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Infection with mucosotropic human papillomavirus
(HPV) is the necessary cause of cervical intraepithelial
neoplasia. Several epidemiological studies suggest
that HPV viral load can be a risk factor of cervical
dysplasia. The purpose of the present study was to
evaluate a methodology to determine HPV viral load
of eight oncogenic HPV types (16, 18, 31, 39, 45, 51,
52, and 58). The quantitation assay is based on a
high-throughput real-time PCR. The E6-E7 region of
HPV types 16, 18, 45, and 51 were used to amplify
specific DNA sequences and cloned into a plasmid
vector. The constructs for HPV types 16, 18, 45, and
51, and the whole genome for HPV types 31, 39, 52,
and 58 were quantitated using a limiting dilution anal-
ysis and used to create standard curves. Type-specific
HPV clones were used to determine specificity, linear-
ity, and intra- and inter-assay variation. The sensitiv-
ity of our assay covered a dynamic range of up to
seven orders of magnitude with a coefficient of intra-
assay variation less than 6% and the inter-assay vari-
ation less than 20%. No cross-reactivity was observed
on any of the type-specific standard curves when phy-
logenetically close HPV types were used as templates.
Our real-time PCR methodologies are highly repro-
ducible, sensitive, and specific over a sevenfold
magnitude dynamic range. (J Mol Diagn 2004,
6:115-124)

Among all types of human papillomavirus (~100 types)
the ones classified as oncogenic types are of clinical
significance due to their association with cervical neo-
plastic development and carcinoma. Although most HPV
infections are transient, a number of host and viral factors
may lead to a persistent infection thus increasing the risk
of developing neoplasia.’ Understanding the natural his-
tory of oncogenic HPV infection and the predictive value
of one or several HPV test, is, therefore, essential for the
development of appropriate cervical cancer prevention
and control programs. The limitations of cytological anal-

ysis have pressured the development of alternative
screening methods in population studies, with molecular
diagnosis emerging as a promising diagnostic tool in
cervical cancer prevention.® Quality assurance of these
emerging technologies is paramount for large-scale clin-
ical investigations.® In population-based studies, ques-
tions of reliability, sensitivity, specificity, reproducibility,
and scalable capacity for automation are central in se-
lecting assays to determine factors associated with cer-
vical carcinogenesis.

Prevalence studies conducted worldwide indicate that
approximately 30% of women are infected with HPV.
Therefore, the use of HPV testing as a primarily screening
tool is not sufficient. Alternative measures that may have
greater predicted value, such as HPV viral load, are
currently under investigation. Several studies have corre-
lated HPV viral load and its prognostic significance in the
evolution of cervical intraepithelial neoplasia.®® The
methodologies used to quantitate viral burden have vary-
ing levels of specificity and sensitivity and performance
evaluation is frequently not comprehensive. Hybrid cap-
ture has been a common technique used to determine
HPV viral load, but does not have the capacity to differ-
entiate specific types of HPV.”® PCR-based methods
using densitometric analysis have frequently been used
to determine HPV viral burden and its association with
cervical lesion development.®~"" However, the estimation
of viral load using semi-quantitative PCR may be inaccu-
rate due to the inherent efficiency of the detection system
as well as the presence of inhibitors in the sample.'?

Real-time PCR is a more recent addition in the molec-
ular diagnosis of HPV infection.'® Real-time PCR has the
advantage of being highly specific, reproducible, and
capable of detecting HPV viral load up to eight orders of
magnitude in a linear range.'* These qualities make real-
time PCR attractive for use in epidemiological studies
and as a potential diagnostic test. Several studies re-
ported the predictive value of HPV viral burden deter-
mined by real-time PCR and the persistence of HPV
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Table 1. Primers and Dual-Labeled Fluorogenic Probes Used in the TagMan Assay

