

We have deposited our sequences data in the NIH short read archive (SRA). Data can be
public accessed by theses accession numbers: SRS1830977 to SRS1830983.

Results
Patient demographics and clinical characteristics

A total of 7 male IDUs were recruited in this study. All of them were treatment naive patients
with CRF07_BC infection. The mean age of patients was 37.6 years (range, 28-51 years).
Patients were separated into two groups defined as early epidemic (4 patients collected in
2004) and late epidemic (3 patients collected in 2008). Three of 4 early epidemic patients were
early seroconverters (Table 1).

Early epidemic CRF07_BC isolates have phenotypic DR to most Pls
using in-house phenotypic assay

The result of in-house phenotypic assay showed that all the early epidemic isolates had DR to
most PIs (4.4- to 47.3-fold increase compared with CCO or BCO). For ritonavir (RTV),
TW_D38, TW_D53 and TW_D83 had phenotypic DR (5.8-, 8.9- and 8.3-fold increase, respec-
tively). All the early epidemic isolates had phenotypic DR to amprenavir (APV). For nelfinavir
(NFV), TW_D38 and TW_D83 had phenotypic DR (27.4- and 47.3- fold increase, respec-
tively). None of the late epidemic isolates had phenotypic DR to the PIs. However, two early
epidemic isolates (TW_D53 and TW_D78) and one late epidemic isolate (TW_D855) had
intermediate phenotypic DR to NFV (Table 2). Most early epidemic and late epidemic isolates
did not have phenotypic DR to most RTIs. However, TW_D53 and TW_D78 had phenotypic
DR to nevirapine (NVP) (9.77-fold increase) and tenofovir (TDF) (3.47-fold increase), respec-
tively. TW_D38 had intermediate phenotypic DR to atazanavir (AZT) (2.9-fold increase)

Table 1. Demographic and clinical data of HIV-1 infected patients.

Patient Gender Age
CRF07_BC
Early epidemic
TW_D38 M 37
TW_D53 M 38
TW_D83 M 28
TW_D78 M 51
Late epidemic
TW_D848 M 31
TW_D854 M 37
TW_D855 M 41

@ Determined by BED-CEIA.
NT, Not test.

doi:10.1371/journal.pone.0170420.t1001

Year of diagnosis Year of collection CDA4/pl HBsAg HCVAb Detuned assay®

Jun.2004 Nov.2004 325 + Positive
Sep.2004 Nov.2004 364 + Positive
Mar.2003 Dec.2004 360 + NT
2004 Dec.2004 322 + Positive
Dec.2006 Mar.2008 NT + NT
Nov.2004 Mar.2008 NT - + NT
Sep.2005 Mar.2008 NT + + NT
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Table 2. Fold increase of IC5, of Taiwanese CRF07_BC for various protease inhibitors.

Fold increase (ICso [uM]+S.D) #
Patients from early epidemic

Pls Lower CCO—

RTV
APV
NFV
sQv
IDV

RTV, ritonavir; SQV, saquinavir; IDV, indinavir; NFV, nelfinavir; APV, amprenavir.

Upper CCO
3.5%
2.5%
1.2-94
3.1-22.6
2.3-27.2

TW_D38

5.8 (0.04+0.014)

TW_D53

8.9 (0.06+0.011)

TW_D83

8.3 (0.06+0.001)

TW_D78

1.7 (0.06+0.004

4.4 (0.03£0.020) 5.4 (0.03+0.029) 5.5(0.03+£0.023) 6.1 (0.04+£0.003
27.4 (0.02+0.012) | 3.6 (0.00+£0.004) | 47.3 (0.04+0.006) | 5.0 (0.03+0.020

1.2 (0.01£0.000)
1.1 (0.01£0.001)

1.0 (0.01+0.000)
0.9 (0.00£0.001)

1.2 (0.01+0.000)
1.0 (0.01+0.001)

1.2 (0.01£0.001
1.4 (0.01£0.001

)
)
)
)
)

Patients from late epidemic

TW_D848

1.2 (0.01£0.001)
0.2 (0.00£0.00)
1.4 (0.01£0.001)
0.7 (0.00£0.00)
1.1 (0.01£00.00)

@ Fold increase was calculated by dividing the IC5, of each drug by the mean ICs, for NL4.3 in each assay.
* These drugs have only one biological cut-off value (for in vitro susceptibility).

doi:10.1371/journal.pone.0170420.t002

TW_D854

0.8 (0.03+0.019)
1.0 (0.55£0.034)
1.2 (0.01£0.001)
0.7 (0.00£0.003)
1.0 (0.01£0.00)

TW_D855

1.1 (0.05£0.014)
0.8 (0.03+0.009)
2.3(0.02+0.010)
1.0 (0.01£0.000)
1.5 (0.01£0.00)

(Table 3). In addition, the results of Antivirogram showed that none of the CRF07_BC isolates
had phenotypic DR to PIs and RTIs.
The results of genotypic assay showed that none of the patients had major DR mutations in
the protease and reverse transcriptase regions. In the protease region, the following accessory
mutations including E35D, M361, R41K, D60E, L63P and I93L were detected in all the
patients. I13M mutation occurred in TW_D38 and TW_D53. N37H and N37P occurred in
TW_D78 and TW_D854, respectively. 164M and V771 occurred in TW_D848 and TW_D854,
respectively. However, most of the mutations mentioned above were defined as amino acid
polymorphic mutations according to the Stanford HIV-1 DR database. D60E and L63P are
polymorphic mutations and more common in patients receiving PIs (Table 4 and S2 Table).

Taken together, all the early epidemic isolates have phenotypic DR to most PIs. While none
of them have DR observed by both genotypic and Antivirogram assays. We speculate that the

Table 3. Fold increase of IC5, of Taiwanese CRF07_BC for various reverse transcriptase inhibitors.

