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Key clinical studies for HIV coreceptor antagonists have used the phenotyping-based Trofile test. Meanwhile various simpler-
to-do genotypic tests have become available that are compatible with standard laboratory equipment and Web-based interpreta-
tion tools. However, these systems typically analyze only the most prominent virus sequence in a specimen. We present a new
diagnostic HIV tropism test not needing DNA sequencing. The system, XTrack, uses physical properties of DNA duplexes after
hybridization of single-stranded HIV-1 env V3 loop probes to the clinical specimen. Resulting “heteroduplexes” possess unique
properties driven by sequence relatedness to the reference and resulting in a discrete electrophoretic mobility. A detailed optimi-
zation process identified diagnostic probe candidates relating best to a large number of HIV-1 sequences with known tropism.
From over 500 V3 sequences representing all main HIV-1 subtypes (Los Alamos database), we obtained a small set of probes to
determine the tropism in clinical samples. We found a high concordance with the commercial TrofileES test (84.9%) and the
Web-based tool Geno2Pheno (83.0%). Moreover, the new system reveals mixed virus populations, and it was successful on speci-
mens with low virus loads or on provirus from leukocytes. A replicative phenotyping system was used for validation. Our data
show that the XTrack test is favorably suitable for routine diagnostics. It detects and dissects mixed virus populations and viral
minorities; samples with viral loads (VL) of <200 copies/ml are successfully analyzed. We further expect that the principles of
the platform can be adapted also to other sequence-divergent pathogens, such as hepatitis B and C viruses.

The predominant virus variant in early stages of the clinical
manifestation of disease, CCR5-tropic HIV, is found in ap-

proximately 80% of treatment-naive patients (1, 2). Although this
number can vary for the different virus subtypes, the percentage of
CXCR4-tropic HIV isolates is generally low and tends to rise with
disease progression (3–6). Nevertheless, the fraction of CCR5-
tropic viruses in clinical specimens continues to stay at �50%
throughout the course of infection (7, 8). As such, the molecular
interactions between the viral envelope and the cellular chemo-
kine receptor CCR5 were recognized as potentially attractive tar-
gets for drug development and have yielded compounds and
drugs able to specifically block CCR5-tropic HIV (9–11). It is this
selectivity of the inhibition of one (CCR5) and not the other
(CXCR4) viral coreceptor that necessitates tropism testing prior
to prescribing drugs of this particular class. Although the chemo-
kine receptor binding site in the HIV envelope is constituted
mainly by the V3 loop, the V1/V2 regions, and the C4 conserved
region in the HIV protein gp120, coreceptor tropism is dictated
predominantly by amino acid sequences of the V3 region (12, 13).
But also sequences of other variable env regions can contribute as
secondary sites to the viral tropism (14–17).

Initially, all tropism determinations in the key clinical studies
during development of CCR5 antagonists, e.g., maraviroc
(Celsentri/Selsentry), used several sensitivity versions of the
Trofile test, a phenotype-based system developed by Monogram
Biosciences. And along with the approval of maraviroc as the first
drug in class, the HIV-1 authorities required a mandatory tropism
determination prior to any prescription (18). The phenotypic
Trofile test, particularly its enhanced-sensitivity version
(TrofileES), had proven to represent an excellent tool for deter-
mining the tropism of HIV in patients, particularly when the ques-
tion was to detect with highest sensitivity CXCR4-tropic viruses.
At that time, it was crucial for the salvage studies to exclude af-
fected patients from studies in order to minimize therapy failure.

However, such highly sophisticated mostly centralized pheno-
typic testing turned out to be problematic for the everyday settings
when introducing this drug class into clinical practice (19). Par-
ticularly for requests from Europe, the need for international sam-
ple shipment, a limited test sensitivity (�1,000 copies/ml), and
long turnaround times were recognized as inacceptable obstacles.
As a consequence, various simpler diagnostic tools have been de-
veloped and validated (20–23). And this development of geno-
typic tests created a need for a further refinement of the tools to be
able to characterize mixed virus populations, detect CXCR4 tro-
pism in viral minorities, and define predictors of disease progres-
sion.

Various methods were developed and evaluated as possible op-
tions for simplifying the diagnostic procedures. We, as others,
have used amplified HIV-1 env sequences for tropism analysis
based on a heteroduplex tracking assay (HTA) (4, 24), Pathway
Diagnostics (SensiTrop)-developed commercial HTA-based tests,
and later Quest Diagnostics-developed commercial HTA-based
tests.
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The apparent complexity of the subject is exemplified in a re-
cent publication by Cabral et al., who compared genotypic meth-
ods with Trofile as the phenotypic standard and concluded that
“composite algorithms may be needed” for predictively assessing
the viral tropism when only V3 sequences are analyzed (25). Com-
parative studies of the commercial genotypic test with the vali-
dated Trofile assay found the SensiTrop test to be inferior in iden-
tifying CXCR4 tropism in clinical specimens. Hence, the use of the
SensiTrop test was suspended and has in the meantime been re-
placed with sequence-based methods, including sensitive next-
generation sequencing (Reflex; Quest Diagnostics). One key ele-
ment not revealed for most published HTA-based tropism tests is
the strategy by which the hybridization oligonucleotide of the test
was identified or the methods by which the relative tropism spec-
ificity of such oligonucleotides was validated for the commercial
test.

This study presents a new approach attempting to improve and
simplify genotypic tropism testing. The method presented here is
based on the principles of duplex tracking as initially described by
Delwart et al. (26); only for a limited number of critical and am-
biguous samples (�10%) did it require complementation by se-
quence information or phenotyping. As is principally typical for
homo- and heteroduplex tracking, our system utilizes the analysis
of double-stranded hybrids between a patient-derived HIV-1 se-
quence(s) and a small set of defined synthetic V3 sequences in a
standardized capillary assay format. A key element of this devel-
opment was the primer optimization based on numerous, charac-
terized sequence pairs.

MATERIALS AND METHODS
Clinical specimens were from routine testing in the frame of the Swiss
HIV Cohort Study (SHCS). As no preselection of patients or selection
during sampling was performed, the genotypic properties were similar to
those observed in routine at the Basel center: over 90% of all samples
belong to subtype B, with the next most frequent subtype being C (�5%).

Preparation of labeled probe. Single-stranded (ss) 6-carboxyfluores-
cein (FAM)-labeled V3 probes were obtained by PCR using commercial
FAM-labeled, high-performance liquid chromatography (HPLC)-puri-
fied oligonucleotides (FAM-GA ATC TGT AGA AAT TAA TTG TAC
AAG AC) in combination with a biotin-tagged oligonucleotide (biotin-
TGC TCT ACT AAT GTT ACA ATG TGC TTG TCT TAT) for the oppo-
site strand (Microsynth, Balgach, Switzerland) covering the HIV-1 V3
region. Ten microliters of 5� iProof HF buffer, 1 �l 10 mM deoxynucleo-
side triphosphate (dNTP) mix, 1 �l of each primer corresponding to 10
pmol, 0.5 �l iProof DNA polymerase (Bio-Rad, Reinach, Switzerland),
and 30 ng of DNA template were mixed on ice and water added to 50 �l.
After 2 min at 98°C, a standard cycling protocol with 35 cycles (10 s at
98°C, 15 s at 48°C, 10 s at 72°C) was performed with a final extension for
10 min at 72°C.

