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4 Abstract

For cellular infection HIV-1 interacts with the CD4 receptor and a chemokine receptor,
either CCR5 or CXCR4. In the early phase of infection, the virus almost exclusively
uses the CCRS5-receptor. Only later during disease progression up to 50% of infected
individuals without therapy experience a shift to a dominance of CXCR4-tropic viruses,
associated with higher CD4 cell depletion rates and an accelerated disease
progression. In contrast, under successful therapy a majority of patients show a
decrease of CXCR4-tropic variants and only in a few an increase of CXCR4-tropic
viruses is observed. As the increase of CXCR4-tropic viruses in patients under therapy
was observed to be caused by the outgrowth of a single variant, this study aimed to
investigate the possibility of clonal expansion of HIV-1 infected cells by integration site
analysis. Although the results confirmed clonal expansion, aberrant cell proliferation
due to HIV integration was not observed.

An additional study was performed to validate the popular HIV-1 genotyping tool,
Geno2Pheno][coreceptor], for clinical samples of subtype CRF01_AE. The algorithm
was shown to have a significant overcalling of X4 variants in this subtype, and by
combining phenotypic results with genotypic predictions an adjusted false positive rate
(FPR) cut-off was identified to provide more accurate tropism predictions. Included in
this work was also the development of a cloning cassette optimized for phenotypic

analysis of subtype CRF01_AE samples.



5 Introduction

5.1 HIV-1 Coreceptors

For cellular infection the human immunodeficiency virus 1 (HIV-1) interacts with the
CD4 receptor and a chemokine coreceptor, either CCR5 or CXCR4.

HIV variants that infect cells via the CCR5-coreceptor are referred to as R5-tropic,
while variants binding to the CXCR4-coreceptor are called X4-tropic.

The identification of chemokine receptors as co-receptors has enhanced the
understanding of the cellular entry, viral transmission, and pathogenesis of infection
and has played a crucial role in the ongoing development of HIV-1 treatment
strategies’. A mechanistically new antiretroviral drug, the entry inhibitor Maraviroc
(MVC), was developed for the treatment of HIV patients. As MVC specifically blocks
the CCR5 coreceptor but not CXCR4, a treatment decision for MVC is linked to the
prior determination of coreceptor usage in the respective patient, to ensure that MVC
can successfully suppress viral replication?. Despite ongoing research, there are
currently no entry inhibitors for X4-tropic viruses approved for HIV-1 therapy3-S.

The co-receptor usage of HIV-1 can either be analyzed functionally in vitro, using cell
culture assays, termed phenotyping or by sequence analysis of a specific HIV
envelope (env) region, termed genotyping. Phenotyping tests often involve a long
turnaround time due to the need of sophisticated cell culture formats. Also, most tests
use recombinant virus assays that are based on the genetic backbone of HIV subtype
B (e.g. NL4-3 or HXB2). Therefore, the analysis of clinical non-B subtype isolates in
vitro may not be straight-forward.

The genotypic assays are based on the amino acid sequences of the third variable
region of gp120 (V3), which is the most critical region in the HIV-1 genome responsible

for in coreceptor binding”. The V3 loop is generally 35 amino acids long and especially



the positions 11, 24, and 25 in the loop are critical as positively charged amino acids
at these positions are strongly associated with an X4-tropism?.

These specific positions are used for genotypic prediction of tropism (11/25 rule)®.
Other features that are included in genotypic tools are the net charge and potential N-
glycan site in the V3 region'®'",

The most widely used genotypic tool to predict tropism of HIV is the web tool
geno2pheno[coreceptor]'?. Genotypic data pairs and corresponding phenotypic
information, mostly based on subtype B, were used to develop the geno2pheno
prediction system by machine learning.

The interpretation system of geno2pheno[coreceptor] is designed so that its homology
to RS leads to predicting RS tropism for a newly sequenced variant and homology to
X4 variants leads to prediction of X4 of any newly sequenced variants. In this
algorithm, variants with homology to neither R5 nor X4 are classified as X4 with the
intention of avoiding possible clinical overuse of MVC. Consequently, sequences with
low similarity to the phenotyped variants in the training sets, such as divergent non-B
strains of HIV-1, are more frequently predicted as X4. This simplification results in the
fact that significant populations of individuals in regions dominated by non-B strains

completely miss out on treatment options using MVC.

5.2 HIV-1 Tropism Dynamics

At the early phase of infection, most patients present with about 80-90% R5-tropic
virus variants. In fact, the acute phase of a primary HIV infection is characterized by a
preferential infection of R5-expressing cells such as macrophages and other
monocyte-derived lineages™314.

In the absence of effective therapy, X4-tropic variants emerge over time, and late in

disease more than 50% of all patients infected with HIV subtype B harbor X4-tropic



viruses in detectable amounts'®'4. The switch from R5- to X4-tropism is associated
with a faster CD4* T cell depletion and a faster disease progression’®-'%. The
occurrence of X4-tropic variants also prohibits the use of MVC, limiting possible
therapy and cure strategies'®.17.

The reasons for the selective infection advantage of R5-tropic viruses and the
observed viral tropism switch are not entirely clear to date and are rather seen as
interplay between different barriers and mechanisms'®:

One possible explanation is that this HIV-1 coreceptor switch occurs as a result of the
evolution of viral populations during the course of infection. The late or absent
emergence of X4 virus could be explained with the assumption that intermediate
mutants have a fithess disadvantage when compared with the initial R5 and the final
X4 virus'®. However, since relatively few genetic changes are required for a switch
from R5-tropic to X4-tropic, it would be expected to see this switch more rapidly and
frequently in vivo if genetic changes were solely responsible. It has been shown that
minor proportions of X4-tropic viruses exist throughout the infection and X4-tropic
variants can emerge independently during the course of infection; in some individuals
even during the acute phase of infection?°-22, Therefore, it is very likely that viral
genetic changes alone are not sufficient and that host factors are required to allow X4-
tropic variants to become the dominant viral population.

A second possible explanation is that the observed HIV coreceptor switch occurs due
to differential susceptibility to immune control of X4 and R5 viruses. X4-tropic viruses
may have been transmitted with the R5 variants, but their expansion is prevented by
an effective immune response during the primary infection

X4-tropic viruses are often less glycosylated than R5- tropic viruses and it has been

suggested this might result in easier recognition and elimination by the host immune
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system'12324 The late emergence of X4-tropic variants might then be associated with
a compromised immune system?25:26,

Finally, the HIV-1 coreceptor switch may be explained by the differential target cell
ranges of R5 and X4 viruses. CXCR4 is usually expressed on a high fraction of naive
CD4* T cells, compared to a substantial fraction of memory cells that express both
CXCR4 and CCR5?. In this scenario the changes in the composition of the target cell
pool during the course of infection would be responsible for the tropism switch.

So far, it is still unclear if the tropism switch is the cause for or the consequence of a
failing immune system and faster disease progression. Recently, a study showed first
hints that the host immune activation may be the driving force behind the coreceptor
switch?®. A deeper understanding of the correlates of HIV-1 co-receptor tropism is
important to develop future cure strategies.

The influence of co-receptor usage on the course of antiretroviral therapy (ART) or
vice versa the effects of ART on tropism are not well established.

Some studies have reported that patients harboring X4 viruses at baseline, display
poorer immunological recovery despite comparable viral load suppression than those
patients exclusively infected with R5 viruses?®3°, Other studies have reported no
difference in patients harboring an R5 or X4 tropic virus in the recovery of CD4 cell
count over several years of effective ART3"-32 and associated X4 tropism with a lower
nadir CD4 cell count rather than with current CD4 cell count33-35,

The effects of ART on HIV co-receptor tropism are currently a popular topic of study,
however results have been inconclusive to date. While some studies observe an
overall tropism switch from R5 to X4 in patients on ART36, others show tropism
switches in both directions®’, and some studies observe a preferential suppression of

X4-tropic strains of HIV-1 by antiviral therapy®-3°. Bader et al.®® reported, that while
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patients with R5-tropic virus/provirus at therapy initiation remained R5-tropic after 4
years on therapy, almost all patients presenting with X4-tropic virus/provirus prior to
therapy initiation showed a decrease of X4-tropic variants after 4 years on treatment.
This study also observed that, in some patients (7 out of 35), the relative frequency of
X4-tropic proviruses did not decline, but rather increased under ART. During the
course of the study, R5-tropic variants were frequently retained as swarms, while in
patients with an increased frequency of X4-tropic variants, an outgrowth of a single
variant was observed. Subsequent sequence analysis showed that the respective X4-
tropic proviruses had already been present as a minority prior to therapy. This
emergence of identical HIV-1 variants in individuals on long-term ART has also been
observed in other studies*®3. The expansion of identical HIV variants under ART is
believed to be responsible for the persistence of the HIV reservoir. As the persistence
of HIV-1 infected cells is the main barrier to a cure, the source and mechanisms

involved in the emergence of these identical variants are of high interest.

5.3 Latent HIV-1 Reservoir

Around 38 million people were living with HIV/AIDS as of 20194 and although the
advent of ART in 1996 improved the life expectancy and quality of life of these people
enormously, there is still no cure for HIV infections. ART blocks new cycles of virus
replication; plasma virus levels are reduced to below the clinical assay detection limit
(20-50 copies of HIV RNA/mL) and disease progression is stopped. However, if ART
is interrupted viremia rebounds rapidly*°. The principal barrier to a cure is the formation
of stable reservoirs of latent HIV, which are established early in infection and persist
even in patients under long-term ART with no detectable viremia in the peripheral

blood*¢47. Viral reservoirs have been defined as cell types or anatomical sites in which
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replication-competent forms of the virus persist with more stable kinetic properties than
in the main pool of actively replicating virus#84°.

Several factors are known to influence the shape of the viral reservoir, initiation of ART
during acute HIV-1 infection substantially accelerates the decay rate*?, whereas viral
blips and low-level viremia during ART slow it down®C. Conversely, treatment
intensification does not seem to influence the decay rate%'. Also, host genetic factors
have been found to have little, if any, influence on the size and dynamics of the HIV-1
reservoir®?.

While in the first year after ART initiation HIV DNA in blood decays rapidly, this
decrease slows during the following years and subsequently plateaus®3°4. It has been
shown that HIV DNA levels stay stable in individuals receiving long-term ART#2:95.56
and although early ART initiation reduces the reservoir size and genetic
complexity*?%7, it does not prevent the generation of latently infected CD4+ cells®8.
The durability of latent reservoirs was first described as the result of the long lifespan
of non-dividing resting memory CD4+ T cells endowed with pro-survival capacities®®°9,
but more recent studies have demonstrated that the durability of the reservoir is due
to massive and sustained clonal expansion of cells harboring both intact and defective
proviruses®0-62,

Several mechanisms are thought to have an influence on the formation and dynamics
of the clonal expansion of HIV infected cells (Figure 1).

One reason for clonal expansion of HIV infected cells could be HIV integration in or
near genes associated with cell growth. Using integration site analysis, cellular clonal
expansion of provirus-harboring cells has been investigated*®4'. Many of the clonally
expanded cells had HIV integration sites in cell cycle-regulation genes, such as

BACH2, MKL2 and STAT5B#0416364 gand it is therefore hypothesized that HIV
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integration in these genes enhances transcription and enables these cells to expand
at a higher rate and to persist for long periods of time.