RTIs |Lower CCO—

NRTI
AZT
3TC
d4T

ddl
ddC
ABC
TDF

NNRTI
NVP
EFV

Upper CCO

1.5-11.4
1.2-4.6
1.0-2.3
0.9-2.6
3.5%
0.9-3.5
1.0-2.3

6.0*
3.3*

TW_D38

2.90 (0.04+0.01)
1.24 (1.09£0.45)
0.59 (3.112.35)
0.69 (3.87+1.32)
0.78 (0.78+0.06)
0.51 (3.11%1.04)
0.90 (0.04+0.01)

0.99 (0.08+0.03)
1.04 (0.003+0.00)

TW_D53

1.92 (0.03+0.02)
1.31 (1.14£1.13)
0.92 (5.8511.87)
1.69 (6.03+4.45)
1.21 (0.85:0.23)
1.03 (6.25£0.77)
1.89 (0.08+0.01)

9.77 (0.79+0.07)
1.44 (0.005+0.00)

Fold increase (ICsq [uM]£S.D) @
Patients from early epidemic

TW_D83

0.91 (0.02+0.01)
0.79 (0.69£0.18)
0.87 (4.94+1.61)
0.95 (5.72+0.60)
0.73 (0.73+0.06)
0.79 (4.79£1.09)
1.09 (0.05+0.01)

0.93 (0.08£0.01)
1.57 (0.005+0.00)

TW_D78

1.38 (0.55£0.10)
0.38 (0.68+0.18)
1.10 (6.22+1.14)
1.16 (5.19£0.29)
0.91 (0.64+0.02)
1.24 (6.66£0.48)
3.47 (0.04+0.01)

4.91 (0.36+0.09)
1.42 (0.005+0.00)

Patients from late epidemic

TW_D848

0.85 (0.16+0.14)
0.66 (1.52+1.14)
0.17 (1.51+0.69)
0.52 (2.42+1.48)
0.29 (0.59+0.06)
0.55 (2.47+1.21)
0.79 (0.0080.00)

0.71 (0.14+0.06)
0.78 (0.005:0.00)

TW_D854

0.92 (0.23+0.25)
1 (5.23+2.88)
0.76 (4.55+2.05)
0.66 (5.58+1.14)
0.26 (0.77+0.04)
0.75 (5.19+1.22)
0.75 (0.02+0.01)

0.23 (0.07+0.01)
0.91 (0.0060.00)

TW_D855

1.82 (0.45+0.36)
0.79 (4.12+2.95)
0.61 (3.651.32)
0.72 (6.06+0.67)
0.27 (0.78+0.28)
0.51 (3.5240.29)
0.51 (0.010.01)

0.02 (0.07+0.01)
0.68 (0.005:0.00)

AZT, zidovudine; 3TC, lamivudine; d4T, stavudine; ddl, didanosine; ddC, zalcitabine; ABC, abacavir; TDF, tenofovir; NVP, nevirapine; EFV, efavirenz
@ Fold increase was calculated by dividing the ICs, of each drug by the mean ICs, for NL4.3 in each assay.
* These drugs have only one biological cut-off value (for in vitro susceptibility).

doi:10.1371/journal.pone.0170420.t003
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Table 4. The amino acid changes in the protease region in Taiwanese CRF07_BC strains.

Patient 113
CRF07_BC
CN54 -
Early epidemic
TW_D38 M
TW_D53 M
TW_D78 -
TW_D83 -
Late epidemic
TW_D848 -
TW_D854 -
TW_D855 -

E35 M36

O |0 O |0

O O

N37

Amino acid residue

R41

X|IXIX|X

XX

D60

m

L63

T|T | T T

T |0

164

v77

193

-

-

Amino acids identical to consensus B sequence (top) were indicated with dashes. CN54 was the prototypic CRF07_BC strain from mainland China.

doi:10.1371/journal.pone.0170420.t004

phenotypic PI DR of early epidemic isolates was caused by low-frequency variants containing
PI major DR mutations. Therefore, we performed UDPS to detect the low-frequency variants

of the CRF07_BC isolates.

Low-frequency PI DR variants were positively associated with
phenotypic PI DR

The low-frequency variants of CRF07_BC isolates were detected by UDPS. After different
steps of quality control, the remaining sequences were analyzed for correlation with pheno-

typic PI DR. We analyzed the correlation between phenotypic PI DR and the sequences con-

taining major mutations along or concurrent with major mutations and accessory mutations

in the protease region. As shown in Table 5, the low-frequency PI DR variants associated with
phenotypic PI DR occurred at a frequency of 0.01 to 0.08. For RTV, the low-frequency PI DR
variants harboring the major mutation 154S concurrent with accessory mutations M361, L63P

Table 5. Correlation between the phenotypic drug susceptibility and low frequency variants in Taiwanese CRF07_BC early epidemic isolates.

Fold increase® / Percentage of major or major + accessory mutations

Pls Correlation (R) P value TW_D38 TW_D53 TW_D83 TW_D78
RTV
154S + M361 + L63P + 193L 0.87 0.01 5.8/0 8.9/0.02 8.3/0.01 -
APV
154V 0.91 <0.01 4.4/0.04 5.4/0.05 5.5/0.06 6.1/0.08
NFV
D30N + G73S 0.85 0.01 - - 47.3/0.01 -
154T + A71V 0.85 0.01 - - 47.3/0.01 -
154M + M36I + L63P + 193L 0.85 <0.01 - - 47.3/0.01 -
154L + M36V 0.91 <0.01 27.4/0.01 - 47.3/0.01 -
V82F + M361 + L63P + I193L 0.99 <0.01 27.4/0.01 - 47.3/0.01 -
& Fold increase was calculated by dividing the ICsq of each drug by the mean ICs, for NL43 in phenotypic drug susceptibility assay.
Bold indicates Pl major drug resistance mutations.
doi:10.1371/journal.pone.0170420.t005
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and I93L had positive correlation with phenotypic PI DR (R = 0.87, p = 0.01). For APV, the
low-frequency PI DR variants harboring the major mutation 154V had positive correlation
with phenotypic PI DR (R = 0.91, p< 0.01). For NFV, the following mutations had positive
correlation with phenotypic PI DR: D30N + G73S (R = 0.85, p = 0.01), I54T + A71V (R = 0.85,
p =0.01), I54M + M36I + L63P + I193L (R = 0.85, p< 0.01), I54L + M36V (R = 0.91, p< 0.01)
and V82F + M36I + L63P + I93L (R = 0.99, p< 0.01).

