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Abstract: The rapid expansion of access to antiretroviral therapy (ART) has led to the
emergence of multi-class drug resistance (MDR) in people living with HIV (PLWH).
However, the viral evolutionary dynamics of the development of MDR has not been well
documented. For this study, plasma and peripheral blood mononuclear cells (PBMC) were
longitudinally collected at different time points from a PLWH who suffered several periods
of ART failure. Next generation sequencing (NGS) was used to analyze the distribution
and percent of drug resistance mutations in PBMC and plasma. The results showed the
gradual replacement of the wild type protease and integrase genotype by protease inhibitors
(PI) and integrase strand transfer inhibitor (INSTI) drug resistant mutations when patient’s
ART regimen was changed — driving the increase of genetic variability in HIV DNA.
Sampling for this study was initiated after the patient was first diagnosed with ART failure,
five years after ART treatment was first initiated. By that time, mutants resistant to the
reverse transcriptase inhibitor nevirapine (NVP) had already replaced almost 100% of wild
type. After the introduction of the protease inhibitor lopinavir/ritonavir (LPV/r) to the
patient’s ART, resistant protease inhibitor (PI) mutants developed slowly. After one month,
none were found in PMBC DNA; after sixteen months, less than 20% were mutants; and
after three years (two months prior to the patient’s death) PI mutants were still under 50%.
However, integrase strand transfer inhibitor (INSTI) mutations evolved much more quickly,
replacing approximately 75% of the wild genotype in HIV DNA one year after addition of
the integrase inhibitor raltegravir to the patient’s ART, and almost 100% after two years. In
summary, our dataset provides the first analysis of the distribution and percent of drug
resistance mutations in PBMC and plasma during the development of a four-class drug
resistant HIV-1 CRFO1_AE virion. The study also showed that months before drug resistant
mutants could be found in plasma, NGS identified them in HIV DNA, demonstrating that this
can be a very effective tool for early detection of the development of drug resistance.
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Introduction

The lifelong administration of combination antiretroviral therapy (ART) can effectively
suppress viral replication and reduce morbidity and mortality of people living with HIV
(PLWH).! There are multiple classes of ART drugs, including nucleoside reverse
transcriptase inhibitors (NRTI) including lamivudine (3TC) and azidothymidine
(AZT), non-nucleoside reverse transcriptase inhibitors (NNRTI) including nevirapine
(NVP), protease inhibitors (PI) including Lopinavir/Ritonavir (LPV/r) and the integrase
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strand transfer inhibitor (INSTI) raltegravir (RAL).? In recent
years, the rapid expansion of access to ART has led to the
emergence of multi-class drug resistance (MDR), defined as
a virus mutant with resistance to at least three different drug
classes.’

A previous study of a large cohort of cART-
experienced patients in Italy showed a dramatic drop in
drug resistance from 80-85% in 1999 to around 36% in
2018. In recent years (2011-18), the percentage of isolates
with at least three classes of drug resistance has remained
stable at around 5% (range 3—6%).* The majority of these
patients have been found to have a long history of HIV
infection, with previous exposure to suboptimal therapies,
and to have, over time, accumulated many mutations
resistant to several drug classes.* The viral evolutionary
dynamics within these patients that leads to the develop-
ment of MDR has not been well documented.

Most drug resistance data have been collected from
patients infected with HIV-1 subtype B in the United
States, Oceania, and Europe. When ART has become
increasingly available in new geographic areas, drug
resistance in a diverse group of M subtypes and distinct
circulating recombinant forms (CRFs) has evolved.
CRF01_AE emerged in Southeast Asia in the 1990s,
expanded rapidly in China, and is now the most pre-
valent HIV-1 form in Southeast Asia.”*® Previous studies
have identified a 9-20% higher resistance mutation fre-
quency at reverse transcriptase positions in CRFO1_AE
than in subtype B, and a 12—18% higher predicted cross-
resistance to future therapy options.” The influence of
genetic variation across subtypes has therefore become
an active area of research into resistance evolution and

disease progression.

