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A point-of-care HIV-1 genotypic resistance assay that could be performed during a clinic visit would
enable care providers to make informed treatment decisions for patients starting therapy or experi-
encing virologic failure on therapy. The main challenge for such an assay is the genetic variability at
and surrounding each drug-resistance mutation (DRM). We analyzed a database of diverse global HIV
sequences and used thermodynamic simulations to design an array of surface-bound oligonucleotide
probe sets with each set sharing distinct 50 and 30 flanking sequences but having different centrally
located nucleotides complementary to six codons at HIV-1 DRM reverse transcriptase position 103: AAA,
AAC, AAG, AAT, AGA, and AGC. We then performed in vitro experiments using 80-mer oligonucleotides
and PCR-amplified DNA from clinical plasma HIV-1 samples and culture supernatants that contained
subtype A, B, C, D, CRF01_AE, and CRF02_AG viruses. Multiplexed solid-phase melt curve analysis
discriminated perfectly among each of the six reported reverse transcriptase position 103 codons in
both 80-mers and clinical samples. The sensitivity and specificity for detecting targets that contained
AAC mixed with targets that contained AAA were >98% when AAC was present at a proportion of
�10%. Multiplexed solid-phase melt curve analysis is a promising approach for developing point-of-
care assays to distinguish between different codons in genetically variable regions such as
those surrounding HIV-1 DRMs. (J Mol Diagn 2019, 21: 580e592; https://doi.org/10.1016/
j.jmoldx.2019.02.005)
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The increasing prevalence of HIV-1 drug resistance is a
threat to HIV-1 treatment and prevention in the low- and
middle-income countries (LMICs) hardest hit by the HIV-1
pandemic.1,2 An inexpensive genotypic resistance test that
could be performed during a clinic visit, heretofore called a
point-of-care assay, would enable HIV care providers to
rapidly make informed treatment decisions for
antiretroviral-naive patients starting therapy and patients
with virologic failure on therapy. Through the delivery of
actionable information on detection of virologic failure, a
point-of-care genotypic resistance test would increase the
likelihood that treated patients achieve and maintain sup-
pressed virus levels and would reduce treatment delivery
costs, travel costs, and work absenteeism.
stigative Pathology and the Association for M
We previously reported that an assay that detected drug-
resistance mutations (DRMs), including the nucleoside
reverse transcriptase inhibitor (NRTI) DRMs K65R and
M184V and the nonnucleoside RT inhibitor (NNRTI)
DRMs K103N, V106M, Y181C, and G190A, would be
highly sensitive for detecting intermediate/high-level
olecular Pathology. Published by Elsevier Inc. All rights reserved.
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Detection of HIV-1 Drug Resistance
acquired resistance in patients with virologic failure on a
first-line NRTI/NNRTI regimen recommended by the World
Health Organization and moderately sensitive for detecting
intermediate/high-level transmitted drug resistance.3 More-
over, an assay that included each of the most common
variants at these six DRM positions (K65R/N and M184V/I
for NRTIs; K103N/S, V106A/M, Y181C/I/V, and G190A/S
for NNRTIs) would have even greater sensitivity for both
acquired and transmitted resistance.4 The main challenge to
a successful point-of-care genotypic resistance test, how-
ever, is developing nucleic acid detection methods that have
real-time or end-point PCR processes5e7 and offer DNA
sequencing level sensitivity and specificity in the presence
of genetic variability at and surrounding each DRM
position.8

To address this challenge, we present here both in silico
design methods and in vitro validation data from multiplexed
experiments that demonstrated the accurate detection of
DRMs in theHIV-1 RT gene in the presence of local sequence
variability. A solid-phase nucleic acid melt curve analysis
platform capable of measuring hybridization, including both
capture and detachment (melt) of multiple nucleic acid targets
to an array of multiple surface-bound oligonucleotide probes,
The Journal of Molecular Diagnostics - jmd.amjpathol.org
was used. This study demonstrates how the multiplexing
capability of this platform enables coverage of a large HIV
sequence database without compromising specificity and
sensitivity for six different codons at one key drug-resistance
position. Finally, extensions that would be required to modify
the multiplexed melt curve analysis platform used in this
study to one suitable for point-of-care testing, including the
use of a complementary metal oxide semiconductor (CMOS)
biochip detection system, the HYDRA 1K (InSilixa, Inc.,
Sunnyvale, CA), have been discussed. This system,which has
been used for the detection of a panel of upper respiratory
viruses and of Mycobacterium tuberculosis DRMs, uses
multiple integrated biosensors to perform PCR and hybridi-
zation detection in a closed-tube system without the need for
an external light detector.9

Materials and Methods

Mutation Detection Platform

Mutation detection begins with the addition of fluorescently
labelled DNA to an oligonucleotide microarray, which in this
study, includes synthesized 80-mers and PCR-amplified
Figure 1 Nucleic acid detection methodology.
A: Synthesized or amplified fluorescently labeled
DNA was added to the oligonucleotide microarray.
B: Labeled DNA hybridizes to microarray probe sets
each sharing sequences with the same flanking
region and a central nucleotide triplet comple-
mentary to each of the reported codons at a drug
resistance mutation (DRM) position. C: Multiplexed
melt curve analysis was used to identify the most
stable heterodimer and thereby detect the correct
codon at the DRM position. RFU, relative fluores-
cence unit.
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cDNA from clinical plasma samples and culture supernatants
(Figure 1A). Each probe in the array is designed to contain a
distinct flanking sequence complementary to diverse global
HIV-1 strains and a central nucleotide triplet complementary
to each of the reported codons at a DRMposition (Figure 1B).
The probes are designed such that most published HIV-1 RT
sequences that encompass the DRM position will form a
stable heterodimer with one or more probes in the array. The
concentrations of labeled DNA captured by the microarray’s
probes are measured in real time as the solution temperature
gradually increases (Figure 1C). The time series data, which
report the heterodimer duplex stability, are used to identify
the correct codon at a DRM position.