Another explanation for the clonal expansion of HIV infected cells could be
homeostatic proliferation. During chronic HIV-1-infection, the proliferation capacity of
CD4* T cells is significantly impaired due to chronic immune activation, decreased IL-
7 receptor expression, immune exhaustion and the destruction of lymphoid tissue®®-
68 It has been shown that IL-7 induces proliferation of HIV-1 infected cells without
reactivating latent HIV, hence HIV infected CD4" T cells may undergo homeostatic
proliferation without being recognized by immune surveillance®®7°,

A third mechanism responsible for clonal expansion of HIV infected cells could be
antigen-driven proliferation. Evidence suggests that chronic or repeated exposure to
antigens is able to stimulate the clonal expansion of HIV infected cells®-71.72, Antigen-
driven proliferation of HIV infected cells could also explain the viral blips and persistent

viremia observed in some patients, despite strict adherence to ART#373,

Integration site Homeostatic Antigen driven
driven proliferation proliferation proliferation
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| |
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Figure 1 Mechanisms involved in clonal expansion of HIV-1 infected cells. First, the viral
integration site may provide a survival advantage allowing preferential proliferation of the infected
clone. Second, homeostatic cytokines may signal latently infected cells to divide. Third, latently
infected CD4+ T cells with antigen specific T cell receptors may divide in response to recurrent
antigen exposure. Adapted from Cohn et al.”*

The suggested mechanisms responsible for clonal expansion are not mutually
exclusive, and it is likely that all mechanisms apply to varying degrees across
individuals and perhaps time.

Elucidating the formation and dynamics of the clonal expansion of HIV infected cells

will be essential for development of novel cure strategies.

15



6 Clonal Expansion of HIV-1 Infected Cells and the

Influence on Tropism Dynamics

6.1 Aim of the Study

Bader et al.3*75, recently reported, that while patients with R5-tropic virus/provirus at
therapy initiation remained R5-tropic after 4 years of therapy, almost all patients
presenting with X4-tropic virus/provirus prior to therapy initiation had exclusively R5-
tropic variants after 4 years of treatment. However, a surprise finding was that in some
patients (7 of 35), the relative frequency of X4-tropic proviruses did not decline, but
rather increased under ART. During the course of the study, R5-tropic variants were
often retained as swarms, while a (pseudo-)clonal nature of the emerging X4-tropic
proviral sequences was detected. Subsequent sequence analysis showed that the
respective X4-tropic proviruses had already been present as a minority prior to
therapy. Based on the inclusion criteria of good CD4 recovery (ACD4 > 200 cells/mm?3)
and absence of a detectable viral load (< 20 cells/mL) or blips in the study population,
a contribution from free virus with its error-prone reverse transcriptase and new
infection events were excluded as an underlying cause of the observed proviral
expansion in peripheral blood mononuclear cells (PBMCs).

This project aims to study the nature and cause of this observed (pseudo-)clonal
expansion of X4-tropic proviruses by studying the effects of HIV-1-integration sites on
cell proliferation and to further investigate the dynamics of proviral tropism in patients

under long-term ART.
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6.2 Results

6.2.1 Patient Characteristics
Bader et al. studied the frequency of X4-tropic variants during phases of immune

recovery by administration of ART in 35 patients from the Swiss HIV Cohort Study
(SHCS) over 4 years. With regards to relative frequencies, the proviral X4-tropic HIV-
1 variants decreased or remained stable over time in the majority of patients (28 of the
35 patients, 80%, p<0.001). In 7 patients an increase of the frequency of X4-tropic
variants was observed.

To further analyze the proviral situation in the 7 patients who showed an increase of
frequency of X4-tropic variants (X4-patients), PBMCs from 10 years post (post10) ART
initiation were included in this study in addition to the pre-therapy (preT) and post 4
year (post4) samples. PBMCs from 9 patients, which presented in the previous study3®
with a low and stable frequency of X4-tropic variants (R5-patients) were used as
control.

The following conditions were stated in the previous study?® for patients to be included:
i) Patients had to be in the chronic infection phase with low CD4 T-cell count at therapy
initiation (median CD4 T-cell count 184.5 cells/pL).

i) Patients needed to present consistently undetectable virus load under therapy
(measured quarterly) with a good CD4 T-cell response (ACD4 T-cells above 200
cells/uL in four years of therapy).

The first line regimen consisted of a combination of at least three antiretroviral drugs,
either three nucleoside reverse transcriptase inhibitors (NRTIs) or two NRTI combined
with one or two protease inhibitors, or with one non-nucleoside transcriptase inhibitor

(NNRTI). None of the patients ever received R5-receptor antagonists for therapy.
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The majority of the 16 included patients in this study were male (62.5%), of white
ethnicity (93.75%) with an average age of 52.1 £ 7.6 years. Most patients were infected
with HIV-1 subtype B (75%). Baseline characteristics for all patients and for both, the

X4-individuals and the R5-individuals are summarized in Table 1.

All patients X4-patients R5-patients
Characteristics (n=16) (n=7) (n=9)
Sex
Male 10 (62.5%) 5 (71.4%) 5 (565.6%)
Female 6 (37.5%) 2 (28.6%) 4 (44.4%)
Age, mean years £ SD 52176 53+ 8.1 514172
Ethnicity
White 15 (93.8%) 6 (85.7%) 9 (100%)
Black 1(6.2%) 1(14.3%) 0 (0.0%)
HIV transmission
HET 8 (50.0%) 4 (57.1%) 4 (44.4%)
MSM 7 (43.8%) 3 (42.9%) 4 (44.4%)
DU 1(6.2%) 0 (0.0%) 1(11.2%)
Subtype
B 12 (75.0%) 6 (87.7%) 6 (66.7%)
A/AG 2 (12.5%) 1(14.3%) 1(11.1%)
C 1 (6.25%) 0 (0.0%) 1(11.1%)
D 1 (6.25%) 0 (0.0%) 1(11.1%)
Baseline HIV RNA
load log10 copies/ 5.6 (3.8-6.4) 5.5 (5.3-6.4) 4.9 (3.8-6.1)
mL
Baseline proviral load
log10 copies/ 10”6 2.4 (2.2-2.9) 2.3 (2.2-2.7) 25 (2.2-2.9)
cells
ACD4 445 (243-659) 463 (243-659) 350 (252-634)
Baseline CD4 184.5 (7-290) 91 (7-242) 215 (12-290)
Baseline CD8 97 (165-1288) 652 (266-1288) 541 (165-1062)
CCR5-A32 genotype
heterozygous 1 (6.25%) 0 (0.0%) 1(11.1%)
wild type 15 (93.75%) 7 (100%) 8 (88.9%)

Table 1 Baseline characteristics. Data are presented as no. (%), median (min-max) values
unless otherwise indicated. SD: standard deviation; MSM: men who have sex with men; HET:
heterosexual; IDU: injecting drug users; PBMC: peripheral blood mononuclear cells.

6.2.2 Integration Site Analysis
The increase of relative frequencies of proviral X4-tropic HIV-1 variants in 7 patients

after 4 years on therapy was observed to be caused by a single provirus variant
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emerging during suppressive therapy, which eventually became solely responsible for
the increase of X4 variants. In six out of seven patients the emerging variant had been
detected as a minority already prior to therapy®®. That observation led to the
hypothesis that clonal expansion could be the reason for the outgrowth.

To look at this, an integration site analysis for 16 patients of all three sample timepoints
(preT, post4, post10) was performed.

In this study, the integration site analysis protocol was adapted from Maldarelli et al.*°.
The method was optimized and validated using gDNA of two cell lines that contain
known HIV-1 proviruses: SXR5 cells and Hut4-3 cells. SXR5 cells have been stably
transfected with a defective HIV-plasmid (based on pNL4-3) lacking the entire env
region (TK, unpublished); Hut4-3 cells are based on a human T4-lymphocyte line
(Hut78), which emerged from an acute HIV-1 infection with pNL4-3, and has since
been chronically producing infectious virus. For simulating the situation in patients, the
infected cells were mixed at defined ratios (1:102, 1:104, 1:108) with uninfected 293T
cells.

As the stable transfection of SXR5 was done with a pNL4-3 based plasmid, the
integration sites for this cell line were known to be the 5’cellular flank sequence as well
as the 3’cellular flank sequence of this plasmid (5’integration site: chr16:317155,
J’integration site: chr17:82208360). While the 3’integration site in SXR5 cells was
confirmed for all three dilutions, the analysis of the S’integration site failed due to
unspecific primer binding. The 5’LTR primers were excluded in further experiments.
For Hut4-3 cells two clonal integration sites were determined, one on chromosome 4
and one on chromosome 7.

After establishing the protocol, integration site analysis was performed by using

PBMCs from 16 HIV-infected individuals from three timepoints (preT, post4, popst10).
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In total, 1386 different integration sites were mapped; 33 (2.4%) sites of these were
associated with reads with different host DNA breakpoints, and therefore determined
as clonal. A slight trend of clonal integration site accumulation over the years was
seen: In preT samples, a total of 825 different integration sites were discovered, of
which 10 (1.2%) sites were clonal sites. In post4 samples 374 unique integration sites
and 12 (3.1%) clonal integration sites were mapped. In post10 samples 164 unique
integration sites and 11 (6.2%) clonal sites were detected.

In X4 samples a total of 785 integration sites and in R5 samples a total of 601
integration sites were detected. Out of these 16 (2%), respectively 17 (2.8%)
integration sites were clonal.

To identify functional associations of the genes that had clonal HIV integration sites in
or nearby, gene ontology (GO) analysis was performed using GREAT software with
the default settings’®. An enrichment in genes involved in metanephros
morphogenesis was observed, however there was no statistically significant result.
The hypothesized clonal outgrowth of X4 variants due to integration in genes involved

in cell cycle regulation could not be confirmed.

6.2.3 Proviral Load
To check if the recovered integration sites were in the expected range, the proviral

load for each sample was assessed. The recovery rate of integration sites of 5.6%
was just within the expected range of 5 — 15%7".
As expected in patients under continued ART, proviral loads declined over the years

on therapy (Figure 2).
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Figure 2 HIV proviral load in copies/10% PBMCs for the patient population before therapy (preT),
4 years on ART (post4) and 10 years on ART (post10).

6.2.4 Dynamics of Proviral Tropism under Therapy
To analyze the dynamic of proviral tropism in individuals under long-term suppressive

ART, PBMC samples from 10 years after ART initiation were included in this study.
The results were subsequently combined with data from Bader et al.®*.

The tropism determining V3 loop was sequenced and analyzed by Geno2Pheno454
to investigate the dynamics of proviral tropism in individuals under long-term
suppressive ART.

For the 16 samples the median quality read size was 13861 reads per sample with a
median variant count per sample of 119. At the standard false positive rate (FPR) of
3.5%, X4-tropic HIV-1 variants were identified in all samples except two (17637,
18249). These two samples were also classified as solely R5-tropic by applying a less
stringent 10% FPR cut-off. Samples, which at FPR 3.5% had a relative abundance

below 2% of X4 variants, were assigned as R5-patient.
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In 8 out of 9 R5-patients at the standard FPR of 3.5% the relative frequency (%X4) of
proviral X4-tropic HIV-1 variants remained stable on a very low level after being on

therapy for 10 years (Figure 3).
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Figure 3 Frequency of X4-tropic variants in R5-patients before therapy start (preT), 4 years
on ART (post4) and 10 years on ART (post10).

One R5-patient (25318, not shown) had a frequency of 17.18% X4-tropic variants after
10 years on therapy. At a 3.5% FPR cut-off this patient was an X4-patient at baseline
(3.74% of X4 variants), but as the frequency of X4 variants decreased after 4 years on
therapy to 0.91% of X4 variants, the patient was defined as R5-patient. Had an 5%
FPR cut-off been applied, this patient would have been assigned as an X4-patient for
all three timepoints (%X4: 89.87%, 98.07%, 85.51%).