Single-stranded DNA separation. PCR products were fixed via a bi-
otin tag onto streptavidin. Forty microliters of Dynabeads M-280 strepta-
vidin suspension (Life Technologies, Zug, Switzerland) was washed three
times in 200 �l binding buffer (20 mM Tris-HCl [pH 7.5], 10 mM EDTA,
2 M NaCl) in a 1.5-ml reaction tube (Eppendorf, Hamburg, Germany) by
using magnetic separation. Then 50 �l of purified PCR product and beads
were mixed in 50 �l binding buffer and incubated for 30 min in the dark.
Beads were then separated with the magnet for 2 min, supernatant was
removed, and the Dynabead-DNA complex was washed 3 times in 200 �l
wash buffer (20 mM Tris-HCl [pH 7.5], 10 mM EDTA, 1 M NaCl). For
strand separation, the complex was resuspended in 20 �l 0.2 N NaOH,
incubated for 10 min in the dark, and magnetically separated for 2 min.
The supernatant containing the single-stranded, labeled DNA was col-
lected in a reaction tube, and 20 �l of 1 M Tris-HCl (pH 7.5) was added.

Prior to use, yields were quantified using a NanoDrop ND-1000 photom-
eter (Fisher Scientific, Wohlen, Switzerland). A tetramethylrhodamine
(TAMRA)-labeled 80-bp fragment of unrelated bcr-abl DNA served as the
molecular weight marker (MWM) for each electrophoretic run. Sample
preparation and PCR for XTrack was as follows: for RNA extraction from
clinical specimens, the lysis protocol of the Prepito NA body fluid kit was
followed (PerkinElmer, Baesweiler, Germany), and a one-step reverse
transcription-PCR (RT-PCR) was then performed.

For one-step reverse transcription, primers F-6943 (CAC AGT ACA
ATG YAC ACA TGG AAT) and R-7365 (AGT AGA AAA ATT CYC CTC
YAC AAT TAA A), each 10 pmol, were mixed with 5 �l RNA template, 25
�l of Herculase II RT-PCR 2� master mix, and 1 �l Affinity Script RT/
RNase block (Affinity Script One-Step RT-PCR kit; Agilent Technologies,
Basel, Switzerland) according to the manufacturer’s instructions in a final
volume of 50 �l. Incubation was for 5 min at 45°C, 1 min at 92°C, 40 cycles
of 20 s at 92°C, 20 s at 51°C, and 30 s at 68°C, and then 3 min at 68°C.

After the one-step RT-PCR and Illustra Exostar 1-step treatment (GE
Healthcare, Opfikon, Switzerland) for 15 min at 37°C and 15 min at 80°C,
the 2nd nested PCR step yielded products of ca. 140 bp in length using the
following conditions: 5 �l of the one-step RT-PCR product was added to
10 pmol of primer F-7092 (GAA TCT GTA GAA ATT AAT TGT ACA
AGA C) and 10 pmol of primer R-7232 (TGC TCT ACT AAT GTT ACA
ATG TGC TTG TCT TAT), dNTPs, and 1 �l of PfuUltra II enzyme (Agi-
lent Technologies) in PfuUltra II buffer in a reaction volume of 20 �l. PCR
was carried out for 1 min at 92°C, and then 30 cycles of 20 s at 92°C, 20 s
at 51°C, and 15 s at 72°C, and then 3 min at 72°C. The product was
purified from a 2% agarose gel by excision and recovery of the V3 frag-
ment and quantified. Approximately 20 ng V3 DNA was then mixed with
2 ng single-stranded probe, 2 �l 10� TKE buffer (10 mM Tris-Cl [pH
7.5], 10 mM KCl, 1 mM EDTA), and H2O to a final volume of 10 �l. The
mix was denatured at 95°C for 5 min and rapidly cooled on wet ice in the
dark for 10 min, after which 10 ng of the bcr-abl molecular weight marker
was added. Samples were loaded onto an ABI 310 genetic analyzer fitted
with a 47-cm capillary.

Fragment analysis. The structure-based “genosorting” fragment
analysis system uses POP conformational analysis polymer (CAP; ABI-
Life Technologies catalog no. 4340379) at 5%, 1� TBE (90 mM Tris, 90
mM boric acid, 2 mM EDTA), and 10% glycerol. Electrophoresis was
carried out in 1� TBE and 10% glycerol; samples were injected at 15 kV
for 10 s and run for 30 min at 10 kV at a temperature of 30°C.

The resulting electropherograms were used to calculate for each probe
the relative run length of a patient-derived HIV-1 sample, compared to
the run of the perfect match (equal to a value of 1) and to the prototypic
clonal CCR5-tropic reference virus HIVBaL. Based on the validation with
phenotypically characterized isolates, this resulted in the reliable rule that
values for the sample hybrid/perfect match ratio of below 0.7 were found
for X4-tropic viruses, those above 0.79 were found for R5-tropic viruses,
and values between 0.7 and 0.79 were called “indeterminate.”

Dideoxy sequencing. Sequencing was carried out using BigDye Ter-
minator kit v3.1 according to the manufacturer’s instructions (Life Tech-
nologies, Zug, Switzerland). Reaction products were processed on an
ABI3100 sequence analyzer.

rPhenotyping. Principles and details of the replicative phenotyping
protocol have been described elsewhere (27, 28) with the following adap-
tations for tropism analysis. Amplification of the HIV-1 Env gene isolated
from clinical samples was successfully performed when virus loads were
greater than 500 copies/ml (29). The HIV-1 envelope was amplified using
the AffinityScript One-Step RT-PCR kit (Agilent Technologies, Basel,
Switzerland) on a Biometra T3000 cycler (Biometra, Goettingen, Ger-
many); primers matched nucleotide positions as indicated by their num-
bers: F_5700, GAA ACT TAT GGG GAT ACT TGG; R_8494, AGC TGA
AGA GGC ACA GGC TCC. After primer annealing at 65°C for 5 min,
42°C for 2 min, and 25°C for 10 min, reverse transcription was conducted
at 45°C for 30 min, 92°C for 1 min, followed by PCR at 40 cycles of 92°C
for 20 s, 55°C for 20 s, and 68°C for 3 min, and then extension was at 68°C
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for 5 min. For the 2nd, nested, PCR for envelope and for introducing the
cloning sites MluI and NgoMIV, the Pfu-ultraII Fusion HS DNA poly-
merase was used (Agilent Technologies, Basel, Switzerland). Primers were
F_6435M (CYA CCA ACG CGT GTG TAC CCA C) and R_8319N (TGA
RTA TCC CTG CCG GCC TCT ATT YAY TAT AGA AA); cycling condi-
tions were 95°C for 2 min, 35 cycles of 95°C for 20 s, 50°C for 20 s, and
72°C for 1 min and 20 s, followed by an extension at 72°C for 3 min.

