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Background. In the absence of therapy, CXCR4 (X4)-tropic human immunodeficiency virus type 1 (HIV-1) increases over time,
associated with accelerated disease progression. In contrast, the majority of patients receiving long-term combination antiretroviral
therapy (cART) present with CCR5 (R5)-tropic HIV-1 variants. It is unclear whether cART itself mediates the reduction of X4-tropic
HIV-1. The current study aimed at assessing the tropism of viral integrates in patients’ blood during fully suppressive cART.

Methods. The relative frequencies of X4-tropic proviral HIV-1 variants were determined by means of next-generation sequenc-
ing (False Positive Rate (FPR), 3.5%; R5- or X4 tropic variants occurring at less than 2% of the total virus population) for 35 treated
patients in the Swiss HIV Cohort Study and followed longitudinally over time. Full viral suppression and a continuous CD4 T-cell
recovery during cART were documented for all patients. Viral phylogenetic changes and sequence evolution were analyzed.

Results.  The majority of patients (80%) experienced no frequency increase in X4-tropic proviruses during therapy. Although
some proviral sequence evolution was demonstrable in >50% of these patients during therapy, this growing viral diversity was in
no case paralleled by the emergence or expansion of X4-tropic provirus variants. In the remaining 20% of patients, the documented
expansion of X4-tropic provirus was based on the outgrowth of single viral variants from minority populations already present

before therapy initiation.

Conclusion. Our study demonstrates that X4-tropic HIV sharply declines in most patients during successful therapy, which
indicates a preferential tropism-dependent provirus elimination in the immunocompetent host. The recently implemented World
Health Organization strategies of immediate therapy initiation are fully in line with this gradual loss of X4 tropism during therapy.
Moreover, the early use of coreceptor antagonists against the remaining CCR5-tropic viruses may be indicated.
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For a successful cellular human immunodeficiency virus (HIV)
infection it is essential that the viral envelope protein binds the
CD4 receptor as well as an additional chemokine receptor. The
choice of which receptor to use is centrally mediated by the
interaction of variable loop 3 within the HIV-1 envelope to one
of the chemokine receptors, CCR5 (R5) or CXCR4 (X4) [1].

It is long established that during early phases of infection
>80% of all patients harbor HIV-1 strains with a tropism for
the chemokine receptor R5. Hence, X4-tropic variants are
rather rare in the beginning of infection and mostly appear
later during the course of the disease, along with a deteriora-
tion of the immune system [2-5]. It is still not well understood
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how this switch from R5 to X4 tropism is triggered, but numer-
ous reports have established a link between X4 tropism and an
accelerated disease progression along with a faster decline in
CD4 T cells [6, 7]. It has also been suggested that, in associa-
tion with advanced disease, the weakened immune situation
might play a key role by being less able to neutralize X4-tropic
virus variants. This correlates with different glycosylation pat-
terns of X4 viruses compared with R5-tropic virus variants
[8-11]. Interestingly, a predominance of X4-tropic HIV-1 has
also been clinically associated with an elevated expression of
inflammatory markers [12]. Nevertheless, whether X4-tropic
viruses are the cause or the consequence of disease progression
is still not known.

Despite this general connection, it is important to note that
with antiretroviral therapy (ART), even in advanced stages of
disease, most patients carry mainly R5-tropic viruses in the
blood. It remained somewhat puzzling that in the MOTIVATE-1
and MOTIVATE-2 studies, enrolling patients in salvage ther-
apy situations after extended treatment periods, only 1.8% of
the heavily pretreated patients presented at baseline with solely
X4-tropic viruses in the circulating blood [13]. In addition,
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the same studies showed that in most cases HIV-1, escaping
under drug pressure of therapy with the R5-antagonist mara-
viroc, presented as X4-tropic virus. This obviously indicated a
significant viral flexibility or archival availability of the respec-
tive HIV-1 variants. However, as soon as maraviroc therapy was
suspended, and the virus was no longer forced to use the X4
coreceptor, the major HIV variant in the circulation returned to
a solely CCR5-using form [14]. The latter observation supports
a second crucial clinical fact: In patients receiving suppressive
therapy, irrespective of the involvement of coreceptor antag-
onists, X4-tropic viruses rarely emerge, suggesting that these
viruses might have a principal selective disadvantage compared
with R5-tropic variants. Because no selective X4 receptor antag-
onists are available for clinical use, current modalities do not
allow us to study the impact of a specific attack of X4-tropic
virus in vivo.

The current study therefore aimed at following and character-
izing in vivo the evolution of X4-tropic variants during periods
of successful therapy. By applying next-generation sequencing,
we investigated the dynamics of X4-tropic HIV before treat-
ment and during suppressive combination ART (cART).