In our previous study of the evolutionary patterns during
ART failure, plasma and peripheral blood mononuclear cells
(PBMC) were longitudinally sampled at different time
points from a single patient who suffered several periods
of ART failure before successful reduction of viral load. The
different intrapatient evolutionary dynamics patterns of env
and pol viral segments witness not only the emergence of
drug resistant mutants, but also the switch of tropism.”

In the current study, the same longitudinal approach was
applied to learn more about the viral evolutionary dynamics
during the development of four-class MDR in a single
patient infected with the CRF01_AE experiencing ART fail-
ure and subsequent mortality. The distribution and percent of
drug resistance mutants in the reverse transcriptase (RT),
protease (PR) and integrase (IN) genes were determined by
next generation sequencing, and the demographic history of
the HIV DNA reservoir in PBMC was reconstructed by
applying phylodynamics methods.

Case Presentation

A 27-year-old patient was diagnosed as HIV-positive in
August 2008. PBMC and plasma samples were collected at
different time points from September, 2013 to June, 2017
(Figure 1). The study was approved by the institutional
review boards of the First Affiliated Hospital, School of
Medicine, Zhejiang University (Reference Number:
2020265). Written informed consent was provided by the
patient to allow the case details and any accompanying
images to be published.

Plasma samples were tested for viral load during
treatment. The patient had been diagnosed as HIV-
positive in August 2008 and initiated ART with 3TC
+AZT+NVP. The ART regimen was switched to 3TC

Plasma - - - - -
PBMC [ o [ J o [
Sample time 2013-09  2014-03 2014-12 2015-03 2016-04 2017-06
i | i
1 1 1
! ) !
2008-08 2013-08 2015-03
AZT+3TC+NVP AZT+3TC+LPV/r AZT+3TC+LPV/r+RAL

Figure | Schematic representing the treatment and sampling protocols used in this study. This patient initiated antiretroviral therapy with 3TC+AZT+NVP in August 2008,
switched to 3TC+AZT+LPV/r in August 2013, and to 3STC+AZT+LPV/r+RAL in March 2015. Samples used in the study were collected at different time points shown on top

of the schematic. Rectangles represent plasma and circles represent PBMC.
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Table | Characteristics of Drug-Resistant Mutant Sequences Isolated from Plasma
Sample | Sample | Drug-Resistance Mutant (RT) Drug-Resistance Drug-Resistance Mutant Viral Load
Type Date Mutant (PR) (IN) (Copies/
mL)
Plasma 2013-09 Not applied 1407.92
2014-03 Not applied Under LOD
2014-12 Not applied Under LOD
2015-03 | M4IL (99.8%), K65R (99.8%), K70T M46l (92.9%), 154L (40.9%), | None 54,065.67
(99.9%), Y181C (99.7%), GI90A L76V (90.3%), 184V (90.9%)
(88.8%)
201706 | MA4IL (99.9%), K65R (99.9%), K70T M461 (99.9%), I54L (62.2%), | E138K (99.6%), GI140A (99.5%), | 181,920.92
(99.9%), Y181C (99.8%), GI190A L76V (99.8%), 184V (99.8%) | S147G (99.6%), Q148R (99.6%)
(99.9%)

+AZT+LPV/r in August 2013 because of unsuppressed
viral load (1*10° copies/mL) and detection of reverse
transcriptase resistant mutations, both to NRTI and
NNRTI. One month later, in September, 2013, viral
load decreased to about 1.4*10° copies/mL, and was
under the detection limit (50 copies/mL) from March,
2014 to December 2014. In March, 2015, the ART regi-
men was changed, to 3TC+AZT+LPV/r+RAL, again due
to unsuppressed viral load (5.4*10* copies/mL). By June,
2017, two years later, the viral load had increased, to
1.8*%10° copies/mL (Table 1), and was followed by the
patient’s death in August, 2017.

