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Objectives
Describe

Describe current 
methods for 
antiviral resistance 
testing in the 
clinical laboratory 
• Focus on CMV and 

HSV

Appraise

Appraise the 
benefits and 
limitations of 
available tests

Discuss

Discuss potential 
impact of next 
generation 
sequencing-based 
approaches
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Case 

• 73-year-old man 
- Single lung transplant for 
idiopathic pulmonary fibrosis
- CMV D+/R-

➢Valganciclovir prophylaxis
➢Developed ganciclovir (GCV) 

resistance
➢Rising DNAemia after initial 

response to maribavir MBV)

Repeat resistance 
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Phenotypic Susceptibility Testing

Inhibitory concertation (IC) 50 

• Concentration of drug that give a 50% reduction in plaque 
forming units as compared to control well with virus and no drug

• Proposed susceptibility IC50 cut-offs 
- <12μM GCV, <4μM CDV, < 400 μM FOS (eval pre/post rx 

isolates)
- IC50/susceptible control > 2

Drew er al. Clin Diagn Virol 1993; 1(3):17
Cihlar et al. J Virol 1998; 72: 5927

Isolate grown to high titer

Plaque Reduction Assay (PRA)

Incubation in the presence of drug – semisolid overlay and crustal violate stain

No Drug Increasing  drug concentration

CMV culture in A549 Cells

Cytopathic effects (CPE)
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Limitations of CMV Plaque Reduction

Landry et al. Antimicrob Agents Chemother  2000; 44(3): 2000

Slow growing cell-
associated virus

Variable results 
across labs using 
the same method

(Bias during 
growth and 
subjective 
readout)

Labor 
intensive

Requires 
expertise

Turn-around 
time on the 

order of 4  -6 
weeks

Lurian and Chou. CMR 2010; 24(4): 689
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Herpesviridae Genome
Alphaherpesvirinae
• HSV-1 (HHV-1)
• HSV-2 (HHV-2)
• VZV (HHV-3)

Betaherpesvirinae
• CMV (HHV-5)
• HHV-6A and 6B
• HHV-7

Gammaherpesvirinae
• EBV (HHV-4)
• KSHV (HHV-8)

dsDNA

Unique long (UL) sequence Unique short (US) sequence

Linear double stranded DNA genome
Two regions containing unique sequences bounded by inverted repeats (IR)
Open reading frames are named by the region and the numerical order in which they occur
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Anti-CMV Drugs Mechanisms of Action

Valganciclovir (VGCV)/Ganciclovir (GCV)
• Nucleoside analogue of deoxyguanosine 
• Competitive inhibition DNA polymerase

Cidofovir (CDV)
• Nucleotide analogue of deoxycitidine 
• Inhibition of DNA polymerase (alternative or competitive 

substrate)

Foscarnet (FOS)

Maribavir (MBV)
• Benzimiazole riboside
• Competitive UL97 Kinase inhibitor

CMV Infected Cell

Letermovir (LMV)
• 3,4-dihydroquinazolinyl acetic acid 

• Inhibits DNA packaging (terminase)

Reviewed in Piret and Boivin
https://doi.org/10.1016/j.antiviral.2019.01.011

Foscarnet (FOS)
• Pyrophosphate analog blocks the release of 

pyrophosphate by DNA Polymerase
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Mechanisms of CMV Antiviral Drug Resistance

Gene Function Drugs
UL97 Kinase Ganciclovir, Maribavir

UL54 Polymerase Ganciclovir, Cidofovir, Foscarnet 

UL27 Early gene (unknown) Maribavir

UL51 Terminase subunit Letermovir

UL56 Terminase subunit Letermovir

UL89 Terminase subunit Letermovir
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DNA Sequencing Options
Targeted Next Generation Sequencing

Specific primers

PCR target enrichment

Massively Parallel or Deep Sequencing

Read filtering
Error correction

Read mapping to reference database

Variant calling

DNA template

Sanger Sequencing

Sequence comparison to reference database

Image from https://theory.labster.com/dna_sequencing/

One fragment

Multiple platforms
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Drug Resistance Mutation (DRM)
Interpretation and Database Curation

https://ltd.aruplab.com/Tests/Pub/3004615https://www.eurofins-viracor.com/media/pgonfbxk/mm-0273-rev8-1121cmv-avr-mutations-references-final.pdf

https://www.eurofins-viracor.com/media/pgonfbxk/mm-0273-rev8-1121cmv-avr-mutations-references-final.pdf

https://www.unilim.fr/cnr-herpesvirus/

Review of recombinant phenotyping* (“marker 
transfer’) and in vitro drug exposure studies to 

interpret drug resistance mutations

*Mutation of interest transferred to control strain and tested for 
altered drug susceptibility in culture

