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abstract

Background: Susceptibility testing of herpes simplex virus type 1 (HSV-1) is traditionally 

performed by a plaque reduction assay (PRA), but this is labor intensive, time consum-

ing and has a manual read out. 

Objectives: The goal of this study was to develop an internally controlled real-time PCR-

based phenotypical susceptibility test for HSV-1 that is suitable for use in a clinical di-

agnostic setting.

Study design: A DNA reduction assay (DRA) was developed and validated on a test 

panel of 26 well-characterized isolates of varying susceptibility to aciclovir or foscar-

net, including low-level resistant isolates. The DRA consisted of pre-culture of a clinical 

sample for 48 hours and subsequent culture in the presence of antivirals for 24 hours. Vi-

ral DNA concentration in the culture lysates was measured by an internally controlled 

quantitative real-time HSV-1 PCR and corrected for cell count and lysis by beta-globin 

PCR. DRA results were compared to results from PRA and sequence analysis.

Results: DRA results were in accordance with PRA results for both aciclovir and foscar-

net susceptibility and appeared to have good discriminative value for low-level resis-

tance due to UL30 gene mutations. Although the direct application of DRA in clinical 

samples appeared not possible, short pre-culture of 48 hours was sufficient and ensured 

results within a clinically relevant time frame of 5 days.

Conclusions: DRA is an accurate, rapid and easy to perform phenotypical susceptibility 

test for HSV-1.
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background

Severe and persistent infections with herpes simplex virus type 1 (HSV-1) are common 

in immunocompromised patients, especially patients receiving chemotherapy and 

hematopoietic stem cell transplants, and are frequently associated with antiviral resis-

tance.1 The fastest approach to HSV-1 susceptibility testing is sequence analysis of the 

UL23 gene of the HSV-1 thymidine kinase that catalyzes a necessary phosphorylation 

step of aciclovir or of the UL30 gene of the HSV-1 DNA polymerase. Sequencing of these 

genes may reveal a resistance conferring mutation, but since nucleotide variations are 

common, mutations of unknown significance are also found frequently.1-4 In such cases, 

phenotypical susceptibility testing of HSV-1 is still required which is traditionally per-

formed by a plaque reduction assay (PRA).5 PRA requires viral titration and prolonged 

incubation until viral cytopathogenic effect (CPE) is visible and is labor intensive, sub-

jective and time consuming. 

Faster phenotypical assays using more sensitive and objective endpoints are preferable. 

Real-time PCR has previously been applied successfully to measure viral concentrations 

in HSV-1 phenotypical susceptibility tests.6;7 Stranska et al6 measured inhibition of viral 

DNA replication by antivirals in culture supernatant, which may be less indicative of 

intracellular viral replication. The protocol described by Thi et al7 measured viral DNA 

in cells but used crude cell lysate in an uncontrolled PCR. 

objectives

The goal of this study was to design, optimize and validate a rapid internally controlled 

real-time PCR-based phenotypical susceptibility test for HSV-1 for routine use in a clini-

cal diagnostic setting. 

study design

Viral isolates and clinical samples 

For DNA reduction assay (DRA) validation using viral isolates (Table 1), susceptible ref-

erence strain HSV F (ATCC number VR-733 Manassas, VA, USA), and 25 previously 

characterized viral isolates from 14 patients that were clinically suspected of having a 

resistant virus and that had been sent for susceptibility testing to an external laboratory 

proefschrift.indd   25 8-10-2012   19:20:57
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or that were described in previous studies were used.8-10 The test panel included pre-

treatment viral isolates if available. Aliquots of viral isolates were stored at -80°C. For 

DRA validation directly on clinical samples (swabs), the clinical samples from which 

isolates #5 and #17 had been cultured and 7 randomly selected HSV-1 positive clinical 

samples were used. 

