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Genotypic resistance testing in HIV-1 infected patients is
now recommended to guide the choice of antiretroviral
therapy in clinical practice both in drug-naive and drug-

treated patients
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The arrival of a variety of NGS platforms has
revolutionized the field of virology

The assessment of the complexity of the viral population has been performed by
analyzing regions of the genome exhibiting different degrees of genetic

variability and to a lesser extent the full-length viral genome

This is of particular interest in virology since the high genetic variation
observed in many viruses results in the establishment of a swarm of genetically

related but distinct viral variants within the host, named quasispecies.



Investigation of genome diversity:
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Viral quasispecies:
a concept derived from the observation that, in an individual infected for
a long time, there is a continued evolution of the virus, as a result of
spontaneous mutations and selective pressures exerted by host's

immunity and drug therapy.
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Quasispecies Theory and the Behavior of RNA Viruses

RNA viruses: error prone nature of the RNA-dependent RNA polymerase,
7 x 10 to 5.4 x 103 mutations per site per infectious cycle




NGS or Sanger?

The assessment of
viral genome
variability within the
host and detection of
low-abundance
antiviral drug-
resistance mutations
using NGS
approaches have
been the foundation
of the new era of the
molecular
epidemiology of viral
diseases

The Sanger methodology
detects only mutations

with a frequency greater
than 20%

With NGS the strains
present at frequencies
lower than 0.1% are
detected



Traditional population-based (Sanger) sequencing of HIV is able to
detect quasi-species representing on average at least 20% of a viral
population.

This has led to concerns that resistant viral variants present as minor
species (below 20%) are not being detected, with consequent under-
representation of both primary (or transmitted) and secondary
(or drug-induced) resistance.



Table 4 Characteristics NGS technologies used in HIV sequencing

Platform

Systems

Reads Lenth, Output, Time

Error type %

Advantage

Disadvantage

Library
Amplification

Principle

Hlumina

T
MiSeq (v2. or v.3)

NextSeq 500 High

NextSeq 500 Mid

HiSeq 2500 v2Rapid

HiSeq 2500 v3

HiSeq 2500 v4

HiSeq 3000/4000

T
300bp PE, 15Gb, 1-2 Days

75bp SE,150bp PE, 129Gb,
1 Day

75bp SE,150bp PE, 16-
40Gb, 1 Day

36 bp SE 250bpPE, 9-150
Gb,3 Days

36bp PE,100bp PE, 47-
300Gb,2-11 Days

36bp PE,125bp PE, 64-
500Gb,1-6 Days

2x150bp, 105-750Gb, 1-
3,5Days

Substitution 0,1%

Substitution <1%

Substitution <1%

Substitution 0,1%

Substitution 0,1%

Substitution 0,1%

Substitution 0,1%

High sequence yield,

Streamlined library
preparation,

Low input DNA concentration
required,

Short sequence size

complicates
Haplotype
reconstruction

Substitution error

PCR amplification
of adapter ligated
fragments

Sequencing by synthesis.

Bridge-PCR on flow cell surface

Thermo Fisher
SOLID

Solid 5500 Wildfire

Solid 5500XL

50-75bp SE, 80-160Gb, 6
Days

50-75bp SE, 160-320Gb, 10
Days

AT bias, <0,1%

AT bias, =0,1%

Two base encoding corrects
for intrinsic error

Long run time

Emultion PCR on
microbeads (PCR
on FlowChip for
5500Wmodels)

Sequencing by ligation

Thermo Fisher
lon Torrent

lon PGM 314

lon PGM 316

lon PGM 318

lon Proton

200-400bp SE, 30-100Mb, 1
Day

200-400bp SE, 300Mb-1Gb,
3-5h

200-400bp SE, 600Mb-2Gb,
4-7h

Up to 200bp SE, 10Gb, 2-4h

Indel, 1%

Indel, 1%

Indel, 1%

Indel, 1%

Low expensive equipment

PE: paired-end; SE single end; bp: base-pairs; Mb: megabyte; Gb: gigabyte; h: hours.

Homopolymer error

(eg K65R, K103N in

RT)

Emultion PCR on
microbeads

Semiconductor based sequencing

Marino-Merlo F et al. Appl Microbiol Biotechnol. 2018



Why use next generation sequencing in management
of HIV-1 infection? What are the advantages?

* Next generation sequencing allows to detect hidden minority
resistance variants and theoretically to prevent their selection
during treatment

* Cost: to date it is not so much expensive : = ﬁ
* If something, it is cheaper than Sanger -

@
* Labour intensity: to date it doesn’t need hard working A ﬁ

* Requires bioinformatic support: to date there are available tools



In the last years, investigators from different
parts of the globe have started to show how
ultra-deep sequencing can reveal details about
drug resistance and tropism not detectable by
the methods currently used in labs and clinics...
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Objective

This proof-of-concept study aims at identifying in
drug-naive patients whether few selected mutations,

T69S, L210M and KI103R, found at 3 reverse
transcriptase (RT) resistance positions and easily

detected by standard population sequencing
(GRT), can act as “sentinel mutations” by predicting
hidden minor species with primary drug resistance
mutations (DRMs).