Products were cut with MluI and NgoMIV (New England Biolabs;
Bioconcept, Allschwil, Switzerland) and purified over a 0.8% agarose gel.
Then the respective fragments of 1.9 kbp were ligated into an NL4-3 back-
bone to reconstitute fully functional proviruses. After transformation of
Top10 bacteria (Life Technologies), 4 ml of standard LB broth-Amp was
directly inoculated without plating in order to retain viral diversity.
Transformed bacteria were grown at 37°C overnight. Plasmid DNA was
purified (DNA MiniPrep kit; Macherey-Nagel AG, Oensingen, Switzer-
land) and directly used for cell transfection. The drug susceptibility assay
was performed as described previously (28) by using serial dilutions of the
CCR5 antagonist TAK-779 (obtained through the NIH AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID, NIH, Be-
thesda, MD, USA) (30) or the CXCR4 inhibitor AMD3100 (Sigma-Al-
drich, St. Louis, MO, USA) (31). Briefly, the susceptible human cells were
transfected with recombinant HIV-1 plasmids to produce replication-
competent virus. Cultures were maintained in the presence of active con-
centrations of the respective antagonists. The time window of 4 days per-
mitted up to 4 rounds of viral replication.

For phenotypic comparison, samples were sent to Monogram Biosci-
ences (South San Francisco, CA, USA) for analysis using the TrofileES
version of the commercial Trofile test.

Ethics statement. The SHCS has been approved by the responsible
ethical committees of all participating institutions (Ethikkommission
Beider Basel; Kantonale Ethikkommission Bern; Comité d’Éthique du
Département de Médicine de Hôpitaux Universitaires de Genève; Com-
mission d’Éthique de la Recherche Clinique, Lausanne; Comitato Etico
Cantonale, Bellinzona; Ethikkommission des Kanton St. Gallens; and
Ethik-Kommission Zürich [all from Switzerland]).

Written informed consent was obtained from and is on file for all
study participants. This study has been approved by the scientific review
board of the Swiss HIV Cohort Study.

RESULTS

By targeting a host protein, HIV coreceptor antagonists represent
a distinct, unique class of HIV inhibitors. As for cell binding, the
virus has the principal option to use one of its two main corecep-
tors, CCR5 or CXCR4; it appears mandatory to assess this prefer-
ence of the virus prior to prescribing an inhibitor that is restricted
to CCR5-tropic virus variants. A test therefore has to provide re-
liable means for predicting whether or not the virus in the respec-
tive patient will respond to the treatment.

Here, we describe a refined genotypic test which is based on
sequence hybridization and which does not require knowledge of
the genetic envelope sequence.

For an extensive test validation, representative viruses with
known tropism were utilized. The env regions of the CXCR4-
tropic clonal HIV-1 strain NL4-3 (32), the CCR5-tropic AD87
(33), or the CCR5-tropic BaL (34) were utilized (reviewed in ref-
erence 35) and inserted into a viral NL4-3 genome backbone. Vi-
rus tropism and replicative fitness of the resulting constructs were
assessed by replicative HIV phenotyping. This test, termed
PhenXR, permits up to four rounds of virus replication in the
presence of inhibitor. Details have been described elsewhere, and
the test has been validated for diagnostic drug resistance testing
(27). For all above-mentioned env variants, a replicative fitness of
�70% compared to that of the wild-type NL4-3 was noted. This

confirms that an exchange of larger segments of the env gene is
sufficient for a functional tropism determination; it further shows
that the exchange retains envelope functionality.

Properties of the “genosorting tropism test” (XTrack). Al-
though some reports have indicated a tropism-determining role
for regions outside the V3 region (36), most tests focus today on
V3-derived information (19, 37, 38). The tropism test described
here is based on the sequence along with a sequence-implied
structure characterized by the high variability of the V3 region of
the envelope glycoprotein gp120 of HIV-1. Env sequences of this
variable region in clinical samples are hybridized to double
strands with an exogenously added sequence probe of known tro-
pism. This step will constitute a more or less perfect double strand.
The use of carefully designed, representative probes for diagnos-
tics has successfully been compared against the genotypic method
of Geno2Pheno and against a phenotype-based method (39). In
the past, different HTA-based approaches have been described by
others (40), and also the use of capillary analysis systems has been
presented, e.g., by Baumann et al. (41). Principally, a fluorescently
labeled single-stranded DNA probe representing the V3 region of
known coreceptor tropism is hybridized under nondenaturing
conditions to V3 loop sequences which were obtained from the
virus in a given clinical sample. The degree of matching between
sample and probe will determine a certain electrophoretic mobil-
ity that discriminates more perfect duplexes (homoduplex of al-
most identical strands) from imperfectly matched DNA (hetero-
duplexes). The principle of the test is to associate the respective
mobility areas with a given tropism. This can be accomplished
only with the most carefully selected probes that represent a given
tropism and cover the various HIV subtypes.

Technical discrimination of R5/X4. A principal limitation of
the HTA approach is that the envelope V3 regions of individual
HIV-1 isolates and of the various virus subtypes can differ dramat-
ically from each other. In fact, this is the main reason for a certain
inherent limitation of any genotypic prediction of an HIV tro-
pism. Nevertheless, clinical comparisons have clearly demon-
strated that for the vast majority of cases, genotyping and pheno-
typic methods are in quite good agreement, particularly for
R5-tropic virus (25, 42). In an HTA approach, the degree of
matching between patient-derived virus and the known sequence
probes defines discrete migration zones. The capillary running
characteristics of the duplexes under semi-denaturing conditions
form the technical basis for the definition of these zones. The
tropism prediction is based on the ratio between the distance from
the start of the sample-probe duplex (“duplex”) and the single-
stranded probe termed “1” divided by the distance of the perfectly
matched probe-probe duplex, termed “2” (Fig. 1A). The designa-
tion of an “area of migration” forms the basis for defining discrete
cutoffs between R5- and X4-tropic isolates. The shorter the dis-
tance of a sample-probe duplex from the perfect match (PM), the
smaller the difference in character or sequence between probe and
sample. Hence, the sample is more likely to share the tropism of
the probe.

Of note, in earlier studies, which had recruited mostly patients
in the U.S. or Europe, the number of non-B-subtype samples was
quite small. Comparisons of older and more recent studies thus
have the potential limitation that the more divergent non-B sam-
ples affect test performance (amplification success) as well as in-
terpretation in a negative way. This is a principal caveat for com-
paring tests in different settings and time periods.
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A major task lies in the broad divergence of HIV-1 sequences,
particularly for the variable regions of env. From the literature,
only a small amount of information is available for guiding the
sequence optimization for a given diagnostic test. Yet it is quite
likely that oligonucleotides chosen for amplification or hybridiza-
tion are responsible for sequence-biased amplification. This will
affect the results of the test. In order to systematically approach the
design of suitable diagnostic probes, we tried several algorithms
and utilized sequences available through the Los Alamos database
(43). Its �1,000 env entries formed the basis for designing a larger
number of probes. The best-fitting ones were sequentially tested
on the same set of specimens.