UL23 and UL 30 gene sequence analysis 

Genotypical resistance analysis was performed by cycle sequencing after PCR ampli-

fication on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems). Amplification 

and sequencing primers and PCR conditions are shown in Table 2. UL23 amplification 

was performed in 50 µl containing 25 µl HotStart Taq mastermix (Qiagen, Hilden, Ger-

many) and 15 pmol of each primer. For UL30 amplification, nested PCR was necessary 

for clinical samples, but not for viral isolates. PCR and nested PCR were performed 

in 50 µl containing 1 µl Advantage®-GC 2 Polymerase mix (Clontech, Westburg, Leus-

den, The Netherlands), 10 µl Advantage®-GC 2 PCR Buffer, 25 µmol GC-melt, 0.2 mM 

dNTP mix and 15 pmol of each primer. All cycle sequencing reactions were performed 

in 20 µl containing 2 µl Big Dye Terminator v1.1 (Applied Biosystems, Carlsbad, CA, 

USA), 6 µl sequencing buffer and 8 pmol primer. The detection limit of the assay was 

around 1000 copies/ml for the UL23 gene and around 5000 copies/ml for the UL30 gene. 

Sequences were compared to pre-treatment isolates if available and to the sequence of 

HSV F.

Plaque Reduction Assay

The protocol M33-A Antiviral Susceptibility Testing: Herpes Simplex Virus by Plaque Reduc-

tion Assay of the Clinical and Laboratory Standards Institute5 using Vero cells was modi-

fied by including the use of microcrystalline cellulose (Avicel® RC/CL, FMC BioPoly-

mer, Philadelphia, USA) as overlay.11 For viral titration, the overlay consisted of 1.5 ml 

of 0.6% Avicel® RC/CL in sterile water mixed 1:1 with 2x EMEM without phenol red 

(Gibco) with 4% FCS and 4 mM glutamine. After incubation, cells were fixed with for-

malin and, after aspiration of the overlay, stained with crystal violet. For PRA, the over-

lay consisted of twofold serial dilutions of aciclovir (acycloguanosine, Sigma-Aldrich, 

Schnelldorf, Germany) or foscarnet (sodium phosphonoformate tribasic hexahydrate, 

Sigma-Aldrich) in 2x EMEM without phenol red with 4% FCS and 4 mM glutamine 

mixed 1:1 with 0.6% Avicel® RC/CL in sterile water. The aciclovir concentration range 

was 0,12 to 16 mg/L and for foscarnet the concentration range was 16,7 to 400 mg/L. 

Isolates having an IC50 value ≥ 2 mg/L for aciclovir or ≥ 100 mg/L for foscarnet were 

considered resistant.5
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Real-time PCR based phenotypical susceptibility test

DRA was performed on supernatants from either HSV-1 culture isolates (Table 1) or di-

rectly on positive clinical samples inoculated onto A549 cells and incubated for 48 hours. 

Supernatants from pre-cultured clinical samples were diluted 1:100 in EMEM regardless 

of viral titers whereas stored viral isolates were diluted to obtain viral loads between 

104 and 107 copies/ml. A confluent monolayer of Vero cells was cultured in 24 wells 

plates. Subsequently 300 µl of the diluted sample was added to each well after removal 

of culture medium. After one hour of incubation at 37°C in a humidified atmosphere 

of 5% CO2 the inoculum was removed and replaced by 1 ml of aciclovir or foscarnet 

in EMEM with 5% FCS. The concentration range of the serial dilutions (6 dilutions per 

isolate) of aciclovir was 0.12 to 16 mg/L and for foscarnet 8.35 to 100 mg/L. All samples 

were assayed in quadruplicate and incubated for 24 hours.  