4° CONGRESSO NAZIONALE SOCIETA ITALIANA VIROLOGIA MEDICA, 5-7 MAGGIO 2010
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Minority HIV-1 Drug Resistance Mutatior
Present in Antiretroviral Treatment-Naiv
Populations and Associate with Reducec
Treatment Efficacy

Jeffrey A. Johnson'’, Jin-Fen Li', Xierong Wei', Jonathan Lipscomb’, David Irlbeck?, Charles Craig?, Ai
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antiretroviral drug-ndive persons and assess the clinical implications of minori
variants.
Background

Transmitted HW-1 drug resistance can compromise initial antiretrovira “WM@thods and Findings
therefore, its detection is important for patient management. The absence o : : : ,
selection pressure in treatment-naive persons can cause drug-resistant viru We performed a LIIDEE-‘hEttIDI'k-ﬂ dr_ul‘-"'m n-ftrfmsmrtted HIV-1 drug resista
levels undetectable by conventional bulk sequencing (minorty drug-resist: control study of the impac of minonty drog resistance on treatment respons

used sensitive and simple tests to investigate evidence of transmitted di !'EntanMI dm"-"’m'* we examined viral HMP. from n-ewh,r dugnused ART-naive p
a B T S R sy . e — -

were used to test f-ur T ity drug resistance mutations (protease L9
transcriptase M41L, K70R, K103N, Y181C, M184V, and T215F/Y) above nat
frequencies. The sensitive real-time PCR testing identified one to three minorit
mutat runla} in 31-‘205 lI ?‘?ub nE!.-fIy dlagnmed perhu-m whu |'bd'|:| wild- tyg wirus

assessed the impact of three treatment-relevan m|n-untg.r variant wrth. a difierent drug resistance mutation. Fur the case-cc
separate group of 316 previously ART-naive persons with no evidence of dni
bulk genotype testing who were placed on efavirenz-based regimens. We foun
persons who experenced virologic failure had minarity drug resistance mutat
heerever, mingrity resistance was found in only 27221 (0.9%) treatment succes

Johnson et al Plos Med 2008



Fraction of Treatment Success or Failure Versus the Presence of Detectable Minority
Drug Resistance Mutations for the 316 Treatment Study Participants Evaluated

Mutation Status Treatment Success Treat
(n = 221) n =

No detectable drug 219 (99.1%) 88 (92

resistance mutation

Minority drug 2 (0.9%) 7 (74

Fisher exact test, p= 0.0038

*In the baseline samples of this previously ART-naive group we were again able to
identify minority treatment relevant mutations.

* The minority mutations were significantly associated with virologic failure using the
Fisher exact test (p =0.0038) and in a logistic model.

*These results suggest that minority transmitted resistance mutations can be clinically
important

Johnson et al Plos Med 2008



Minority resistant quasispecies are associated with
high risk of virologic failure in patients receiving an
initial NNRTI-based ART regimen.



Low-Abundance Drug-Resistant Viral Variants in

Chronically HIV-Infected, Antiretroviral Treatment—
Naive Patients Significantly Impact Treatment Outcomes

Birgitte B. Simen,'» Jan Fredrik Simons,'» Katherine Huppler Hullsiek,? Richard M. Novak.! Rodger D. MacArthur$
John D. Baxter,* Chunli Huang,' Christine Lubeski,' Gregory S. Turenchalk,' Michael S. Braverman,' Brian Desany,’
Jonathan M. Rothberg,' Michael Egholm,' and Michael J. Kozal? for the Terry Beirn Community Programs for Clinical
Research on AIDS

'454 Life Sciences, a Roche Company, Branford, and “Yale University School of Medicine and Veterans Affairs Connecticut Healthcare System, New Haven,
Connecticut; *Division of Biostatistics, University of Minnesota, Minneapolis, Minnesota; “University of Illinois College of Medicine at Chicago, Department of
Medicine, Chicago, lllinois; *Wayne State University School of Medicine, Department of Medicine, Detroit, Michigan; “Cooper University Hospital, Universiy of

(See the editorial commentary by Shafer, on pages 610-2.)

Background. Minor (i.e., <20% prevalence) drug-resistant human immunodeficiency virus (HIV) variants may
go undetected, yet be clinically important.

Objectives. To compare the prevalence of drug-resistant variants detected with standard and ultra-deep sequencing
(detection down to 19 prevalence) and to determine the impact of minor resistant variants on virologic failure (VF).

Methods. The Flexible Initial Retrovirus Suppressive Therapies (FIRST) Study (N = 1397) compared 3 initial antiretroviral
therapy (ART) strategies. A random subset (n = 491) had baseline testing for drug-resistance mutations performed by use of
standard sequencing methods. Ultra-deep sequencing was performed on samples that had sufficient viral content (N = 264).
Proportional hazards models were used to compare rates of VF for those who did and did not have mutations identified.

Results. Mutations were detected by standard and ultra-deep sequencing (in 149 and 28% of participants, respectively;
P < .001). Among individuals who initiated treatment with an ART regimen that combined nudeoside and nonnucleoside
reverse-transcriptase inhibitors (hereafter, “NNRTI strategy”), all individuals who had an NNRTI-resistance mutation identified
by ultra-deep sequencing experienced VF. When these individuals were compared with individuals who initiated treatment with

the NNRTI strategy but who had no NNRTI-resistance mutations, the risk of VF was higher for those who had an NNRTI-
resistance mutation detected by both methods (hazard ratio [HR], 12.40 [95% confidence interval {Cl}, 3.41-45.10]) and those
who had mutation(s) detected only with ultra-deep sequencing (HR, 2.50 [95% CI, 1.17-5.36]).