Mutation Database Links

https://ltd.aruplab.com/Tests/Pub/3004615   ARUP

https://www.eurofins-viracor.com/media/pgonfbxk/mm-0273-rev8-1121cmv-avr-
mutations-references-final.pdf Viracor

https://www.unilim.fr/cnr-herpesvirus/ Centre National de Reference des 
Herpesvirus (Limoges, France)

https://ltd.aruplab.com/Tests/Pub/3004615
https://www.eurofins-viracor.com/media/pgonfbxk/mm-0273-rev8-1121cmv-avr-mutations-references-final.pdf
https://www.eurofins-viracor.com/media/pgonfbxk/mm-0273-rev8-1121cmv-avr-mutations-references-final.pdf
https://www.unilim.fr/cnr-herpesvirus/
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ARUP Sanger Sequencing

• UL97 
• One amplicon ~600bp 
• Codons 457- 650
• 15 positions; 33 variants

• UL54 
• Four overlapping amplicons (~600bp, 

~2.5kb total)
• Codons 394-1000
• 41 positions; 52 variants

• Required 5 sequencing reactions
• Missed a few rarer ones too

Outline Courtesy Melanie Mallory

UL 97 Codon Map
Assay Sequence Coverage

Assay Sequence Coverage

Maps from Chou S. Antiviral Research 2020; 176

UL 54 Condon Map
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Sanger Sequencing

Benefits vs. PRA
• Culture free

- Multiple specimen types

• Potential for standardization 
across labs

• Actionable turn around time

Limitations
• One gene target per reaction

- Increased cost

• Reduced quality sequences 
>700 base pairs

- Cumbersome multiplexing

- Low sensitivity for minority 
(≤15 - 20%) variants
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ARUP Targeted Ion Torrent NGS Assay

Mallory et al. JCM 2023; 61(12)

Optimized overlapping amplicons (bars) of 138 codon sites where known drug resistance mutations (DRM hash marks) occur. 
Of these, 113 (81%) are amplified in duplicate. Developed open access bioinformatic plug in for the Ion Torrent
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Analytic Performance
Assessment of sequencing accuracy

• Plasmid mixing experiments
- Low error rate (< 0.05%)
- High accuracy (>95%) for DRMs present at 5% of population

➢  Threshold for the clinical assay conservatively set at ≥ 10%

• WHO international standard
-  Reproducible 40x depth of coverage when viral load > 2.6 log IU/mL

Mallory et al. JCM 2023; 61(12)

DRM

DRM

DRM

WT

WT

Plasmid constructs
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Clinical Validation vs. Sanger Sequencing
• 185 plasma samples

- DRM agreement 68/69 (98.6%)
- 16 specimens (9%) NGS detected 18 additional DRMs missed by Sanger

➢14 low frequency (< 20%)
➢5 would have changed interpretation to resistant (R)

Sample DNA Load
Log IU/mL

Sanger NGS
≥ 10%

GCV CDV FOS

1 5.4 UL97: C603Y UL97: C603Y
UL54: D542E
UL54: T552N

R / R S → R S → R

2 3.8 UL97: A594V UL97: A594V
UL54: 503I

R / R S → R S / S

3 3.9 UL97: A594V S → R S / S S / S

4 5.3 UL54:A809V UL54:A809V
UL54:Q576H

R / R S → R S / S

5 3.2 UL97: L595S S → R S / S S / S

Mallory et al. JCM 2023; 61(12)
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NGS Clinical Case Report CMV

Nagele et al. JID 2024 

63-year-old (CMV D-/R+) underwent related 
haploidentical HSCT.  Developed 

breakthrough DNAemia on letermovir  
prophylaxis

UL56-C325R high-level resistance identified at 
low frequency (6%) two weeks before Sanger

Sanger and NGS sequencing for DRMs 
performed during detectable DNAemia

CMV end organ disease
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NGS Resistance Testing for other Viruses
HIV, HCV and HBV Minority Variants with Resistance Mutations

• HIV guidelines 
- clinicalinfo.hiv.gov – no comment on NGS assays for decision making
- International Antiviral Society – testing for minority variants may 

considered only for regimens depending on first-gen NNRTIs

• HCV guidelines (hcvguidelines.org)
- Resistance associated mutations < 15% prevalence should not be 

considered clinically significant

• HBV guidelines (AASLD 2018)
- No comment on NGS assays for decision making
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Next Generation Sequencing