 Then, after removal of the culture medium, 200 µl of AL Lysis buffer (QIAamp® DNA 

Mini and Bloodkit, Qiagen) spiked with Phocid Herpes Virus (PhHV, kindly provided by 

Dr. M Schutten, Erasmus Medical Center, Rotterdam, The Netherlands) was added to the 

monolayer and incubated for 15 minutes at room temperature. Lysate was harvested and 

all wells were rinsed with 200 µl PBS to include any remaining viral DNA which was then 

added to the lysate. After addition of 20 µl Proteinase K (Qiagen), samples were incubated 

10 minutes at 56°C and 10 minutes at 95°C. Samples were mixed with 200 µl ethanol 100% 

and transferred to a Qiamp® mini spin column (Qiagen) and centrifuged for 1 minute at 

6000 x g. Washing steps were omitted to limit hands on time. DNA was eluted in 200 µl 

AE buffer (Qiagen) by centrifugation for 1 minute at 6000 x g. A real-time PCR for beta-

globin and a multiplex real-time PCR for PhHV and HSV-1 were performed on a CFX96 

real-time detection system (Bio-Rad, Veenendaal, The Netherlands). Primers, probes and 

PCR conditions are shown in Table 2. PCRs were carried out in 50 µl volume containing 

25 µl HotStart Taq mastermix (Qiagen) and 4 mM MgCl2 (5 mM for beta-globin). 

 For quantitation, a standard of HSV-1 (cultured field isolate or ATCC KOS strain VR-

1493D) was calibrated using a quantitated DNA control of the HSV-1 MacIntyre strain 

(Advanced Biotechnologies Inc., Columbia, MD). PhHV served as an internal control 

for DNA extraction and PCR inhibition12 and those wells that were outliers in the PhHV 

PCR (more than 3 CT-values different from assay average) were considered inhibited 

and were excluded from the analysis. The beta-globin PCR was performed as a control 

for cell concentration and cell lysis for which the same exclusion criteria were used. The 

concentration of antiviral agents to inhibit viral DNA replication by 50% (IC50) was cal-

culated after plotting the viral concentration versus the concentration of antiviral agent. 

Provisional resistance breakpoints were adapted from Thi at al.7 and set at ≥0.23 mg/L 

for aciclovir and at ≥ 13 mg/L for foscarnet. 
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results

Viral isolates

PRA and sequence analysis of the UL23 and UL30 genes were repeated on aliquots of 

the viral isolates to be used for DRA. PRA results for aciclovir were concordant with 

genotypic analysis in 25 isolates including 11 with no mutations in either the UL23 

or UL30 genes, 13 with a mutation in UL23, and 1 with a mutation in UL30. One 

isolate (#25) had a UL30 mutation but was susceptible to aciclovir by PRA but with 

an elevated IC50 of 1.03 mg/L (Table 3). PRA results for foscarnet were concordant in 

23 isolates, including 10 with no mutations and 13 with a mutation in UL23, failed 

in one isolate (#2) and were discordant with genotypical analysis in the two isolates 

with UL30 mutations (#24 and #25, Table 3). Both isolates #24 and #25 showed di-

minished susceptibility to foscarnet although not meeting the proposed resistance 

criteria according to CLSI.

 DRA was validated for aciclovir on all isolates and for foscarnet in UL30 mutants 

and in a subset of UL23 mutants. DRA failed in one isolate (#9). DRA results (Ta-

ble 3) for aciclovir were in concordance with genotyping of all 25 isolates using the 

provisional breakpoint of 0.23 mg/L, but not in concordance with PRA for 1 isolate 

(#25). By DRA, IC50 values of all 15 UL23 and UL30 mutants, including isolate #25, 

were at least at least 2.8-fold the tentative breakpoint and 6.4-fold the IC50 value of 

the susceptible reference isolate. DRA results (Table 3) for foscarnet were concordant 

with genotypical results in the 8 tested isolates, but were not concordant with PRA in 

two isolates (#24 and #24) . These UL30 mutants had IC50-values that were at least 

1.7 fold the tentative breakpoint and at least 2.5 fold the IC50 value of the susceptible 

reference isolate. 

Clinical samples

DRA was applied to 9 clinical samples (Table 4) and demonstrated aciclovir resistance in 

two UL23 mutants (Table 4) and failed in one of the clinical samples that had a relatively 

low viral load after 48 hours of pre-culture (7.9×104 copies/ml). 

discussion

This study optimized and validated a protocol for phenotypical susceptibility testing of 

HSV-1. A fast and easily applicable protocol was developed that compared very well to 

results obtained by genotypical tests and by PRA. Although only tentative breakpoints 
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exist for susceptibility testing of HSV-1 using a real-time-PCR based approach, classifica-

tion of the DRA results according to the tentative breakpoints adopted from Thi et al.7 

resulted in very high concordance. DRA failed in only one isolate. 