Conclusions. Ultra-deep sequencing identified a significantly larger proportion of HIV-infected, treatment-naive
persons as harboring drug-resistant viral variants. Among participants who initiated treatment with the NNRTI strategy, the
risk of VF was significantly greater for participants who had low- and high-prevalence NNRTI-resistant variants.

Simen et al JID 2009




A.

VF

Baseline Mutation Pardcipaits; Vi Events,
Pattern Do no. P HR (95%Cl)
Any NNRT] 11 1 007 27(1.3-6.7) ——
Any NRTI 14 10 51 1.3(0.6-2.6) ole
Any NNRTI or NRTI 22 18 07 1.7 (1.0-3.0) ——
Any Pl 4 3 79 1.2(0.4-3.9) d
Any Pl or NRTI 15 1 .38 1.4 (0.7-2.7) —1—
Any Mutation 23 19 .05 1.8 (1.0-3.1) —&——
No Mutations 61 40

Overall 84 59

0.'$ ) 1 1:1
<less Risk More Risk»

Figure 2. Hazard ratios (HR) for virologic failure (VF) by baseline drug-resistance mutation pattem and initial antiretroviral therapy (ART) regimen.
A, Initial ART regimen, nonnucleoside reverse-transcriptase inhibitor (NNRTI) and nucleoside reverse-transcriptase inhibitor (NRTI). B, Initial ART
regimen, protease inhibitor (PI) and NRTI. C, Initial ART regimen, NNRTI + PI + NRTI. Baseline mutation pattern is described in terms of mutations
detected with ultra-deep sequencing using the Stanford HIV Drug-Resistance Database Mutation algorithm. VF was defined as plasma HIV RNA level
>1000 copies/mL at or after the 4-month visit. Cl, confidence interval.

Hazard Ratio for VF

Simen et al JID 2009



Low-Frequency HIV-1 Drug Resistance Mutations
and Risk of NNRTI-Based Antiretroviral Treatment Failure

A Systematic Review and Pooled Analysis

Systematic Review and

Baseline Characteristics Figure 2. Kaplan-Meier Curves for
Proportion of Patients Without Virologic

Ten studies with 985 Failure by Presence of Drug-Resistant HIV-1
patients were identified as Minority Variants
meetmg theilncllusmn and o 100 P <001
exclusion criteria. ., e, .

2 % 801 ST
The median CD4 cell count <5 o
was 229 cells/mm3 and S
mean plasma HIV-1 RNA 5 40 D =0
level was 5.0 log10 59 20 D;’t e

. as ected

copies/mL. o

o T T T T 1

_ 0 250 500 750 1000 1250

All studies evaluated the Days
presence of K103N. Other No. at risk
commonly evaluated Miﬁotﬂ o \t/arita nés 691 620 455 398 344 46
minority variants included Dgtec?e?f g 117 8 60 53 37 7

Y181C (N=435) and the
NRTI mutations M184V Minority drug-resistant variants were found in 14% (117/808).

(N=228) and K65R (N=163). *35% of those with detectable minority variants experienced virologic failure
as compared to 15% of those without minority variants.

Li et al JAMA 2011



PRE-EXISTING LOW-LEVELS OF THE K103N HIV-1 RT MUTATION Al
THRESHOLD IS ASSOCIATED WITH VIROLOGICAL FAILURE IN TRE

TR A MTOTETIR TIE S W TR TT R T IT R S SR TR T ST WTIWIW T S A TR T L TR TR T S A WM TIEOTET R T ST R S W TR 4 W (o ol oW ]

DD Goodman!, NA MargoZ. DJ McColl2, MD MillerZ, K Borroto-Esodal an

1e%lond Srionroe Tne Dhncham N TI94- 23ilond Seioncoe Tne Facter (Ciny (74 TTSA
Antivir Ther 2009; 14 Suppl 1: A43 (abstract no. 41)

RESULTS: AS-PCR results were obtained for 476/485 samples. Overall, 16/476 (3
K103N by AS-PCR but not by population sequencing, increasing the percentage of't
patients with NNRTI resistance to 7.5% (38/509). Six of 16 patients (37.5%) with lo
showed VF (n=5 in the 3TC+ZDV group and »=1 in FTC+TDF group) and statistice
strong correlation between pre-existing low-level K103N and VF within the 3TC+Z.
(P=0.005). The size of The K103N subpopulation at baseline correlated with VF. Wt

T-lhil'{ i 9 1..3. ﬂr\-l'E. i = nna 1;-'9 Pl | L Y

5.535 copies/ml of KIIJSN) The presence of K103N above 2,000 copies/ml strongl
(5/6 with VF versus 1/10 without VF; P=0.008). For the one FTC+TDF patient witl
and VF, only 0.8% K103N (1.254 copies/ml) was detected: however, this patient ha

CONCLUSIONS: Utilization of AS-PCR resulted in an overall increase in detectis
treatment-naive patients as compared with detection by population sequencing 01111.5
]t:m. 1evela of Kl(} 3N was as.souated mth 115.]{ of V F wnhm the 3STC+ZDV group.