Figure 2 shows the custom real-time microarray slide
structure and fluorescence microscopeebased detection
setup, including a Leica DMi8 microscope, a custom InSilixa
slide stage with a Peltier heater, a light emitting diode source,
and a charge-coupled device camera. This setup is the
developer platform for the HYDRA-1K CMOS detection
system that is used to test the performance of printed probe
sets on silicon slides before printing them on CMOS chips.

HIV Sequence Database and Target DRM Codon

To design probes for genotyping diverse viral isolates, a data
set of >27,000 one-per-individual HIV-1 group M RT
Figure 2 Detection platform. The instrument prototype included an inverted
oligonucleotide microarray. This platform was the developer platform for the HY
metal oxide semiconductor chip and therefore required an external light detecto

582
sequences belonging to multiple subtypes from six LMIC
regions: southern, eastern, western, and central Africa and
south and southeast Asia,4 were analyzed. This data set was
used to enumerate the proportion of individuals with each RT
103 codon by subtype, and it was found that AAA (K), AAG
(K), AAC (N), AAT (N), AGG (R), and AGC (S) accounted
for 99.5% of all codons at this position (N and S reduce
NNRTI susceptibility; K and R do not). This data set was also
used to enumerate the proportions of all 50 and 30 flanking
sequences in windows of various sizes. This study was
approved by the Stanford University Institutional Review
Board.

In Silico Probe Design

In silico thermodynamic simulations were performed to
design isogenic probe sets that share the same 50 and 30

flanking sequences but have different centrally located nu-
cleotides complementary to one of the six targeted DRM
position codons (Figure 1). With the use of the Oligonu-
cleotide Modeling Platform Developers Edition 1.0 software
package (DNA Software Inc., Ann Arbor, MI), simulations
were performed on 81,126 sequences: six codons � the
13,521 distinct 203-bp sequences (containing the 50 and 30

100-bp flanking codon 103) in the LMIC data set. In each
simulation, one probe per set was allowed to hybridize to
fluorescence microscope and a custom stage to place, heat, and image the
DRA-1K system in that it used a silicon slide rather than a complementary
r.9

jmd.amjpathol.org - The Journal of Molecular Diagnostics

http://jmd.amjpathol.org


Table 1 Probe Sets Used to Distinguish between Six Codons at HIV-1 RT Codon 103

Probe set Codon 103 Probe sequence

1 AAA linker-50-GTACTGTTACTGATTTTTTCTTTTTTAAACCTGC-blocker
1 AAG linker-50-GTACTGTTACTGATTTCTTCTTTTTTAAACCTGC-blocker
1 AGA linker-50-GTACTGTTACTGATTTTCTCTTTTTTAAACCTGC-blocker
1 AAC linker-50-GTACTGTTACTGATTTGTTCTTTTTTAAACCTGC-blocker
1 AAT linker-50-GTACTGTTACTGATTTATTCTTTTTTAAACCTGC-blocker
1 AGC linker-50-GTACTGTTACTGATTTGCTCTTTTTTAAACCTGC-blocker
2 AAA linker-50-GTACTGTTACTGATTTTTTCTTTTTTAACCCTGC-blocker
2 AAG linker-50-GTACTGTTACTGATTTCTTCTTTTTTAACCCTGC-blocker
2 AGA linker-50-GTACTGTTACTGATTTTCTCTTTTTTAACCCTGC-blocker
2 AAC linker-50-GTACTGTTACTGATTTGTTCTTTTTTAACCCTGC-blocker
2 AAT linker-50-GTACTGTTACTGATTTATTCTTTTTTAACCCTGC-blocker
2 AGC linker-50-GTACTGTTACTGATTTGCTCTTTTTTAACCCTGC-blocker
3 AAA linker-50-GTACTGTCATTGATTTTTTCTTTTTTAACCCTGC-blocker
3 AAG linker-50-GTACTGTCATTGATTTCTTCTTTTTTAACCCTGC-blocker
3 AGA linker-50-GTACTGTCATTGATTTTCTCTTTTTTAACCCTGC-blocker
3 AAC linker-50-GTACTGTCATTGATTTGTTCTTTTTTAACCCTGC-blocker
3 AAT linker-50-GTACTGTCATTGATTTATTCTTTTTTAACCCTGC-blocker
3 AGC linker-50-GTACTGTCATTGATTTGCTCTTTTTTAACCCTGC-blocker

Probe set 1 was complementary to the most commonly occurring flanking sequence in the low- and middle-income countries sequence data set. Probe sets 2
and 3 differed from probe set 1 by one and three nucleotides, respectively, shown in bold. The central codon position was complementary to the six most
commonly reported position 103 codons.