In summary, we collected 7 CRF07_BC isolates including 4 from early epidemic (collected
in 2004-2005) and 3 from late epidemic (collected in 2008). The in-house phenotypic assay
showed that all of the early epidemic and none of the late epidemic CRF07_BC isolates were
resistant to most PIs (4.4-47.3 fold). Neither genotypic assay nor Antivirogram detected any
DR mutations. UDPS showed that early epidemic isolates contained 0.01-0.08% of PI DR
major mutations. Furthermore, the combinations of major and accessory PI DR mutations sig-
nificantly correlated with the phenotypic PI DR.

Discussion

In this study, in-house phenotypic assay showed that early epidemic CRF07_BC isolates from
treatment naive patients had phenotypic DR to most PIs, while genotypic assay and Antiviro-
gram showed that none of them had DR mutations in the HIV-1 protease region. UDPS
showed that early epidemic isolates contained 0.01-0.08% of PI DR major mutations. Further-
more, the combinations of major and accessory PI DR mutations significantly correlated with
phenotypic PI DR.

In this study, the low-frequency PI DR variants could be detected with the in-house pheno-
typic assay but not with the other phenotypic assays. The difference between Antivirogram
assay and in-house phenotypic assay is the method of virus preparation. The former uses a chi-
meric virus generated by homologous recombination of RT-PR PCR-derived sequences,
which is then cultured with cells and different drug concentrations [10, 11]. The latter uses
PBMC:s co-culture to isolate HIV-1 and is then incubated in MAGIC-5 cells with different
drug concentrations [12, 13]. It has been demonstrated that the DR mutations can impair
HIV-1 fitness [36-40]. However, several studies have shown that mutations in HIV-1 gag
region can compensate the fitness loss from the DR mutations [41, 42]. Other studies have
shown that strong selection and loss of certain genotypes occur on virus cultivation [43-45].
The chimeric virus contains only the RT-PR sequence of HIV-1. Therefore, the Antivirogram
assay was unable to detect the low-frequency resistance variants, as they could be influenced
by partial loss of low-frequency variants due to reduced fitness of viruses containing the DR
mutations and decreased number of low-frequency resistance variants in the population. In
contrast, we isolated the patient’s virus by PBMCs co-culture. These culture isolates can pro-
vide more accurate results than the chimeric virus. In addition, the detection of low-frequency
variants has been used in clinical settings. For instance, low-frequency variants have been
shown to predict the treatment failure to NNRTIs [46]. Another study found that use of Roche
454 UDPS can be a potentially better predictor of maraviroc response than the original pheno-
typic test [47].

Based on phenotype effects, mutations that cause resistance to PIs can be classified as major
mutations and accessory mutations. Major mutations are frequently associated with a several
fold increase in resistance to one or more PIs. Accessory mutations, on the other hand, do not
cause a great increase in resistance to PIs. If a major mutation occurs in a genetic background
containing accessory mutations, resistance to PIs may be augmented. In this study, low-fre-
quency variants containing major PI DR mutations (at positions 30, 54 or 82) and accessory
mutations (at positions 36, 63, 71, 73 or 93) significantly correlated with the phenotypic PI DR
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(Table 5). Several studies showed that, for the major PI DR mutations observed by UDPS,
154V/A/S/T/L/M mutations reduced the drug susceptibility to most PIs and most occurred in
patients receiving multiple PIs [48-51]. It has been reported that D30N is exclusively selected
by NFV and confers resistance to this drug [52]. For the accessory mutations observed using
UDPS, M36I is a consensus mutation frequently occurring in non-B subtypes and particularly
in PI-experienced patients [50, 53]. M36I can increase the replication capacity when combined
with PI major resistance mutations. In addition, 136 introduced into HIV-1 subtype B strain
showed a higher replication capacity in both the absence and presence of PIs [54]. Moreover,
the position 36 polymorphism in the HIV-1 protease region had different drug susceptibility
to PIs and the effect depended on the viral subtype [55]. L63P and I93L are mutations fre-
quently seen in non-B subtypes and PI-treated patients. L63P mutation compensated the
impairment of fitness caused by the major DR mutation [56]. I93L mutation showed had a
hypersusceptibility to lopinavir in the presence of a subtype C protease backbone [57].
Another study showed that the I93L mutation was associated with resistance to RTV [58]. This
is the first study to use UDPS to analyze the correlation between the combinations with major
DR and accessory mutations with the phenotypic DR to PIs in Taiwanese CRF07_BC infected
treatment naive patients. Further study is needed to determine the proportion of CRF07_BC
infected patients containing low-frequency PI DR variants and their clinical treatment
outcome.

In this study, we could still detect the transmitted low frequency PI DR variants in early epi-
demic patients after CRF07_BC was transmitted to Taiwan in 2002. It is well known that most
DR mutations reduce the replication capacity of HIV-1, and the transmitted DR mutations
can rapidly revert to wild type in the absence of drug pressure [59-62]. However, a recent
study showed that CRF07_BC has slow replication kinetics and lower viral load than subtype B
[25]. We speculate that the lower replication capacity of CRF07_BC may affect the DR muta-
tions reverting to wild type. Moreover, we speculate that the transmission of PI DR variants
among Taiwanese IDUs infected with CRF07_BC originated from China. The Chinese govern-
ment initiated free cART for HIV-1/AIDS patients in 2002 [63]. However, from our under-
standing, there was a clinical trial of HIV vaccine conducted in Yunnan Province, where IDUs
recruited, and if they were tested positive, they will be offered one year free treatment since
they were not eligible for the participation (personal communication). Therefore, it is possible
that PI DR emerged in the IDUs in Yunnan Province was transmitted to Taiwanese IDUs in
2002 and these DR variants were detected in early epidemic patients recruited in 2004-2005.
These low-frequency variants can contribute to phenotypic DR to PIs. In addition, the Chinese
government initiated free treatment of RTIs to HIV-1 infected patients in 2002. However, all
the patients recruited in this study did not have DR resistance to RTIs using in-house pheno-
typic, Antiviragram and genotypic assays. Due to the vital role of reverse transcriptase in the
early phase of HIV-1 replication. We speculated that DR mutation occurs in reverse transcrip-
tase region can cause substantial reductions in viral fitness. Therefore, low-frequency variants
containing DR mutation in reverse transcriptase can decrease dramatically. However, further
studies are needed to compare the impact on viral fitness of DR mutation in reverse transcrip-
tase and protease regions.