Sanger Sequencing and Next Generation

Sequencing

All collected samples during treatment were sequenced by
Sanger sequencing and Next Generation Sequencing
(NGS) techniques. The purified PR/RT amplicon and IN
amplicon were randomly interrupted by Covaris ultrasonic
breaker and then used for library preparation (NEBNext®™
Ultra™ II DNA Library Prep Kit for Illumina) according
to manufacturer’s instructions. Sequencing was carried out
by the Illumina high-throughput sequencing platform
(Nova-Seq). After data processing and quality filtering
performed to obtain clean data, fastq files were aligned
and generated the codon frequency tables using fastq2cod-
(https://hivdb.stanford.edu/page/codfreq/).
Then, the codon frequency tables were submitted to

freq  script

HIVdb-NGS beta for genotypic resistance interpretations
and quality control analysis. Minimum detection threshold
was set to 1% for all samples, because detection below
a frequency of 1% may cause failed quality assessment.

ShoRAH was applied to convert NGS sequence variants
into haplotypes.’

Phylogenetic Analysis

MUSCLE software (v3.8.31)'° was used to align all RT,
PR and IN sequences from plasma viral RNA and cel-
DNA ART
Alignments were manually edited and trimmed to 297
nucleotides for PR (HBX2: 2253-2549), 903 nucleotides
for RT (HBX2: 2550-3452) and 780 nucleotides for /N
(HBX2: 4290-5069) using BioEdit software (v7.0.9).
Shorter sequences and sequences with stop codons or

lular collected during the therapy.

gaps larger than a nucleotide triplet were removed from
the alignments. The best-fitting nucleotide substitution
model was selected with jModeltest software (v2.1.7),"!
Akaike (AIC).
Phylogenetic trees were inferred using PhyML software

using the Information  Criterion
(v3.0)."? Bootstrap analysis was performed on 1000

replicates.

Demographic Reconstructions

The demographic history of the HIV reservoir in PBMC
was estimated using the BEAST software'* and implemen-
ted in the Bayesian Markov chain Monte Carlo (MCMC)
method. The Bayesian skyline model'® and strict clock
model were incorporated in the MCMC method. Multiple
independent MCMC runs were performed and assessed for
consistency. Convergence of relevant parameters and
Bayesian skyline results were assessed by effective sample
sizes over 200 in Tracer v1.6 (http://tree.bio.ed.ac.uk/soft

ware/tracer/).
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The Development of Drug Resistant

Mutations

Over the course of three periods of treatment failure, the
patient developed a four-class drug resistant virus popula-
tion, in which we identified thirteen mutations associated
with drug resistance. Five were in the RT gene - M41L,
K65R, K70T, Y181C and G190A; four in the PR gene -
M46l, 154L, L76V, and 184; and four in the IN gene -
E138K, G140A, S147G, Q148R.

Sampling for this study was initiated after the patient
was first diagnosed with ART failure, five years after
ART treatment was first initiated. By that time, In
September, 2013, almost 100% of PBMC virus already
had mutants resistant to NRTI and NNRTI, and these
levels persisted throughout periods of treatment, even
during 2014, when plasma viral load was under the limit
of detection.

After the introduction of the protease inhibitor
Lopinavir/Ritonavir (LPV/r) to the patient’s ART, PI resis-
tant mutants developed slowly in PMBC DNA. After one
month, none were found; after sixteen months, less than
20% were mutants. After three years (two months prior to
the patient’s death) PI mutants in PMBC DNA were still
under 50%. PI resistant mutants in plasma had a different
pattern. At sixteen months after the introduction of the PI
no sequences could yet be identified because the viral level
was too low for amplification. Eventually, substantially
higher PI mutant levels were able to be found in plasma
- almost 100% two years after a PI drug was switched to
ART, by which time viral load had increased to 5.4*10%
copies/mL.

Integrase strand transfer inhibitor (INSTI) mutations
evolved much more quickly, replacing approximately
75% of the wild genotype in HIV DNA one year after
addition of the integrase inhibitor raltegravir to the
patient’s ART, and almost 100% after two years.