Detection of HIV-1 Drug Resistance
one database-derived target over a range of temperatures
from 10�C to 100�C. Because codon 103 variant AAA is the
most commonly occurring, this analysis also assessed the
discrimination by each isogenic probe of all non-AAA
codon 103 variants from AAA.
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Figure 3 In silico simulations for probe set selection. A: Distribution of predicte
(PS1, PS2, and PS3). Sequences included the 13,521 distinct low- and middle-incom
a different one of the six reported codons at position 103 (AAA, AAC, AAG, AAT,
indicated the maximum Tm of PS1, PS2, and PS3. The temperature used for initial
binding is considered necessary for probe capture. B: Distribution of predicted DT
plementary to AAA for each of the three probe sets (PS1, PS2, and PS3). Because th
caused entirely by the central mismatch at the codon 103 position. Dashed line
distinguishing between the finding of two different targets to the same probe.
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The simulations identified three sets of 34-bp probes,
each containing the six RT position 103 codons but
differing in their flanking regions (Table 1). One or more
probe set was predicted to have a melting temperature (Tm)
of �55�C for 99.7% of sequences (Figure 3A). One or more
AAC AAT AGC
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d melting temperature (Tm) for 81,126 sequences with three 34-bp probe sets
e country 203-bp database sequences that encompassed codon 103 each with
AGA, AGC). For each of the 81,126 (13,521 � 6) sequences, max_Tm_PS1-3
hybridization was 55�C. Dashed lines are at 55�C, the temperature at which
m between probes complementary to AAC, AAT, and AGC versus probes com-
e probes within a probe set shared the same flanking sequence, the DTm was
s are at a DTm of 2�C, the minimum temperature considered necessary for
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Table 2 Complete List of the 80-bp Targets Used in 81 Experi-
ments Designed to Determine the Correct Codon at RT Position 103

Codon* Flank* Percentage, %y Replicates, n Total, n

AAA 1, 2, 3 100 3 9
AAC 1, 2, 3 100 3 9
AAG 1, 2, 3 100 3 9
AAT 1, 2, 3 100 3 9
AGA 1, 2, 3 100 3 9
AGC 1, 2, 3 100 3 9
AAC 1, 2, 3 50 3 9
AAC 1, 2, 3 25 3 9
AAC 1, 2, 3 10 3 9

Targets are characterized by their codon 103 nucleotides, their flanking
sequence, and percentage of purity. The results of these experiments are

Clutter et al
probe set was also predicted to have a DTm of �2�C for
99.8% of isogenic sequences compared with a sequence that
contained the same flanking sequence but codon AAA at
position 103 (Figure 3B). The simulations predicted that one
or more of the probe sets would have a Tm � 55�C for
98.5% of subtype G sequences, 99.0% of subtype A se-
quences, 99.5% of subtype B sequences, and �99.7% of
sequences belonging to each of the remaining common
subtypes, including subtypes C, D, CRF01_AE, and
CRF02_AG and the pooled remaining subtypes and circu-
lating recombinant forms (CRFs). One or more of the probe
sets were predicted to have a Tm � 55�C for 99.3% of se-
quences with AAT, 99.5% of sequences with AAA, and
�99.8% of sequences with AAC, AAG, AGA, or AGC.
shown in Figures 5, 6, and 7, Supplemental Figures S1eS3, and Table 3.
*Codon and 31-bp flanking sequence in the 80-mer targets.
yIn mixture experiments, AAC was diluted with AAA.
Array Fabrication and Probe Set Printing

Silicon substrates (25� 76� 0.625 mmwith 3000 Å thermal
SiO2) fromAddison Engineering (San Jose, CA) were treated
with i) oxygen plasma on a float plate at 600W, 1 Torr, 120�C
for 3 minutes; ii) water vapor at 13 Torr, 120�C for 5 minutes;
and iii) gaseous (3-glycidoxypropyl) trimethoxysilane (Gel-
est, Morrisville, PA) at 0.5 Torr, 120�C for 30 minutes. These
process steps were serially performed, without breaking
vacuum, on a model 1224P chemical vapor deposition in-
strument (Yield Engineering Systems, Livermore, CA).
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Coated substrates were cooled to room temperature and
stored at 20% relative humidity under N2 until use.
High-performance liquid chromatography-purified capture

probes that bear hexylamine and 6T at the 50-terminus and a
three-carbon blocker at the 30-terminus (LGC Biosearch,
Petaluma, CA) were reconstituted to 50 mmol/L in pH 8.5
phosphate buffer. Piezo type printing with a sci-
FLEXARRAYER SX (Scienion, Berlin, Germany) was used
65 70

Figure 4 Melting temperature (Tm), maximum
Tm, DTm. The Tm was defined as the temperature at
which the probe’s fluorescent signal intensity was
50% of that of the probe with the highest signal
intensity in the same probe set. Probes that were
<50% hybridized at 45�C were assigned a Tm of
45�C. For each probe set, the maximum Tm was
defined as the highest Tm of the six probes (one
for each K103 codon) with the same flanking
sequence. The DTm was defined as the absolute
value of the difference between the maximum Tm
for the probe set to which the probe belonged and
the Tm of the probe. By definition, the probe with
the maximum Tm has a DTm of 0�C, whereas the
remaining five probes in a set would have a
DTm > 0�C. In each experiment, the mean and
median DTm across each of the three probe sets
were calculated for each of the six codon 103
variants.
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Detection of HIV-1 Drug Resistance
to deposit approximately 100-pL droplets at 200-mm pitch
onto coated substrates in an 18 � 14 grid pattern (252 spots)
with each probe represented at least five times. Covalent
coupling of the probe to the substrate was accomplished with
overnight incubation at 50% room humidity. Printed sub-
strates were subsequently treated with excess Tris-buffered
solution that contained ethanolamine to deactivate remaining
epoxy groups and to remove non-immobilized probe. A flow-
through laminated acrylic fluidic cap with an inlet and outlet
(approximately 90 mL of total capacity) was bonded to the
substrate with silicone-based pressure-sensitive adhesive to
create the functional module. Finished arrays were stored in a
desiccated N2 environment until use.