Name Oligonucleotide sequence* Labels’
HPV-16:520U25-primer* TTGCAGATCATCAAGAACACGTAGA
HPV-16:671L24-primer* CTTGTCCAGCTGGACCATCTATTT
HPV-16:558U33-probe* AATCATGCATGGAGATACACCTACATTGCATGA FAM-BH1
HPV-18:530U19-primer* CAACCGAGCACGACAGGAA
HPV-18:729L21-primer* CTCGTCGGGCTGGTAAATGTT
HPV-18:580U37-probe* AATATTAAGTATGCATGGACCTAAGGCAACATTGCAA TET-BHA1
HPV-31:449F-primer ATTCCACAACATAGGAGGAAGGTG
HPV-31:524R-primer CACTTGGGTTTCAGTACGAGGTCT
HPV-31:474T-probe ACAGGACGTTGCATAGCATGTTGGA FAM-BH1
HPV-39:470F-primer CAGGACAGTGTCGACGGTGCT
HPV-39:570R-primer TGGGCTTTGGTCCACGCATAT
HPV-39:501T-probe ACGGGAGGACCGCAGACTAACACG FAM-BH1
HPV-45:425F-primer GGACAGTACCGAGGGCAGTGTAA
HPV-45:495R-primer TCCCTACGTCTGCGAAGTCTTTC
HPV-45:450T-probe CATGTTGTGACCAGGCACGGCA FAM-BH1
HPV-51:358F-primer AAAGCAAAAATTGGTGGACGA
HPV-51:438R-primer TGCCAGCAATTAGCGCATT
HPV-51:392-probe CATGAAATAGCGGGACGTTGGACG FAM-BH1
HPV-52:78F-primer GTGCATGAAATAAGGCTGCAGT
HPV-52:213R-primer GTAGGCACATAATACACACGCCA
HPV-52:101T-probe TGTGCAGTGCAAAAAAGAGCTACAACG FAM-BH1
HPV-58:64F-primer CCACGGACATTGCATGATTTG
HPV-58:144R-primer CTTTTTGCATTCAACGCATTTCA
HPV-58:95T-probe TGGAGACATCTGTGCATGAAATCGAA FAM-BH1

*Sequences are given from 5’ — 3.

TFluorochrome is at 5', non-fluorescent quencher Black Hole-1 is at 3.

*Sequences taken from ().

infection.”® %77 These studies, however, only focused
on the quantitation of viral load for HPV type 16.

To our knowledge, there has been no systematic eval-
uation of real-time PCR to determine viral load for onco-
genic HPV types based on standardized criteria of quality
control assurance. Here, we present a quality control
evaluation to assess the sensitivity, specificity, and repro-
ducibility (intra- and inter-assay variability) of viral load
quantitation using the ABI Prism 7900 Sequence Detec-
tion System for eight oncogenic HPV types (16, 18, 31,
39, 45, 51, 52 and 58). The analytical performance was
based on the National Committee for Clinical Laboratory
Standards (NCCLS) guideline EP10-T, using a 10-ul vol-
ume reaction in a high-throughput format (384-well sys-
tem for the processing of large number of samples).

Materials and Methods

Primer and Probe Design

The EB/E7 regions of HPV types 16 (nt 65-857), 18 (nt
87-907), 31 (nt 39-856), 39 (nt 44-921), 45 (nt 75-906),
51 (nt 88-865), 52 (nt 93-852), and 58 (nt 77-869) were
obtained from Los Alamos HPV database (http://hpv-
web.lanl.gov/stdgen/virus/hpv/). The nucleotide se-
quence for each type was aligned to identify highly het-
erologous regions and used to design type-specific
probes and primers by the software Primer Express (Ap-
plied Biosystems). Primers and probes spanning a tar-
geted region <200bp were selected according to the
specifications in the software manual. Type specificity
was determined by no-predicted cross-hybridization with
other HPV types using the NCBI database BLAST search.

Primers and probes for HPV types 16 and 18 were se-
lected as previously reported.’ The sequences and nu-
cleotide location of the selected primers and probes are
shown in Table 1. Primers and probes were synthesized
by Integrated DNA Technologies (Coralville, I1A). Probes
were labeled to the 5’ end with the reporter dye 6-car-
boxy-fluorescein (FAM) or 6-carboxy-4,7,2'7'-tetrachlo-
rofluorescein (TET) and the 3’ end was blocked with the
non-fluorescent quencher Black Hole-1 (Integrated DNA
Technologies). Probes and primers were resuspended in
sterile HPLC-grade water to form a 200 nmol/L and 100
nmol/L solution, respectively, stored in 20-ul volume ali-
quots at —20°C until used.