Probe design strategy 1: direct sequence alignment. This ap-
proach was based on a large sequence alignment with the aim to
identify X4- and/or R5-tropic consensus sequences that could
serve as representative probes.

For primary amplification of the V3 env target of HIV-1, the
primer pair V3_7092F/V3_7232R was used yielding a 140-bp frag-
ment; the primer positions were chosen based on published infor-

mation (44, 45). Env sequences from 635 patient-derived viruses
were obtained from the Los Alamos database (43) and from an
in-house set with available subtype and tropism information. All
sequences were computed to yield a generic HIV-1 consensus.
Using ClustalW (EMBL-EBI, Cambridge, United Kingdom), se-
quences were aligned, compared to one another, and grouped
according to relatedness and homology. Figure 1B shows a repre-
sentative section of this alignment. Stretches of dots in the se-
quences indicate polymorphisms and reflect regions, where indi-
vidual sequences had insertions of the respective length (not
shown). The SplitsTree4 software (University of Tubingen, Tub-
ingen, Germany) was then applied to yield a graphical dendro-
gram (Fig. 2) with discrete branches, largely reflecting the differ-
ent subtypes of HIV-1. About 67% of the available sequences
belonged to R5-tropic isolates (blue) mostly clustering tightly. In
contrast, X4-tropic sequences (red) were distributed more toward
the periphery. Of note, for subtype D, the available data set con-
tained more X4-tropic sequences, and branches tend to have lon-
ger distances than other subtypes from a virtual “best probe” de-

FIG 1 (A) Typical electropherogram depicting the test principle. Four types of mass peaks are resolved: 80-bp molecular weight marker (MWM); single-stranded
V3 probe (ss-probe); hybrid of patient-derived V3 sequence and probe (duplex). Residual double-stranded probe material serves as the ds-control. PM, perfect
match; 1 and 2 indicate relative peak distances for tropism calculation. (B) Representative section of the list of V3 loop nucleotide sequences after grouping
according to their relatedness to the probe candidate in the top line: HIV-1JR-CSF.
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fining the center of the dendrogram. As an interesting correlate
with published observations, subtype D associated with the high-
est rates of dual/mixed (D/M) tropism (2) in a phenotypic test. A
distinct set of exclusively R5-tropic sequences (Fig. 2, bottom
right) belonged to group O isolates that, in agreement with its
phylogeny, possessed the longest distance to our B subtype refer-

ence JR-CSF near the center (branch length truncated). Moreover,
recent investigations suggest that for CRF01_AE, algorithms for
the genotypic tropism prediction have a much higher failure rate
than for other subtypes (46). It is therefore interesting to note that
the Clustal analysis in Fig. 2 produced a dendrogram that very
discretely separates subtype A from CRF01_AE.

FIG 2 Dendrogram of 655 HIV-1 sequences depicting the maximal relative relationship to one another (Los Alamos database and data from the Swiss HIV
Cohort Study). Blue letters, R5-tropic viruses; red letters, X4-tropic isolates. Lobes of related sequences correspond with subtypes/groups (capital letters); the
group O branch with 4 isolates is truncated. Yellow arrow indicates arbitrary reference sequence HIV-1JR-CSF

.
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For a best representation of the different clades, we chose sev-
eral R5- or X4-tropic V3 sequences as single-stranded candidate
DNA probes and tested them on a representative subset of 20
HIV-1 samples with known coreceptor tropism to verify a correct
assignment. FAM-919 produced for 17 samples an interpretable
result and yielded the highest number of distinct results (R5, X4,
or mix) with 88% concordance with the TrofileES test. In com-
parison, the reference FAM-JRCSF yielded 19/20 (95%) interpre-
table results but tended to be too high on the R5 side (85%), which
led to 10 false predictions; only 9 samples (47%) were in agree-
ment with TrofileES. And FAM-JRCSF failed to dissect mixed
virus populations.

Based on its favorable properties, FAM-919 was kept as one
promising probe for the XTrack test system. In order to further
minimize ambiguous results, we set out to define a second probe,
which was, however, not readily identified with this strategy.

Probe design strategy 2: binding enthalpies linked to phylo-
genetic relatedness. This approach considered physical proper-
ties of base pairing stability and sequence relatedness. The algo-
rithm, kindly provided by Alex Thielen (Max Planck Institute,
Kaiserslautern, Germany), compared each individual candidate
R5 probe to every other sequence in the entire sample set of 655 R5
and X4 sequences. Each sample sequence would be sorted in rela-
tion to the one chosen to serve as the reference. The degree of
relatedness between the two assigns a value to this pair. A value of
0 stands for an identical sequence, and a value of 1 stands for the
most distant one in the set. Hence, a closer relatedness of any given
sequence to the chosen R5 reference is reflected in a smaller result-
ing value. The aim of this process was to identify a set of sequences
with very low scores that would allow a best separation of R5-
tropic from X4-tropic viral sequences. Ten R5-tropic sequences
representing the main lobes of the dendrogram of Fig. 2 were
chosen, and they were aligned one by one to the entire sequence
set from the database. A representative section of the results is
shown in Table 1.

From the sum of distance values for each sample, a total XR
score was calculated for every probe candidate. Table 2 summa-
rizes, e.g., the result for probe candidate 01PB27ZA. This XR al-
gorithm was run against all available isolates, and the obtained
values are listed in the “Distance” column. The table is sorted by
increasing distance values, with a score of 0 indicating 100% re-
latedness. In the “1/0 R5” column, a value of 1 is then entered for
known R5 tropism according to the Los Alamos database, and a
value of 0 for X4-tropic sequences. The “Index” column counts
numerically down from 1 for the top sequence (for reference se-
quence 01PB27ZA) to index 655. A smaller index number thus
indicates a closer relatedness to 01PB27ZA. A multiplication of
columns “1/0 R5” and “Index” yields the next column, named
“Value R5.” It generates a positive value solely for R5-tropic se-

TABLE 1 Binding enthalpies of three R5-specific probes to a selection of
R5 or X4 sequencesa

Probe Identifier Enthalpy (kcal/mol)

NH45_B NH45_B �189.04
BaL �181.94
92BR018 �178.64
PR107 �176.04
TV017 �175.53
XJ624 �175.05
AY426 �173.57
AC10 �173.27
851 �169.49
91US712 �166.72
1DRPT �166.58
QH0692 �166.21
LDLOCE �163.77
IN_1 �163.08
92BR021 �162.63
LDLPMON �157.84
C113 �155.01
FIV_10 �153.01
92US727 �150.03
R5-92HT596 �149.97
92BR004 �149.20