Development of an Asymmetric PCR Protocol

A 301-bp region that encompassed codon 103 was selected,
and all corresponding database sequences from LMICs were
analyzed to design primers that would produce amplicons of
100 to 200 bp. Oligonucleotide Modeling Platform De-
velopers Edition was used to identify binding regions of
relatively low-sequence entropy to ensure high complemen-
tarity to the 30 extension terminus of candidate primers and to
optimize primer design.10 Six combinations of three forward
and two reverse primer candidates were selected for conven-
tional solution-based real-time quantitative PCR standard
curve experiments that used synthetic DNAgBlock templates.
The primer pair with the highest efficiency and largest
Cq value for the no-template control was selected for PCR: 50-
cyanine 3-TTYTGGGARGTYCAAYTAGGRATAC-30

(forward, excess primer) and 50-TCTAAAGGGACTGA-
GAAATATGCAT-30 (reverse).

Synthesized 80-mer Targets

A set of 18 cyanine 3-labeled 80-bp HIV-1 targets (Inte-
grated DNA Technologies, Redwood City, CA) that con-
tained a 34-bp region complementary to each probe was
synthesized. Although each target was perfectly comple-
mentary to one probe, it differed from the other probes by 1,
2, or 3 bp in its flanking sequence and by 1 or 2 bp at codon
103. Eighty-one experiments were performed with the 80-bp
targets. Each of the 18 targets was tested in triplicate in 54
experiments, and each of the three targets with AAC was
diluted to 50%, 25%, and 10% with targets that contained
AAA and was tested in triplicate in 27 experiments
(Table 2).

Clinical Samples

To evaluate the performance of the melt curve analysis on
viruses with diverse sequences, plasma HIV-1 samples and
culture supernatants that contained each of the six position
103 codons and that belonged to different subtypes and
CRFs were identified. The plasma samples were previously
sequenced at the Stanford HealthCare Diagnostic Virology
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Laboratory (Stanford, CA), and the culture supernatants
were obtained from the Duke University External Quality
Assurance Program Oversight Laboratory (Durham, NC)
panel.11 RNA was extracted from 200 mL of plasma (or
culture supernatant), using QIAamp MinElute Virus Spin
Kit (Qiagen, Beverly, MA). Twenty microliters of eluted
product was then reverse transcribed, using EnzScript
(Qiagen), an RNaseH-free RT enzyme, at 50�C for 5 mi-
nutes and was performed with the reverse primer described
in the next paragraph.

Asymmetric PCR of cDNA generated by RT of RNA
extracted from clinical plasma samples and cultured superna-
tants was performed in four 25-mL reactions that used Phoenix
Hot Start Taq Polymerase (Enzymatics, Beverly, MA), 300
nmol/L excess primer, 50 nmol/L limiting primer, and 5 mL of
template. Amplification was performed on a CFX96 Touch
(Bio-Rad, Hercules, CA) 94�C for 5 minutes, followed by 45
cycles of 95�C (15 seconds) and 60�C (30 seconds).

Hybridization/Melting

For each experiment, 100 nmol/L of the 80-mer targets or
90 mL of PCR-amplified DNA was injected onto a capped
silicon substrate slide bearing the oligonucleotide capture
probes. The injected DNA was then allowed to hybridize
with the probes attached to the silicon slide surface for 1
hour at 55�C. Slides were then washed with buffer to
remove unhybridized target. Hybridized target was then
melted off the capture probes during a 20-minute period as
the temperature was raised from 45�C to 90�C. Serial
images were taken every 10 seconds. The fluorescent in-
tensity of each feature over time was processed to generate
the melt curve for each probe.

Melt Curve Analysis

Fluorescent signal intensities recorded for each probe were
the average of the quintuplicate signals obtained from each
slide feature with that probe. One-hundred twenty signals
were obtained per probe during the 20-minute melting
period, yielding 2160 signals (18 probes � 120 signals) per
experiment. For each probe, the signal intensity versus
temperature was plotted to determine the probe’s Tm, or
temperature at which the probe’s signal intensity was 50%
of that of the probe with the highest signal intensity in the
same probe set (Figure 4). Probes that were <50% hy-
bridized at 45�C were assigned a Tm of 45�C.

For each probe set, the maximum Tm was defined as the
highest Tm of the six probes (one for each K103 codon)
that shared the same flanking sequence (Figure 4). Thus,
for each experiment, three maximum Tms were calculated.
A DTm for each of the 18 probes, defined as the absolute
value of the difference between the maximum Tm in a
probe set and the Tm of each probe in the set, was then
calculated. By definition, the probe with the maximum Tm

would have a DTm of 0�C, whereas the remaining five
585
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Table 3 Influence of Target-Probe Flanking Sequence Mismatches on Hybridization for the Targets and Probes with Matching Codons:
Reproducibility of Maximum Tm Across Triplicate Experiments