Quantity, rather than just presence, of
minority resistant quasispecies, plays a
game in regulating the efficacy of
NNRTI-based first line therapies
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Low-frequency HIV-1 drug resistance mutations can be
significant but must be interpreted with cautio

Jeffrey A. Johnson'* and Anna Maria Geretti?

IDivision of HIV/AIDS Prevention, Centers for Disease Control and Prevention, Atlanta, GA, USA; “Departi
Royal Free Hampstead NHS Trust and UCL Medical School, London, UK

"Corres ponding author. Tel: +1-404-639-4976; Fax: +1-404-639-1174; E-mail: jjohnsonl@cde.go

— With drug-resistant HIV-1 present in at least 10%- 20% of new infections in Western countries anc
patients failing antiretroviral therapy (ART), monitoring HIV-1 drug resistance is becoming increas
tant for assessing its impact on therapeutic measures of virus control and for guiding treatment. Tl
limitations of conventional bulk genotyping often lead to an underestimation of the total burden o
ance in a patient, as resistant variants escape detection when present at low frequency within th
species. Using sensitive resistance testing methods, a few investigators have linked low-frequency 1
poor treatment outcomes, while other studies have shown no correlation. Understanding the te

ations of sensitive testing methods and the relevance of the amount of a particular resistance
bhm ~ombavk A Aiffaramt ADT ramirmace anll kRales ba Aafima e ~limieal hamafr a8 e fram mme
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An ltalian case of transmitted integrase inhibitor

resistance in a drug-naive patient: a refined
analysis by ultra-deep-454 pyrosequencing
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Clinical Case ID 17310: anamnesis

* In February 2016, a 45-years-old man, in previous good-
health conditions, referred to an outpatient clinic
complaining neck lymph nodes enlargement since 5
years, with worsening during the past 6 months.

* During the past five years blood test had shown normal
levels of Anti-streptolysin titer (TAS), Reactive-C-
protein, White blood cells; Toxoplasma serology was
negative, with previous CMV and HBYV infection*; HCV
and HIV screening, performed 2 years before, were both
negative.

« After visit, screenings for HIV and syphilis were

prescribed.



Diagnosis:

v IV generation serological screening test (ARCHITECT HIV Ag/Ab Combo
assay)

v Immunobilotting

v HIV-1 RNA guantification

Genotyping:

v' Protease, reverse transcriptase (RT) and integrase genotypic resistance tests
(GRT) were performed after diagnosis, firstly through Sanger sequencing and
after screening trough 454 GS-Junior ultra-deep pyrosequencing (UDPS)

v' Plasma, PBMC and cerebrospinal fluid (CSF) compartments were
evaluated

Resistance evaluation:

v' Resistance to protease inhibitors, RT inhibitors (RTIs) and INIs was
evaluated by Stanford HIV Drug-resistance list 2015

v Mutational-load (% resistant variant x HIV-RNA) in plasma and CSF was
calculated per each resistance mutation

Tropism determination

v" HIV-1 co-receptor usage was determined through gp120-V3-loop Sanger
sequencing by using the geno2pheno algorithm
(false positive rate [FPR %] set at 10%)



Clinical Case ID 17310: diagnosis (March 2016)

The patient was positive for HIV-1 (IV generation serological screening

test confirmed with immunoblotting)

Patient was also positive for syphilis (vDRL positive, TPHA :1/1280).

HIV-RNA: 92,470 copies/mL
CD4 cell count: 567 cell/pL

Co-morbidities: hypertriglyceridemia



At diagnosis genotypic resistance test (GRT) on protease

(PR) and reverse trascriptase (RT) was performed by Sanger
sequencing (as indicated by current guidelines)

Tabella 6 - Impiego del test di resistenza in PR e RT nella gestione del paziente naive alla cART.
RACCOMANDAZIONE RIFERIMENTI
SRS (FORZA/EVIDENZA) AL BIBLIOGRAFICI
In tutti | pazienti naive che iniziano Negli ultmi anni, la prevalenza in ltalia di farmaco-resistenze per le
una cART. A1 tradizionali classi di antivirali (inibitori della PR e inibitori della RT) in
pazienti naive alla cART varia dal 6 al 10% essa & maggiore nei pazienti
infettati con virus di sottotipo B rispetto a quelli nfettati con ceppi non-B.
Leffettuazione del test in prossimita della diagnosi permette di
apprezzare in tempo reale il trend di trasmissione delle mutazion di
resistenza. [3.12,16,24-26]

Il test in pazienti naive al momento dellinizio della terapia pud dare

3 i indicazion: nguardo |'evolutivita del virus e la cnetica di scomparsa delle

pS:z‘m:f na“': rpeilcre di st 0 @8I mutazioni (in soggetti con resistenza rasmessa).

delfinizio dela terapia CART In pazienti in cui si riconosca una perpetuazione di comportamenti a
P rischic ¢ da considerare un possibile rischio di superinfezione con ceppi

di HIV farmaco-resistenti.

Su un campione il pui vicino
possibile alla diagnosi di infezione,

ia in pazienti con infezione acuta, (Al
sia in pazient con infezione cronica.