KNH_C KNH_C �199.23
C113 �171.89
92BR021 �159.42
92US727 �158.11
PR117 �156.83
J624 �155.85
BaL �155.55
851 �155.03
QH0692 �154.35
TV017 �154.02
AY426 �150.44
LDRPT �148.66
92BR0041 �147.23
FIV_10 �146.55
LDPMON �146.12
LDLOCE �144.17
AC10 �143.92
91US712 �143.76
IN_1 �141.42
92BR021 �137.85
92HT596 �127.65

TABLE 1 (Continued)

Probe Header Enthalpy (kcal/mol)

TAZ_A TAZ_A �201.33
92BR018 �146.15
C113 �145.12
PR107 �143.56
FIV_10 �143.17
J624 �142.60
QH0692 �142.03
851 �141.80
BaL �141.72
LDRPT �141.72
92BR004 �141.01
TV017 �139.01
AY426 �138.79
AC10 �136.52
LDLOCE �136.18
92US727 �135.50
LDLPMON �134.79
91US712 �133.17
IN_1 �127.96
92BR021 �126.00
92HT596 �116.14

a Unshaded, R5 sequences; shaded, X4 sequences. The top value for each probe
corresponds to the perfect match of the probe. Values are sorted by decreasing �H
values.
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quences. When the same procedure is now reiterated for every one
of the 655 sequences, each reference sequence itself will receive an
overall qualifier through the total sum of all “Value R5” scores.
This procedure allowed us to define an overall relatedness for all
R5 sequences to one another. Simultaneously, it reveals the great-
est distance to CXCR4-tropic HIV-1. Subsequently, the same pro-
cedure was run with X4-tropic sequences (“1/0 X4” column for X4
viruses). As X4 isolates are underrepresented in the Los Alamos
database (only 43% of all entries), we compensated for this by
applying the multiplier of 2.3, and cumulative value R5 was di-
vided by cumulative value X4 to yield a final XR score for the
winning reference. The top scoring two sequences were used for
further experiments. As an example, sequence 01PB27ZA had a
final score of 0.93 (shaded in Table 3 ). The lowest overall score
(greatest separation of R5 and X4) within the set of 655 samples
was 0.46 and the maximal score was 4.9. As the score for a random
distribution was 1.23, meaningful sequences have to possess a
score below this. Interestingly, the candidate sequences in the top
section of the list were contributed mainly by virus subtypes A and
C (Table 3).

In summary, sequence 01PB27ZA scored favorably with 0.93
and was therefore tested in the XTrack assay.

Probe design strategy 3: free enthalpy (�H). As V3 sequences
in clinical specimens typically differ in sequence, a “best match”
between sample and probe is expected to yield the most stable
hybrid. In this approach, the theoretically best probe candidates
were hybridized in silico with each one of the available 655 se-
quences using the online tool RNAfold (Institute for Theoretical

Chemistry, University of Vienna, Vienna, Austria). However, the
three probe candidates representing the HIV-1 subtypes B, C, and
A (NH45_B, KNH_C, TAZ_A) yielded no consistent ranking.
And although X4 sequences principally tended to be closer to the
bottom of the rank, there was no clear separation from R5-tropic
sequences. We therefore concluded that free enthalpy alone was
not suitable for predicting a tropism-specific clustering (data not
shown).

In summary, of the three strategies, the highest predictive
power was reached with probes targeting subtypes A and C:

TABLE 2 Relative enthalpy-based sequence distance from each V3 sequence to every other one in the list of published isolatesa

Tropism Isolate (GenBank accession no.) Sequence Distance 1/0 R5 Index R5 Value R5 1/0 X4 Index X4 Value X4

R5 R5-S123 (AF153176) TGTACAAGAC 0.021858 1 3 3 0 3 0
R5 R5-S194 (AF153164) TGTATAAGAC 0.021858 1 4 4 0 4 0
R5 R5-S083 (AF153189) TGTACAAGAC 0.027322 1 5 5 0 5 0
R5 R5-98ZABLM84 (DQ235618) TGTATAAGAA 0.027322 1 6 6 0 6 0
X4 X4-CHN19 TGTACAAGAC 0.027322 0 7 0 2.3 7 16.1
R5 R5-A125 (AY253304) TGTGTAAGAC 0.027322 1 8 8 0 8 0
R5 R5-C054 (AF153155) TGTACAAGAC 0.027322 1 9 9 0 9 0
R5 R5-93MW_965 (AY713413) TGTACAAGAC 0.027322 1 10 10 0 10 0
R5 R5-S071 (AF153162) TGTACAAGAC 0.027322 1 11 11 0 11 0
R5 R5-TV002 (AF254767) TGTACAAGAC 0.027322 1 12 12 0 12 0
X4 X4-CTSC2 (AY043176) TGTACAAGAC 0.027322 0 13 0 2.3 13 29.9
R5 R5-TV019 (AF254783) TGTACAAGAC 0.027322 1 14 14 0 15 0
R5 R5-C022 (AF153186) TGTACAAGAC 0.027322 1 15 15 0 15 0
R5 R5-TV014A (AF391247) TGCACAAGAC 0.027322 1 16 16 0 16 0
R5 R5-99ZASW5 (AY170658) TGTACAAGAC 0.027322 1 17 17 0 17 0
R5 R5-99ZASW38 (AY170667) TGTACAAGGC 0.027322 1 18 18 0 18 0
R5 R5-99ZASW38 (AY505002) TGTACAAGGC 0.027332 1 19 19 0 19 0
R5 R5-99ZATM19 (DQ235629) TGTACAAGAC 0.027322 1 20 20 0 20 0
R5 R5-98ZA502 (AY158534) TGTACAAGAC 0.032787 1 21 21 0 21 0
R5 R5-S147 (AF153169) TGTACAAGAC 0.032787 1 22 22 0 22 0
R5 R5-S171 (AF153150) TGCACTAGAC 0.032787 1 23 23 0 23 0
R5 R5-01PB15ZA (AY510062) TGTACAAGGC 0.032787 1 24 24 0 24 0
X4 X4-C070 (AF153143) TGTACAAGGC 0.032787 0 25 0 2.3 25 57.5
R5 R5-C109 (AF153142) TGTACAAGAC 0.032787 1 26 26 0 26 0
R5 R5-97ZAPET100 (DQ235617) TGTACAAGAC 0.032787 1 27 27 0 27 0
R5 R5-01PB21ZA (AY510065) TGTACAAGAC 0.032787 1 28 28 0 28 0
R5 R5-S059 (AF153151) TGTACAAGAC 0.038251 1 29 29 0 29 0
R5 R5-TV005 (AF254770) TGTACAAGAC 0.038251 1 30 30 0 30 0
R5 R5-TC25 (AY265945) TGTACAAGAC 0.038251 1 31 31 0 31 0
a Highest scores for various HIV-1 isolates to the reference (line 1), with “Distance” value � 0 and sorted by increasing values; columns as detailed in the text.