Flanking sequence*

Codon

Maximum Tm (replicate
experiments), �C

Mean, �C SD, �C CV, %Target Probe
Target-probe
mismatches, n R1 R2 R3

1 1 0 AAA 60.8 61.0 61.4 61.1 0.3 0.5
1 1 0 AAC 60.3 61.6 64.0 61.9 1.9 3.0
1 1 0 AAG 58.5 60.2 61.9 60.2 1.7 2.9
1 1 0 AAT 61.2 61.4 61.6 61.4 0.2 0.4
1 1 0 AGA 60.0 60.7 61.0 60.5 0.5 0.9
1 1 0 AGC 64.1 63.4 63.0 63.5 0.6 0.9
1 2 1 AAA 59.3 59.3 59.9 59.5 0.4 0.6
1 2 1 AAC 58.5 60.0 62.3 60.3 1.9 3.1
1 2 1 AAG 57.8 58.8 60.7 59.1 1.5 2.5
1 2 1 AAT 60.4 59.4 59.6 59.8 0.5 0.9
1 2 1 AGA 58.1 59.2 57.5 58.3 0.8 1.4
1 2 1 AGC 63.5 62.3 62.0 62.6 0.8 1.3
1 3 3 AAA 51.7 52.3 52.7 52.2 0.5 0.9
1 3 3 AAC 51.8 53.2 55.2 53.4 1.7 3.3
1 3 3 AAG 50.5 52.8 53.3 52.2 1.5 2.9
1 3 3 AAT 53.8 51.8 52.5 52.7 1.0 1.9
1 3 3 AGA 50.8 51.8 52.6 51.8 0.9 1.7
1 3 3 AGC 56.9 56.6 55.5 56.4 0.7 1.3
2 1 1 AAA 59.3 60.9 60.4 60.2 0.8 1.4
2 1 1 AAC 61.8 62.4 62.0 62.1 0.3 0.5
2 1 1 AAG 59.5 60.6 61.3 60.5 0.9 1.6
2 1 1 AAT 58.5 59.8 60.2 59.5 0.9 1.5
2 1 1 AGA 60.4 59.0 57.7 59.1 1.3 2.8
2 1 1 AGC 61.2 59.8 61.0 60.7 0.8 1.3
2 2 0 AAA 60.9 62.1 62.5 61.8 0.8 1.3
2 2 0 AAC 63.9 64.5 63.7 64.0 0.4 0.6
2 2 0 AAG 61.3 62.5 63.4 62.4 1.1 1.7
2 2 0 AAT 60.0 61.2 61.9 61.0 1.0 1.6
2 2 0 AGA 61.8 60.5 58.6 60.3 1.6 2.6
2 2 0 AGC 63.1 61.3 63.1 62.5 1.0 1.7
2 3 2 AAA 57.1 58.6 58.6 58.1 0.9 1.5
2 3 2 AAC 60.1 60.8 60.4 60.5 0.3 0.5
2 3 2 AAG 58.4 59.1 59.8 59.1 0.7 1.2
2 3 2 AAT 56.5 57.7 57.6 57.3 0.7 1.2
2 3 2 AGA 58.5 56.6 56.5 57.2 1.1 2.0
2 3 2 AGC 59.9 58.7 59.9 59.5 0.7 1.2
3 1 3 AAA 57.1 59.0 55.3 57.1 1.8 3.2
3 1 3 AAC 56.9 57.0 57.8 57.2 0.5 0.9
3 1 3 AAG 54.8 57.8 57.7 56.8 1.7 3.0
3 1 3 AAT 54.1 53.0 60.7 55.9 4.1 7.4
3 1 3 AGA 54.8 54.8 58.3 56.0 2.0 3.5
3 1 3 AGC 55.7 57.4 61.4 58.2 2.9 5.0
3 2 2 AAA 59.5 61.2 57.9 59.5 1.7 2.8
3 2 2 AAC 59.4 59.8 60.1 59.7 0.4 0.6
3 2 2 AAG 58.2 59.8 60.7 59.6 1.2 2.1
3 2 2 AAT 57.2 55.4 62.7 58.4 3.8 6.5
3 2 2 AGA 58.3 58.3 60.6 59.1 1.3 2.3
3 2 2 AGC 58.6 60.4 64.5 61.2 3.0 4.9
3 3 0 AAA 63.2 61.9 58.3 61.1 2.6 4.2
3 3 0 AAC 63.2 63.7 63.7 63.6 0.3 0.5
3 3 0 AAG 62.0 63.3 64.3 63.2 1.2 1.8
3 3 0 AAT 61.5 59.5 65.6 62.2 3.1 4.9

(table continues)

Clutter et al
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Table 3 (continued )

Flanking sequence*

Codon

Maximum Tm (replicate
experiments), �C

Mean, �C SD, �C CV, %Target Probe
Target-probe
mismatches, n R1 R2 R3

3 3 0 AGA 61.7 60.8 63.7 62.1 1.5 2.4
3 3 0 AGC 62.0 63.8 68.6 64.8 3.4 5.3

*In all cases maximum Tm occurred when the target codon matched the probe codon. The flanking sequence used for each of the three probe sets is shown in
Table 1. Flanking sequence 1 differs from flanking sequence 2 by one nucleotide; flanking sequence 2 differs from flanking sequence 3 by two nucleotides; and
flanking sequence 1 differs from flanking sequence 3 by three nucleotides.
CV, coefficient of variation; Tm, melting temperature.

Detection of HIV-1 Drug Resistance
probes in a set would have a DTm >0�C. In each experi-
ment, the mean and median DTm were then calculated
across each of the three probe sets for each of the six codon
103 variants.
Figure 5 Change in melting temperatures (DTms) according to target codon
flanking sequences in the 54 experiments with unmixed 80-mer targets. Each panel
The target codon is indicated above each panel. The complementary codon for e
shows the mean DTm for each of the three replicate experiments. For each comb
which the target and probe flanks were identical (squares) or differed by 1 to 3
occurred when the target and probe shared the same codon (DTm Z 0), regardless
Indeed, the squares and diamonds overlap whenever Tm was 0. However, in all but
and probe shared the same flanking sequence (squares), suggesting that the pro
sequence provided the most discriminatory information.