METHODS

Sample Selection and Tropism Testing

We included 70 peripheral blood mononuclear cell (PBMC)
samples from 35 patients in the Swiss HIV Cohort Study
(SHCS) for retrospective analysis. The study was conducted
as a research project approved by the Scientific Board of the
SHCS with approval of the ethical committees of all 7 partici-
pating study sites. Written consent had been obtained from all
participants.

Aliquots of 2-5 x 10° Ficoll-isolated PBMCs, maintained fro-
zen in liquid nitrogen in the biobank of the SHCS, were used to
isolate the cell-associated proviral DNA; by means of a nested
polymerase chain reaction protocol, the variable loop 3 region
of HIV was amplified and sequenced on an ABI3130 gene ana-
lyzer. Specimens had been collected within 3 months before and
4 years after cART initiation. All patients were in the chronic
infection phase with low CD4 T-cell counts at initiation (median
CD4 T-cell count, 180/mm”) and needed to present with unde-
tectable virus load during therapy (monitored every 3 months)
and a good CD4 T-cell response (increase of >200 cells/mm?
during 4 years of therapy). Tropism analysis was performed
on PBMC samples using the Geno2Pheno[454] software (Max
Planck Institute for Informatics) to analyze sequences obtained
with a MiSeq benchtop sequencer (Illumina).

Sequence and Phylogenetic Analysis

For sequence analysis, all calculations were performed with
MEGA 6.0 software (Open source “Molecular Evolutionary
Genetics Analysis”). The distance relatedness was calculated
between the most prevalent variant and all remaining variants

in a given sample. iTOL 2.0 software (“Interactive Tree of Life”,
EMBL, Germany) was used for phylogenetic tree visualization
[15, 16].

Statistical Methods
Categorical data were compared using x’ tests, and continuous
data using Mann-Whitney-Wilcoxon tests.

RESULTS

Patient Characteristics

Thirty-five patients were included in the study, comprising a
total of 70 proviral samples. The patient population had a mean
(SD) age of 49.6 (8.7) years, 68.6% were male, and 91.4% were
white; 45.7% were men who have sex with men. Thus, the study
population is reasonably balanced for sex. The median base-
line CD4 T-cell count was 180/pL, and the median increase in
CD4 T-cell during therapy was 459/uL. This reflects an overall
very good immunological response among study participants
and treatment initiation at advanced disease stages, with CD4
T-cell counts often <200/uL. The median viral load at base-
line was 5.11 log  copies/mL, also indicating a relatively high
viral load at initiation, typically associated with a less favorable
clinical course. Four (11.4%) of the 35 patients had a A32 het-
erozygous genotype; no patients were homozygous for the A32
mutation. Baseline characteristics are summarized in Table 1.
First-line regimens included a nucleoside reverse-transcriptase
inhibitor backbone that included 1 protease inhibitor (n = 19;
54.3%), 2 protease inhibitors (n = 8; 22.9%), or 1 nonnucleoside
reverse-transcriptase inhibitor (n = 7; 20%) or was exclusively
nucleoside reverse transcriptase inhibitor-based (n = 1; 2.9%).
This reflects therapy regimens typical for the time period.

Sample Analysis

Sample Characteristics

The choice of the 70 specimens was strictly based on samples
used in a study by Kaufmann et al [17] on CD4 T-cell recov-
ery over time in ART-treated, HIV-1-infected individuals. The
median read size was 45 833 reads per sample, with a median
virus variant count per sample of 354.

With a false positive rate (FPR) setting of 3.5%, individual pro-
viral X4-tropic HIV-1 variants could be identified in all samples
except 1. With an FPR adjustment to 5%, the entire population
of provirus variants in this single sample was called X4-tropic.
(For bulk sequencing, the 5% cutoff is generally considered
appropriate for identifying X4-tropic viruses) [18]. Applying
a cutoff of 2%, as suggested by Swenson et al [19], categorizes
all samples, in which X4-tropic viruses in a population remain
below an abundance of 2%, as R5 tropic. With this adjusted
rule, 40 samples (57.1%) were solely R5 tropic, and 30 (42.9%)
contained X4-tropic viruses. Among the 40 samples with dom-
inant R5 tropism, the mean percentage of X4-tropic minorities
was 0.13% (range, 0%-0.91%). This low percentage is in good
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Table 1. Baseline Characteristics in the 35 HIV-1-Infected, Treatment-Naive Patients

Patients, No. (%)?