Previous studies showed that most of the CRF07_BC were CCR5-tropic virus and had non-
syncytium-inducing (NSI) phenotype using genotypic and phenotypic assays [25, 64]. How-
ever, several studies have demonstrated that T-cell-tropic (X4) and macrophage-tropic (R5)
viruses can effectively produce using MAGIC-5 cells. Therefore, both R5-tropic and X4-tropic
viruses can using MAGIC-5 cells to determine the HIV-1 drug susceptibility to PIs and RTIs
[12,13].
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There are several limitations to this study. The patients recruited in this study were not fol-
lowed up to determine the dynamics of the low-frequency variants. A small number of patients
was recruited into this study. Despite the limitations, this study was able to demonstrate that
both in-house phenotypic assay and UDPS can detect low-frequency DR variants as low as
0.01%.

In conclusion, this study showed that early epidemic patients infected with CRF07_BC had
phenotypic DR to PIs. Moreover, the combinations of major and accessory PI DR mutations
significantly correlated with the phenotypic DR. In addition, our in-house phenotypic assay
correlated well with UDPS results and both methods can detect the low-frequency variants of
HIV-1 quasispecies.

Supporting Information

S1 Fig. The bioinformatics pipeline that processed sequences generated by UDPS. First,
reads were separated by different MIDs and then combined fna and qual to fastq. Second,
reads containing PHRED score smaller than 20, read length smaller than 350 base pairs and
ambiguous bases (Ns) were discarded. Third, reads similarity with corresponding viral genome
greater than 80% were retained for further processing. Fourth, reads containing insertions,
deletions and stop codon were discarded. The variations of nucleotides and amino acids every

position were calculated in the remaining reads.
(TIF)

S1 Table. Number of sequences discarded from isolates by different filtering steps.
(DOCX)

S2 Table. The amino acid changes in the reverse transcriptase region in Taiwanese
CRFO07_BC strains.
(DOCX)

Acknowledgments

We thank the IDUs who participated in this study and staff of the Center for Infectious Disease
and Cancer Research of Kaohsiung Medical University for their administrative support and
technical assistance (KMU-TP104E01, KMU-TP104E02, KMU-TP104E03, KMU-TP104E04).
The authors also acknowledge the High-throughput Genome Analysis Core Facility of
National Core Facility Program for Biotechnology, Taiwan, for sequencing.

Author Contributions

Conceptualization: YMAC SWH.

Data curation: SWH SO HDH YMAC.

Formal analysis: SWH WYL CHC HDH.

Funding acquisition: YMAC HDH SFW YHC PLL.
Investigation: SWH YTL WYL YMAC.
Methodology: YMAC SO SWH CHC HDH.
Project administration: SWH YAMC.

Resources: SWH CHC WYL.

PLOS ONE | DOI:10.1371/journal.pone.0170420 January 20, 2017 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170420.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170420.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170420.s003

@° PLOS | ONE

Sensitive Assay for HIV-1 Drug Resistance Detection

Software: CHC HDH.

Supervision: YMAC.

Validation: SWH WHW WYL SFW YTL.

Visualization: SWH YMAC.

Writing - original draft: SWH YMAC MC.

Writing - review & editing: SWH WHW WYL YMAC.

References

1.

10.

11.

12

13.

14.

Egger M, Hirschel B, Francioli P, Sudre P, Wirz M, Flepp M, et al. Impact of new antiretroviral combina-
tion therapies in HIV infected patients in Switzerland: prospective multicentre study. Swiss HIV Cohort
Study. Bmj. 1997; 315(7117):1194-9. PMID: 9393221

Sterne JA, Hernan MA, Ledergerber B, Tilling K, Weber R, Sendi P, et al. Long-term effectiveness of
potent antiretroviral therapy in preventing AIDS and death: a prospective cohort study. Lancet. 2005;
366(9483):378-84. doi: 10.1016/S0140-6736(05)67022-5 PMID: 16054937

Palella FJ Jr., Delaney KM, Moorman AC, Loveless MO, Fuhrer J, Satten GA, et al. Declining morbidity
and mortality among patients with advanced human immunodeficiency virus infection. HIV Outpatient
Study Investigators. The New England journal of medicine. 1998; 338(13):853—60. doi: 10.1056/
NEJM199803263381301 PMID: 9516219

Hogg RS, Bangsberg DR, Lima VD, Alexander C, Bonner S, Yip B, et al. Emergence of drug resistance
is associated with an increased risk of death among patients first starting HAART. PLoS medicine.
2006; 3(9):e356 doi: 10.1371/journal.pmed.0030356 PMID: 16984218

Zaccarelli M, Tozzi V, Lorenzini P, Trotta MP, Forbici F, Visco-Comandini U, et al. Multiple drug class-
wide resistance associated with poorer survival after treatment failure in a cohort of HIV-infected
patients. AIDS. 2005; 19(10):1081-9. PMID: 15958840

Tang MW, Shafer RW. HIV-1 antiretroviral resistance: scientific principles and clinical applications.
Drugs. 2012; 72(9):e1-25. doi: 10.2165/11633630-000000000-00000 PMID: 22686620

Hanna GJ, D’Aquila RT. Clinical use of genotypic and phenotypic drug resistance testing to monitor anti-
retroviral chemotherapy. Clinical infectious diseases: an official publication of the Infectious Diseases
Society of America. 2001; 32(5):774-82.

Youree BE, D’Aquila RT. Antiretroviral resistance testing for clinical management. AIDS reviews. 2002;
4(1):3-12. PMID: 11998782

Church JD, Jones D, Flys T, Hoover D, Marlowe N, Chen S, et al. Sensitivity of the ViroSeq HIV-1 geno-
typing system for detection of the K103N resistance mutation in HIV-1 subtypes A, C, and D. The Jour-
nal of molecular diagnostics: JMD. 2006; 8(4):430-2; quiz 527. doi: 10.2353/jmoldx.2006.050148
PMID: 16931582

Hertogs K, de Bethune MP, Miller V, lvens T, Schel P, Van Cauwenberge A, et al. A rapid method for
simultaneous detection of phenotypic resistance to inhibitors of protease and reverse transcriptase in
recombinant human immunodeficiency virus type 1 isolates from patients treated with antiretroviral
drugs. Antimicrobial agents and chemotherapy. 1998; 42(2):269-76. PMID: 9527771