DRA provided results within five days after sampling (Figure 1). No visible viral CPE 

is required when viral replication is measured by sensitive methods such as real-time 

Table 3.  UL23 and UL30 sequence analysis, plaque reduction assay and DNA reduction assay 

results on HSV-1 isolates.

isolate resistance-
associated 
mutation

PRA DRA

IC50 
ACV

IC50 
FOS

conclusion IC50 
ACV

IC50 
FOS

conclusion

mg/L mg/L mg/L mg/L

HSV-F none 0.08 21.9 ACV S FOS S 0.10 8.75 ACV S FOS S
#1 none 0.10 21.3 ACV S FOS S 0.08 n.d. ACV S FOS n.d.
#2 none 0.45 failed ACV S FOS n.d. 0.06 n.d. ACV S FOS n.d.
#3 none 0.16 18.2 ACV S FOS S 0.12 n.d. ACV S FOS n.d.
#4 none 0.09 26.0 ACV S FOS S 0.07 n.d. ACV S FOS n.d.
#5 none 0.15 19.4 ACV S FOS S 0.07 n.d. ACV S FOS n.d.
#6 none 0.23 16.7 ACV S FOS S 0.12 n.d. ACV S FOS n.d.
#7 none 0.28 11.4 ACV S FOS S 0.08 n.d. ACV S FOS n.d.
#8 none 0.28 17.8 ACV S FOS S 0.18 n.d. ACV S FOS n.d.
#9 none 0.06 10.5 ACV S FOS S failed failed failed
#10 none 0.11 35.7 ACV S FOS S 0.08 12.81 ACV S FOS S
#11 UL23 16.21 11.3 ACV R FOS S 2.65 n.d. ACV R FOS n.d.
#12 UL23 15.16 16.3 ACV R FOS S 3.67 n.d. ACV R FOS n.d.
#13 UL23 11.20 10.1 ACV R FOS S 0.76 n.d. ACV R FOS n.d.
#14 UL23 11.82 12.5 ACV R FOS S 6.17 n.d. ACV R FOS n.d.
#15 UL23 15.56 9.1 ACV R FOS S 2.40 n.d. ACV R FOS n.d.
#16 UL23 13.92 25.0 ACV R FOS S 3.18 5.98 ACV R FOS S
#17 UL23 16.70 17.4 ACV R FOS S 3.06 n.d. ACV R FOS n.d.
#18 UL23 37.95 25.0 ACV R FOS S 4.62 4.81 ACV R FOS S
#19 UL23 6.88 25.0 ACV R FOS S 2.42 9.11 ACV R FOS S
#20 UL23 10.55 15.5 ACV R FOS S 1.63 n.d. ACV R FOS n.d.
#21 UL23 6.15 21.6 ACV R FOS S 4.69 n.d. ACV R FOS n.d.
#22 UL23 6.33 5.8 ACV R FOS S 0.67 n.d. ACV R FOS n.d.
#23 UL23 14.25 11.7 ACV R FOS S 0.95 5.63 ACV R FOS S
#24 UL30 5.81 88.7 ACV R FOS S 0.64 22.13 ACV R FOS R
#25 UL30 1.03 43.4 ACV S FOS S 0.99 29.73 ACV R FOS R

IC50 values greater than or equal to resistance breakpoint (see text) in bold. ACV = aciclovir; DRA = DNA reduction 
assay; FOS = foscarnet; n.d. = not determined; PRA = plaque reduction assay; R = resistant; S = susceptible.
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PCR and hence incubation time can be reduced compared to PRA. Pilot experiments us-

ing both susceptible and resistant isolates showed comparable IC50 values over broad 

ranges of viral inoculum, given sufficient viral input (10.000 copies/ml), hence allowing a 

fixed dilution of pre-cultured clinical samples without the need for viral titration. Hands 

on time could be reduced by the use of a simplified DNA isolation procedure. DRA was 

applicable to all clinical samples with a viral load of at least 10.000 copies/ml. In the final 

format of quadruplicate testing the coefficient of variation of the log-transformed viral 

concentrations was 5% on average. On average 0.3 wells were excluded per 24-wells assay 

because of PCR inhibition and 1.2 wells because of insufficient beta-globin concentration.