Benefits vs. Sanger
• Improved efficiency and cost-effectiveness

- Multiplexing targets, samples and assays (e.g. 
run with HIV)

• Increased sensitivity for minor variants

Limitations
• Clinical significance of minority variants

-   Host immunity
- Adherence
- Barrier to resistance
- Viral fitness

• Multiple LDT platforms could affect 
standardization

- Single FDA- cleared test for HIV antiviral 
resistance is an NGS test

o Assay failures 13-44% of runs1

o Reproducibility issues with minority variants1

• Complex bioinformatics and reporting

1. Reviewed in Wang H. JCM 2024; 62; e00728-23
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Results report – page 1
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Patient results – page 2 Is anyone still reading at this point?

Report with a comment of uncertain significance < 10%

Link to verified mutations with pubmed references

Result definitions
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Case 2
• 63 years old woman

- Stage 4 follicular lymphoma with 
involvement of marrow

- History of genital HSV
- Developed new painful gluteal lesions on 

years of acyclovir (ACV) prophylaxis
- Swab PCR + HSV-2
- High dose valacyclovir started
- Resistance testing ordered

Example genital HSV lesions
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HSV phenotypic susceptibility assays
• HSV is a relatively rapidly growing 

virus in cell culture

• Clinical Laboratory Standards 
Institute (CLSI) Reference Method

- IC50 = drug concentration that reduces 
number of plaques by 50% vs. control

• IC50 outcomes data (HIV studies)
- Acyclovir (ACV)  IC50 > 2 mcg/mL
- Foscarnet (FOS) IC50 > 100 mcg/mL
- Failure to heal lesions

Plaque Reduction Assay (PRA)

Multiple modifications described in the literature to eliminate counting plaques
Testing currently offered for ACV and FOS by several reference labs

CLSI M33-A. 2004

No Drug Increasing  drug concentration



Private Information

ARUP Cell Toxicity Assay
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Chemiluminescent quantification 
of ATP as a measure of cell viability 

Tardif et al. J Clin Virol 2014; 61: 382

Grow to high titer and inoculate Vero cells – read out is a measure of cell death from drug resistant viral cytopathic effect 

Excellent agreement with PRA

IC50 = drug concentration that reverses CPE 50%  vs. fluorescence value of uninfected cells

Cell titer-Glo (Promega) added 
to measure luminescence 

from viable cells
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Case 2

• Did not improve with high-dose 
valacyclovir (VACV)

• Treated with IV foscarnet with 
resolution of symptoms

• Complicated course with multiple 
relapses on chemotherapy 

- FOS toxicity
- Topical CDV

Approximately 7 days later …………
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Anti-HSV 
Drugs  
Mechanisms 
of Action

Adapted from Clin Micro Rev 2003; 16(1):114

HSV Infected cell

UL23
Thymidine kinase

Acyclovir (ACV) / Valacyclovir (VACV)

Penciclovir (PCV) / Famciclovir  (FCV)

CDV

Foscarnet

Cidofovir diphosphate

UL30
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HSV Resistance Mutation Maps
Thymidine Kinase UL23 DNA polymerase UL30

Multiple Reviews
Sauerbrei et al. J Antimicrob 2016; 71(1): 6-16
Piret et al. Curr Opin Infect Dis 2016; 29(6); 
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Mechanisms of HSV Antiviral Drug Resistance

Gene Function Drugs
UL23 Kinase Acyclovir

UL30 Polymerase Acyclovir, Foscarnet



Private Information

Take away messages

• Genotypic testing for antiviral resistance 
- Current standard for CMV, HIV, HCV, HBV
- Potential benefits of NGS 

➢  Streamlined workflow for the clinical laboratory
➢  Earlier detection of resistance in some cases 
➢Clinical significance of low frequency mutations uncertain in many instances

• Phenotypic testing for antiviral resistance
- Remains the standard for HSV 
- Mutation databases are limited (even more so for VZV)

➢  Additional/continued  recombinant phenotyping work is needed
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Thank you!

Weston Hymas, MS
CMV NGS

Keith Tardif, PhD
HSV cell viability assay
HSV NGS

Melanie Mallory, MS
Bioinformatics

Keith Simmon, PhD
Bioinformatics

ARUP R&D Scientists
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