Decrease in % of

Increase in % of X4

Characteristic All Patients (n = 35) X4 Variants (n = 28) Variants (n = 7) PValue
Sex
Male 24 (68.6) 19 (67.9) 5(71.4) .86
Female 11 (31.4) 9(32.1) 2 (28.6)
Age, mean (SD), y 49.6 (8.7) 49.5 (8.8) 50 (8.8) 74
Ethnicity 21
White 32 (91.4) 26 (92.8) 6 (85.7)
Black 1(2.9) 1(14.3)
Hispanic 1(2.9) 1(3.6)
Asian 1(2.9) 1(3.6)
HIV transmission .54
MSM 16 (45.7) 12 (42.9) 4 (57.1)
Heterosexual 15 (42.9) 12 (42.9) 3(42.9)
IDU 4 (11.4) 4(14.2)
Baseline HIV RNA load, log,, copies/mL 5.14 (3.75-6.41) 4.99 (4.23-6.09) 5.53 (5.28 -6.41) .02
Baseline proviral load,log, copies/10® PBMCs 3.87 (2.42-5.47) 3.83 (2.42-5.05) 4.09 (3.67-5.47) 14
T-cell count, median (range), cells/uL
CD4 increase 459 (222-853) 434 (222-853) 463 (243-659) .55
Baseline CD4 180 (7-511) 187 (9-5611) 91 (7-242) 7
Baseline CD8 756 (165-1595) 843 (165-1595) 652 (266-1288) .40
A32 genotype
Heterozygous 4 (11.4) 4 (14.3) 0 .29
Wild type 31 (88.6) 24 (85.7) 7 (100)

Abbreviations: HIV 1, human immunodeficiency virus type 1; IDU, injection drug use; MSM, men who have sex with men; PBMCs, peripheral blood mononuclear cells; SD, standard

deviation; X4, CXCR4.

“Data represent No. (%) of patients, unless otherwise specified.

accordance with observations by Swenson et al [19] suggesting
that traces of X4-tropic viruses can be found in virtually every
patient with ultradeep sequencing. In contrast, the mean per-
centage of R5-tropic variants in the 30 mainly X4-tropic samples
was 47.25% (range, 0%-97.89%; P < .001). The maximum value
of 97.89% indicates that in this case the 2% cutoff rule led to an
X4 tropism assignment although the vast majority of all variants
in this sample were R5-tropic according to the FPR.

Changes in X4-Tropic HIV Frequency During Therapy

Based on the literature, we had expected to observe an increase
in X4 tropism over the time of infection. In contrast, the rela-
tive frequencies of proviral X4-tropic HIV-1 variants decreased
or stayed stable over time in the vast majority of patients (28
of 35 patients: 80%), and it increased only in 7 patients (20%;
P <.001) in our unselected study population. For each of the
latter 7 patients with a gain in the percentage of X4 variants over
time, we observed that 1 distinct provirus variant became prom-
inent during suppressive therapy and eventually became solely
responsible for the increase in the percentage of X4 variants.
Moreover, in 6 of the 7 patients, the finally emerging variant
had already been present as a minority before therapy initia-
tion, with a mean abundance of 1.95% (range, 0.02%-6.99%) of
the total proviral population. The emerging X4 variant was not
detected in the pretreatment sample in only 1 patient.

Even when more stringent FPR thresholds (higher FPR value)
were applied, the great majority of the patients experienced
declining or steady frequencies of proviral X4-tropic HIV-1 over
time (74.3% for an FPR of 5%, and 71.4% for an FPR of 10%).
Note that in patients with diminishing viral X4 populations this
reduction occurred in a slow gradual process (mean change,
28.33%), whereas in all patients with X4 persistence the increase
in X4-tropic viruses progressed more rapidly toward an exclu-
sive X4 representation in the viral population (mean change,
62.09%; P < .001). Univariate analysis of the baseline character-
istics, which could have an influence on the increase in the per-
centage of X4-tropic variants, revealed that the only associated
parameter was a higher viral load (P = .02) at therapy initiation
for patients with an increase in that percentage (Table 1).

Possible Association With Proviral DNA Load

The dynamics of proviral DNA loads observed in this study
confirm the previously reported findings that overall proviral
loads decline during ART: In 80% of the patients in this study
decreasing proviral loads were noted during successful treatment
(Figure 1). In rarer cases, in which overall proviral loads increased
during therapy, we did not observe a concomitant increase of the
percentage of X4 tropic strains in the entire provirus population
(P = .34). Taken together, this indicates that the proviral dynam-
ics are not likely to be driven by properties of viral tropism.
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Figure 1. Block diagram of human immunodeficiency virus (HIV) proviral load

copies per 1 million peripheral blood mononuclear cell (PBMCs) in patient popula-
tions at time points before or during treatment. Copy numbers are displayed on a
logarithmic scale.