Construction of External Standards

Clones for HPV types 16, 18, 45, and 51 were con-
structed by cloning a fragment containing the targeted
region for real-time PCR described above. Cloning re-
gions for HPV-16 consisted of nucleotides 351-855, nu-
cleotides 295-1064 for HPV-18, nucleotides 80-922 for
HPV-45, and nucleotides 49-895 for HPV-51. Cloning
primers were designed using Oligo software version 5.0
(Molecular Biology Insights, Inc., Cascade, CO). HPV-16
(F-primer 5’-TGTATGGAACAACATTAGAAC-3'; R-primer
5'-TCAGCCATGGTAGATTAT-3'), HPV-18 (F-primer 5'-
CATGCCATAAATGTATAGATT-3'; R-primer 5'-AAATGT-
TCCTTGTGTATCAAT-3'), HPV-45 (F-primer 5'-GATC-
CAAAGCAACGACCCTA-3"; R-primer 5’-TCCTCTGC-
CGAGCTCTCTAC-3") and HPV-51 cloning primers (F-
primer 5’-GAAAACGGTGCATATAAAAGTGC-3"; R-primer
5'-CCTCTGTACCTTCACAGTCCATC-3") were used to
generate HPV type-specific amplicons using DNA from



CaSki and Hel a cell lines for HPV-16 and -18, respectively,
and clinical samples for HPV-45 and HPV-51. The specific-
ity of the amplification was evaluated by agarose-gel elec-
trophoresis and by sequence analysis. Amplified fragments
from HPV-16 were cloned into the pCR2.1-TOPO vector
(Invitrogen, Carlsbad, CA) and the amplified fragments from
HPV-18, HPV-45, and HPV-51 were cloned into the pGEM-T
easy vector (Promega, Madison, WI) according to the spec-
ifications of the manufacturers. To verify cloning effective-
ness, isolated plasmids from 5-ml bacterial cultures were
used as template in PCR reactions using both external
(cloning) and internal primers, and by digestion with the
restriction enzyme EcoRI (Boehringer, Petersburg, VA) and
conventional agarose gels. Clones for HPV types 31, 39, 52,
and 58 were kindly provided by Dr. Attila Lorincz, Digene
Corp., Professor Gerard Orth, Institute Pasteur, Dr. Wayne
D. Lancaster, Wayne State University, and Dr. Toshihiko
Matsukura, National Institute of Health in Japan, respec-
tively. All HPV clones were transformed into One Shot
Top-10 chemically competent cells (Invitrogen) and stored
as glycerol stocks at —20°C until used. HPV clones were
amplified by culturing 5-ml amp-LB media overnight at 37°C
and re-inoculated in 1 Lt LB media containing 5 mmol/L
ampicillin and grown overnight at 37°C. HPV plasmids were
purified using the QIAGEN plasmid Maxi purification kit
(QIAGEN, Valencia, CA) according to the manufacturer’s
instructions. The relative plasmid DNA concentration was
determined by fluorescence using the PicoGreen dsDNA
quantitation reagent (Molecular Probes, Eugene, OR).

Limiting Dilution

The approximate plasmid DNA concentration for each
HPV type was determined by a modification of the PCR-
based limiting dilution assay described elsewhere'®®
and used as reference material. Briefly, using a prelimi-
nary calculation of plasmid copy number based on Pi-
coGreen quantitation, ten replicates of a 10-fold dilution
series for the plasmid DNA were created (from 1:10 to
1:1 X 108). The last dilution of the 10-fold dilution series
was used to create a twofold dilution series (from 1:2 to
1:4096) covering a range from 2 x 108 to 4.096 x 10"’
copies/ul. One ul of each dilution from the twofold dilution
series was added to a 10-ul PCR reaction and subjected
to 50 PCR cycles using the ABI PRISM 7900HT (Applied
Biosystems). Annealing temperatures for each HPV type
were used as determined by the primer titration study,
and non-template controls were used in each case to
establish the threshold. The proportion of negative end
points (fluorescence values not significantly different at
5% level above background) served to estimate the con-
centration of the undiluted reference material by Poisson
probability distribution using the computer program
QUALITY V1.1.4 described by Rodrigo et al.’®