In the 7 X4-patients, in whom an increase in relative frequencies of X4-tropic variants
was observed after 4 years on therapy, after 10 years of therapy a fluctuation of the
X4-tropic provirus frequency was observed. While 6 out of 7 X4-patients showed a
drop in frequency of X4-tropic variants after 10 years on therapy, one (16579) showed

an increase (Figure 4).
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Figure 4 Frequency of X4-tropic variants in X4-patients before therapy start (preT), 4 years
on ART (post4) and 10 years on ART (post10).

To exclude variability in sample preparation as the cause of fluctuation, the analysis
was repeated for samples from 4 patients (16579, 18191, 25318, 25971). The results

were reproducible, except for sample 25318 (Table 2). As already mentioned above,

for sample 25318 a 5% FPR cut-off would produce a reproducible outcome.

variants for | #quality | %X4 at 1% | %X4 at 3.5%| %X4 at 5% %X4 at

Sample this MID reads FPR FPR FPR 10% FPR
16579_preT 283 78055 0 0.06 0.11 0.47
16579_preT_rep 249 50018 0 0.05 0.07 0.49
16579_post4 251 30917 75.97 80.65 81.65 81.7
16579_post10 73 8318 72.45 99.84 99.84 99.84
16579_post10_rep 214 32188 97.60 99.99 99.99 100
18191 preT 285 32703 0 0.04 0.15 0.16
18191 preT_rep 296 39448 0 0.26 0.26 0.27
18191_post4 564 84505 0 0.05 0.15 0.16
18191_post10 214 25203 0 0.1 0.18 0.18
18191_post10_rep 276 41422 0 0.05 0.25 0.25
25318 preT 339 72987 2.68 3.58 89.87 98.93
25318 _preT_rep 355 39440 88.71 89.11 89.25 99.93
25318_post4 273 44758 0.13 0.91 98.07 99.58
25318_post4_rep 158 18235 63.84 64.51 99.59 99.99
25318_post10 94 7281 51.15 51.87 85.51 99.89
25318 post10_rep 281 25761 71.91 73.43 73.49 99.77
25971 _preT 204 34675 0 0.09 0.13 0.17
25971 _preT_rep 325 37290 0 0.14 0.16 0.21
25971 _post4 267 48162 0 0.14 0.22 0.4
25971 _post4_rep 228 22591 0 0.14 0.15 0.18
25971_post10 151 20060 0 0.05 0.08 0.14
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Table 2 Comparison of results to exclude variability in sample preparation. The results labeled
in gray were produced by Bader et al.39. The results labeled in white were produced in this study.

6.2.5 Link of Clonal Integration Site to Main V3 Loop
To test if the main V3 variants could be linked to the detected clonal integration sites,

for 4 patients with high proviral load, the env-integration site sequence was amplified

with integration site-specific primers and subsequently analyzed by Sanger
sequencing:
Patient |[preT_IS_total preT_IS_clonal #integrates |post4_IS_total [post4 IS_clonal |#integrates |post10_IS_total [post10_IS_clonal |#integrates
31627 31 chr11:131126817 4 25 chr22:48631542 5 43 chr1:234143908 3
chr4:19518716 2 chr11:131126817 2 chr2:102067563 3
25318 chr1:186586048 2 chr1:186586048 2 chr1:202308767 2
136 36 chr11:66690921 2 18 chr6:22433638 2
chr6:22433702 3
16177 chr1:28690322 2 chr9:131602104 3 chr1:226567583 4
163 37 54 chr19:11560702 12
chr3:138037542 2
chr3:140294057 2
18269 chr14:71587405 2 chr5:38066272 7 chr5:38066271 3
56 chr17:31928177 6 43 chr8:142229856 2 a7 chrX:43438671 6
chr5:38066173 2 chr8:92719217 2
chrX:43438703 2

Table 3 Overview of recovered integration sites in samples from 4 patients. IS_total gives
the total number of recovered integration sites, IS_clonal shows the clonal integration site and
#integrates shows how often this specific integration site was found.

R5-patient 31627

For patient 31627 five different clonal integration sites over all three timepoints were
identified, of which one clonal integration site (chr11:131126817) was recovered in the
preT sample, as well as in the post4 sample (Table 3). The PCR amplification of env-
integration site(chr11:131126817) sequence was successful for the preT sample and
the post4 sample. The amplified sequence was identical to a detected main (>2%) V3
loop, confirming the clonal expansion of the specific variant (Figure 5). Although this
V3 loop was also detected as a main variant in the post10 sample, no integration site
at chr11:131126817 was recovered and the PCR amplification of env-integration

site(chr11:131126817) failed for this sample.
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The PCR amplification of env-integration site(chr1:234143908) sequence was
successful for the post10 sample, and the amplified sequence was in agreement with
the major V3 loop in this sample.

The PCR amplification of env-integration site(chr1:234143908) sequence failed for the
preT and post4 sample, although also in these samples the corresponding V3 loop

was detected as a main variant.
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Figure 5 Main (>2%) V3 loops in R5-patient 31627 for all three timepoints. Bars with a
blue/green color scheme are R5-tropic variants. It was possible to confirm a link between some
V3 loops and specific chromosomal integration site by PCR amplification with integration site
specific primers. Confirmed links are labeled in grey; identical V3 loops without confirmed link to
the integration site are labeled in white.

R5-patient 25318

For patient 25318 five different clonal integration sites over all three timepoints were
identified, of which one clonal integration site (chr1:186586048) was recovered in the
preT sample, as well as in the post4 sample (Table 3). The PCR amplification of env-
integration site (chr1:186586048) sequence was successful for the preT sample and
the post4 sample. The amplified sequence was identical to the major V3 loop in both

samples (Figure 6).
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Figure 6 Main (>2%) V3 loops in R5-patient 25318 for all three timepoints. Bars with a
blue/green color scheme are R5-tropic variants, bars with a red/yellow color scheme are X4-
tropic variants. It was possible to confirm a link between some V3 loops and specific
chromosomal integration site by PCR amplification with integration site specific primers.
Confirmed links are labeled in grey; identical V3 loops without confirmed link to the integration
site are labeled in white.

X4-Patient 18269

For patient 18269 seven different clonal integration sites were identified over all three
timepoints, of which one clonal integration site (chr5:38066173) was recovered in the
samples for all three timepoints and one clonal integration site (chrX:43438703) was
recovered in the preT sample, as well as in the post10 sample (Table 3). Although
there were identical major V3-loops detected in different timepoints (Figure 7), neither
for integration site (chr5:38066173) nor integration site (chrX:43438703) was it

possible to amplify the env-integration site sequence.
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Figure 7 Main (>2%) V3 loops in X4-patient 18269 for all three timepoints. Bars with a
blue/green color scheme are R5-tropic variants, bars with a red/yellow color scheme are X4-
tropic variants. It was possible to confirm a link between some V3 loops and specific
chromosomal integration site by PCR amplification with integration site specific primers.
Confirmed links are labeled in grey; identical V3 loops without confirmed link to the integration
site are labeled in white.

X4-patient 16177

For patient 16177 six different clonal integration sites over all three timepoints were
identified. No clonal integration site was detected in more than one sample. It was
possible to link the integration site (chr1:28690322) to the major V3 loop in the preT
sample. The PCR amplification of env-integration site (chr19:11560702) was not
successful. Although the amplification of the env-integration site (chr9:131602104)
was successful for the post4 sample, the corresponding V3 sequence was not identical
to any V3 loop. As only one V3 loop of the post4 sample was identical to V3 loops in
the preT sample and none to V3 loops in the post10 sample, a sample mix-up in the
original data set3® was suspected. Therefore, the V3 loop of the post4 sample was
reanalyzed by NGS (Table 4). Instead of one X4-tropic major variant, three main
variants were detected: two RS-tropic variants and one X4-tropic variant. The

frequency of X4-tropic of the total detected variants was reduced from 99.99% in the
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previous post4 sample analysis to 35.31% in the repeated post4 sample analysis. With
this result, patient 16177 is a second patient in which the frequency of X4-tropic

variants increased after 10 years of therapy (see chapter 2.4).

FPR of % of

#quality | %X4 at %X4 at %X4 at %X4 at major V3 | major V3
Sample # variants reads |1% FPR |3.5% FPR |5% FPR [10% FPR [Major V3 loop loop loop
16177_preT 251 70641 0 0.11 0.13 0.22 CTRPSNNTRKSIHIGPGRAFYATNIIGDIRQAHC 45.78 97.3
16177 _post4 121 17931 99.7 99.99 GrIER) 100 CTRPNNSTRKGIYIGPGRAVYTGEKIIGDIRQAHC 0.58 97.6
16177_post4_rep 119 13909 35.13 35.31 35.31 35.35 [CTRPNNNTRKSIHIGPGRAFYATDIIGNIRQAHC 42.59 348
16177_post10 125 17456 72.14 73.69 73.73 7794 |CTRPNYSTRRRIHIGPGRAFYATNIIGDIRRAHC 0.29 37.4

Table 4 Reevaluation of V3 analysis of patient 16177. Rows with gray shade indicated the
original data set??, white cells show data generated in this study.

Within the freshly detected V3 loops in the post4 sample, the amplified env-integration

site(chr9:131602104) sequence was present (Figure 8).
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Figure 8 Main (>2%) V3 loops in X4-patient 16177 for all three timepoints. Bars with a
blue/green color scheme are R5-tropic variants, bars with a red/yellow color scheme are X4-
tropic variants. It was possible to confirm a link between some V3 loops and specific
chromosomal integration site by PCR amplification with integration site specific primers.
Confirmed links are labeled in grey; identical V3 loops without confirmed link to the integration
site are labeled in white.

The successful link of clonal integration sites to the main V3 loops, confirms the clonal

feature of these variants.
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6.3 Discussion

Recent data of Bader et al.3®* showed in some individuals an outgrowth of a single
pretreatment X4-tropic proviral minority after up to 4 years on therapy. The authors
discussed that this outgrowth could have caused by clonal expansion. In this study,
integration site analysis was used to test this hypothesis. In 10 patients (5 X4-patients,
5 R5-patients) a total of 1386 integration sites were recovered, of which 33 (2.4%)
were clonal.

It is important to note that only a very small fraction of infected cells present in the
whole body is sampled via peripheral blood, and only a fraction of the integration sites
from these samples is recovered. Therefore, itis not possible to identify any integration
site as truly “unique”. Due to the small sample size and the additional loss of material
during the experimental procedure, it is quite likely, that the actual percentage of clonal
integration sites is higher’”.

On the other hand, the combination of linker-mediated PCR and next generation
sequencing produces large datasets with a high background noise, which may lead to
the false identification of a “clonal integration sites”. Due to scarcity of integration
events and the multiple steps of a somewhat error-prone amplification, this cannot be
completely prevented.

To limit background noise, several common issues for procedures that involve high
levels of PCR amplification have been addressed during the optimization of the
experimental integration site analysis protocol over the course of this work. Cross
contamination is one of the issues that can influence the outcome of the integration
site analysis. Although we had designated rooms for pre-PCR and post-PCR
experiments, in some samples we still detected a contamination with the 3’ integration

site (chr17:82208360) of plasmid pNL4-3, which is greatly used in our laboratory. By
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comparison of recovered integration sites between different patient samples, the
possibility of inter-patient cross contamination was excluded.