EACS
European
AIDS
Clinical
Society

R5 tropism (if available)

Panel’'s Recommendations

For Antiretroviral Therapy-Naive Patients:
HIV drug-resistance testing is recommended for persons with HIV infection at entry into care to guide selection of the initial
ammrdhmpy (ART) regimen (All). If therapy is deferred, repeat testing may be considered at the time of ART initiation (CHHl).

+ Genotypic testing is recommended as the preferred resistance testing to guide therapy in antiretroviral (ARV)-naive patients (Alll).

+ In special circumstances (e.g., in patients with acute or recent [early] HIV infection and in pregnant HIV-infected women, ART initiation
MMNM%MWMMMWM&MMNM&WM

. rd genotypic drug-resistance testing in ARV-naive persons involves testing for mutations in the reverse transcriptase (R'I')and
protease (PR) genes. If fransmitted integrase strand transfer inhibitor (INSTI) resistance is a concem, providers should ensure that
genotypic resistance testing also includes INSTI genotype testing (BIII).




Plasma GRT: presence of transmitted 3TC/FTC resistance

Due to the presence of TDR, to
complete viral genotypic profile,
integrase (IN) GRT and tropism
determination were performed




Plasma GRT: presence of transmitted 3TC/FTC resistance and
also Raltegravir/Elvitegravir resistance

[ Thus UDPS was also performed... ]




Overview of UDPS GRT before cART start

GRT from plasma

March 2016
VL: 92,000 cps/mL
CD4: 460 cells/pl

UDPS Coverage

(mean * SD seqg/position):

PR= 1,793 * 651

RT= 4,549 * 1,500

IN= 1,310 £ 688

Resistance mutations:

PR: L10V (100%), M361 (100%),
L63A (100%) V771 (100%),
L89M (100%)

RT: M184V (39.4%; 36,248
cps/mL)

IN: T97A (91.9%, 84,548
cps/mL), N155H (38.8%; 35,696
cps/mL)

GRT from PBMC

May 2016
Plasma VL: 196,700 cps/mL
CD4: 512 cells/pl

UDPS Coverage

(mean * SD seq/position):
PR= ND

RT=6,640 + 1,558
IN=1,180 * 1,154
Resistance mutations:
PR: ND

RT: M184I (0.8%), M184V
(9.4%), V179D (5.4%)
IN: T97A (100%), N155H

(11.3%)

GRT from CSF
May 2016

CD4: 512 cells/pl

UDPS Coverage

(mean % SD seq/position):
PR= 6,729 £ 2,612

RT= 3,343 + 1,597

IN= 2,035 £ 1,267
Resistance mutations:
PR: L10V (100%), M36l1 (100%),
L63A (100%) V771 (100%),
L89M (100%)

RT: V179D (10.9%; 2,336
cps/mL)

IN: T97A (97.0%; 20,784
cps/mL)

Underlined: mutations detected only by UDPS



Proviral DNA/ CSF “pe
1000- GRT [Treatment was deferred to trbe:t”flyphllls ]

Plasma
950 GRT 144,500
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850 o
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750+ 633 GRT (Sanger)

ggg: cell/pl Resistance mutations:
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Therapy
28 September 2016 Intensification :,19:;?2? ?g; IGmL
VL: 184 copies/mL DRV600/RTV100 BID + : P

ETR 200 BID + FTC/TDF CD4: 849 cells/pl

¥

DTG + FTC/TDF

¥

[ DRV600/RTV100 BID + }

15 February 2017
VL: <37 copies/mL
CD4: 692 celis/ul

The patient is still today virologically
suppressed with very high CD4 cell count



What about the usefulness NGS in HIV infected patients
under treatment?



Clinical Infectious Diseases Advance Access published May 29, .

MA IR ARTIMIE

Improved Prediction of Salvage Antiretr
Therapy Outcomes Using Ultrasensitive
Drug Resistance Testing

BACKGROUND: The clinical relevance of ultrasensitive human immunodeficiency virus type 1 (HIV-1) genotypic
resistance testing in antiretroviral treatment (ART)-experienced individuals remains unknown.

METHODS: This was a retrospective, multicentre, cohort study in ART-experienced, HIV-1-infected adults who initiated
salvage ART including, at least 1 ritonavir-boosted protease inhibitor, raltegravir or etravirine. Presalvage ART Sanger and
454 sequencing of plasma HIV-1 were used to generate separate genotypic sensitivity scores (GSS) using the HIVdb,
ANRS, and REGA algorithms. Virological failure (VF) was defined as 2 consecutive HIV-1 RNA levels >200 copies/mL at
least 12 weeks after salvage ART initiation, whereas subjects remained on the same ART. The ability of Sanger and 454-
GSS to predict VF was assessed by receiver operating characteristic (ROC) curves and survival analyses.

RESULTS: The study included 132 evaluable subjects; 28 (21%) developed VF. Using HIVdb, 454 predicted VF better than
Sanger sequencing in the ROC curve analysis (area under the curve: 0.69 vs 0.60, Delong test P = .029). Time to VF was
shorter for subjects with 454-GSS < 3 vs 454-GSS 2 3 (Log-rank P = .003) but not significantly different between Sanger-
GSS < 3 and 23. Factors independently associated with increased risk of VF in multivariate Cox regression were a 454-GSS
<3 (HR =4.6,95Cl, [1.5, 14.0], P = .007), and the number of previous antiretrovirals received (HR = 1.2 per additional
drug, 95 Cl, [1.1, 1.3], P =.001). Equivalent findings were obtained with the ANRS and REGA algorithms.