The Journal of Molecular Diagnostics - jmd.amjpathol.org
For the analysis of experiments that contained mixtures
of targets, receiver operating characteristic (ROC) curves
were generated for the proportion of each target to deter-
mine the area under the ROC curve, optimal mean DTm
, probe codon, and the extent of mismatch between the target and probe
represents nine experiments with a target that contained a different codon.
ach probe is indicated vertically in plain text below each panel. The y axis
ination of target and probe codon, data were obtained from a probe set in
nucleotides (diamonds). The strongest binding between target and probe
of the extent of mismatch between the target and probe flanking sequences.
one case, the DTms for the mismatched codons were lower when the target
bes with flanking sequences that do not exactly match the target flanking
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Figure 6 Change in melting temperatures
(DTms) for each of the 27 mixture experiments
according to the AAC dilution. The four panels
each represent nine experiments. For comparison,
the leftmost panel represents the experiments with
the undiluted AAC target. The three rightmost
panels each represent experiments with a different
AAC/AAA dilution (50%, 25%, 10%). The AAC/AAA
mixture percentage is indicated above each panel.
The complementary codon for each probe is indi-
cated below each panel vertically in plain text. The
y axis shows the mean DTm for each of the three
replicate experiments. For each combination of
target codon and probe codon, data were obtained
from a probe set in which the target and probe
flanks were identical (squares) or differed by one
to three nucleotides (diamonds). A 50% AAC/50%
AAA mixture yielded lower DTms for probes com-
plementary to AAC than those complementary to
AAA, consistent with the stronger binding between
C and G than between A and T at the codon’s third
position. At the 25% AAC/75% AAA mixture, the
DTms for the probes complementary to AAC and
AAA were both approximately 0�C and were >3�C
lower than those of any other probes. At the 10%
AAC/90% AAA mixture, the DTms for the probes
complementary to AAA were 0�C, whereas those
complementary to AAC were >0�C but lower than
those of probes complementary to the other four
codons.

Clutter et al
cutoffs, and sensitivity and specificity associated with these
cutoffs.12

Results

Single 80-mer Targets

Each of the 18 distinct 80-bp targets (six codons � three
flanking sequences) were tested in triplicate, yielding 54
experiments (Table 2); each experiment yielded 18 melt
curves (one per probe). Supplemental Figure S1 shows the
results of the first of three replicate experiments for 9 of the
18 targets: targets that contained each of the three flanking
sequences (1, 2, and 3) and three of the six codons: AAA
(wild-type K), AAC (DRM N), and AGA (polymorphic
variant R). Here, the x axis represented the temperature and
the y axis represented the fluorescence signal. Supplemental
Figure S2 shows the remaining 27 experiments performed
on 80-mer targets that contained each of the three flanking
sequences and codons AAG (wild-type K), AAT (DRM N),
and AGC (DRM S).

Each row in these figures contained three experiments
with different targets and each experiment contained three
panels, one per probe set. In the first experiment in each
row, the target was perfectly complementary to probe set 1
and contained one and three differences from probe sets 2
and 3, respectively (Table 1). In the second experiment, the
target was perfectly complementary to probe set 2 and
588
contained one and two differences from probe sets 1 and 3,
respectively. In the third experiment, the target was
perfectly complementary to probe set 3 and contained three
and two differences from probe sets 1 and 2, respectively.
Regardless of the number of flanking sequence mismatches
between the probe and target, the maximum Tm occurred
when the probe and target had the same codon.
The triplicate experiments for each target demonstrated

high interexperiment reproducibility of the maximum Tm for
each probe set (Table 3). The median coefficient of variation
for the maximum Tm for a probe set across experiments was
1.68% (range, 0.5% to 5.3%). On average, the maximum Tm

was inversely proportional to the number of mismatches
between the target and probe flanking sequence. The mean
maximum Tm was 62.1�C when there was an exact match
between target and probe flanking sequence, 60.1�C when
there was one mismatch (flanking sequences 1 versus 2),
59.1�C when there were two mismatches (flanking se-
quences 2 versus 3), and 55.0�C when there were three
mismatches (flanking sequences 1 versus 3). The mean
maximum Tm for probe sets in which the target and probes
had the same flanking and codon sequences was lowest for
AAA (60.5�C) and highest for AGC (63.6�C).
Figure 5 summarizes DTms by target codon, probe codon,

and extent of mismatch between target and probe flanks.
The strongest binding between target and probe occurred
when the target and probe shared the same codon
(DTm Z 0). When the target and probe had different
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 7 Distribution of the mean change in melting temperatures
(DTms) for each of the six probes in each of the 81 experiments (A) and
receiver operating characteristic (ROC) curve analysis (B). A: The mean DTm
for a probe in an experiment was the mean values for a probe in each of the
three probe sets. The distribution of these values was plotted according to
the percentage of a codon in the experimental targets (100% for undiluted
targets; 50%, 25%, and 10% for diluted AAC targets; and 50%, 75%, and
90% for AAA targets used to dilute AAC). Median DTm for each codon
dilution is shown. B: The ROC curves for targets at a concentration of 10%,
25%, 50%, and 100%. The sensitivity and specificity for detecting variant
codons at these concentrations at optimized thresholds are shown.