Another cause of artifacts is PCR mispriming. As proviral DNA is rare and human
gDNA is present in vast amounts, even a perfectly designed primer can bind to patient
gDNA sequences that are similar to the target sequence. In the integration site
analysis, this can lead to incorrectly identifying mispriming sites as integration sites.
However, by designing the nested LTR primer to end 7 bp before the end of the HIV
sequence, a great extent of misprimed sites could be excluded during bioinformatics
analysis. The reads are filtered for those sequences, in which the sequence between
the 3’ end of the nested LTR primer and the adjacent host sequence exactly matches
this 7 HIV bp. Interestingly, a longer end HIV sequence (35 bp instead of 7 bp) with
the aim to decrease false amplifications, did not further decrease the background
noise.

Further artifacts can also be caused by PCR recombination. If there is incomplete
copying of a DNA fragment during the elongation step, the partial DNA product can
act as a primer, which leads to recombination if the partial DNA product base pairs to
a site elsewhere in the genome. PCR recombination can also be detected and filtered
with a proper bioinformatics analysis pipeline.

For a final confirmation of true integration sites, the amplification of both, the 3'LTR-
host adjunction and the 5’LTR-host adjunctions would be necessary. Unfortunately,
our test experiments with the 5’LTR primer failed. It has previously been shown, that
HIV-1 U3 tolerates much more sequence variation than the U5 sequence’®. As the
standard LTR primers were designed based on the reference sequence of HXB2, the

possible variation in the U3 sequence could explain why PCRs with the 5’LTR primer
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failed. The design and usage of patient-specific 5LTR primers may improve the
identification and confirmation of true integration sites.

While the experimental optimization in this work was recently also described by Wells
et al.”’, the inclusion of an optimized bioinformatic analysis could further improve the
recovery of true integration sites and therefore help to generate a more detailed insight
in HIV-1 latent reservoirs.

By amplifying env — integration site sequences with integration site specific primers,
the V3 regions belonging to clonal integration sites were analyzed. For one patient the
env — integration site amplification for 2 different clonal integration sites failed. Further
PCR optimization was not possible due to a limited amount of available patient DNA
and due to the fact that integration site-specificity of primers made the use of an
universal positive control impossible. However, for 3 out of 4 patients it was possible
to link the major V3 variants to clonal integration sites, confirming the suggested clonal
expansion.

As some studies have shown, that integration of HIV into cancer-related genes can
drive clonal expansion*'7°, the question arose, if the observed X4 outgrowth could be
caused by integration into a gene involved in cell-cycle regulation and therefore could
be a cause for cancer development in these patients. So far there are no known cases
of T cell malignancies in HIV patients. However, human T lymphotropic virus (HTLV),
the first reported human oncogenic retrovirus®®®!' causes adult T cell
lymphoma/leukemia (ATL) in around 5% of all HTLV-infected individuals. Several
mechanisms are discussed to be involved in the development of ATL, one of the main
ones is HTLV interaction with the host chromatin at the integration site®%+. It was
shown, that over a time of 50-60 years, a clone of HTLV-infected cells grows out of

the host immune control and leads to ATL8%8, Given the similarity between HIV-1 and
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HTLV-1, the observation that the frequency of HIV-1 integration into cancer-related
genes is significantly higher than the frequency of cancer-related genes in the human
genome*!, and the fact that HIV-infected individuals have a normal life expectancy
only since the introduction of ART in 1996 (which is less than 30 years ago), further
examination of HIV integration and its effects on gene regulation are needed.
Interestingly, in our study we did not detect any clonal integration sites in or near to
specific cancer-related genes, but an enrichment in genes involved in metanephros
morphogenesis was observed. However, this enrichment was not statistically
significant. Adding to the fact, that first results of integration site analysis did not show
the expected trend of a slow and steady increase of clonal HIV-infected cells, as it
would be expected with integration site-driven proliferation®’, we investigated the
proviral tropism of patient samples 10 years after start of therapy. The idea behind this
tropism testing was to check if the outgrown X4-variant, which was observed in
patients with increasing frequency of X4-tropic HIV-1 variants, was still present after
10 years of therapy.

In 4 out of 7 X4-patients, in which an increase of the frequency of X4- variants was
observed after 4 years on therapy, this frequency dropped again after 10 years of
therapy. However, the frequency did not drop below to 2%, which was the assigned
cut-off value. So, although there was a decrease of X4-tropic variants, no tropism
switch was observed, and the patients were still defined as X4-patients. In two patients
(16177, 16579) a further increase of the frequency of X4-tropic variants was observed
and in one patient the frequency of X4-tropic variants stayed stable. Interestingly, in
both patients with an increase in the frequency of X4-tropic variants, this increase was
driven by the appearance of a new X4-tropic main variant. While in patient 16579 the

major X4-tropic variant was the same from post4 to post10, in patient 16177 all main
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X4-tropic variants from timepoint post4 disappeared at timepoint post10 and new X4-
tropic variants were responsible for the increase. In general, there was a higher
variation in the composition of the main variants in X4-patients than in R5-patients.
This fluctuation of main variants and the lack of a steady increase of any main variant,
respectively clonal integration site speaks against integration site-driven clonal
expansion.

The fluctuation of main variants over time is in agreement with a study from Wang et
al.88, in which expanded proviral clones were found to wax and wane over time in
individuals on ART. They suggest that proliferation of infected cells is balanced by a
significant amount of cell loss. The dynamic changes support antigen and cytokines
as potential drivers of clonal expansion.

The observed fluctuation of the frequency of X4-tropic variants is also in line with
various contradictive studies on proviral tropism development under suppressive ART.
Philpott et al.3® claimed a preferential suppression of X4-tropic strains of HIV-1 by
antiviral therapy. They showed that in 15 women with a predominant X4-tropic virus
population at baseline, the initiation of ART led to a shift to R5-tropic strains.
Multivariate analyses showed that the shift was independent of changes in plasma
HIV-1 RNA level and CD4" cell count. These results agree with the observation of
Bader et al., that the majority of X4-patients experienced a decrease of X4-tropic
variants.

An opposite observation was made by Delobel et al.3¢. They showed a switch from
R5-tropic variants to X4-tropic variants in 11 of the 23 patients who harbored a majority
virus population of R5 variants at baseline. X4 variants remained predominant in the
9 patients who harbored mainly X4 variants at baseline. As a possible explanation for

this observation, it was suggested that potent antiretroviral therapy produces the

33



conditions necessary for the gradual emergence of X4 variants in cellular reservoirs. .
While Soulie et al.?” did not observe any tropism switch in 34 patients being 48 weeks
on ART, Saracino et al.®° observed both, a switch from R5-tropic to X4-tropic, as well
as a switch from X4-tropic to R5-tropic in 6, respectively 4 patients out of 36 patients
being on ART for 12 months. Castagna et al.?° also analyzed the dynamics of HIV-1
tropism in 195 patients under ART. Interestingly, although 124 patients presented with
persistently detectable viral load, they showed similar rates of R5-X4-switches or X4-
R5-switches as the patients with undetectable viral load.

Although some of the discrepancies within these studies could be explained by
differences in the experimental setup, different patient cohorts, different study
duration, they show that the dynamics of HIV-1 tropism in patients under ART does
not yet have a well understood mechanism.

One possible explanation for the proviral tropism fluctuations has been proposed by
Raymond et al.%'. They observed an absence of genetic evolution in individuals
infected with R5-tropic variants, while in individuals mainly infected with X4-tropic
viruses, diversification in the V3 region was observed. Their proposed explanation for
this observation was that R5-tropic proviruses may persist due to proliferation of
latently infected cells, while the genetic evolution seen in X4 variants could be caused
by residual virus replication despite ART, either by free virions or cell-to-cell spread®?.

However, studies on whether viral replication persists in tissues, such as lymph nodes
and gut, to levels that can maintain the HIV reservoir are contradictory®3-6.

Another explanation for the proviral tropism fluctuation could be the different
proliferation rates of different cell subpopulations. Circulating integrated HIV

proviruses appear to be maintained both by slow turnover of immature CD4
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subpopulations, and by clonal expansion as well as cell differentiation into effector
cells with faster replacement rates’.

It has been shown in a study by Zhou et al.?® that X4-tropic virus variants and R5-
tropic virus variants have very limited recombination products, indicating that these
viruses might not be found inside the same cell subsets. While X4-tropic variants are
mainly found in naive (Tn) and central memory T cells (Tcwm), which is consistent with
the relatively high expression of CXCR4 on these cells, R5-tropic variants are
predominately found in transitional memory T cells (Ttm) and effector memory T cells
(Tem), also consistent with the relatively high expression of CCRS5 on these cells. It has
also been indicated that both R5-tropic and X4-tropic variants can infect activated
CD4* T cells, but only X4-tropic variants are able to enter resting CD4* T cells®.
CD4* T cells have many levels of differentiation. The contribution of each differentiated
subset to the functional latent reservoir has only recently begun to be studied. Recent
findings suggest that cell subpopulations, such as follicular helper T (T) cells'® or
naive T (Tn) cells’-193 have a greater contribution to the latent reservoir than
previously thought, and a profound reshaping of the latent reservoir was suggested to
be the cause for proviral tropism switches in patients under ART %4,

The recent development of single-cell approaches will improve our understanding of
the composition of the HIV-1 reservoir and the influence of viral tropism on it. The
identification of shared cellular markers and metabolic pathways involved in
establishing and maintaining these reservoirs will help to find new strategies to cure

HIV-1.
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6.4 Conclusion & Outlook
This study followed the observation, that while under successful therapy a majority of
HIV-1 infected individuals showed a decrease of CXCR4-tropic variants, in a few
patients an increase of CXCR4-tropic viruses was observed. As the increase of
CXCR4-tropic viruses in patients under therapy was observed to be caused by the
outgrowth of a single variant, this study aimed to investigate the possibility of clonal
expansion of HIV-1 infected cells by integration site analysis.
By using integration site analysis, this study confirmed clonal expansion of HIV-1
infected cells. However, the following observations speak against the involvement of
the HIV-1 integration site in aberrant cell proliferation:

i) the clonal expansion was observed in both, R5-patients and X4-patients

ii) the clones waxed and waned over the observed period of time
Overall, these two main results support the hypothesis that clonal expansion of HIV-1
infected cells could be caused by antigen-driven proliferation rather than by integration
site-driven proliferation.
To further investigate this conclusion an ongoing effort should be made to investigate
tropism dynamics in the studied patients at even later timepoints.
In this study PBMCs from 7 X4-patients with an increasing frequency of X4-tropic
provirus after 4 years on ART and from 9 R5-patients with a very low and stable
frequency of X4-tropic viruses were analyzed. In the maijority of X4-patients a
decreasing frequency of X4-tropic variants was observed after 10 years on ART.
Another interesting next step would be the analysis of tropism dynamics in the patients
where a decreasing frequency of X4-tropic variants was observed after 4 years on

ART39, The following two outcomes could be expected:
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i) A further decrease of X4-tropic proviruses, or even a switch to being R5-
patients. This would support the hypothesis that ongoing ART provides an
active selection against X4-tropic provirus. The individual causes of the
temporary increase in X4-tropic frequency would then make for an
interesting study (e.g. was the patient suffering from an infection and
weakened immune system shortly before the sample was taken?).

ii) Fluctuations in the frequency of X4-tropic variants, similar to those observed
in this study. This would further support the hypothesis of an antigen-driven
proliferation mechanism.