CONCLUSIONS: Ultrasensitive HIV-1 genotyping improves GSS-based predictions of virological outcomes of salvage
ART relative to Sanger sequencing. This may improve the clinical management of ART-experienced subjects living with
HIV-1. Clinical Trials Registration.



Survival | %)

Time to virological failure was significantly shorter for pluri-
experienced HIV-1 infected patients with a suboptimal
genotypic susceptibility (GSS<3) predicted by 454-GSS
performed at baseline of salvage regimen.
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Nowadays, performing genotypic resistance (GRT) is
crucial also in patients with low or undetectable
plasma viral load.

The evaluation of drug resistance can be also helpful
in clinical practice to plan drug switches for
intolerance, toxicity or simplification in suppressed
HIV-1 infected patients with good virologic control.



Switch Strategies for Virologically Suppressed Persons

A complete ARV history with HIV-VL, tolerability
issues and cumulative genotypic resistance history
should be analysed prior to any drug switch.

A
i

EACS European EACS Guidelines 9.0
AIDS Clinical Society October 2017




Switch Strategies for Virologically Suppressed Persons

A complete ARV history with HIV-VL, tolerability
issues and cumulative genotypic resistance history
should be analysed prior to any drug switch.

In this contest, the genotypic test on HIV-DNA

represents an added value for drug resistance
detection

EACS European EACS Guidelines 9.0
AIDS Clinical Society October 2017

QH
&8




Increased requests of HIV DNA GRT
in clinical practice over the recent years

Number of PBMCs genotypic resistance tests performed

300 - 284
250
200
150
100

50 1,

[l Protease & Reverse Transcriptase

Integrase

Armenia D unpublished data, data updated in June 2017



Virologically suppressed patients showing an intermediate or fully resistant
virus at PMBC GRTs performed before a therapy switch had a higher

probability of experiencing virological rebound compared to those carrying a
fully susceptible virus

DNA - GSS (N=227)
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Ultra-deep sequencing improves the detection of dru
in cellular DNA from HIV-infected patients on
suppressed viraemia

2018
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Analysis of drug resistance mutations in whole blood DNA from HIV-1
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Utility of HIV-1 DNA genotype in determining antiretrovir¢

in patients with low or undetectable HIV RNA vi rgl
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Abstract: The implementation of antiretroviral treatment combined with the monitoring of drug
resistance mutations improves the quality of life of HIV-1 positive patients. The drug resistance
mutation patterns and viral genotypes are currently analyzed by DNA sequencing of the virus in the
plasma of patients. However, the virus compartmentalizes, and different T cell subsets may harbor
distinct viral subsets. In this study, we compared the patterns of HIV distribution in cell-free (blood
plasma) and cell-associated viruses (peripheral blood mononuclear cells, PBMCs) derived from
ART-treated patients by using Sanger sequencing- and Next-Generation sequencing-based HIV assay.
CD4"CD45RA ~ RO*" memory T-cells were isolated from PBMCs using a BD FACSAria instrument.
HIV pol (protease and reverse transcriptase) was RT-PCR or PCR amplified from the plasma and the
T-cell subset, respectively. Sequences were obtained using Sanger sequencing and Next-Generation
Sequencing (NGS). Sanger sequences were aligned and edited using RECall software (beta v3.03).
The Stanford HIV database was used to evaluate drug resistance mutations. [llumina MiSeq platform
and HyDRA Web were used to generate and analyze NGS data, respectively. Our results show a
high correlation between Sanger sequencing and NGS results. However, some major and minor
drug resistance mutations were only observed by NGS, albeit at different frequencies. Analysis of
low-frequency drugs resistance mutations and virus distribution in the blood compartments may
provide information to allow a more sustainable response to therapy and better disease management.
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Ultra-deep sequencing improves the detection of drug resistance
in cellular DNA from HIV-infected patients on ART with
suppressed viraemia
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Background: Standard genotypic tests performed on HIV DNA from patients on suppressive ART, with previous
resistance-associated mutations (RAMs) detected in their plasma, underestimate resistance. We thus compared
ultra-deep sequencing (UDS) with bulk sequencing of DNA to detect RAMs previously identified in plasma.

Methods: We sequenced the DNA of 169 highly treatment experienced patients with suppressed viraemia
(ANRS 138-EASIER trial). Protease (PR) and reverse transcriptase (RT) genes from HIV DNA were sequenced by
bulk sequencing and UDS, comparing 1% and 20% as thresholds of detection for UDS.

Results: Patients were highly treatment experienced (13.6 years). UDS of DNA was successful for the RT and
PRgenesin 133 (79%) and 137 (81%) patients, respectively. The detection of RAMs was similar by bulk sequenc-
ing and UDS with a 20% cut-off. However, the detection of RAMs by UDS with a 1% cut-off was significantly
higher than that of bulk sequencing for RT codons D67N (65.4% versus 52.3%), M184V (66.2% versus 52.3%),
L210W (48.9% versus 36.4%) and T215Y (57.9% versus 42.1%) and PR codons M46I (46% versus 26%), I54L
(12.4% versus 3.9%), VB2A (44.5% versus 29.9%) and L90M (57.7% versus 42.5%).