Detection of HIV-1 Drug Resistance
codons, the DTm varied from 2.3�C to 16.8�C. For the
mismatched codons, the DTms were nearly always lower
when the target and probe shared the same flanking
sequence than when they differed by one to three nucleo-
tides. Thus, the probes with flanking sequences that did not
exactly match the target flanking sequence provided higher
DTms and the most discriminatory information.

Mixtures of 80-mer Targets

Targets that contained AAC and each of the three flanking
sequences were diluted to 50%, 25%, and 10% with targets
that contained AAA for a total of nine mixtures (three
mixture proportions � three flanking sequences) (Table 2).
Supplemental Figure S3 shows the first set of each replicate
experiment in which AAC was mixed with AAA. For each
probe set in each target mixture experiment, the probes
complementary to AAA and AAC had the two highest Tms.

Figure 6 summarizes the DTms for each mixture
experiment (50, 25, 10) displayed adjacent to the experi-
ments with unmixed (100) AAC targets. Each point in-
dicates the mean DTm of the three replicate experiments.
For each combination of target and probe codon, data were
obtained from a probe set in which the target and probe
flanks were identical or differed by 1 to 3 nucleotides. For
the nine distinct mixture experiments, the probes comple-
mentary to AAA and AAC consistently had the two lowest
DTms, regardless of the extent of flanking sequence
mismatch. Moreover, the probes with flanking sequences
that did not exactly match the target flanking sequence
provided higher DTms and the most discriminatory infor-
mation in these experiments as well as those in with the
unmixed targets.

Figure 7A summarizes the distribution of the 486 mean
DTms (81 experiments� six probes) defined as the meanDTm

of each probe across the three probe sets in each experiment
according to the percentage of a codon in experimental targets:
100% for targets that contained undiluted codons; 50%, 25%,
and 10% for diluted AAC targets; 50%, 75%, and 90% for
AAA targets used to dilute AAC; and 0% for absent codons.
These experiments demonstrated little overlap in the mean
DTm as determined by probes complementary to a target codon
present at�10% compared with probes not complementary to
a target’s codon. The ROC curves showed that the area under
the ROC curve was >0.98 for DTm at all target codon per-
centages (Figure 7B). The tabular insets indicate the sensitivity
and specificity of the assaywere>98%at the optimal cutoffs of
2.76�C to 3.47�C found to separate present and absent codons.

Experiments Using Plasma Virus Samples and Culture
Supernatants

Table 4 summarizes the melt curve analysis of 13 plasma
virus samples and two culture supernatants that under-
went RNA extraction, reverse transcription, and asym-
metric PCR. There were six subtype B samples that
The Journal of Molecular Diagnostics - jmd.amjpathol.org 589
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Table 4 Genotyping of RT Position 103 Using Plasma Virus Samples and Cultured Virus Supernatants: Melt Curve Analysis of SS-DNA
Generated from Asymmetric PCR of Reverse-Transcribed Extracted RNA

Sample* Subtype Codon Mismatches PS1-PS2-PS3y
DTm

z

PS1 PS2 PS3 Mean

7908 B AAA 2-1-3 0 (16.3) 0 (7.9) 0 (14.3) 0 (12.8)
26339 B AAA 4-3-4 d 0 (17.0) d 0 (17.0)
112986 B AAC 1-1-3 0 (16.1) 0 (16.4) d 0 (16.2)
175042 B AAT 1-0-2 0 (3.9) 0 (1.6) 0 (16.2) 0 (7.2)
175881 B AGC 4-3-5 0 (16.8) 0 (17.1) 0 (6.0) 0 (13.3)
220161 B AGA 2-1-3 0 (15.2) 0 (15.0) 0 (11.2) 0 (13.5)
175872 A AAA 2-3-5 0 (14.5) 0 (5.3) d 0 (9.9)
139002 C AAA 3-2-2 0 (5.6) 0 (8.3) 0 (8.2) 0 (7.3)
139189 C AAA 3-2-4 0 (13.4) 0 (15.4) 0 (7.1) 0 (12.0)
175134 C AAC 2-1-1 0 (16.3) 0 (18.8) 0 (18.9) 0 (18.0)
57384 C AAC 3-2-2 0 (13.4) 0 (15.2) 0 (15.2) 0 (14.6)
JX140670 D AAA 4-3-5 0 (13.4) 0 (14.7) d 0 (14.0)
175289 CRF01 AAC 0-1-3 0 (8.9) 0 (7.1) 0 (6.3) 0 (7.8)
220168 CRF01 AAG 3-3-5 0 (4.3) 0 (4.4) d 0 (4.3)
JX140646 CRF02 AAA 2-2-4 0 (7.0) 0 (5.9) 0 (6.8) 0 (6.6)

*JX140670 and JX140646 were cultured virus supernatants from the Duke University External Quality Assurance Program Oversight Laboratory sample
collection.

yNumber of mismatches in the flanking sequence for each of the three PSs in the plasma virus: PS1-PS2-PS3.
zDTm is the difference between the Tm of the probe complementary to the codon in the third column and the Tm of the probe with the highest Tm (maximum

Tm) for PS1, PS2, PS3, and the mean of PS1, PS2, and PS3. In all cases, DTm was 0�C because the Tm of the probe with the complementary codon was the
highest within the probe set. The parentheses contain the DTm for the probe with the second lowest DTm (ie, the second-best match).
PS, probe set; d, probe sets not hybridizing with the PCR product; DTm, change in melting temperature.