In general, the differences of X4-tropic and R5-tropic proviral variants and their cellular
origin should be further investigated to gain a better understanding of the HIV-1
reservoir and also a better understanding of the variation of therapy outcome between

individual patients.
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7/ Adapting the geno2pheno[coreceptor] tool to HIV-1
subtype CRF01_AE by phenotypic validation using

clinical isolates from South-East Asia

7.1 Aim of the study

The determination of coreceptor usage became clinically important in diagnostic
settings when a mechanistically new antiretroviral drug, the entry inhibitor MVC was
licensed for treatment of HIV patients. As MVC specifically blocks the CCR5
coreceptor but not CXCR4, a treatment decision for MVC requires prior tropism
determination in the blood of the respective patient?.

Today, genotyping tools such as geno2pheno[coreceptor]'? with their specific
algorithms are available as standard methods for viral tropism determination.

The genoZpheno[coreceptor] tool has been developed mostly based on subtype B
viruses, and was until recently mainly been used for this subtype'®. Herein, the
algorithm demonstrated an excellent agreement between genotypic and phenotypic
methods.

However, in a recent study'%¢, it was shown that there are significant discrepancies
between geno- and phenotyping in other subtypes, i.e. CRFO01_AE, where
geno2pheno|coreceptor] predicted an excessive number of X4-tropic envelopes. The
HIV-1 subtype CRF01_AE, predominantly circulating in South-East Asia, is among
those subtypes diverging the most from European subtype B viruses. It has been
suggested that patients infected with subtype CRF01_AE may have a more rapid
decline of CD4* T cell count compared with patients infected with subtype B virus, as
well as a shorter time to needing antiretroviral therapy and a higher virulence during

the course of infection 107108
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As geno2pheno[coreceptor] has been used in several recent studies performed in
South-East Asia'?:1% a thorough examination and, if needed, a correction of the
geno2pheno tool for the genotypic prediction of CRF01_AE coreceptor-usage is
urgently needed.

The aim of this study was to provide the necessary verification and to provide a basis

for adjustments of the geno2pheno tool for CRF01_AE in diagnostic settings.

7.2 Results

7.2.1 Sample Characteristics
Twenty patient-derived env (gp120) HIV-1 CRF01_AE samples from a cohort in

Thailand were used for simultaneous phenotyping and genotyping. The samples were
randomly chosen from 144 CRFO01_AE plasma samples available through the
Thailand’s National HIV Drug Resistance Surveillance Program from a study among
female sex workers''?; informed consent and ethical approval from the responsible

IHRP have been obtained (approval 3/2557).

7.2.2 Construction of CRF01_AE Cassette
The viral gp120 region in patient-derived samples was amplified by RT-PCR and

cloned into a pNL4-3 cassette (pNL-K7)'"", where it reconstituted fully functional HIV-
1 genomes. Only a very low viral infection rate was obtained in cell culture by the HIV-
1 genome reconstitution inserting exclusively the gp120 region from CRF01_AE
samples into the NL4-3 background. As strategy for improving viral competence, the
replication properties of a whole array of recombinant HIV-1 clones, carrying various
genomic segments of CRF01_AE-origin were compared side-by-side in the backbone
of a prototypic subtype B virus (NL4-3). After each cloning step (initially only the entire

env gene, then env plus vpu, then vpu plus nef and eventually the entire region from
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gag to env), replication of the resulting viral subtype B/AE recombinants were
analyzed. As final result, the HIV-1 genome from the BssHII site at nt 712 to NgoMIV
at nt 8338 (pNL-AE-K7_short) or to Xmal at nt 8888 (pNL-AE-K7) was substituted in
frame by patient-derived CRF01_AE sequences, retaining only the LTRs and the 3’
end of nef of NL4-3. The insertion of the respective gp120 sequences from clinical
specimens into pNL-AE-K7_short allowed to phenotypically re-assess the tropism of
the respective patient-derived viral envelopes.

7.2.3 Phenotyping and Genotyping

Using the new pNL-AE-K7_short cassette, we were able to determine the phenotype
in 19 clinical samples (Table 5, column “Phenotype”) by judging drug-based inhibition
of viral replication and potential syncytia formation in the presence of either the R5-
antagonist MVC or the X4-antagonist AMD3100. In this assessment using a virus-
replication system, only one sample (Th026) was found to be X4-tropic, while 18
samples were determined to contain R5-tropic virus. For one sample (Th049), no clear
tropism determination was possible, since small fusion events of 2-3 HIV-infected cells
had formed in the cultures in the presence of either inhibitor. For this case, the
presence of a dual-tropic virus could not be excluded.

Noteworthy, for all tested B/AE-recombinants the average syncytium sizes and the
overall number of viral infection events in the culture dish remained low (approximately

10% of the control) when compared to the control plasmid pNL-NF.
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Sample V3-LOOP Phenotype

THO026 CTRPSKTVR-SMRIGPGKVEFYRIEGIGGDIRKAYC

THO12 CTRPSNNIRTSMTVGPGQVIYKTGDITGNIRKARC R5

THO16 CTRPSNYTRTSTRIGPGOQVWYRTGDIIGNPRKAYC R5

THO34 CTRPSNNTRTSIGIGPGQVEFYRTGDIIGDIRRAYC R5 2.6 2.6
THO10 CTRPSNNIRTSVHIGPGQVEYKTGDIIGDIRQAHC R5 4.7 4.7
THO41 CTRPSTNRRTGVHIGPGOVEFYRTGEIIGDIRKAYC R5 7.2 7.2 7.2
THO023 CTRPSNNTRTSSRIGPGAVEYRTGDITGDIRQAHC R5 8.7 8.7 8.7
THO020 CTRPSNNTRTSVTMGPGHVEYRTGDIIGDIRKAHC R5 15.5 15.5 15.5 15.5
THO43 CTRPSNNTRTSMTIGPGQVEYRTGDIIGDIRKAYC R5 16.6 16.6 16.6 16.6
THO37 CTRPSNNTRTS-HIGPGOVEFYRTGDIIGDIRKAHC R5 17.8 17.8 17.8 17.8
THO40 CIRPSNNTRTSIPIGPGQVEFYKTGEIIGDIRKAYC R5 20.7 20.7 20.7 20.7
THO028 CTRPENNTRTSITIGPGOMEYRTGEIIGDIRKAYC R5 24.9 24.9 24.9 24.9
THO38 CTRPSNNTRTSITIGPGQVEFYRTGDITGDIRKAFC R5 254 25.4 25.4 254
THOO5 CTRPSNNTRTSITIGPGOQVEYRTGDIIGDIRKAYC R5 33.1 33.1 33.1 33.1
THO46 CTRPSNNTRKGIHLGPGQVEFYRTGDIIGDIRQAYC R5 35.7 35.7 35.7 35.7
THO022 CTRPSNNTRQSINIGPGRVEYRPGDIIGDIRKAYC R5 44.9 44.9 44.9 44.9
THO39 CTRPSNNTRTSVHIGPGOQVEYRTGDIIGDIRKAYC R5 449 44.9 44.9 44.9
THO49 CTRPSNNTRTSIHMGPGOQVEYRTGEIIGDIRQAHC ND 50.9 50.9 50.9 50.9
TH032 CTRPSNNTRTSITMGPGOVLYRTGDITGDIRKAYC RS 636 | 636 | 636 | 636 P xa
THO35 CTRPSNNTRKSVPIGPGQVEFYRTGDIIGDIRQAHC R5 89.6 89.6 89.6 89.6 R5

Table 5 The phenotyped CRF01_AE samples with their confirmed sequence (V3-loop) and
the genotypically predicted respective tropism. Blue = X4-tropic, green = R5-tropic, ND = not
determined.

In parallel, the most prevalent genotype present in these 20 clinical samples was
predicted using the standard version of geno2pheno[coreceptor] (Table 5, columns
“g2p”). When linking these results to the phenotypic findings, the suspected systematic
overcalling of X4-tropism in subtype CRFO01_AE by the current version of
Geno2Pheno[coreceptor] became apparent, reaching only a low assay specificity of
66% when the standard FPR cut-off of 10%, was used. By lowering the FPR cut-off to

2.5% the specificity increased to 89%.

7.2.4 HIV-GRADE
For confirmation beyond the small initial data set from Thailand, the newly suggested

CRFO01_AE-specific FPR cut-off of 2.5% was re-applied to a large data set from a
German HIV-GRADE cohort on CRF01_AE samples (Table 6). When applying this
new rule to all available CRF01_AE isolates, the significant discrepancy in the X4/R5

tropism ratio for CRF01_AE isolates, as depicted in Figure 9, completely disappeared
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and rendered this subtype similar to the general, subtype independent distribution of
clinical samples.
Frequency of R5 in Germany by geno2pheno

HIV samples from 2466 treatment experienced patients
(from HIV-GRADE cooperation)

0n

e ]
24

prozentuale Vertadung

20% — _ -

01_sE Al B8 < o F1 G ofher

Subtyp

Figure 9 Frequency of R5- and X4-tropism by geno2pheno using the standard FPR cut-off of
10%'"2 in 2466 treatment-experienced patients, for whom tropism testing was performed at
baseline prior to potential maraviroc administration. Green = R5, Blue = X4

When disregarding differences between subtypes, the overall tropism distribution
across all isolates (including all subtypes) would be 72% R5 and 28% X4. When the
10% FPR cut-off was applied specifically to subtype CRF01_AE isolates, this ratio
shifts to 51% R5 and 49% X4, indicating a dramatic deviation with a Chi? of <0.001.
When we now apply the phenotype-supported new CRF01_AE-FPR cut-off of 2.5%,
a 76% R5 and 24% X4 distribution is seen for the CRF01_AE isolates with a Chi? value
of 0.43, which is no longer significantly different from the calculated global average of
isolates irrespective of their subtype.

For verification and potential fine-tuning, our phenotype-matched geno2pheno values
were also subjected to the FPR cut-offs of 1% and 5% as well as to the FPR cut-off of

3.75%, which is used for NGS data. No significant difference from the expected

distribution was seen for cut-offs at and above 2.5%.
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FPR-cutoff CCR5 CXCR4 Chi?
Expeczfed .nor.mal/zed 799 28%
| distribution

10% 51% 49% <0.001
5% 64% 36% 0,22

3.75% 69% 30% 0,68

2.50% 76% 24% 0,43
1% 89% 11% 0,002

Table 6 The frequency of X4 in the patients with subtype CRF01_AE in HIV-GRADE was
likely to be overstated with an FPR cut-off of 10% in comparison to the frequencies of the other
subtypes. Lowering the FPR to the cut-off of 2.5% as phenotypically determined in this analysis,
the subtype AE-specific polymorphisms were correctly accommodated. The relevant FPR range
between 2.5% and 5% (Chi2 >0.2) has been shaded.
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7.3 Discussion

In this study, phenotypically determined co-receptor usage was compared to and
combined with genotypic data to improve the prediction of geno2pheno[coreceptor] for
subtype CRF01_AE isolates of HIV-1.

For the phenotypic determination of the co-receptor usage major challenges had to be
overcome. A recombinant plasmid-based system (pNL-K7), previously developed by
our group', was used to reconstitute HIV-1 variants. This cassette permits the
exchange of env segments by cleavage with unique restriction endonucleases and
placing PCR-amplified HIV-1 env derived from patient plasma directly into a complete
viral genome. After transfection into a human indicator cell line, viral replication of the
recombinant HIV-1 variant in the presence of inhibitors can be quantitatively
analyzed'3. One hurdle in this process was a poor PCR amplification rate of the env
fragments. Standard PCR-primers were derived from a reliably working subtype B
consensus sequence. The observed low amplification rates were a strong indicator for
the vast sequence heterogeneity of our HIV-1 isolates in the viral env region,
suggesting that the validated recombination protocol at predefined sites in Env may
not be optimal for generating replicating viral subtype CRF01_AE genomes. Another
technical hurdle was the low replicative fitness of recombinant HIV-1 genomes
encountered when using the in-house subtype B-based HIV-1 cassette (pNL-K7). We
attributed the poor replicative capacity to previously reported observations that Env
may critically depend on interactions with subtype-matched corresponding regions in
Gag-Pol''4115_ |t is further possible that Env functions best in a subtype-unique context
including its own co-evolved Vpu''® or other viral proteins''3'7. To improve the
replicative fitness, we therefore designed a new cassette, carrying a near full-length

subtype CRF01_AE backbone. With this construct we were able to obtain sufficiently
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replicative virus to phenotypically determine the tropism of CRFO01_AE patient
samples.