INSTI-resistant mutations, E138K, G140A, S147G and
Q148R, replaced approximately 75% of the wild genotype in
HIV DNA one year after addition of RAL to ART, and almost
100% 14 months later, by which time viral load reached
1.8%10° copies/mL. These results are displayed in Table 1
and Figure 2.
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Figure 2 The development of Drug Resistant Mutants in Reverse Transcriptase
(RT), Protease (PR) and Integrase (IN) Sequences in DNA from PBMC. Change
in percent of drug resistant mutations in RT sequences, PR sequences and IN
sequences. The vertical axes represent the percent of drug resistant mutants.
Time scale is in calendar years and months.
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Table 2 Characteristics of Drug-Resistant Mutant Sequences Isolated from PBMC
Sample Sample Drug-Resistance Mutant (RT) Drug-Resistance Mutant Drug-Resistance Mutant Viral Load
Type Date (PR) (IN) (Copies/
mL)
PBMC 2013-09 M41L (79.4%), K65R (99.5%), K70T None None Not applied
(99.3%), Y181C (99.3%), GI90A
(99.4%)
2014-03 M41L (87.3%), K65R (99.8%), K70T None None
(99.7%). Y181C (99.0%), GI90A
(99.8%)
2014-12 M41L (80.9%), K65R (98.9%), K70T M46l (19.1%), 154L (7.1%), None
(99.6%), Y181C (99.7%), GI90A L76V (14.7%), 184V (15.5%)
(98.1%)
2016-04 M41L (84.5%), K65R (99.9%), K70T M4é6l (28.0%), 154L (10.2%), | E138K (76.4%), GI40A (73.3%),
(99.9%), Y18IC (99.9%), G190A L76V (22.5%), 184V (23.5%) | S147G (75.0%), Q148R (75.0%)
(99.8%)
2017-06 M4IL (89.3%), K65R (99.8%), K70T M4é6l (53.6%), 154L (34.3%), | E138K (93.4%), GI40A (91.2%),
(99.7%), Y181C (99.7%), GI90A L76V (44.8%), 184V (46.2%) | S147G (91.9%), Q148R (92.0%)
(99.8%)

Drug Resistance Genotype

In the RT gene, K65R and K70T mutations cause low
resistance to 3TC and increased susceptibility to AZT.
The Y181C and G190A mutants are associated with high-
level resistance to NVP. M41L is a non-polymorphic
mutation selected by thymidine analogs AZT. In the PR
gene, M461, L76V and 184V are non-polymorphic mutants
selected by protease inhibitors. These mutants reduce sus-
ceptibility to LPV/r. In the IN gene, E138K, G140A and
Q48R are also non-polymorphic mutants, selected by
INSTI (RAL). Q148R is associated with high-level reduc-
tions in RAL susceptibility, particularly when it occurs in
combination with E138K or G140A mutants (Table 2). All
drug resistant mutation associations are based on the
Stanford drug resistance database.'

Detecting Evolution Over Treatment

Time Points

Because there were sufficient sequence data points from
PBMC HIV DNA, Bayesian skyline plots were recon-
structed to infer the dynamic of the effective population
of RT, PR, and IN sequences in the PBMC. The effective
population of RT sequences was shown to be stable over
the entire testing period. However, the effective popula-
tion of protease and integrase sequences underwent
a significant increase in genetic variation during the per-
iod of treatment failure. After the switch of LPV/r to

ART, the effective population of PR sequences first
decreased and then increased with drug mutants selected
by LPV/r. The effective population of IN sequences also
decreased after the administration of PI, and stayed low
for about six months. After the administration of INSTI,
the effective population of IN sequences increased
because of the drug resistant mutants selected by RAL.
(Figure 3).