Pattery T, Verlinden Y, De Wolf H, Nauwelaers D, Van Baelen K, Van Houtte M, et al. Development and
performance of conventional HIV-1 phenotyping (Antivirogram(R)) and genotype-based calculated phe-
notyping assay (virco(R)TYPE HIV-1) on protease and reverse transcriptase genes to evaluate drug
resistance. Intervirology. 2012; 55(2):138—46. doi: 10.1159/000332013 PMID: 22286884

Hachiya A, Aizawa-Matsuoka S, Tanaka M, Takahashi Y, Ida S, Gatanaga H, et al. Rapid and simple
phenotypic assay for drug susceptibility of human immunodeficiency virus type 1 using CCR5-express-
ing HeLa/CD4(+) cell clone 1-10 (MAGIC-5). Antimicrobial agents and chemotherapy. 2001; 45
(2):495-501. doi: 10.1128/AAC.45.2.495-501.2001 PMID: 11158746

Hachiya A, Matsuoka-Aizawa S, Tsuchiya K, Gatanaga H, Kimura S, Tatsumi M, et al. "All-in-One
Assay", a direct phenotypic anti-human immunodeficiency virus type 1 drug resistance assay for three-
drug combination therapies that takes into consideration in vivo drug concentrations. Journal of virologi-
cal methods. 2003; 111(1):43-53. PMID: 12821196

Van Laethem K, Van Vaerenbergh K, Schmit JC, Sprecher S, Hermans P, De Vroey V, et al. Phenotypic
assays and sequencing are less sensitive than point mutation assays for detection of resistance in
mixed HIV-1 genotypic populations. J Acquir Immune Defic Syndr. 1999; 22(2):107—-18. PMID:
10843523

PLOS ONE | DOI:10.1371/journal.pone.0170420 January 20, 2017 11/14


http://www.ncbi.nlm.nih.gov/pubmed/9393221
http://dx.doi.org/10.1016/S0140-6736(05)67022-5
http://www.ncbi.nlm.nih.gov/pubmed/16054937
http://dx.doi.org/10.1056/NEJM199803263381301
http://dx.doi.org/10.1056/NEJM199803263381301
http://www.ncbi.nlm.nih.gov/pubmed/9516219
http://dx.doi.org/10.1371/journal.pmed.0030356
http://www.ncbi.nlm.nih.gov/pubmed/16984218
http://www.ncbi.nlm.nih.gov/pubmed/15958840
http://dx.doi.org/10.2165/11633630-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22686620
http://www.ncbi.nlm.nih.gov/pubmed/11998782
http://dx.doi.org/10.2353/jmoldx.2006.050148
http://www.ncbi.nlm.nih.gov/pubmed/16931582
http://www.ncbi.nlm.nih.gov/pubmed/9527771
http://dx.doi.org/10.1159/000332013
http://www.ncbi.nlm.nih.gov/pubmed/22286884
http://dx.doi.org/10.1128/AAC.45.2.495-501.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158746
http://www.ncbi.nlm.nih.gov/pubmed/12821196
http://www.ncbi.nlm.nih.gov/pubmed/10843523

@° PLOS | ONE

Sensitive Assay for HIV-1 Drug Resistance Detection

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Metzner KJ, Bonhoeffer S, Fischer M, Karanicolas R, Allers K, Joos B, et al. Emergence of minor popu-
lations of human immunodeficiency virus type 1 carrying the M184V and L90M mutations in subjects
undergoing structured treatment interruptions. The Journal of infectious diseases. 2003; 188(10):1433—
43. doi: 10.1086/379215 PMID: 14624368

Paredes R, Marconi VC, Campbell TB, Kuritzkes DR. Systematic evaluation of allele-specific real-time
PCR for the detection of minor HIV-1 variants with pol and env resistance mutations. Journal of virologi-
cal methods. 2007; 146(1-2):136—46. doi: 10.1016/j.jviromet.2007.06.012 PMID: 17662474

Johnson JA, Li JF, Wei X, Lipscomb J, Bennett D, Brant A, et al. Simple PCR assays improve the sensi-
tivity of HIV-1 subtype B drug resistance testing and allow linking of resistance mutations. PloS one.
2007; 2(7):€638. doi: 10.1371/journal.pone.0000638 PMID: 17653265

LiJZ, Paredes R, Ribaudo HJ, Svarovskaia ES, Metzner KJ, Kozal MJ, et al. Low-frequency HIV-1 drug
resistance mutations and risk of NNRTI-based antiretroviral treatment failure: a systematic review and
pooled analysis. Jama. 2011; 305(13):1327-35. doi: 10.1001/jama.2011.375 PMID: 21467286

Rowley CF, Boutwell CL, Lee EJ, MacLeod IJ, Ribaudo HJ, Essex M, et al. Ultrasensitive detection of
minor drug-resistant variants for HIV after nevirapine exposure using allele-specific PCR: clinical signifi-
cance. AIDS research and human retroviruses. 2010; 26(3):293-300. doi: 10.1089/aid.2009.0082
PMID: 20334564

Fisher R, van Zyl GU, Travers SA, Kosakovsky Pond SL, Engelbrech S, Murrell B, et al. Deep sequenc-
ing reveals minor protease resistance mutations in patients failing a protease inhibitor regimen. Journal
of virology. 2012; 86(11):6231-7. doi: 10.1128/JV1.06541-11 PMID: 22457522

Li JZ, Kuritzkes DR. Clinical implications of HIV-1 minority variants. Clinical infectious diseases: an offi-
cial publication of the Infectious Diseases Society of America. 2013; 56(11):1667-74.

