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 The need for HIV drug resistance testing
 The options for HIV drug resistance testing

 Genotyping replacing phenotyping
 The science of HIV genotype interpretation

 The multidisciplinary approach and the expert systems
 Drug resistance testing as a key component of the success of 

antiretroviral therapy
 The driver for cART
 The driver for novel drug classes
 The focus on genetic barrier, adherence and STR 

 Evolution of HIV drug resistance testing
 NGS to replace Sanger?

 Opportunities from the largest ever bug sequence collection
 Research platforms
 Molecular epidemiology and surveillance 



The need

The options 

A key component of ART success

Evolution of HIV drug resistance testing

The largest ever bug sequence collection





The need

The options 

A key component of ART success

Evolution of HIV drug resistance testing

The largest ever bug sequence collection









“An antiretroviral drug is 
something to which HIV 
becomes resistant”

(Douglas Richman)



 Only NRTIs up to 
1995

 1995  PIs
 1996  NNRTIs

 Drug resistance 
regularly 
documented for 
each drug

 Also, much cross-
resistance within 
each class
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 Prospective, open, 
randomised, 
controlled study 

 Patients on 
treatment failure 
randomly assigned to 
standard care (SOC, 
n=43) or treatment 
according to the 
resistance mutations 
in protease and 
reverse-transcriptase 
genes (genotypic 
group, n=65) 

 Endpoint: change in 
HIV-1 RNA viral load 
by intention to treat

Adapted from Durant, Lancet 1999



Study Patients Outcome

VIRADAPT (Durant 1999) 108 GENO >SOC

CPCRA 046 (Baxter 2000) 153 GENO > SOC

HAVANA (Tural 2002) 326 GENO+EXPERT OPINION > SOC

CCTG 575 (Haubrich 2005) 256 PHENO = SOC

ARGENTA (Cingolani 2002) 174 GENO > SOC

VIRA3001 (Cohen 2002) 221 PHENO > SOC

GENO = Genotype; PHENO = Phenotype; SOC = ‘standard of care’
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www.hiv.uw.edu



 Most primary isolates do not grow well in cell 
lines

 Co-culture with (CD8 cell depleted) patient 
PBMCs and HIV-negative donor PBMCs is 
required

 An HIV isolate may grow with a different 
kinetics in different donor PBMCs









 First DNA sequencing IVD products in infectious diseases
 Goal: to have HIV genotyping available at every lab with minimal molecular 

diagnostics background 
 Result: most cases successful but also some failures 

 Yet, “expert” labs continues to use homebrew technology
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mutation(s)

(Major)

Compensatory 
mutation(s) 

(minor)

 Major mutation → Confers resistance on its own, may often decrease fitness
 Minor mutation → Does not confer resistance on its own but may modulate resistance and/or 

(partially) restore fitness which was decreased by a major mutation

Fitness restored to 
different degrees

Resistant but 
unfit virus



F

R

Development of 
resistance and 
partial loss of 

fitness

Fitness increased → Resistance increased

Resistance increased → Fitness increased

Prolonged inability to rescue the loss of fitness

F

R

Wild type virus 
(drug susceptible 

and maximally 
fit)



Clinical progression

Virological treatment failure

Drug resistance

Virological failure is not always / immediately associated with clinical progression

Most drug-resistant variants have reduced pathogenecity



 Multiple options
 Mutation lists 
 Computer programs
 Commercial and academic 

systems

 Some discordances
 High genetic barrier drugs

 Nevertheless excellent 
support
 A must for proper 

management of treatment 
choices







https://hivdb.stanford.edu/hivalg



 Best example of successful introduction of DNA 
sequence based diagnostics in the routine 
management of an infectious disease

 Recommended in all HIV treatment guidelines 
since 2000
 At treatment failure to detect acquired resistance
 At treatment initiation to detect transmitted 

resistance
 At pregnancy to adjust treatment and minimize 

mother-to-child HIV transmission





Baseline HIV 
genotype, viral load, 

CD4, previous 
genotypes and drug 

exposure...
Follow-up viral 
load, CD4, ...