TABLE 3 XR scores of relatednessa

Sequence identifier Subtype XR score

01PB27 C 0.93
02CM A 0.99
UGSE81 C 1.06
KH024 A 1.10
93BR A 1.10
SF-162 C 1.13
LSP3 A 1.15
US01 A 1.17
92US C 1.19
93TH C 1.19
Random distribution 1.23
a Calculated for the top 10 R5 sequences of HIV-1 subtypes A or C. Random
distribution, reference score for a random distribution of R5 and X4 sequences.
Shading indicates the top scoring two sequences, which were used for further
experiments.
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01PB27ZA (termed FAM-PB_C) and 02CM (termed FAM-
CM_A). By sequence alignment, differences were found at 10 po-
sitions, distributed throughout the V3 region (not shown). We
added a subtype B candidate, FAM-919. Then the 140-bp DNA
segment of each of these V3-probe candidates was generated syn-
thetically by tiling PCR and the gel-purified products cloned into
the vector pCR-blunt II-TOPO (Invitrogen).

These probes for XTrack analysis were tried on 20 patient-
derived V3 sequences. In parallel, the same patients were analyzed
with the TrofileES test. Previous studies have confirmed the good
agreement between the phenotypic format of TrofileES and the
genotyping tool Geno2Pheno on a retrospective comparison of a
large study population in clinical studies (47, 48). As further con-
firmation, we also performed a parallel analysis with TrofileES on
a limited set of 20 clinical samples. Results are summarized in
Table 4. For this trial set, the tropism results with FAM-CM_A and
FAM-PB_C were identical and concordant with the TrofileES in
13 out of 20 cases. Shorter or longer length than the canonical 105
bp of the V3 loop is likely to affect the hybridization behavior.
Among the discordant samples, two had shorter V3 loops (102 bp
in length). Related difficulties have also been reported for the ge-
notypic interpretation by G2P (48) and require further attention.
Overall, we found for FAM-919 an 88% agreement with the
TrofileES results, 71% for FAM-CM_A, and 67% for FAM-PB_C.
For test validation and for establishing interpretation rules, we
focused on the combination of FAM-CM_A plus FAM-919 due to
the superior agreement with the TrofileES test. We chose to accept
the results of the clinically validated TrofileES test by default as
true. It should be remembered, however, that in clinical studies,
TrofileES results were handled quite restrictively in the way that

any sign of “non-R5 tropism” or any “uninterpretable result” led
to patient exclusion from the respective clinical studies (49). Such
policy potentially restricted the number of valid R5 participants by
eliminating all less clear cases. A clinical proof for the validity of
this exclusion is not available, and tropism changes between
screening and baseline in the clinical studies may reflect the test
variability or a certain instability of the viral tropism (50–52).
Recent deep-sequencing analyses have demonstrated that low
proportions of X4-tropic viruses can be found in almost any clin-
ical sample, yet the clinical relevance, e.g., of X4-tropic virus mi-
norities below 2% in a given virus population found in clinical
specimens remains unclear (53).

Capillary analysis of duplex species. A PCR product of about
140 bp containing V3 sequences from HIV-1 in clinical specimens
is hybridized to the fluorescently labeled, single-stranded V3 DNA
probe of known sequence and tropism. A double-stranded molec-
ular weight marker is mixed with the sample prior to electropho-
resis, serving as the migration standard. The relative migration of
the products in relation to the marker and to the remaining single-
stranded probe allows to determine their relatedness to the homo-
duplex probe.

In order to assess which of the probes was suitable for analyzing
the HIV-1 tropism of clinical samples, we adapted the heterodu-
plex tracking to a capillary electrophoretic format. A typical elec-
tropherogram is depicted in Fig. 3.

The tropism of sample peaks is calculated based on percent
migration, (position of single strand � position of duplex of pa-
tient sample and probe)/(ss-probe position � ds-probe [PM] po-
sition), as described in Fig. 1 (ds is “double-stranded”). With the
help of samples with known tropism in a large validation set, two
distinct migration zones corresponding to R5-tropic (80 to 100%
migration) and X4-tropic (0 to 69% migration) were defined. Sig-
nals mapping to the region between these defined zones (70 to
79%) indicate unassignable samples.

For specimens simultaneously containing several distinct HIV
variants, several duplexes will form with different, separable elec-
trophoretic migration, therefore “genosorting.” We have shown
that our system will identify, e.g., X4-tropic viral subpopulations
that may represent as little as 1% of the total quasispecies (4).

As a potential limitation, the XTrack analysis is restricted to the
V3 region of envelope and will therefore not consider other tro-
pism-relevant regions of the HIV genome.

In our study setup with 145 available samples, 139 samples
yielded an interpretable result with at least one of the systems.
Validation was performed as a side-by-side comparison of
XTrack, Geno2Pheno (10% false-positive rate), and TrofileES,
and for 57 clinical samples results were obtained with all three
systems. For 137/139, such comparison was available between two
systems. All analyses were blinded to the interpreting expert so
that the link between results from the other systems was not avail-
able to the operator. In order to avoid interpretation bias, a second
independent operator performed linkage of the results summa-
rized in Table 5. The high number of missing results for the Tro-
fileES system is explained mainly by two factors. As all clinical
samples stemmed from the routine laboratory for tropism analy-
sis, either not enough material was available for including the
external TrofileES test or the samples were not suitable for Trofile
testing due to viral loads being below 1,000 copies/ml (not ac-
cepted by the provider). Although the small number is acknowl-
edged as a significant potential limitation of our study, results

TABLE 4 XTrack resultsa

Sample no.

FAM probe result
TrofileES
result Size (bp) Subtype919 CM_A PB_C

1 X4 R5 R5 R5 105 A/AG
2 Mix Mix Mix D/M 105 B
3 R5 R5 R5 R5 105 B
4 Mix ? ? D/M 105 B
5 Mix Mix Mix D/M 105 A/AG
6 Mix R5 R5 D/M 105 B
7 R5 R5 R5 R5 105 A/AG
8 R5 X4 X4 R5 102 B
9 Mix Mix Mix D/M 108 B
10 R5 R5 R5 R5 105 B

11 R5 R5 ? R5 105 B
12 R5 X4 X4 R5 102 B
13 ? R5 R5 D/M 105 A/AG
14 ? R5 R5 R5 105 B
15 Mix Mix R5/? D/M 105 B
16 R5 R5 R5 R5 105 B
17 R5 R5 R5 D/M 105 B
18 ? ? ? D/M 105 B
19 R5 R5 R5 R5 105 B
20 R5 ? R5/? R5 105 B
a Using probes FAM-919, FAM-CM_A, or FAM-PB_C in columns 2, 3, and 4,
respectively, and in comparison to Trofile (column 5). Column 6 lists the V3 loop
length and column 7 the subtype for each sample. Samples with shorter V3 loops (no. 8
and 12) are shaded. R5, CCR5-tropic virus; X4, CXCR4-tropic virus; Mix, mixed virus
population with both tropisms; D/M, dualtropic or mixed virus; ?, noninterpretable
result.
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from earlier work had clearly demonstrated that genotypic tech-
niques correlated very well with the TrofileES results (25). This
agreement hence supports the comparative analysis of this study.