Based on our comparison between phenotypically and genotypically determined
tropism, our study supports implementing a significantly lower FPR cut-off of 2.5%
(compared to the standard of 10%) as a critical adjustment for appropriate tropism
prediction for CRFO1_AE samples by geno2pheno[coreceptor]. The suggestion to
lower the FPR cut-off for CRF01_AE virus variants is supported by others: One study
had shown for CRF01_AE samples a specificity of only 50% at a 10% FPR cut-off,
whereas the specificity increased to 77% by lowering the FPR cut-off to 5%''8. Another
study concluded in a comparison of different genotypic tools that for clinical practice,
a geno2pheno|coreceptor] FPR cutoff of 5% could be used to predict CRFO1_AE
tropism™1°.

Also, for genotyping of clinical samples using deep V3 sequencing (NGS), the
interpretation of the analysis combines the information on FPR on each of the
sequences and the corresponding frequency of these different variants in the sample.
Currently, this two-dimensional cutoff predicts a sample with >2% of the variants with
an FPR <3.5% as not suitable for maraviroc treatment. This recommendation is so far
independent of the HIV-1 subtype'. We re-adjusted the FPR-value for subtype
CRFO01_AE in order to improve the clinical application of geno2pheno[coreceptor] also
for the use for consensus, Sanger-sequencing.

As the R5-antagonist MVC proved to be a well-tolerated drug, lowering the FPR cut-
off would potentially allow for more patients benefitting from MVC administration,
especially in South-East Asia. Therefore, taking our results into consideration, we

suggest setting an FPR cut-off of 2.5% for the tropism prediction of clinical subtype
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CRF01_AE samples by geno2pheno[coreceptor]. However, further studies on a larger
cohort are needed to verify this suggestion.

One proposed reason for the observed X4-overcall using the standard FPR cut-off of
10% is a difference in common sequence motifs. The typical CRFO1_AE envelope
contains several otherwise uncommon amino acids in the V3 region as unique and
inherent feature. The motif GPGQVF at the tip of the V3 loop occurred very frequently

in the HIV-1 CRFO1_AE samples of this study (Figure 10).

1 10 20 30 35
Consensus @TRPISNNTRITS | X |IGPGQVFY¥RTGDM I GD | RKAYE
Identity W T Tl B
1. Th0OOS @TRIPISNNTRITS | TIGPIGQVFNMRTGDM IGEGD | RKAYE
2.Th010 [@TRIPISNN |[RITSVH | GPIGQVFNMKTGDM IGED | ROAHE
3. THO12 @TRIPISNN | RTSV TVERPGEQY | MKTGDHMTENTRKARE
4.Th016 @TRIPISNYTRITS TR/IGPGQVWNIRTGDM | GN PRKEAYE
5.Th020 @TRPESNNTRTSV TVGEPGEHVFNMRTGDMIGD | RKAHE
6. Th022 @TRIPISNNTRIOS | NI GPIGRVFNRP GDM IGED | RKAYE
7.Th023 @TREBESNNTRTSSR | GPGAVFNMRTGDMTED IROAHE
8. THO026 @TRIPISK TVRI-SIVMRIINGPGEKVFEFNR | £t GEGED IRKEAY @
9. Th028 @TRIPIFNNTRITS | TIGPGQVFNMRTGEMIGED | RKAYE
10. Th032 @TRIPISNNTRITS | TVMGEPGEQV L ¥MRTGDMTED | RKAYE
11.Th034 @TRPPISNNTRITS | G IGPGQVFYRTGDM I GD | RRAYE
12.Th035 @TRIPISNNTRIKSVP IGPRGQVFYRTGDM I GD | ROAHE
13. Th037 @TRIPISNNTRITS - H | GPIGQVFNRTGDM | GD | RKAHE
14. Th038 @TRIPISNNTRITS | TIGPIGQVFNRTGDMTED | RKAFE
15.Th039 @TRIPISNNTRITSVH IGPRGQVFYRTGDM I GD | RKAYE
16. Th040 @ RPSNNTRTSIPIGPGQVFNMKTGEMIGD IRKAY@
17. Th0o41 @TRPIS TNRRTGVH IGPFGQVF¥MRTGEMIGED | RKAYE
18.Th043 @TRIPISNNTRITSMT IGPRGQVFYRTGDM I GD | RKAYd
19. ThO46 @TRIPISNNTRIKG | H L GPIGQVFNMRTGDM |GED | ROAYE
20. Th049 @TRIPISNNTRITS | HVGPIGQVFNMRTGEM IGED | ROAHE
21.V3 AE @TRPPISNNTRITS IR IGPPGQVFY¥RTGDM I GD | RKAYd
22.V3 GenosubB ETRBINNNTRKIS | HIGRGR AFMTTGEN IED ITROAHGE

Figure 10 Comparison of CRF01_AE patient V3 sequence (ThOxx samples), the reference
sequence of CRF01_AE (V3 AE) and the reference sequence of subtype B used for the training
of geno2pheno[coreceptor]'?! (V3 GenosubB). Green = 100% similar, olive = 80%-100% similar,
yellow = 60%-80% similar, white = less than 60% similar.

Using the standard version of geno2pheno[coreceptor], these samples were often
predicted as X4-tropic HIV-1 isolates in contrast to samples with the GPGRAF motif
being frequent in R5-variants of subtype B. This significant deviation raised the
speculation that the GPGQVF motif alone might result in incorrect X4 predictions.

However, when taking the raw data of the prediction system into account, also
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additional minor changes outside this very tip region contribute to the X4-overcalling
of subtype CRF01_AE variants.

For further improvement of geno2pheno[coreceptor], more information about specific
V3-loop characteristics of subtype CRFO01_AE variants will be incorporated in future
versions of the algorithm.

Although the results are clear within experimental setting, the low number of X4-tropic
samples, identified within the study, poses a limitation. Even by including the findings
reported in Matsuda et al.’ to our data, only two samples were phenotypically
identified as X4-tropic, which reflects an overall percentage of 4.7% (2 out of 42
samples). Although a relatively high proportion of R5-tropic isolates is common for
HIV-1 in ART treated individuals, consistent with results reported by Cui et al.??, a
validation with more X4-tropic samples is recommended to corroborate our results.

It should further be noted, although gender is not currently known to play a role in the
tropism distribution, that all specimens of this study came from female sex workers in

a cohort in Thailand.

7.4 Conclusion

By combining genotypic data with phenotypically determined results, this study
demonstrates the previously suspected systematic overcalling of X4-tropism in
subtype CRF01_AE by the current version of the geno2pheno[coreceptor] tool. A
suitable solution was obtained by adjusting the FPR cut-off for CRF01_AE samples to
2.5%, This results in a correct tropism prediction for clinical CRF01_AE samples and
may guide the safe beneficial use of MVC in a broader group of HIV-1 infected

individuals, who carry virus of this subtype.
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8 Material & Methods

8.1 Material

8.1.1 Reagents

gDNA ISOLATION
Maxwell® RSC Cultured Cells DNA Kit

LIBRARY PREPARATION

NEBNext Ultra Il FS DNA Library Prep Kit for lllumina
NEBNext Ultra Il End Repair/ dA-Tailing Module

NEBNext Ultra Il Ligation Module
SPRiselect

STANDARD PCR

Herculase Il Fusion DNA Polymerase
DNA PURIFICATION

NucleoSpin® Gel and PCR clean-up
ExoProStar 1-step

AGAROSE GEL ELECTROPHORESIS
Agarose

TAE Buffer 10x

Gel Loading Dye Purple (6x)

100 bp DNA Ladder (500 pg/mL)

1 kb DNA Ladder (500 pg/mL)
SYBR™ Safe DNA Gel Stain

qPCR

LUNA® Universal Probe gPCR Master mix

GENERAL
All primers used
All enzymes used

Table 7 Reagents used with respective supplier.

8.1.2 Instruments

Promega

New England Biolabs
New England Biolabs
New England Biolabs
Beckman Coulter

Agilent Technologies

Macherey-Nagel
GE Healthcare

BioConcept

Biosolve

New England Biolabs
New England Biolabs
New England Biolabs
Thermo Fisher

New England Biolabs

Microsynth
New England Biolabs

THERMO-CYCLER

Biometra Trio 48 PCR Cycler
7500 Fast Real Time PCR
NUCLEIC ACID EXTRACTION

Biometra
Applied Biosystems
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Maxwell® RSC Instrument
NUCLEIC ACID QUANTIFICATION
NanoDrop 1000

SONICATOR

Q700 Sonicator

CENTRIFUGE

Centrifuge 5417C

8.1.3 Primer and Probes

Promega

Thermo Scientific

Qsonica

Eppendorf
Table 8 Instruments/machinery used with their respective supplier.

NAME | SEQUENCES-3

INTEGRATION SITE ANALYSIS

Linker (+) GTA ATA
Linker (-) PO4-GTC
3LTR TGT GAC
3LTRmore CTT RAAG
5LTR TCA GGG
Linker GTA ATA
3'LTRnest CCC TTT
5'LTRnest CAC TGT
Linkernest AGG GCT
V3 AMPLIFICATION

F-6553 (15t PCR) ATG GGA
R-7801 (15t PCR) AGT GCT
F-6848 (2™ PCR) CCA ATT
R-7371 (2" PCR) AGT TAC

D-6846 (Sequencing) TGT TAA
R-7365 (Sequencing) AGT AGA
D-6991 (Sequencing) AGG CCT
INTEGRATION SITE - V3 LINK

F-LAM CCC CRG
F-ISAenv1 ACA GTA
F-1ISAenv2 TGG AAT
16177-3’'LTR_chr1_out GAC TTT
16177-3'LTR_chr1 TGT GCC
16177-3'LTR_chr9_out GAA GGA
16177-3'LTR_chr9 AGG GAC
16177-3'LTR_chr19_out TTG CAT
16177-3'LTR_chr19 TAA TCA