CD4

HIV RNA

Model training

Treatment switch



Model training
Case-based reasoning

Generative-Discriminative Hybrid method
Graph theoretical methods

Fuzzy logic
Random Forests
Neural Networks

...but also more popular methods, e. g. logistic regression



Beerenwinkel, J Infect Dis 2005

Mixture model of mutagenetic
trees for the evolution of 

resistance during therapy with 
zidovudine plus didanosine. 

Edge weights denote expected 
waiting times in weeks (first 
row), their 95% confidence 

intervals (second row, in 
parentheses), and bootstrap 

support (third row).



Resistance mutations adjacency graph. Red
pathways indicate an increase in hazard, blue a 
reduction. 

Orange nodes are locations hosting NRTI 
resistance mutations, blue nodes are NNRTI 
locations.



Time

R1 R2 R3

Standard sequencing 
sensitivity threshold

Treatment 
1

Treatment 
2

Treatment 
3

Viral 
load Wild type 

virus



www.hivrdi.org

 From Genotype 
Interpretation
Systems to Treatment 
Optimization Systems

 Many “complex” 
learning methods
 Neural networks
 Support Vector 

Machines
 Random Forests
 … 

 Partly successful 



www.euresist.org

 From Genotype 
Interpretation 
Systems to Treatment 
Optimization Systems

 Many “complex” 
learning methods
 Neural networks
 Support Vector 

Machines
 Random Forests
 … 

 Partly successful 



3143 therapies, Short-term outcome (8 weeks)

Rosen-Zvi, Bioinformatics 2008



 25 ART cases randomly selected 
form the EuResist db
 Obsolete therapies and wild type 

genotype excluded
 All clinical and virological 

information available

 EuResist engine used to predict 
success/failure

 10 leading experts examining 
patient charts to predict 
success/failure
 On-line anonymous rating 
 Only European (E) vs. non-European 

(N) setting traceable 
 Use of any interpretation system 

allowed

 Top accuracy (76%) reached by 
EuResist and one expert



 Genotype interpretation systems are well consolidated 
and work satisfactorily (i.e. HIVdb, REGA, ANRS)

 TOSs are based on complex and non-transparent 
functions (black box), the user is not comfortable with

 The increase in accuracy is not dramatic and is more 
relevant with old therapies (larger training datasets)

 The potential benefits may come at the expense of 
providing additional patient data

 The incidence and impact of drug resistance have 
decreased over time
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Drug resistance 
testing provided a 

basis for 
combination ART



http://i-base.info/hiv-and-drug-resistance/





Drug resistance 
testing highlighted 
the key concept of 

genetic barrier



The extent of variation required for a susceptible 
virus to become resistant to a specific drug or 

drug combination



DRV/r TPV/r

Other PI/r / DTG

ETV

TDF ABC / RAL EVG / RPV / T20

XTC / NVP EFV



Llibre, AIDS Rev 2015

CAUTION: different definitions of virological failure, different proportions of advanced 
patients, different procedures to collect samples at failure.



Reg #1 failure

Reg #2 failure

Reg #3 failure

Reg #?
Complex failure

Challenging salvage

Most potent & highest genetic barrier regimen FIRST
Complex failure

Challenging salvage

Time ?? 



Reg #1 failure

Reg #2 failure

Reg #3 failure

Reg #?
Complex failure

Challenging salvage

Most potent & highest genetic barrier regimen FIRST Salvage possible

Time ?? 



Reg #1 failure

Reg #2 failure

Reg #3 failure

Reg #?
Complex failure

Challenging salvage

Most potent & highest genetic 
barrier regimen FIRST

Time ?? 

Later simplification
(guided by?)

Salvage possible



DRV/r TPV/r

Other PI/r / DTG

ETV

TDF ABC / RAL EVG / RPV / T20

XTC / NVP EFV



Drug resistance 
testing urged 
development of 

novel drug classes



New drug

New 
resistance

New 
demand 
for new 

drug 





(Zaccarelli, AIDS 2007)

Multidrug resistance predicts mortality

Days from GRT
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1987

1996

19962003

2007

2007

The 6 ARV classes available



No novel classes 
since 2007!