In our analysis, all three systems found R5-tropic virus in 27
samples and X4-tropic HIV or mixes in 15 samples. For 20 sam-
ples, TrofileES called D/M, and XTrack identified nine mixed vi-
rus populations. All of these correlated with D/M in TrofileES; in
contrast, for six of the TrofileES D/M calls, XTrack and
Geno2Pheno agreed on X4, and three were called R5. For two
samples, XTrack identified an R5 virus and Geno2Pheno an X4
variant. Overall disagreement of at least one system was found in
15 cases (26%).

When assessing the overall performance in six cases, XTrack
did not yield a result; in five, no sequence for Geno2Pheno was
obtained; and in 56 cases, no TrofileES result was obtained or no
such test was performed due to insufficient sample volume or low
viral load. Three results were uninterpretable by XTrack due to
unusual duplex migration, and for Geno2Pheno four sequences
were double sequences that could not be analyzed.

V3 sequence sizes and tentative virus subtypes were deter-
mined in order to provide additional information for interpreting
discordances. Whereas among the compared samples no link be-
tween discordance and subtype was found (not shown), a nonca-
nonical length of the V3 loop (non-105 bp) was more frequently
associated with discordances between the tests. With the simulta-
neous use of probes FAM-CM_A and FAM-919, concordance to
TrofileES of over 70% was reached. Less than 5% of XTrack results
were noninterpretable.

A statistical analysis produced performance parameters (i)
for XTrack versus TrofileES and (ii) for Geno2Pheno versus
TrofileES. The sensitivity of determining R as the no. of R5-con-
cordant samples/(no. of R5-concordant samples 	 no. of X4- and
mix-discordant samples) was similar or slightly superior for
XTrack in the groups with 89.7% or 81.6%, respectively. The test
specificity values for X4 tropism as no. of X4- and mix-concordant
samples/(no. of X4- and mix-concordant samples 	 no. of R5-

discordant samples) were 73% and 79%, and the negative predic-
tive values toward X4 tropism as no. of X4- and mix-concordant
samples/(no. of X4- and mix-concordant samples 	 no. of X4-
and mix-discordant samples) were 80% and 73%. It has been de-
scribed that tropism changes can be achieved by exchange of single
amino acids in the V3 loop (54), and we set out to investigate
whether, as reported earlier in a study for subtype A and D viruses
(2, 55), the D/M viruses were dualtropic or alternatively mixed
virus populations. In the analysis shown in Table 5, for more than
half of the TrofileES D/M results (11/20), the XTrack system did
not identify a mixed virus population, and in two samples the
V3-based genotypes disagreed. As suggested by Huang et al. (2), a
likely explanation is that additional determinants outside the V3
region contributed to the viral tropism. The data of Table 5 are
depicted in the histogram of Fig. 4, highlighting the good agree-
ment of 83.0 to 84.9% between the systems, with identical results
for all three in 76% of the specimens. The proportions of X4-
tropic samples in our patient population were determined to be
38.7% by XTrack, 40.3% by G2P (10% false-positive rate), and
37.7% by TrofileES.

By including data from ongoing genotypic testing at the Basel
center, a total of 256 samples could be analyzed. Full agreement
was found in 79.3% of samples, and the proportion of X4-tropic/
mixed viruses represented 25% (54) of all analyzed specimens.

In order to address this possibility further, we employed a rep-
licative phenotyping system (deCIPhR), which uses patient-de-
rived full-envelope sequences for recombinantly reconstituting a
fully infectious virus, similar to the format described earlier (27).
This test allows for the expansion of virus during four replication
cycles in the presence of inhibitors, and the virus carries envelopes
from clinical specimens. Residual virus after in vitro treatment
with, e.g., a CCR5 antagonist can be used for subsequent infec-
tions in the presence of a second inhibitor class, e.g., CXCR4
inhibitors. For 23 specimens with available sufficient sample
volume, a comparison was conducted for TrofileES and our
replicative phenotyping system (PhenXR). All 14 TrofileES anal-

FIG 3 XTrack analysis of one prototypic R5-tropic and one X4-tropic virus at position “sample duplex.” MW, double-stranded molecular weight marker;
ss-probe, labeled single-stranded probe; ds-probe, double-stranded probe.
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yses with assigned R5 tropism and the only X4 sample were con-
firmed by PhenXR. TrofileES called eight virus samples D/M, four
of which were congruent between both systems and were in our
tests exclusively inhibited by the X4 antagonist AMD3100. The
remaining four D/M samples by TrofileES were not confirmed by

the replicative system PhenXR to contain both tropisms or dual-
tropic virus. All samples were exclusively inhibited by the CCR5
antagonist in the PhenXR system, and no inhibition or plateau
was found with AMD3100; they were thus classified as R5. The
four discordant samples were all of subtype B.

TABLE 5 Side-by-side comparison of XTrack, Geno2Pheno, and Trofile

No.

Resulta

XTrack G2P TrofileES

1 R5 R5 R5
2 X4 X4 D/M
3 R5 R5 R5
4 Mix X4 D/M
5 Mix X4 D/M
6 Mix ? –
7 Mix X4 D/M
8 R5 R5 R5
9 R5 R5 R5
10 Mix X4 D/M

11 R5 R5 –
12 R5 R5 R5
13 R5 R5 R5
14 R5 X4 R5
15 R5 R5 D/M
16 R5 R5 R5
17 Mix R5 D/M
18 X4 X4 –
19 R5 R5 R5
20 R5 R5 D/M

21 ? X4 D/M
22 R5 R5 R5
23 R5 X4 R5
24 ? X4 R5
25 R5 R5 R5
26 R5 R5 –
27 R5 X4 D/M
28 R5 X4 D/M
29 R5 R5 –
30 ? X4 R5

31 Mix X4 D/M
32 R5 R5 R5
33 R5 ? R5
34 X4 R5 R5
35 R5 X4 –
36 R5 R5 R5
37 R5 R5 R5
38 R5 R5 R5
39 R5 R5 R5
40 R5 R5 –

41 R5 R5 –
42 ? X4 D/M
43 ? X4 –
44 R5 R5 –
45 R5 R5 –
46 X4 X4 D/M
47 Mix X4 D/M
48 R5 R5 R5
49 R5 X4 –
50 R5 X4 –

TABLE 5 (Continued)

No.