As shown in previous studies,1-3 mutations of unknown significance are commonly 

found in HSV-1 clinical isolates and a pre-treatment sample for comparison of mutations 

is often not available. Three isolates contained UL30 mutation Asp-672→Asn which has 

recently been described both as a natural polymorphism2 and as an aciclovir and foscar-

net resistance-associated mutation.13 Phenotypical susceptibility tests showed aciclovir 

and foscarnet susceptibility in an isolate with no other resistance-associated mutations 

making Asp-672→Asn unlikely as a resistance-associated mutation. This nicely demon-

strates the usefulness of phenotypical susceptibility testing. 

Figure 1

Time frame (workings days) of suscep-
tibility testing by DNA reduction assay 
versus plaque reduction assay.

inoculating monolayer 
with 1:100 diluted culture supernatant

and antiviral agent

in 24-wells plate

results

day 4:
preparation of PCR reagents

lysis of monolayer 
DNA isolation, shortened protocol

run PCR

day 5:
analysis

day 3:

in flat bottom tube

day 2:

sampling

day 1:
pre-culture of clinical sample

seeding monolayer 
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Low level resistance to aciclovir and foscarnet due to mutations in the UL30 gene is pos-

sibly more accurately detected by DRA than by PRA. Both our PRA and PRA performed 

initially (by others) showed a level of resistance around or below the specified break-

point, as previously described for UL30 mutations A719V and S724N.8;10;14;15 This may 

be due to the specific UL30 gene mutations or because low-level resistance or interme-

diate susceptibility may not be accurately defined by the CLSI breakpoints.5 Neverthe-

less, DRA consistently showed increased IC50 values above the tentative breakpoints in 

these isolates. Because knowledge on the clinical significance of such mutations is lack-

ing, it would be interesting to study how infections with such isolates should be treated.

Some limitations apply to the DRA. Firstly, without a short pre-culture, no viral replica-

tion was observed in DRA, but our protocol was suitable for clinical samples after a fixed 

short term pre-culture. This may be due to the low inoculum present in clinical samples, 

although pre-culture did not increase viral loads very much. It can also be related to 

the short duration of incubation of the DRA, although prolonging the assay to 48 hours 

did not solve the problem. Possibly, adaptation of virus to cell culture is necessary for a 

successful DRA. To study the possible selection pressure during pre-culture of a clinical 

sample, nine clinical samples were cultured for 48 hours. The nucleotide sequence of 

the entire UL23 gene was compared between the clinical samples and the viral isolates 

after 48 hours of pre-culture (Table 4) and no differences were found.  

 Secondly, the detection limit of DRA precluded its use for weakly positive samples. 

This limitation may be partly overcome by adaptation of the dilution in samples with a 

lower viral load, which was applied successfully in one of our clinical samples in which 

a 1:10 diluted culture supernatant was used instead of 1:100 (Table 4). Finally, the assay 

was validated for HSV-1 only.

In clinical diagnostics, a genotypical approach has the advantages of speed and techni-

cal ease. A two-step approach may therefore be practical in this setting, starting with 

UL23 and UL30 gene sequencing of, preferably, a pre- and on-treatment sample and 

subsequent phenotypical confirmation of resistance if mutations of unclear significance 

are encountered. A multicenter trial evaluating assay applicability and reproducibility 

and the clinical outcome in relation to the tentative breakpoints, should confirm the role 

of DRA in phenotypical susceptibility testing of HSV-1. 

In conclusion, DRA is an accurate, rapid and easy to perform phenotypical susceptibil-

ity test for HSV-1. 
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