Johnson JA, Li JF, Wei X, Lipscomb J, Irlbeck D, Craig C, et al. Minority HIV-1 drug resistance muta-
tions are present in antiretroviral treatment-naive populations and associate with reduced treatment effi-
cacy. PLoS medicine. 2008; 5(7):e158. doi: 10.1371/journal.pmed.0050158 PMID: 18666824

Chen YM, Lan YC, Lai SF, Yang JY, Tsai SF, Kuo SH. HIV-1 CRF07_BC infections, injecting drug
users, Taiwan. Emerging infectious diseases. 2006; 12(4):703-5. doi: 10.3201/eid1204.050762 PMID:
16715583

Chen YM, Kuo SH. HIV-1 in Taiwan. Lancet. 2007; 369(9562):623-5. doi: 10.1016/S0140-6736(07)
60291-8 PMID: 17321295

Huang SW, Wang SF, Lin YT, Yen CH, Lee CH, Wong WW, et al. Patients Infected with CRFO7_BC
Have Significantly Lower Viral Loads than Patients with HIV-1 Subtype B: Mechanism and Impact on
Disease Progression. PloS one. 2014; 9(12):e114441. doi: 10.1371/journal.pone.0114441 PMID:
25502811

Lin YT, Lan YC, Chen YJ, Huang YH, Lee CM, Liu TT, et al. Molecular epidemiology of HIV-1 infection
and full-length genomic analysis of circulating recombinant form 07_BC strains from injection drug
users in Taiwan. The Journal of infectious diseases. 2007; 195(9):1283-93. Epub 2007/04/03. doi: 10.
1086/513437 PMID: 17396997

Lyu SY, Su LW, Chen YM. Effects of education on harm-reduction programmes. Lancet. 2012; 379
(9814):628-30. doi: 10.1016/S0140-6736(11)60786-1 PMID: 21851974

Chen YJ, Huang YH, Chuang SY, Kao DY, Lan YC, Yang JY, et al. Molecular epidemiology of HIV-1
subtype B, CRF01_AE, and CRF07_BC infection among injection drug users in Taiwan. J Acquir
Immune Defic Syndr. 2010; 53(4):425-39. PMID: 20130472

Obermaier B, Dauer M, Herten J, Schad K, Endres S, Eigler A. Development of a new protocol for 2-day
generation of mature dendritic cells from human monocytes. Biological procedures online. 2003; 5:197—
203. doi: 10.1251/bpo62 PMID: 14615816

MaL, SunJ, Xing H, Si X, Yuan L, GuoY, et al. Genotype and phenotype patterns of drug-resistant
HIV-1 subtype B’ (Thai B) isolated from patients failing antiretroviral therapy in China. J Acquir Immune
Defic Syndr. 2007; 44(1):14-9. PMID: 17019361

Swenson LC, Pollock G, Wynhoven B, Mo T, Dong W, Hogg RS, et al. "Dynamic range" of inferred phe-
notypic HIV drug resistance values in clinical practice. PloS one. 2011; 6(2):e17402. doi: 10.1371/
journal.pone.0017402 PMID: 21390218

Harrigan PR, Montaner JS, Wegner SA, Verbiest W, Miller V, Wood R, et al. World-wide variation in
HIV-1 phenotypic susceptibility in untreated individuals: biologically relevant values for resistance test-
ing. AIDS. 2001; 15(13):1671-7. PMID: 11546942

Van Houtte M, Picchio G, Van Der Borght K, Pattery T, Lecocq P, Bacheler LT. A comparison of HIV-1
drug susceptibility as provided by conventional phenotyping and by a phenotype prediction tool based
on viral genotype. Journal of medical virology. 2009; 81(10):1702—9. doi: 10.1002/jmv.21585 PMID:
19697398

PLOS ONE | DOI:10.1371/journal.pone.0170420 January 20, 2017 12/14


http://dx.doi.org/10.1086/379215
http://www.ncbi.nlm.nih.gov/pubmed/14624368
http://dx.doi.org/10.1016/j.jviromet.2007.06.012
http://www.ncbi.nlm.nih.gov/pubmed/17662474
http://dx.doi.org/10.1371/journal.pone.0000638
http://www.ncbi.nlm.nih.gov/pubmed/17653265
http://dx.doi.org/10.1001/jama.2011.375
http://www.ncbi.nlm.nih.gov/pubmed/21467286
http://dx.doi.org/10.1089/aid.2009.0082
http://www.ncbi.nlm.nih.gov/pubmed/20334564
http://dx.doi.org/10.1128/JVI.06541-11
http://www.ncbi.nlm.nih.gov/pubmed/22457522
http://dx.doi.org/10.1371/journal.pmed.0050158
http://www.ncbi.nlm.nih.gov/pubmed/18666824
http://dx.doi.org/10.3201/eid1204.050762
http://www.ncbi.nlm.nih.gov/pubmed/16715583
http://dx.doi.org/10.1016/S0140-6736(07)60291-8
http://dx.doi.org/10.1016/S0140-6736(07)60291-8
http://www.ncbi.nlm.nih.gov/pubmed/17321295
http://dx.doi.org/10.1371/journal.pone.0114441
http://www.ncbi.nlm.nih.gov/pubmed/25502811
http://dx.doi.org/10.1086/513437
http://dx.doi.org/10.1086/513437
http://www.ncbi.nlm.nih.gov/pubmed/17396997
http://dx.doi.org/10.1016/S0140-6736(11)60786-1
http://www.ncbi.nlm.nih.gov/pubmed/21851974
http://www.ncbi.nlm.nih.gov/pubmed/20130472
http://dx.doi.org/10.1251/bpo62
http://www.ncbi.nlm.nih.gov/pubmed/14615816
http://www.ncbi.nlm.nih.gov/pubmed/17019361
http://dx.doi.org/10.1371/journal.pone.0017402
http://dx.doi.org/10.1371/journal.pone.0017402
http://www.ncbi.nlm.nih.gov/pubmed/21390218
http://www.ncbi.nlm.nih.gov/pubmed/11546942
http://dx.doi.org/10.1002/jmv.21585
http://www.ncbi.nlm.nih.gov/pubmed/19697398

@° PLOS | ONE

Sensitive Assay for HIV-1 Drug Resistance Detection

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Perno CF, Bertoli A. Clinical cut-offs in the interpretation of phenotypic resistance. In: Geretti AM, editor.
Antiretroviral Resistance in Clinical Practice. London 2006.

Lan YC, Elbeik T, Dileanis J, Ng V, Chen YJ, Leu HS, et al. Molecular epidemiology of HIV-1 subtypes
and drug resistant strains in Taiwan. Journal of medical virology. 2008; 80(2):183—91. doi: 10.1002/jmv.
21065 PMID: 18098141

Cong ME, Heneine W, Garcia-Lerma JG. The fitness cost of mutations associated with human immuno-
deficiency virus type 1 drug resistance is modulated by mutational interactions. Journal of virology.
2007; 81(6):3037—41. doi: 10.1128/JVI1.02712-06 PMID: 17192300

Campbell TB, Shulman NS, Johnson SC, Zolopa AR, Young RK, Bushman L, et al. Antiviral activity of
lamivudine in salvage therapy for multidrug-resistant HIV-1 infection. Clinical infectious diseases: an
official publication of the Infectious Diseases Society of America. 2005; 41(2):236—42.