Discussion
In this study, the mutant sequences have emerged during
the development of a new four-class drug resistant HIV-1
CRFO1_AE variant in a single patient, during several
periods of therapy failure. This is a serious and challen-
ging development since PLWHs harboring multi-class
drug resistant virus have a high burden of disease, with
a worrying incidence of malignancies and poorer survival
after treatment failure.>'®

By the study’s first sample collection point, almost
100% of viral sequences already had mutants resistant to
NRTI and NNRTI in PBMC, so no significant change in
the effective population of these sequences was observed
over time. However, PI and INSTI drug resistant mutants
gradually replaced the wild genotype, and drove the
HIV DNA.
Demographic histories of these developments were gener-

increase of genetic variability in

ated by Bayesian skyline plot analysis, and demonstrate
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Figure 3 Demographic History of RT, PR and IN Sequences in DNA from PBMC. Bayesian skyline plots showing the effective population in the RT sequences (A), PR
sequences (B) and IN sequences (C). Median estimates of the effective number of infections using Bayesian skyline (black curve) are shown in each graphic together with 95%
highest probability density intervals of the Bayesian skyline estimates (blue area). The vertical axes represent the estimated effective number of infections on a logarithmic
scale. Time scale is in calendar years. Vertical dotted lines indicate when a protease inhibitor (Pl) and integrase strand transfer inhibitor (INSTI) were added to ART.
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the genetic diversity in viral segment sequences over time,
expressed as effective population.

This study’s sequencing data showed significantly
reduced genetic variability in both protease and integrase
PBMC-derived variants directly following the administra-
tion of PI. A study by Besson et al investigated the decay
of HIV DNA on ART and showed that the infected cell
populations decline initially but then achieve a steady state
with the persistence of about 10% of infected cells during
effective ART.!” The different phase of decay occurs from
the death of infected cells with different half-lives from
days to months.'® The effective population increased when
the drug resistant mutants were selected.

One previous study reported that the prevalence of INSTI
resistance remained low compared with PI and RT resistance
in ART-treated populations, but expanded with increased
INSTI use between 2009 and 2016." The development of
INSTI resistance described in this study suggests how that
resistant pathway is evolving. Here the CRFO1_AE virion
developed INSTI resistant mutants by changes at position
Q148, the most common mutant pathways previously
described in all subtypes.”* There have been numerous
reports of the emergence of substitutions involving position
Q148 in response to RAL pressure. As substitutions at posi-
tion Q148 impart a severe fitness cost,”” they are rapidly
compensated for by various secondary resistance mutants,
and the addition of at least two secondary mutants seems to
confer the highest fold changes in resistance to second-
generation INSTIs.?' E138K and G140A, identified in our
study, are two of these mutants. The prevalence of the INSTI
resistance mutants in CRFO1_AE needs further investigation
through a larger sample.

Drug-resistant mutants in HIV DNA emerged before they
appeared in plasma — through the use of next generation
sequencing. The difference could be caused by the higher
level of cell-associated HIV-1 RNA than in plasma RNA,
which may contribute to the generation of new viral genomes,
when plasma virus remains below the limit of detection.**
Some mutants could also remain in HIV DNA through persis-
tence and/or proliferation of infected cells. These integrated
and unintegrated provirus in latently infected cells may have

a delayed contribution to the pool of resistant virus.**

Conclusion

While our study is limited to a single patient and several
sampling timepoints, our data set and analysis demonstrated
for the first time the evolution of sequences in the develop-
ment of a four-class drug resistant HIV-1 CRFO1_AE virion.

It revealed dynamic shifts in the viral population and in drug-
resistance mutants, while under the influence of complex
ART regimens. This study utilized all samples available for
this patient. Collection of baseline samples prior to initiation
of ART, and at more sampling time points during treatment,
will help us analyze evolutionary change in patient viral
population. Our findings also suggested that next generation
sequencing can be a very effective tool to detect a low level
of drug resistance in HIV DNA, which could be critical for
the clinical management of patients, especially those already
experiencing virological failure while on particular ART
regimens.

Both clinicians and patients need to be aware that
a wide pattern of resistance can represent a strong negative
prognostic factor for survival. Early detection of the devel-
opment of drug resistant mutants should become a priority
to prevent the further development of resistance through
modification of ART regimens and as part of patient edu-
cation to strengthen adherence to therapy.
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