Molecular Characteristics: Viral Evolution and Diversity Over Time

During therapy, the majority of patients (60%) developed over-
all viruses with a markedly increasing diversity over time and
therapy duration. In the same population an increase in the
percentage of X4 variants was in no case associated with such
diversification (P = .49). Figure 2A shows a phylogenetic tree

representative of the patient group with decreasing diversity
and declining percentage of X4 variants, and Figure 2B depicts
a virus profile representative of patients with an increase in the
percentage of X4 variants, accompanied by the emergence of a
single virus variant. In particular, the apparent close sequence
relatedness or clonality in the latter group seems to indicate a
strong evolutionary advantage for the respective proviruses.

The limited availability of samples from the same individuals over
time may pose a limitation and renders a judgment about the kinet-
ics of the viral evolution difficult. However, as recently reported by
our group, significant tropism stability over time is reflected by the
fact that 85% of patients still presented R5-tropic viruses at 5-year
follow-up [20]. Moreover, for each patient we were also able to ana-
lyze the next proviral sample available from the earliest time point
after therapy initiation. This confirmed good proviral stability and
stability of the proviral load over time (data not shown.)

Role of the A32 Deletion in the R5 Gene

A naturally occurring deletion in the CCR5 gene of the host (known
as A32) negatively affects its function as HIV coreceptor. As a con-
sequence, this mutation has the potential to favor the emergence
of X4-tropic virus variants, and we therefore determined the A32
genotype in the CCR5 gene for all patients in the study. Thirty-
one patients (88.6%) carried as homozygotes the wild-type CCR5
gene, 4 (11.4%) carried a heterozygous A32 genotype, and none
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Figure 2. Phylogenetic trees and frequencies of viral variants before and during suppressive therapy. All present variable loop 3 (V3) variants are included for a represent-
ative patient with decreasing viral diversity and decreasing percentage of CXCR4 (X4) variants (A) or decreasing diversity and increasing percentage of X4 variants (5). CCRS
(R5)~tropic human immunodeficiency virus (HIV) variants are shown as green tree leaves; red leaves represent X4-tropic variants; blue leaves, consensus V3 sequences of the
relevant subtypes A, B, and C; isolated yellow leaf represents a consensus HIV-1 subtype B Long terminal repeat sequence and was used for rooting. The length of the black
bars indicates the frequency (percentage) of a given variant in the entire HIV sequence pool for that patient, indicated for the main provirus variants as a number. The inset
with a bar chart represents the change in tropism frequencies considering all variants for the indicated time points. The single variant that led to the outgrowth during therapy

is marked with a black arrow.
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were homozygous for A32. The virologic outcome did not differ
between these groups. Although the mutation should potentially
provide a disadvantage to CCR5-using viruses and yield more X4
tropism, all patients with an increasing percentage of X4 variants
were homozygous for the wild-type CCR5 gene (P = .29).

DISCUSSION

The association of X4-tropic HIV-1 with an accelerated CD4
T-cell loss has frequently been observed in the pre-ART era.
Nevertheless, the mechanism of how this contributes to dis-
ease progression is still not understood, and in the context of
ART the validity of this link has not yet been demonstrated. In
contrast to the seemingly well-established trend that X4 viruses
can prevail in late phases of HIV infection, our study somewhat
unexpectedly revealed that for patients with effectively sup-
pressed viral loads X4-tropic HIV variants follow a persistent
downward trend. On the molecular level, for the great majority
of patients, the percentage of X4-tropic variants in the popula-
tion of HIV-infected cells declined over time during therapy,
accompanied by a steady CD4 T-cell increase.

Even the use of most stringent FPR cutoffs (up 10%) did not
change this primary study outcome. We would like to emphasize
that the use of a higher FPR is not intended as a suggestion for clin-
ical practice but solely for demonstrating the solidity of our data.
Although our studies did not use a phenotypic test for verifying
the genotype-based analysis, we do not anticipate major differences
because earlier work had shown a good agreement of genotypic
and phenotypic tropism determinations for subtype B viruses [21].

These deep-sequencing data convincingly support earlier
findings that in the majority of treated patients the pretherapy
tropism of free virus shifted from an X4 predominance to a
mainly R5-tropic virus archive [20]. Of note, several mathemat-
ical modeling studies had already predicted that cART initia-
tion will lead to a preferential suppression of X4-tropic variants
[22-24]. The sharp contrast to the old observation with increas-
ing X4 tropism may be due to the effects of therapy delaying
pathogenesis and disease development.