Clutter et al
contained five codons (AAA, AAC, AAT, AGA, and
AGC), four subtype C samples that contained two codons
(AAA and AAC), two CRF01_AE samples that contained
two codons (AAC and AAG), and three samples that
belonged to subtypes A, D, and CRF02_AG, each con-
taining AAA.

Despite the marked variability of the flanking sequences
surrounding position 103 (ie, having up to four or five
mismatches from the flanking regions of one or more
probes), the correct codon was identified in all assays with
the probe with the second best having a mean DTm that
ranged between 4.3�C and 18.8�C. Melt curve analysis
yielded results for 21 of 21 probes that contained two or
fewer flanking sequence differences from the clinical virus
samples, 12 of 13 probes that contained three flanking
sequence differences, four of six probes that contained four
flanking sequence differences, and one of four probes that
contained five flanking sequence differences.

Discussion

The thermodynamic simulations described in this study
predicted that three probe sets, each sharing the same
flanking sequences but containing probes complementary to
a different codon, would successfully genotype RT position
103 in >99% of a large set of diverse global HIV-1 se-
quences. The in vitro experiments demonstrated that a
multiplexed solid-phase melt curve analysis platform that
used these probe sets was capable of discriminating
perfectly among the six codons at RT position 103 in
590
undiluted oligonucleotide targets, despite surrounding
sequence variability.
Experiments that used PCR-amplified DNA from 15

clinical plasma HIV-1 samples and culture supernatants that
contained viruses belonging to diverse subtypes also
demonstrated the ability of the platform to successfully
genotype RT position 103. These experiments demonstrated
the first major challenge to point-of-care testing in that
probes containing four or more differences from a target
sequence often did not capture target DNA. However, these
experiments also demonstrated the usefulness of a platform
that contained multiple probe sets per codon as in each of
the 15 diverse samples, target DNA was captured by one or
more probe sets.
The second major challenge to point-of-care testing is to

determine the optimal DTm threshold for determining
whether the second-best binding probe in a probe set is
detecting a codon present at low abundance. The ability to
reliably detect variants present at proportions of approxi-
mately 15% or higher is a worthwhile objective because this
is the sensitivity of dideoxynucleotide Sanger sequencing
and because DRMs detected at this level are highly repro-
ducible and clinically interpretable.13e15 Although our
experiments demonstrated a high sensitivity and specificity
for detecting targets that contained AAC even at a propor-
tion of 10% when mixed with targets that contained AAA,
additional experiments are required to determine whether
similarly high levels of sensitivity and specificity can be
obtained regardless of which codon is present at a low
frequency.
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Detection of HIV-1 Drug Resistance
Previously described allele-specific methods for detecting
HIV-1 DRMs include differential hybridization of PCR
products,16,17 allele-specific PCR,18,19 and assays that
incorporate a biochemical reaction such as ligation20e22 and
sequence extension23,24 to increase specificity. In addition,
one study performed solution-based melt curve analysis to
detect K103N, Y181C, and M184V in subtype C viruses
from South Africa.25 Several of these assays, particularly
the allele-specific PCR assays, were developed primarily for
detecting low-abundance DRMs. Others were developed as
low-cost options for LMICs. Each has had to contend with
the sequence variability surrounding each DRM and the
requirement for simultaneously detecting multiple DRMs.

The multiplexed solid-phase melt curve analysis approach
used in this study contains several inherent advantages for
point-of-care testing. First, it achieves sensitivity by capturing
target at one temperature (eg, 55�C) and specificity by deter-
mining how well the probeetarget duplex resists melting
relative to isogenic probes complementary to different codons.
Second, it has the potential for amplifying sample nucleic acid
and performing melt curve analysis in the same reaction
chamber. Third, it can be highly multiplexed by leveraging the
many addressable positions on a solid surface to design an
assay with multiple probe sets for each DRM position.

Additional work, however, is required to modify the
multiplexed solid-phase melt curve analysis platform
described here to one suitable for point-of-care testing. First,
to perform the assay in a closed-tube format and to obviate
the need for a wash step after hybridization, an inverse
fluorescence approach is required in which the printed
probes will be labeled with fluorophores and the PCR
products with quenchers. Second, to detect the complete set
of published NRTI- and NNRTI-associated DRMs at six RT
positions, the PCR step will need to be multiplexed to create
amplicons for the three RT regions that encompass position
65, positions 103 and 106, and positions 181, 184, and 190.
Finally, the HYDRA-1K CMOS chip, which is the pro-
duction version of the prototype platform used in this study,
obviates the need for an external fluorescence detector
because fluorescence is detected by the chip’s integrated
CMOS processes.9 Moreover, it has 1032 addressable po-
sitions rather than 252 on the system used in this study.

Conclusions

The described experiments represent critical proof-of-
principle results, suggesting that multiplexed solid-phase
melt curve analysis is a promising approach for the devel-
opment of a point-of-care assay for detecting HIV-1 drug
resistance. Even if four (rather than three) probe sets would
be required to ensure hybridization to each drug resistance
position, approximately 160 features would be required to
detect the approximately 40 reported codons at RT positions
65, 103, 106, 181, 184, and 190.4 If these probes are printed
in triplicate (nZ 480 probes), approximately one-half of the
1032 addressable positions on the HYDRA-1K CMOS chip
The Journal of Molecular Diagnostics - jmd.amjpathol.org
would still be available to detect DRMs in other HIV-1
genes, including protease and integrase.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.jmoldx.2019.02.005.
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