Gonzalez LM, Brindeiro RM, Aguiar RS, Pereira HS, Abreu CM, Soares MA, et al. Impact of nelfinavir
resistance mutations on in vitro phenotype, fitness, and replication capacity of human immunodefi-
ciency virus type 1 with subtype B and C proteases. Antimicrobial agents and chemotherapy. 2004; 48
(9):3552-5. doi: 10.1128/AAC.48.9.3552-3555.2004 PMID: 15328124

Paredes R, Sagar M, Marconi VC, Hoh R, Martin JN, Parkin NT, et al. In vivo fithess cost of the M184V
mutation in multidrug-resistant human immunodeficiency virus type 1 in the absence of lamivudine.
Journal of virology. 2009; 83(4):2038—43. doi: 10.1128/JV1.02154-08 PMID: 19019971

Zimmer JM, Roman F, Lambert C, Jonckheer A, Vazquez A, Plesseria JM, et al. Impact on replicative
fitness of the G48E substitution in the protease of HIV-1: an in vitro and in silico evaluation. J Acquir
Immune Defic Syndr. 2008; 48(3):255-62. PMID: 18545158

Bally F, Martinez R, Peters S, Sudre P, Telenti A. Polymorphism of HIV type 1 gag p7/p1 and p1/p6
cleavage sites: clinical significance and implications for resistance to protease inhibitors. AIDS research
and human retroviruses. 2000; 16(13):1209—-13. doi: 10.1089/08892220050116970 PMID: 10957718

Dam E, Quercia R, Glass B, Descamps D, Launay O, Duval X, et al. Gag mutations strongly contribute
to HIV-1 resistance to protease inhibitors in highly drug-experienced patients besides compensating for
fitness loss. PLoS pathogens. 2009; 5(3):e1000345. doi: 10.1371/journal.ppat.1000345 PMID:
19300491

Meyerhans A, Cheynier R, Albert J, Seth M, Kwok S, Sninsky J, et al. Temporal fluctuations in HIV qua-
sispecies in vivo are not reflected by sequential HIV isolations. Cell. 1989; 58(5):901—-10. PMID:
2550139

Sabino E, Pan LZ, Cheng-Mayer C, Mayer A. Comparison of in vivo plasma and peripheral blood mono-
nuclear cell HIV-1 quasi-species to short-term tissue culture isolates: an analysis of tat and C2-V3 env
regions. AIDS. 1994; 8(7):901-9. PMID: 7946099

von Briesen H, Grez M, Ruppach H, Raudonat |, Unger RE, Becker K, et al. Selection of HIV-1 geno-
types by cultivation in different primary cells. AIDS. 1999; 13(3):307—15. PMID: 10199220

Simen BB, Simons JF, Hullsiek KH, Novak RM, Macarthur RD, Baxter JD, et al. Low-abundance drug-
resistant viral variants in chronically HIV-infected, antiretroviral treatment-naive patients significantly
impact treatment outcomes. The Journal of infectious diseases. 2009; 199(5):693-701. doi: 10.1086/
596736 PMID: 19210162

Swenson LC, Mo T, Dong WW, Zhong X, Woods CK, Jensen MA, et al. Deep sequencing to infer HIV-1
co-receptor usage: application to three clinical trials of maraviroc in treatment-experienced patients.
The Journal of infectious diseases. 2011; 203(2):237—45. doi: 10.1093/infdis/jig030 PMID: 21288824

Rhee SY, Taylor J, Fessel WJ, Kaufman D, Towner W, Troia P, et al. HIV-1 protease mutations and pro-
tease inhibitor cross-resistance. Antimicrobial agents and chemotherapy. 2010; 54(10):4253-61. doi:
10.1128/AAC.00574-10 PMID: 20660676

Vermeiren H, Van Craenenbroeck E, Alen P, Bacheler L, Picchio G, Lecocq P, et al. Prediction of HIV-1
drug susceptibility phenotype from the viral genotype using linear regression modeling. Journal of viro-
logical methods. 2007; 145(1):47-55. doi: 10.1016/j.jviromet.2007.05.009 PMID: 17574687

Rhee SY, Gonzales MJ, Kantor R, Betts BJ, Ravela J, Shafer RW. Human immunodeficiency virus
reverse transcriptase and protease sequence database. Nucleic acids research. 2003; 31(1):298-303.
PMID: 12520007

Maguire M, Shortino D, Klein A, Harris W, Manohitharajah V, Tisdale M, et al. Emergence of resistance
to protease inhibitor amprenavir in human immunodeficiency virus type 1-infected patients: selection of
four alternative viral protease genotypes and influence of viral susceptibility to coadministered reverse
transcriptase nucleoside inhibitors. Antimicrobial agents and chemotherapy. 2002; 46(3):731-8. doi:
10.1128/AAC.46.3.731-738.2002 PMID: 11850255

Santos AF, Soares MA. The impact of the nelfinavir resistance-conferring mutation D30N on the sus-
ceptibility of HIV-1 subtype B to other protease inhibitors. Memorias do Instituto Oswaldo Cruz. 2011;
106(2):177-81. PMID: 21537677