Conclusions: Genotypic resistance testing of cellular HIV DNA of well-controlled patients should use UDS tech-
nology with a sensitivity threshold of 1% to improve the detection of the resistant reservoir.



HIV-1 coreceptor usage

R5 Virus

They use only CCR5 co-receptor.

They are predominant at trasmission and in
early stages of infection

X4 Virus

They use only CXCR4 co-receptor.

They emerge in late stages of infection. They
are associated with a more rapid decline of
CD4+ T cell and disease progression

Dual tropic Virus
They use either CCRS or CXCR4

Viral mixed tropic
population




Genotypic Tropism Assays

The main genetic determinant of co-receptor tropism
in the HIV envelope 1n the V3-loop region mn gp120.

Genotypic approaches are based on:
* Amplifying the envelope gene

*Sequencing the V3 loop and, sometimes, additional
regions, such as V2

Interpreting the obtained data with different algorithms
available online (www.geno2pheno.org or Position-
Specific Scoring Matrix [PSSM])

Paredes and Clotet Eur. Infect. Dis. 2008



OPEN 3 ACCESS Freely available online @ PLOS |one

The Genotypic False Positive Rate Determined by V3
Population Sequencing Can Predict the Burden of HIV-1
CXCR4-using Species Detected by Pyrosequencing

Valentina Svicher', Valeria Cento’, Gabriella Rozera?, Isabella Abbate?, Maria Mercedes Santoro’,
Daniele Armenia’, Lavinia Fabeni?, Alessandro Bruselles?, Alessandra Latini®, Guido Palamara®,
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Massimo Andreoni®, Andrea Antinori?, Francesca Ceccherini-Silberstein'*, Maria Rosaria Capobianchi?,
Carlo Federico Perno'?

1 Department of Experimental Medicdine and Surgery, University of “Tor Vergata™ Rome, Rtaly, 2LN.ML “L Spallanzani”, Rome, Italy, 3 “San Gallicano” Hospital, Rome, Italy,
4L Sacco” Hospital, Milan, Italy, 5 University Hospital “Tor Vergata®, Rome, Italy

Abstract

Objective: The false-positive rate (FPR) is a percentage-score provided by Geno2Pheno-algorithm indicating the likelihood
that a V3-sequence is falsely predicted as CXCR4-using. We evaluated the correlation between FPR obtained by V3
population-sequendng and the burden of CXCR4-using variants detected by V3 ulra-deep sequencing (UDPS) and
Enhanced-Sensitivity Trofile assay (ESTA).

Methods: 54 HIV-1 B-subtype infected-patients (all maraviroc-naive), with viremia >10,000copies/ml, were analyzed. HIV-
tropism was assessed by V3 population-sequencing, UDPS (considering variants with >0.5% prevalence), and ESTA.

Results: By UDPS, CCR5-using variants were detected in 53/54 patients, irrespective of FPR values, and their intra-patient
prevalence progressively increased by increasing the FPR obtained by V3 population-sequencing (rho =0.75, p=50e-8).
Conversely, the intra-patient prevalence of CXCR4-using variants in the 54 patients analyzed progressively decreased by
increasing the FPR (rho = —0.61; p=93e-6). Indeed, no CXCR4-using variants were detected in 13/13 patients with FPR>60.
They were present in 7/18 (38.89%) patients with FPR 20-60 (intra-patient prevalence range: 2.1%-184%), in 5/7 (71.4%) with
FPR 10-20, in 4/6 (66.7%) with FPR 5-10, and in 10/10(100%) with FPR<S5 (intra-patient prevalence range: 12.19%-98.1%).

Conclusions: FPR by V3 population-sequencing can predict the burden of CXCR4-using variants. This information can be
used to optimize the management of tropism determination in dinical practice. Due to its low cost and short turnaround
time, V3 population-sequencing may represent the most feasible test for HIV-1 tropism determination. More sensitive
methodologies (as UDPS) might be useful when V3 population-sequencing provides a FPR >20 (particularly in the range
20-60), allowing a more careful identification of patients harboring CXCR4-using variants.

PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | 53603



The Genotypic False Positive Rate Determined by V3 Population

Sequencing
Can Predict the Burden of HIV-1 CXCR4-using Quasispecies
2100
§ 90 [ ] .. '
g ° (H a 'Oo
£ o o : ¢ r
-§_ s [] ® ° @0@6 . [
a. n ° . ‘ . L] ...
5 ® @
g & ’
g . o &
S 50 ') 1 (] 'y
) [] (]
R "o .
3 . 2 y 0, g ‘
R T R T M.
°s . (ClCO8 ®
I L ;. e Q% : ‘
% 10 & . @@@J@gi o . ST Catolf
£ ol ' e,
02 15 510 1020 260 60
(N=6) =) (N=6) =D (N=18) =13
G2P FPR at population sequencing
RS variants X4 variants FPR by population it e
© ity UDrs @ eteceby UDPs O seqencing ad IV-1 Y
tropistn determuned by ESTA: ® @ Prevalence 1020%
®r @X ®DM

o o Prevalence <10%

Figure 3. The graph reports the distribution of FPR values of all the V3 variants detected by UDPS in each patient according to FPR ranges at population V3 sequencing. The relative
dimension of green and red dots represents the prevalence of RS and X4 species detected by UDPS. Yellow dots represent the FPR determined by population sequencing and letters
within dots indicate the phenotypic tropism determined by ESTA (R = pure CCRS5 tropism, X = pure CXCR4 tropism, D= dual/mixed tropism. For blank yellow dots, ESTA result was
not available. A FPR of 5.75 has been used as cut-off to infer HIV-1 co-receptor usage of V3 sequences obtained by both V3 population and ultra-deep sequencing.