18269-3'LTR_chr17_out  TCA GAA

CGA
CCT
TCT
CCT
AAG
CGA
TAG
TGT
CCG

TCA
TCC
CCC
AGT
ATG
AAA
GTC

CTG
CAA
TAR
AGC
TTA
AGA
GCC
TAG
AGT
ACT

CTC
TAA
GGT
CAA
TAG
CTC
TCA
CTT
CTT

AAG
TGC
ATA
AGA
GCA
ATT
CAA

GTT
TGT
GCC
TTC
TGT
GTT
GCT
AGT
CAG
CAC

ACT
GCG
AAC
TAA
CCT
ACT
GTG
TTC
AAG

CCT
TGC
CAT
AAA
GTC
CYC
AGG

TTG
ACA
AGT
CTT
TTT
TCA
GCT
GTT
GGG
TAG

ATA GGG
GAG-C6b

TAG AGA
AGC TTG
TGT GTG
ATA GGG
TGG AAA
TGG GAG
GGA C

AAA GCC
TCC CAA
TAT TGT
ATT CCC
TAG CA
CTC YAC
TAT CCT

CGA TTC
CAT GGA
AGT ATC
GGT TGA
TCT CCC
ACT TGA
AGA

CAG GAA
CTG TGC
ACA GTG

CTC CGC

TCC CTC
CCT TGA
TGG T
CTC C
ATC

TGA ACT

ATG TG
GAA CCC
GCC CCG
CTC CAC

AAT TAA
TTG A

TAA AGT
ATT A
AAC TCA
GT

AT

AAT A

GAT A
TAG A

TTA AGG GAC T

AGC C

AAG
GCT GG
AAT TAA A

GTA

49



18269-3'LTR chr17
18269-3'LTR_chr5_out

18269-3'LTR_chr5

25318-3'LTR _chr1_out

25318-3’'LTR_chr1

31627-3LTR_chr1_out

31627-3'LTR_chr1

31627-3'LTR_chr11_out
31627-3'LTR_chr11
CRF01_AE CLONING

KVL008

KVLO009
F-6435alt
R-8319Nael
F-707
F-3475-Agel_AE
R-3499-Agel AE
F-6963-Xmal_AE
R-8169-Nhe_AE
gPCR

F-522

R-643

F-CCR5
R-CCR5

HIV LTR Probe
CCRS5 Probe

AGC TTT CTT TTG CAG TTA TGC TAG A

TTT CAC CCT CAA AGC CAC CCT A

ACA TGA AAA AGA GGC CTA ACT TTC AA

TGT AAG CAC CAT CCG ATA CAG T

ACCTCCACCTCCGGGTGC TAGA
CTA TGA GTT GCT

TTG CAG ACA
GAC TTC ATT
TCT TTT TAT
TAA TGT AAA

GGT CAK GGR
GCC AAT CAG
CYA CCA ACG
TGA RTA TCC
TGA AGC GCG
AAA AAC CAC
ACY CCA TGC
GAA TTA AGC
TAA TTT GCT

TTG
TCC
GCC
CGT

GTC
GGA
CGT
CTG

TTT AGG ATA AAT A

TTT TGA CAT GAA GT

AGC CAC TGC TAG A

TCC ATA GAA TGG A

AGW AGC CTT GTG T

GTG TAC CCA C

CCG GCC TCT ATT YAY TAT AGA AA

CAC RGC
CGG TGC
ACC GGT
CCG GGG
AGC TAC

GCC TCA ATA AAG

GGG CGC CAC
ATG ATT CCT
AGC CAG GAC
FAM-CCA GAG
VIC-AAC ACA

TGC
GGG
GGT
TCA
GCC

AAG A

ATG GRG TAT A

GGT TTT TAG AA

TAT

CTG TTT TAA ARY TTT A

CTT GCC TTG A

TAG AGA

AGA GAC GC

CAC CTT

CAC AAC AGA CGG GCA CA-BHOQ

ACC ACC CAA GTG ATC A-BHQ

Table 9 Name and Sequence of Primers and Probes. Nomenclature: F = forward primer, R =
reverse primer, followed by the number referring to the position in the HIV-1 genome (pNL4-3).
All primers and probes were supplied by Microsynth AG.

8.2 Methods

8.2.1 Integration Site Analysis

Descendants of an HIV-infected cell will inherit a copy of a provirus integrated at

exactly the same specific site in the host genome as in the parental cell.

8.2.1.1 Isolation of genomic DNA
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Genomic DNA (gDNA) was isolated from 2.5 — 5x108 PBMCs using the Maxwell® RSC

Cultured Cells DNA Kit (Promega) according to the manufacturers protocol.

8.2.1.2 DNA Fragmentation and End Repair
2 ug of gDNA were sheared into into 150 bp-500 bp random fragments. By randomly

shearing gDNA, the influence of PCR bias on the integration site results is reduced,
as only results with the same integration site but different shearing site (at least 3bp
apart) were counted as clonal. 2 ug of gDNA is equivalent to the amount of DNA in
approximately 330’000 cells. Because the number of provirus in patient samples is
low, this may yield a low number of detected integration site. If enough material was
available, the experiment was performed in triplicates.
For the random fragmentation of gDNA two different methods were used:
A) Sonication was performed with Q700 Sonicator (Qsonica). In a 0.5 mL
Eppendorf tube 2 ug of gDNA were filled up to an end volume of 100 uL with
H20. The samples were sonicated at 40% amplitude for 7 min with a 15 s pulse
on/ off setting. The sheared DNA fragments were end-repaired and a single dA
was added to the 3’ ends using the EndRepair Module (New England Biolabs).
B) Enzymatic fragmentation was performed using the NEB Next Ultra Il FS DNA
Library Prep Kit for lllumina (New England Biolabs). The dsDNA fragmentase
is designed specifically to produce random fragments that are appropriate for
next generation sequencing. By combining random DNA fragmentation, end
repair and dA-tailing in one reaction, the chances of contamination are reduced.

The samples were prepared in duplicates. The reaction mix with 1 ug of gDNA
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was prepared according to the manufacturers protocol with an incubation step

of 37°C for 20 min, with expected fragment sizes of ~300bp.

8.2.1.3 Linker Preparation, Linker Ligation

A partially double stranded linker with a one nucleotide 3’ T overhang was prepared
by annealing two linker strands. The 5end of the shorter strand (Linker(-)) was
phosphorylated to enable an efficient linker ligation and the 3’end had a six-carbon
glycol modification to improve PCR specificity by blocking the extension of the short
strand. To anneal Linker(+) and Linker(-), 20 yL of each linker were mixed and
incubated at 95°C for 5 min in a thermo cycler. The mixture was cooled down gradually
by decreasing the temperature by 1°C every 2 min until the temperature reached 21°C.
To ligate the linker to gDNA, the Ultra Il Ligation kit (New England Biolabs) was used,
following the manufacturer’s instructions.

The 3'dA overhang of gDNA fragments and the 3'T overhang of the linker increase the

efficiency of gDNA-linker ligation and reduce gDNA-gDNA and linker-linker ligations.

8.2.1.4 Purification / Size Selection

After the ligation step a size selection was performed using size selection SPRIbeads
(Beckman Coulter) to remove excess linkers, small (<100bp) and big (>500 bp) DNA
fragments.

After the purification step the triplicates of each sample were pooled and in the

following steps the samples were prepared in triplicates again unless otherwise stated.

8.2.1.5 1st PCR

As cross contamination is a common issue for procedures that involve high levels of

PCR amplification and can falsify the results of integration site analysis, good
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laboratory practice is important. To avoid cross contamination rooms for pre-PCR and
post-PCR experiments were designated and samples from the same patient but
different timepoint were prepared separately.

An initial PCR step was performed to selectively amplify the host-virus integration
junctions using one primer that matches the LTR sequence of HIV-1 (3LTR or 5LTR)
and a second primer that matches the single stranded portion of the linker (Linker).
The reaction was performed in triplicates with Herculase Il Fusion DNA Polymerase
(Agilent) in a volume of 50 pL. The master mix contained 31.5 L of MilliQ H20, 10 pL
of Herculase Il Fusion DNA Reaction Buffer, 1.25 uL of 3LTR or 5LTR, 1.25 uL of
Linker, 0.5 yL dNTPs and 0.5 uL of Herculase Il Fusion DNA Enzyme. To each 45 uL
of master mix, 5 yL of gDNA were added. First PCR reaction started with and initial
step of 2 min at 95°C, followed by 35 cycles of denaturing at 95°C for 20 s, annealing
at 60°C for 20 s and elongation at 72°C for 30 s. The final elongation step was at 72°C

for 3 min.

8.2.1.6 EXOProSTAR™ Treatment
After the first PCR the triplicates were pooled and treated with ExoProStar™ (GE

Healthcare) to remove leftover primers and other single stranded DNA. 2 uL of the
ExoProStar™ solution were added to 15 pL of PCR product and mixed briefly. The
reaction was incubated for 15 min at 37°C, followed by an enzyme inactivation at 80°C

for 15 min.

8.2.1.7 2" PCR

After purification, a nested PCR was used to increase the yield of LTR-host junction

products. Nested PCR primers (3LTRnest or 5LTRnest and Linkernest) matched
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sequences inside the first round PCR primers and were used to increase both the yield
and the specificity of the amplification. The reaction was performed in triplicates with
Herculase Il Fusion DNA Polymerase (Agilent Technologies) in a volume of 50 pL.
The master mix contained 31.5 pL of MilliQ H20, 10 uL of Herculase Il Fusion DNA
Reaction Buffer, 1.25 uL of 3LTRnest or 5SLTRnest, 1.25 uL of Linker, 0.5 yL dNTPs
and 0.5 yL of Herculase Il Fusion DNA Enzyme. To each 45 yL of master mix, 5 yL of
first PCR product were added. The second PCR reaction started with and initial step
of 2 min at 95°C, followed by 30 cycles of denaturing at 95°C for 20 s, annealing at
55°C for 20 s and elongation at 72°C for 30 s. The final elongation step was at 72°C
for 3 min.

Generally, a 5 pL aliquot of the PCR product was ran for 30 min at 100 V on a 1%

agarose gel to confirm the presence of the expected smear in the range of 150-500bp.

8.2.1.8 Next Generation Sequencing (NGS)

Both ends of the amplified junction fragments were sequenced on the lllumina platform
(San Diego, CA) to determine the viral/host junctions and the breakpoints in the host
DNA. The sequence of the viral/host junction identifies the exact position and
orientation in which the HIV-1 DNA was integrated. The breakpoints in the host DNA
can be used to identify the integration sites in clonally expanded cells. If several cells
with the same integration site are present, shearing their DNA will give rise to multiple
fragments in which the integration site is the same, but the host DNA breakpoints differ.
The nested PCR products were sent to Kaiserslautern for NGS

NGS was carried out using a MiSeq 2 x 150bp paired end kit (lllumina). Read1
sequences include the LTR-host DNA junction and read2 sequences include the

broken end of the host DNA.
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Read 1 and read 2 were paired and primer sequences were trimmed. The trimmed
reads were mapped against hg38 reference genome using bwa mem. Integration site
was determined: “iSite” = mapping position + read_length (= sonic length) and for each
integration site the number of different sonic lengths was determined.
True integration site had to fullfill the following criteria:

i) read1 contained the LTR primer and the last 7 bp of the LTR sequence

ii) followed by >20 bp DNA sequence with an average quality score Q = 60

with a >95% match to genomic DNA starting within 3bp of the LTR junction

8.2.2 Analysis of HIV-1 V3 Linked to Integration Sites
8.2.2.1 Primer Design

Patient specific primers for the amplification of the HIV-1 env sequences linked to
integration sites were designed in the human sequence 3’ to the main clonal
integration sites for 4 individuals. Primer features were analyzed using the Integrated
DNA Technologies’ OligoAnalyzer tool (https://www.idtdna.com). To identify whether
primers are likely to bind unspecific and amplify unintended regions of the human

genome, primer sequences were analyzed using Primer-BLAST'%3,

8.2.2.2 1St PCR

The reaction was performed in triplicates with Herculase Il Fusion DNA Polymerase
(Agilent) in a volume of 25 pL. The master mix contained 17.1 pL of H2O, 5 pL of
Herculase Il Fusion DNA Reaction Buffer, 0.6 uL of F-ISAenv1 (15t PCR) or F-ISAenv2

(2" PCR), 0.6 uL of integration site specific primer Primer_out (1t PCR) or Primer (2"
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PCR), 0.25 yL dNTPs and 0.25 pL Herculase Il Fusion DNA Enzyme. To each 24 uL
of master mix, 1 gL of gDNA was added.