PLOS ONE | DOI:10.1371/journal.pone.0170420 January 20, 2017 13/14


http://dx.doi.org/10.1002/jmv.21065
http://dx.doi.org/10.1002/jmv.21065
http://www.ncbi.nlm.nih.gov/pubmed/18098141
http://dx.doi.org/10.1128/JVI.02712-06
http://www.ncbi.nlm.nih.gov/pubmed/17192300
http://dx.doi.org/10.1128/AAC.48.9.3552-3555.2004
http://www.ncbi.nlm.nih.gov/pubmed/15328124
http://dx.doi.org/10.1128/JVI.02154-08
http://www.ncbi.nlm.nih.gov/pubmed/19019971
http://www.ncbi.nlm.nih.gov/pubmed/18545158
http://dx.doi.org/10.1089/08892220050116970
http://www.ncbi.nlm.nih.gov/pubmed/10957718
http://dx.doi.org/10.1371/journal.ppat.1000345
http://www.ncbi.nlm.nih.gov/pubmed/19300491
http://www.ncbi.nlm.nih.gov/pubmed/2550139
http://www.ncbi.nlm.nih.gov/pubmed/7946099
http://www.ncbi.nlm.nih.gov/pubmed/10199220
http://dx.doi.org/10.1086/596736
http://dx.doi.org/10.1086/596736
http://www.ncbi.nlm.nih.gov/pubmed/19210162
http://dx.doi.org/10.1093/infdis/jiq030
http://www.ncbi.nlm.nih.gov/pubmed/21288824
http://dx.doi.org/10.1128/AAC.00574-10
http://www.ncbi.nlm.nih.gov/pubmed/20660676
http://dx.doi.org/10.1016/j.jviromet.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17574687
http://www.ncbi.nlm.nih.gov/pubmed/12520007
http://dx.doi.org/10.1128/AAC.46.3.731-738.2002
http://www.ncbi.nlm.nih.gov/pubmed/11850255
http://www.ncbi.nlm.nih.gov/pubmed/21537677

@° PLOS | ONE

Sensitive Assay for HIV-1 Drug Resistance Detection

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Nijhuis M, Schuurman R, de Jong D, Erickson J, Gustchina E, Albert J, et al. Increased fitness of drug
resistant HIV-1 protease as a result of acquisition of compensatory mutations during suboptimal ther-
apy. AIDS. 1999; 13(17):2349-59. PMID: 10597776

Holguin A, Sune C, Hamy F, Soriano V, Klimkait T. Natural polymorphisms in the protease gene modu-
late the replicative capacity of non-B HIV-1 variants in the absence of drug pressure. Journal of clinical
virology: the official publication of the Pan American Society for Clinical Virology. 2006; 36(4):264—71.

Lisovsky I, Schader SM, Martinez-Cajas JL, Oliveira M, Moisi D, Wainberg MA. HIV-1 protease codon

36 polymorphisms and differential development of resistance to nelfinavir, lopinavir, and atazanavir in

different HIV-1 subtypes. Antimicrobial agents and chemotherapy. 2010; 54(7):2878-85. doi: 10.1128/
AAC.01828-09 PMID: 20404123

Martinez-Picado J, Savara AV, Sutton L, D’Aquila RT. Replicative fitness of protease inhibitor-resistant
mutants of human immunodeficiency virus type 1. Journal of virology. 1999; 73(5):3744-52. PMID:
10196268

Gonzalez LM, Brindeiro RM, Tarin M, Calazans A, Soares MA, Cassol S, et al. In vitro hypersusceptibil-
ity of human immunodeficiency virus type 1 subtype C protease to lopinavir. Antimicrobial agents and
chemotherapy. 2003; 47(9):2817—22. doi: 10.1128/AAC.47.9.2817-2822.2003 PMID: 12936979

Schmit JC, Ruiz L, Clotet B, Raventos A, Tor J, Leonard J, et al. Resistance-related mutations in the
HIV-1 protease gene of patients treated for 1 year with the protease inhibitor ritonavir (ABT-538). AIDS.
1996; 10(9):995-9. PMID: 8853733

Nijhuis M, van Maarseveen NM, Boucher CA. Antiviral resistance and impact on viral replication capac-
ity: evolution of viruses under antiviral pressure occurs in three phases. Handbook of experimental phar-
macology. 2009; (189):299-320.

Pingen M, Nijhuis M, de Bruijn JA, Boucher CA, Wensing AM. Evolutionary pathways of transmitted
drug-resistant HIV-1. The Journal of antimicrobial chemotherapy. 2011; 66(7):1467-80. doi: 10.1093/
jac/dkr157 PMID: 21502281

Jain V, Sucupira MC, Bacchetti P, Hartogensis W, Diaz RS, Kallas EG, et al. Differential persistence of
transmitted HIV-1 drug resistance mutation classes. The Journal of infectious diseases. 2011; 203
(8):1174-81. doi: 10.1093/infdis/jiq167 PMID: 21451005

Martinez-Picado J, Martinez MA. HIV-1 reverse transcriptase inhibitor resistance mutations and fitness:
a view from the clinic and ex vivo. Virus research. 2008; 134(1-2):104-23. doi: 10.1016/j.virusres.2007.
12.021 PMID: 18289713

Zhang FJ, PanJ, Yu L, Wen Y, Zhao Y. Current progress of China’s free ART program. Cell research.
2005; 15(11-12):877-82. doi: 10.1038/sj.cr.7290362 PMID: 16354563

Zhang C, Xu S, Wei J, Guo H. Predicted co-receptor tropism and sequence characteristics of China
HIV-1 V3 loops: implications for the future usage of CCR5 antagonists and AIDS vaccine development.
Int J Infect Dis. 2009; 13(5):e212—6. doi: 10.1016/}.ijid.2008.12.010 PMID: 19217335

PLOS ONE | DOI:10.1371/journal.pone.0170420 January 20, 2017 14/14


http://www.ncbi.nlm.nih.gov/pubmed/10597776
http://dx.doi.org/10.1128/AAC.01828-09
http://dx.doi.org/10.1128/AAC.01828-09
http://www.ncbi.nlm.nih.gov/pubmed/20404123
http://www.ncbi.nlm.nih.gov/pubmed/10196268
http://dx.doi.org/10.1128/AAC.47.9.2817-2822.2003
http://www.ncbi.nlm.nih.gov/pubmed/12936979
http://www.ncbi.nlm.nih.gov/pubmed/8853733
http://dx.doi.org/10.1093/jac/dkr157
http://dx.doi.org/10.1093/jac/dkr157
http://www.ncbi.nlm.nih.gov/pubmed/21502281
http://dx.doi.org/10.1093/infdis/jiq167
http://www.ncbi.nlm.nih.gov/pubmed/21451005
http://dx.doi.org/10.1016/j.virusres.2007.12.021
http://dx.doi.org/10.1016/j.virusres.2007.12.021
http://www.ncbi.nlm.nih.gov/pubmed/18289713
http://dx.doi.org/10.1038/sj.cr.7290362
http://www.ncbi.nlm.nih.gov/pubmed/16354563
http://dx.doi.org/10.1016/j.ijid.2008.12.010
http://www.ncbi.nlm.nih.gov/pubmed/19217335