Resulta

XTrack G2P TrofileES

51 X4 R5 –
52 R5 R5 –
53 X4 X4 D/M
54 Mix X4 D/M
55 R5 R5 –
56 X4 R5 R5
57 ? R5 R5
58 R5 R5 R5
59 Mix X4 D/M
60 R5 R5 R5

61 ? R5 D/M
62 R5 R5 –
63 ? R5 –
64 X4 R5 –
65 X4 X4 D/M
66 X4 R5 –
67 R5 – R5
68 R5 R5 –
69 ? – D/M
70 ? R5 –

71 R5 – –
72 Mix X4 –
73 R5 R5 R5
74 R5 X4 R5
75 R5 R5 R5
76 R5 R5 –
77 ? R5 –
78 R5 ? –
79 ? R5 –
80 X4 X4 –

81 R5 R5 R5
82 ? R5 –
83 R5 R5 R5
84 X4 X4 D/M
85 R5 R5 R5
86 X4 R5 –
87 X4 R5 –
88 R5 R5 –
89 R5 ? R5
90 R5 R5 R5

91 R5 R5 –
92 R5 R5 –
93 R5 ? D/M
94 R5 R5 –
95 X4 R5 –
96 X4 X4 –
97 R5 R5 –
98 X4 X4 R5
99 ? ? R5
100 X4 R5 R5

(Continued on following page)

Edwards et al.

606 jcm.asm.org February 2015 Volume 53 Number 2Journal of Clinical Microbiology

http://jcm.asm.org


The well-characterized CCR5 antagonist TAK-779 was utilized
for all studies, as earlier reports had demonstrated its excellent
agreement in specificity and potency with maraviroc in cellular
systems (56).

Although the PhenXR results were confirmed in repeat exper-
iments (not shown), it cannot be excluded that amplification bias
during PCR could have contributed to this discordance between
the systems.

Although this report describes the properties of a hybridiza-
tion-based genotyping principle only for HIV samples, the same
physical principles will apply for any genetically divergent patho-
gen. Hence, an application and similar optimization approaches
will be useful for designing suitable test systems also for pathogens

such as other highly variable viruses, such as hepatitis B (HBV)
and C (HCV) viruses. The same methodology might help to iden-
tify optimal probes there, too. This has been suggested already in
1998 by Calvo et al. for genotype 2 of HCV (57).

DISCUSSION

We describe a strategy for complementing and improving the di-
agnostic genotype-based tropism determination of HIV for clini-
cal use. Sequence-based tropism testing allows a more rapid turn-
around time than phenotyping; here, we validated a
hybridization-based “genosorting” method, which can further
simplify the analysis process by omitting the need for sequencing.
In addition, the short PCR fragment required for analysis (�150
bp) allows for the successful application of this system to clinical
samples with viral loads below 200 copies/ml, assessed by routine
VL testing (Ampliprep-TaqMan; Roche, USA). This poses a major
challenge to phenotypic methods that depend on cloning large
segments of DNA. Our validation data suggest that by optimiza-
tion based on enthalpy and sequence relatedness, only 2 or 3
probes are sufficient to predict tropism with precision similar to
that of phenotyping or Geno2Pheno (10% false-positive rate).
Moreover, genotyping would benefit from additional properties,
such as the resolution of mixed virus populations. The simple
diagnostic format of XTrack renders the system suitable for diag-
nostic purposes in routine settings with standard equipment.

The XTrack system confirmed the mixed nature of viral iso-
lates in about 50% of unselected cases of this study, called “dual or
mix” by TrofileES. As the other half was assigned to a single tro-
pism, it is likely that this part of the samples is either difficult to
judge, truly made up of dualtropic viruses, or misclassified. A
functional verification was not available for these samples.

Certain principal shortcomings of genotype-based methods have
been identified, particularly for noncanonical V3 loop lengths shorter
or longer than 105 bp. The current limitation for those variants is that
the respective interpretation rules are still lacking and need to be
established. In relation, the suitability for the genetically distant group
O variants of HIV-1 could not yet be assessed. Another principal
limitation is the fact that the genotyping assays described here restrict
the analysis to the Env V3 region. Thereby, this study did not take into
consideration the possible contributions to a viral tropism by regions
outside this peculiar peptide structure.

It should also be noted that the true value of the term “correct
tropism” was not clinically verified for any of the tests. Until to-

FIG 4 Degree of agreement between the three systems, based on the data in Table
5. Bars indicate either the overall agreement between the three systems (“all”) or
between XTrack and TrofileES, or XTrack and Geno2Pheno, or Geno2Pheno and
TrofileES, as indicated. Percent agreement is given above each bar.

TABLE 5 (Continued)

No.

Resulta

XTrack G2P TrofileES

101 R5 R5 D/M
102 X4 X4 –
103 X4 X4 –
104 R5 R5 –
105 R5 R5 –
106 R5 R5 –
107 R5 R5 R5
108 R5 R5 –
109 ? X4 –
110 X4 X4 –

111 R5 R5 –
112 X4 X4 –
113 X4 X4 –
114 X4 X4 –
115 X4 X4 –
116 X4 X4 –
117 X4 X4 –
118 X4 X4 –
119 X4 X4 –
120 X4 X4 –

121 ? X4 –
122 R5 R5 –
123 R5 R5 –
124 R5 R5 –
125 R5 R5 –
126 Mix X4 –
127 X4 X4 –
128 R5 R5 –
129 R5 R5 –
130 R5 R5 R5

131 R5 ? R5
132 X4 X4 X4
133 X4 X4 D/M
134 R5 R5 R5
135 R5 R5 –
136 R5 X4 R5
137 ? X4 –
138 X4 X4 –
139 ? R5 –
a G2P, Geno2Pheno; D/M, dual/mixed tropism; Mix, two viral species with R5 and X4
tropism in the same specimen; ?, no tropism assignable by the respective method
(uninterpretable results); –, missing value. X4 viruses, mixes, and D/M are indicated
with bold letters, R5 viruses are shaded.
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day, it remains unclear how meaningful minority viruses of the
opposite tropism in clinical specimens are. It also is to be deter-
mined whether viruses with unclear tropism assignment (e.g., me-
dium false-positive rate in the Geno2Pheno system or intermedi-
ate migration in XTrack) have a higher chance of switching their
tropism. For standardization purposes, this study rated TrofileES
results as “correct” and set them as the default. Subsequent inves-
tigations will have to demonstrate the validity of this relationship
using larger panels of molecularly and clinically defined virus iso-
lates.

However, additional validation came from a European ring trial
(First European Collaborative Study on HIV Tropism), where vari-
ous genotypic and phenotypic tropism systems were assessed on
blinded identical sets of 12 virus samples by 36 participating labora-
tories. Results, as reported by Guertler et al. (39), confirmed the very
good overall performance of the XTrack and PhenXR systems.

Future work will be needed for connecting XTrack and
Geno2Pheno with results from rPhenotyping in order to further
improve test performances. By adaptation of the choice of hybrid-
ization primers and through primer shortening utilizing minor-
groove-binding modifications, this system will also be adaptable
to putative emerging new HIV variants.

It is technically likely that the same test principle may also be
applicable toward new pathogens, such as hepatitis viruses and
other genetically highly variable entities.
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