• Born in 1961, HIV-1 
diagnosis in 1990, IDU

• Therapy started in 
1993, >20 treatment 
changes (including 
DELTA trial)

• Multiple treatment 
failures due to poor 
adherence

• 6-class experienced

• Extrapulmonary TB in 
2008, anal cancer in 
2013

• From 2012, VL~10^5 
cp/ml and CD4+ <100 
cells/µl 
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 Cumulative (1999-2017) genotype based on 
 18 PR/RT sequences (note that 33 of 99 PR aminoacids have changed!)
 6 IN sequences
 2 gp41 sequences
 4 V3 sequences



 Suboptimal therapy
 Add-on therapy
 Poor adherence
 Comorbidities and 

drug-drug interactions

Probability of 
success with next 

treatment

Number of treatment failures

MDR 
virus

An estimated 1-2% of 
patients under treatment in 
Italy harbor very challenging 

MDR virus  





Starting with AZT, Starting with AZT, 
resistance reported 
for each newly 
developed drug

Combination Combination 
therapy limits drug 
resistance but 
resistance and 
cross-resistance 
eventually emerge

Need to develop 
new classes

Resistance can be Resistance can be 
avoided with 
potent, high 
genetic barrier, 
convenient (STR) 
and well tolerated
agents

Resistance as a 
reflection of 
suboptimal 
treatment, 
particularly due to 
low adherence



Starting with Starting with 
AZT, resistance 
reported for 
each newly 
developed drug

Resistance as an Resistance as an 
inevitable 
consequence of 
treatment

Need to 
develop new 
classes

Resistance can 

convenient and 

Resistance can 
be avoided 
with potent, 
convenient and 
tolerable 
agents

Resistance as a 
reflection of 
suboptimal 
adherence

Low genetic 
barrier drugs and 

classes 

Some high genetic 
barrier drugs but 

sequential therapy 
quite common

Higher genetic 
barrier drugs, STR, 

pK symmetry, 
tolerability



ARCA, accessed October 10, 2017; based on 14,947 sequences from patients on NRTI, 4,357 
on NNRTI, 9,619 on PI, 565 on INI
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ARCA, accessed October 10, 2017; based on 14,947 sequences from patients on NRTI, 4,357 
on NNRTI, 9,619 on PI, 565 on INI
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No more decrease in 
the last 5 years, 

except for INI



ARCA, accessed 06/10/2017
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ARCA, accessed 06/10/2017
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ARCA, accessed 06/10/2017
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Fairly stable over the last ten years, 
changes in current year to be confirmed



 4717 
individuals 
seroconverting 
between 1996-
2012

 MSM 80%

 Subtype B 73%

 TDR prevalence 
significantly 
decreasing 
from 19.4% in 
1996 to 8.5% in 
2012

Olson, AIDS 2017



WHO HIV drug resistance report - 2017



 Use of lower genetic 
barrier drugs

 Erratic VL monitoring
 Increasing DR

 Use of higher genetic 
barrier drugs

 Accurate VL monitoring
 Decreasing DR



Alvarez-del Arco, AIDS 2017

Estimated post-migration HIV acquisition probability (95% CI) by a) mode of
transmission and geographical origin 



ARCA, accessed October 10, 2017; based on first sequence available per individual patient (n=23,588)
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 Based on modified 
Viroseq or 
homebrew 
methods

 Overall success 
rate 84% with 
<1000 HIV RNA 
copies/ml

 Mackie 2004
 Balestrieri 2010
 Santoro 2014
 Gonzalez-Serna 

2014
 Bruzzone 2014
 Armenia 2015
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HIV RNA copies/ml
Threshold originally 

recommended to ask for 
drug resistance test





Prosperi, JAC 2011

 SEHERE consortium 
(I, UK, P, D, B, E, S)