Svicher et al PLoS One 2013



Massively parallel pyrosequencing highlights minority variants in the HIV-
1 env quasispecies deriving from lymphomonocyte sub-populations

N\ Score: -9.50
/ Frequency: 99.7%

Score: -10.20
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Score: -11.53
Frequency: 0.95%

Figure |

Individual phylogenetic tree of HIV-1 V3 amino acid
sequences from Pt.|. Proviral quasispecies harboured by
monocytes (red circle = CD36-provirus) and T lymphocytes
(green circle = CD26-provirus) of Pt.| were analyzed after

long term suppression of viremia. Nucleotide sequences
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Figure 2

Individual phylogenetic tree of HIV-l V3 amino acid
sequences from Pt.2. Proviral quasispecies harboured by
monocytes (red circle = CD36-provirus) and T lymphocytes
(green circle = CD26-provirus) of Pt.2 were analyzed, as in

Fig. I.

Rozera et al Retrovirology 2009



The evaluation of viral resistance in HIV can
be an excellent and exportable model

also for other important viruses
such as Hepatitic C Viruses
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HCYV Sanger sequencing confirmed the
previous genotype by commercial-assays in
89.7% of cases analysed

Patients (N)  Patients (%)

Genotype/subtype confirmed 1627 89.7

Overall, 95 out of 1813 (5.2%) HCYV infected patients
candidate to start a treatment containing a DAA showed a
discordant genotype or subtype according to the sequencing

Discordant cases

Discordant genotypes 37 2.0

Genotype 1 with discordant
58 3.2
subtype

Total 1813 100

Aragri M et al., et al., 15th European Meeting on HIV & Hepatitis 2017




HCYV Sanger sequencing confirmed 2/44 (4.5%) mixed cases given
by commercial assays

. NS3-NS5A-NS5B
Pre-sequencing Genotype Sl Areliae
t
SEREVRE year Sanger Sequencing
_ 2012 (N=1) 1a (N=9)
a1 alp (W= Others NA 1b (N=6)
la+2 NA 2c
_ 2016 (N=1) 1a (N=2)
(BRI (NEEY Others NA 1a+3a (N=1)
1a (N=2)
la+4 (N=4) NA 4d (N=1)
1a+4d (N=1)
1b (N=4)
1b+2 (N=9) NA 2c (N=4)
3a (N=1)

_ 2015 (N=1) 1b (N=2)
sselil=e) Others NA 3a (N=1)
1b+4 (N=4) NA igtﬂ:;;

1+4 2006 ar
1+3+4 NA 4d
2+4 (N=3) NA 2c (N=3)

NA= Not Available

Aragri M et al., et al., 15th European Meeting on HIV & Hepatitis 2017




But with the UDPS in NS5B-region..... Among 19/44

patients with presumed mixed infection 4 mixed infections

were confirmed

. NS3-NS5A-NS5B NS5B
Pre-sequencing Genotype
ID phylogenetic analysis phylogenetic analysis
GT assay

Sanger Sequencing UDPS
la+3 2428 Abbott (2016) la/3a 1a (78.3%) + 3a (21.7%)
la+1b 1339 Innolipa (2007) la 1a (88.4%) + 1b (11.6%)
la+4 2298 NA la la (16.9%) + 4d (83.1%)

1+3+4 921 NA 4d la (12%) + 4d (88%)

NA= Not Available

Aragri M et al., et al., 15th European Meeting on HIV & Hepatitis 2017




4 cases of patients infected by “mixed” HCYV infection
identified by UDPS
R |
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Conclusions

v'To date, availability of high and dedicated bioinformatic servers for analysis of the NGS data has
greatly accelerated the use in clinical virology.

v'"NGS has been successfully used in monitoring of antiviral drug resistance, as well as in
investigation of viral evolution, diversity and quasispecies, evaluation of human virome, virus
discovery allowing investigation of previously inaccessible aspects of viral dynamics, evolution and
pathogenesis with an exceptional resolution.

v'The advantage of the NGS platforms is their ability to characterize hundreds of different
quasispecies simultaneously. This is not possible using conventional approaches.

v'HIV drug resistance genotyping is a clinically important tool to detect the emergence of viral
resistance and maximize the benefit of current treatment options.

v'NGS can improve sensitivity of drug resistance genotyping while also reducing costs.



Challenges in NGS

v'The major barriers to their wide application for an use in routine are the initial cost of set-up,
turnaround time, requirement of powerful computational facilities (especially in the past)
along with the requirement of highly skilled and expert people.

VIt is very hard use them in resource-limited countries

v'The utility of NGS platforms for their extremely high sensitivity also makes them prone to
unintentional contamination