First PCR reaction started with and initial step of 2 min at 95°C, followed by 30 cycles
of denaturing at 95°C for 20 s, annealing at Ta-5°C for 20 s and elongation at 72°C for
3 min. The final elongation step was at 72°C for 3 min.

Because each env-integration site amplification used a patient specific primer, there

were no positive control templates to optimize the PCR conditions.

8.2.2.3 2" PCR

Conditions for 2" PCR were the same as for the 15t PCR, only the elongation time
was decreased to 2 min.

Generally, a 5 pL aliquot of the PCR product was ran for 30 min at 100 V on a 1%
agarose gel to confirm the presence of the expected amplified product (~3 kb). The
2" PCR product was purified by gel purification according to the protocol of
NucleoSpin® Gel and PCR Clean-Up kit (Macherey Nagel). DNA was eluted in 25 pL

elution buffer.

8.2.2.4 Sanger Sequencing

The V3 region of HIV-1 env was bi-directionally sequenced with the primers D-6991

and R-7365 by Microsynth.

8.2.3 Proviral Load Determination
To measure the proviral load, a multiplex gPCR reaction was performed with a VIC

labeled CCR5 probe and a FAM labeled HIV-1 LTR probe.
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15 pL of master mix were mixed with 5 yL of extracted patient gDNA. For qPCR
standards pre-determined gDNA amounts of HUT4-3 cells were used. For one
reaction the master mix was composed of 0.4 uL of 10 yM forward primers (F-522 and
F-CCRS5), 0.4 yL of 10 uM reverse primers (R-643 and R-CCRS5), 0.25 pL of 10 yM
CCR5- and LTR probe and 10 pL of 2x Luna® Universal gPCR master mix) in a final
volume of 20 yL. Cycling conditions were as follows: one minute at 95°C, 45 cycles of
alternating 15 seconds at 95°C and one minute at 60°C.

All measurements were performed in triplicates, and a non-template control was

always included to detect the presence of HIV-1 contaminants.

8.2.4 V3 Tropism Analysis
To investigate viral tropism and the stability of observed outgrown X4 variants under

therapy, gDNA from PBMCs from selected HIV-infected patients after 10 years was
analyzed (see 5.2.1.1 Isolation of genomic DNA).

8.2.4.1 1st PCR

The variable loop 3 (V3) region of HIV-1 was amplified by a nested PCR, both
reactions were performed with Herculase Il Fusion DNA Polymerase (Agilent
Technologies) in a volume of 25 pL. To reduce the impact of PCR bias, the nested
PCR for each patient sample was performed in triplicates. The master mix contained
17.1 uL of H20, 5 uL of Herculase Il Fusion DNA Reaction Buffer, 0.6 yL of F-6553
(15t PCR) or F-6848 (2" PCR), 0.6 uL of R-7801 (15t PCR) or R-7371 (2" PCR), 0.25
ML dNTPs and 0.25 pL Herculase Il Fusion DNA Enzyme. To each 24 pL of master

mix, 1 uL of gDNA (15t PCR) or 1t PCR product (2" PCR) was added.
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First PCR reaction started with and initial step of 2 min at 95°C, followed by 30 cycles
of denaturing at 95°C for 20 s, annealing at 60°C for 20 s and elongation at 72°C for
1 min. The final elongation step was at 72°C for 3 min.

Before continuing with the 2" PCR, the triplicates of the 15t PCR were pooled.

8.2.4.2 2" PCR

Conditions for 2" PCR were the same as for the 1t PCR, only the annealing
temperature was changed to 56°C and the elongation time was decreased to 30 s.

Generally, a 5 uL aliquot of the PCR product was ran for 30 min at 100V on a 1%
agarose gel to confirm the presence of the expected amplified product (~500 bp). Each
replicate of the 2" PCR was pooled and purified according to the protocol of
NucleoSpin® Gel and PCR Clean-Up kit (Macherey Nagel). DNA was eluted in 25 pL

elution buffer.

8.2.4.3 Next Generation Sequencing (NGS)
After PCR the DNA product was cleaned with Agencourt AMPour XP beads

(Beckmann Coulter) according to the manufacturer’s protocol.

8.2.4.4 DNA Quantification

For quantification the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) was used

according to the manufacturer’s protocol.

8.2.4.5 Library Preparation
DNA concentration was adjusted to 0.2 ng/uL and the Nextera XT DNA Library

Preparation Kit (lllumina) was used to prepare the library according to kit instructions.
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8.2.4.6 Sequencing

Sequencing was performed with a lllumina MiSeq Benchtop sequencer with 2x250bp

reads.

8.2.4.7 Data Analysis

Tropism determination was done with the Geno2Pheno454 tool with a FPR cut-off
value of 3.5%. Patient samples were defined as R5-tropic if the relative frequency of
X4-variants in the patient pool was below 2%. If the frequency of X4-variants in the
same patient changed by less than 5% between timepoints it was designated as a

stable tropism.

8.2.4.8 Sequence Analysis

The sequences were analyzed with Geneious Prime® (version 2020.2.4).

8.2.5 Phenotyping and Genotyping of CRF01_AE clinical samples
In order to improve the tropism prediction for CRFO01_AE samples by

geno2pheno[coreceptor], phenotypic results were combined with genotypic
predictions.

8.2.5.1 Sample preparation in Thailand

RNA was extracted from 150 uL plasma using the NucleoSpin viral RNA extraction kit
(Macherey Nagel AG) following manufacturer’s instructions. The cDNA and PCR
product were then obtained using the SuperScript Il One Step RT-PCR kit
(Invitrogen). Outer PCR was performed with the primer pair KVLO0O8 and KVL009; a

nested PCR reaction was performed with the primer pair F-6435alt and R-8319Nael.
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The temperature profile for the outer PCR was 40 min at 55°C, 2 min at 95°C followed
by 40 cycles of 15 s at 95°C, 15 s at 55°C and 90 s at 72°C, and 7 min at 72°C. The
reaction mixture for the nested PCR contained 3.5 pL of the product from the first PCR.
The amplification profile in the second PCR was 2 min at 92°C followed by 30 cycles

of 10 s at 94°C, 15 s at 60°C and 60 s at 72°C, and 7 min at 72°C.

8.2.5.2 Sample amplification by PCR

The DNA products were re-amplified by PCR, using the enzyme Herculase |l Fusion
DNA polymerase (Agilent Technologies). The total reaction volume was 50 pL
containing 45 uL of master mix and 5uL of purified PCR product. The master mix
included 34 pL of MilliQ H20, 10 uL of Herculase |l Reaction Buffer, 1.25 pyL of 10 uM
F-6435alt primer, 1.25 pL of 10 yM R-8319Nael primer, 0.5 pL of (10 uM) dNTPs and
1uL Herculase Il Fusion DNA Polymerase. After an initial step of two minutes at 95°C
for denaturation of DNA, 30 cycles of denaturing at 95°C for 15 seconds, annealing at
60°C for 20 seconds and elongation for 60 seconds at 72°C followed. The final

elongation step was for three minutes at 68°C.

8.2.5.3 PCR purification

For verification, the amplified DNA was loaded onto a 1% agarose gel and run at 10
V/cm for 30 minutes. The band with the expected size (1.9 kb) was cut and gel
extraction was performed according to the protocol of the NucleoSpin® Gel and PCR

Clean-up kit (Macherey-Nagel AG). DNA was eluted in 20 uL of elution buffer.

8.2.5.4 Cloning
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1 ug of inserts and 2 pg of the corresponding plasmids (pNL-K7, pNL-AE-K7) were
digested with 1 unit of Mlul-HF and NgoMIV (New England Biolabs). The digested
plasmid underwent a CIP-treatment to impede vector re-ligation and purification by
agarose gel electrophoresis. For ligating the inserts into the respective plasmids, one
unit of T4 DNA ligase (New England Biolabs) was added to 60 ng of vector and insert
(at a molar ratio of 1:3) and incubated for 10 min at room temperature. Chemically
competent stbl3 E. coli (ThermoFisher) was transformed with the ligated plasmid DNA
according to the manufacturer’s instructions. 4 mL of LB + Amp (100 pg/mL) was
directly inoculated without plating in order to retain the viral diversity present in the
amplified HIV-1 DNA, reflecting non-clonal HIV-1 in the clinical specimens.
Transformed bacteria were grown overnight at 37°C in a shaker incubator.

Plasmid isolation was then performed using the NucleoSpin Plasmid Transfection-
grade MiniPrep kit (Macherey-Nagel AG) according to the manufacturer’'s manual. To
verify the integrity of the yielded plasmid, a restriction digest with Hindlll-HF (New
England Biolabs) was performed. The digestion pattern was checked after
electrophoresis in a 1% agarose gel and compared to the known pattern of the

plasmids.

8.2.5.5 Transfection

Plasmid DNA transfection of mammalian cells was performed using the jetPRIME
Transfection Kit (Polyplus-transfection) according to the manufacturer’s protocol. pNL-
NF, a prototypic CXCR4-tropic subtype B plasmid of HIV-1'%4 was used as positive
control in all transfection experiments. For all experiments using the plasmid pNL-K7,
200’000 SXR5 cells per well were seeded in a 12-well plate and directly transfected

with 1 ug of plasmid DNA. In SXR5 cells, viral replication simultaneously induces an
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endogenous, LTR-driven lacZ gene via the expression of HIV-1 Tat in the transfected
cell; lacZ activity is analyzed by detecting R-galactosidase activity using X-Gal
staining. After adding the transfection mix, cells were incubated for 4 h at 37°C. Then
the transfection mix was removed, cells were washed with 1 mL of medium before 1
mL of cDMEM was added. One well remained without drug addition, to one well
AMD3100 was added as bona-fide CXCR4-inhibitor'?> at concentrations exceeding
the 1C90 concentration, and the third well was incubated in the presence of fully
inhibitory concentrations of maraviroc (MVC), a CCR5-antagonists'26,

Experiments with the plasmid pMN-AE-env-K7 were done as co-cultures: 293T cells
were transfected with 1 pg of plasmid DNA, and the reporter cells SXR5 were added
after a wash step, at the same time as adding the drugs. Cultures were incubated for

48 hours at 37°C in a BSL-3 environment.

8.2.5.6 Phenotyping

After 48 hours of incubation, culture media was removed, and cells were fixed with a
PBS + 2% PFA solution for 15 minutes. Fixation buffer was aspirated, and X-Gal
staining solution added to the cells. After 1h incubation at 37°C, the cells were
analyzed by optical microscopy. Viral replication was judged as replication in the
presence of either inhibitor. This allowed to obtain direct information about the viral
tropism: CCRS-tropic HIV-1 is only inhibited by MVC but not by AMD3100 while
CXCR4-tropic HIV-1 is only inhibited by AMD3100. Accordingly, the phenotypes of the
isolates in this study were identified by determining the inhibition of viral replication in

presence of either AMD3100 or MVC and by the formation of syncytia.

8.2.5.7 Genotyping
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DNA of the recombinant plasmids, used for phenotyping, was subsequently
sequenced to correlate genotypic information with the phenotypic values. For this, 20
WL of each patient-plasmid underwent V3 sequencing and coreceptor prediction using
the geno2pheno [coreceptor] tool. Plasmid population sequencing was performed with
the ABI 3130xI Genetic Analyzer following the sequencing protocol of Sierra et al.'%,
using the following sequencing primers: ENV-2, ENV-11 and subtype CRFO01_AE
adapted primers ENV-6_AE (AGCCAGTGGTATCAACTCAAT) and ENV-7_AE

(TTTCCACTGATGGGAGGAGC).
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