 16,511 PR/RT 
sequences from 
11,492 treatment-
experienced 
patients 

 2,500/16,511 
(15.14%) test 
results were 
obtained at a viral 
load <1,000 
copies/mL



 48 patients (4 
naive and 44 
pretreated) with 
LLV episode with 
a median 
duration of 11 
months

 Successful 
resistance testing 
at both onset 
and end of the 
LLV episode 
obtained for 37 
patients (77%)

 11 (30%) 
acquired at least 
1 DRAM during 
the LLV period: 
for NRTI in 6, for 
NNRTI in 1, for PI 
in 4, and for 
raltegravir in 2

Delaugerre, PLoS ONE 2012



Swenson, AIDS 2014

 LLV defined as 
<1000 copies/mL

 1702 patients 
with follow-up on 
constant therapy 
eligible for
analysis 

 ‘dose-dependent’ 
increase in the 
hazard ratio for 
virologic failure 
with susceptibility
categories at LLV 
(<1000 copies/ml)





>25% of virus population

Standard population sequencing

>5% of virus population

Multiple clones or “single genome 
sequencing”

>0.1% of virus population

Point mutation assays (apply to 
defined mutations)

Next generation sequencing



www.hiv.uw.edu



www.hiv.uw.edu



www.hiv.uw.edu



 10 studies, 985 patients, 187 with 
minority drug resistance 
mutations (mDRMs)

 mDRMs associated with an 
increased risk of virologic failure 
(HR = 2.3; 95% CI 1.7-3.3; P<.001) 
after controlling for medication 
adherence, race/ethnicity, 
baseline CD4 cell count, and 
plasma HIV-1 RNA levels

 Risk most strongly associated 
with NNRTI mDRMs

 Dose-dependent increased risk of 
virologic failure found in 
participants with a higher 
proportion or quantity of mDRMs

Li, JAMA 2011

Kaplan-Meier Curves for Proportion of Patients Without Virologic 
Failure by Presence of Drug-Resistant HIV-1 Minority Variants 



 ART-naive patients initiating a
first-line regimen including two 
NRTI and DRV/r (n = 94) or ATV/r 
(n = 16), Jan 2012 - Mar 2015 

 Ultra-deep sequencing (Illumina)

 Virological failure occurring in 13 
patients (13.8%) with DRV and 3 
(18.8%) with ATV 

 13 (11.8%) subjects had PI MRV 
at baseline in the median 
proportion of 1.3% (IQR = 1.1–
1.7)

 The most prevalent PI MRV were 
G73C (n = 5) and M46I (n = 3)

Perrier, JAC 2017

0% 20% 40% 60% 80% 100%

NRTI / VS

NRTI / VF

PI / VS

PI / VF

Minority DRM

No minority
DRM



Pou, CID 2014

132 subjects starting salvage therapy with at least one among PI/r, RAL, ETR; 28 (21%) developed VF. 

GSS<3 by UDS 
predicts VF

GSS<3 by Sanger 
does not predict VF



 Evidence supporting clinical utility (slowly) increasing 
 Drug resistance in untreated patients
 Choice of salvage regimen in highly treatment experienced 

patients
 Coreceptor tropism assay for treatment with CCR5 antagonists

 Barriers to widespread use remaining
 Cost of NGS instrumentation plus data analysis and storage 

solutions
 Technical expertise required (platforms evolving or superseded 

rapidly) 
 No clinical trial testing NGS available
 No IVD approval yet

Gibson, Curr Infect Dis Rep 2014



CE-IVD marked on 
Aug 21, 2017
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The largest ever bug sequence collection



 Thousands HIV sequences generated in each 
country

 Huge international databases  
 E.g. Stanford, RDI, EuResist

 Opportunity for novel analysis
 Phylodynamics, phylogeography, cluster analysis













 …has guided drug development and shaped the 
success of antiretroviral therapy 

 …has been the first example of integration of a 
sophisticated molecular assay into clinical 
practice in the infectious diseases domain

 …has generated a huge HIV sequence 
repositories allowing to track HIV evolution and 
inform surveillance and education programs