Because we limited this study to patients with suppressed HIV
viral loads (<20 copies/mL), free circulating virus was unlikely
to be responsible for the observed cellular phenotype. Rather,
our data suggest that the selective reduction of X4-tropic var-
iants could be driven by the recovering immune system itself.
This hypothesis receives further support from earlier reports,
which have suggested that the recognition of the envelope gly-
coprotein by neutralizing antibodies could be centrally involved
in the elimination of a viral variant. Moreover, because X4-tropic
viruses tend to possess less glycosylated envelope proteins than
R5-tropic viruses, the former might be more readily recognized
and eliminated by the host defense [8-11]. Furthermore, it has
been suggested that R5-tropic viruses might have a significant
selection advantage during chronic infection, based on a higher

escape from mechanisms of immune surveillance [25].

Another remarkable observation is a correlation with the
natural hosts of the nonpathogenic simian immunodeficiency
virus, the sooty mangabey and the African green monkey.
These monkeys harbor solely R5-tropic virus strains and do not
experience immune destruction during the course of an simian
immunodeficiency virus infection. The infection does not seem
to be associated with gut inflammation or a loss of the gut-asso-
ciated lymphatic tissue. Both changes are quite characteristic for
an advancing human HIV infection [26, 27].

The tropism dynamics observed in our study might there-
fore resemble the balanced situation in the natural simian host.
Moreover, we speculate that during successful treatment the
recovering immune system could preferentially target X4-tropic
HIV variants and X4-infected cells. This would suffice to explain
the “asymmetric” reduction of X4-tropic provirus in our study.
Aside from the overwhelming trend toward declining X4-tropic
provirus, our study also identified several patients with an increas-
ing X4-tropic provirus population. Interestingly, in each case this
was accompanied by the outgrowth of a single virus variant.

The high diversity and genetic instability of retroviruses renders
it unlikely that a single variant of free, infectious HIV has given
rise to such high sequence relatedness. It may rather be speculated
that the respective provirus expansion originated from individual
HIV-infected cells, originally as a small minority. Such a popula-
tion may have already existed before therapy initiation, and a later
triggering event may have resulted in a significant proliferation of
the infected cells, along with that of a clonal proviral variant.

Of note, 2 earlier studies had reported similar findings.
Westby et al [14] had shown that, after treatment with the CCR5
receptor antagonist maraviroc, the emerging X4-tropic variants
stemmed from a pretreatment reservoir with an ancestral back-
ground different from that of the main R5-tropic variants in the
circulation. A case study by Kordelas et al [28] and Verheyen et
al [29] showed that a newly appearing X4 variant had emerged
after stem cell transplantation from a pretreated minority [28,
29]. The observation of all 3 studies that the emerging vari-
ant originated from a preexisting virus minority along with
the finding that this increase was not associated with a grow-
ing overall virus diversity over time are very compatible with
the mechanism of a (pseudo)clonal expansion of initially rare,
provirus-carrying CD4-positive cells. Indeed, the mechanism
of such clonal virus expansion has recently been suggested for
emerging HIV variants in the latent HIV pool [30].

In the search for predictors of the increase in the percentage
of X4 variants, we observed an association with a higher baseline
viral load but were unable to associate it with a A32 genotype.
In contrast, even in patients with a heterozygous A32 genotype,
the percentage of X4 variants declined, which indicates that also
the assumed lower surface expression of CCR5 receptors did not
favor X4 use by the virus in these patients. The second finding
that in the immunocompetent host X4 tropism does not seem
to be a favorable phenotype of HIV-1 is in full agreement with
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clinical findings of the MOTIVATE studies, where a maravi-
roc-driven emergence of X4-tropic variants (maraviroc as CCR5
antagonist favored the escape of X4-tropic HIV-1) immediately
reverted after suspending the CCR5 antagonist [14].

The findings of our study are well in line with the newly imple-
mented World Health Organization concept of early treatment ini-
tiation as described in the START trial [31], both favoring the active
involvement of the patient’s immune function for the most success-
ful therapy. In addition, our findings also support the early use of
CCR5 receptor antagonists, which would exert a maximal effect on
the dominantly present R5-tropic viruses. Because X4-tropic vari-
ants are known to be rare after infection and only accumulate later
in disease, the preservation of a potent immune function itself may
help suppress or eliminate X4-tropic virus variants. Further clinical
studies on the role of the HIV tropism during infection are needed
to verify our hypothesis, but the presented data lend support to the
“treatment as prevention” strategy to help improving patient qual-
ity of life and to limit the further spread of disease.
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