PCR Optimization

To assess the optimal primer ratio and annealing temper-
ature for each HPV type, a series of six primer ratios were
tested covering a range of 50 to 900 mmol/L. Each primer
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ratio was run in triplicate in a 10-ul PCR reaction using the
TagMan universal PCR master mix (Applied Biosystems).
Each PCR was run for 45 cycles covering a gradient of
annealing temperature from 52°C to 65°C. The PCR re-
action was transferred to a 384-well plate and the fluo-
rescence signal was read using the ABI PRISM 7900HT
(Applied Biosystems). The primer ratio and annealing
temperature were chosen according to the highest fluo-
rescence signal normalized with a passive internal refer-
ence dye in the PCR reaction.

Standard Curves and Controls

External standard curves were generated by serial dilu-
tions of known input concentrations of HPV DNA covering
a range from 1 copy to 1 X 107 copies/10 ul reaction.
Each dilution was aliquoted in 20-ul volume and stored at
—20°C until used. Human blood DNA (known to be HPV
negative) was used as background DNA for an equiva-
lent of 100 cells per PCR reaction. DNA from human
blood, exfoliated cervical cells, and cell lines were ex-
tracted using the QlAamp purification kit (QIAGEN) ac-
cording to the instructions of the manufacturer. DNA con-
centration was determined using a real-time PCR
quantification assay for the housekeeping gene RNase P
(Applied Biosystems). Eight points for each standard
curve covering a dynamic range from 10° to 107 were run
in triplicate along with non-template controls to set the
threshold value. DNA extracted from CaSki cells or HelLa
cells was used as positive control for HPV-16 or HPV-18,
respectively. Specific HPV clones were used as homolo-
gous templates for HPV-31, -39, -45, -51, -52, and -58.

Real-Time PCR

All PCR reactions were performed in a 10-ul volume
using the ABI PRISM 7900HT (Applied Biosystems). Each
individual reaction contained 5 ul 2X TagMan universal
PCR master mix with uracil-N-glycosylase (Applied Bio-
systems), 1 ul 200 nmol/L fluorogenic probe, 1 ul primer
ratio, 0.65 ng human blood DNA, and up to 3 ul HPV DNA
or sterile HPLC-grade water in non-template controls. The
amplification profile was initiated by a 2-minute incuba-
tion at 50°C, followed by a 10-minute incubation at 95°C,
and a two-step amplification of 15 seconds at 95°C and
60 seconds at 59.3°C or 54.1°C for 45 cycles. Data were
collected at the end of the amplification step. All experi-
ments were performed in triplicate including the positive
controls and non-template controls.

Validation Assay

The accuracy, efficacy, and reliability of HPV DNA quan-
tification by real-time PCR were evaluated using the Na-
tional Committee for Clinical Laboratory Standards
EP10-T guidance: “Preliminary Evaluation of Chemistry
Clinical Methods.”2° In sum, four concentrations of HPV
DNA (10" copies/ul, 10? copies/ul, 10* copies/ul, and
106 copies/ul) for HPV types 16, 18, 31, 39, 45, 51, 52,
and 58 were created by diluting the reference solution in
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Table 2. Reproducibility of HPV-16, -18, -31, -39, -45, -51, -52, and -58 Standard Curves

HPV-16 HPV-18 HPV-31 HPV-39
Linearity range
(# copies) 10 — 1 x 107 1 —1x10° 1—1x107 1 —1x107
Mean = SD %CV Mean = SD %CV Mean = SD %CV Mean = SD %CV
Slope (n = 8) -3.76 = 0.112 2.98 —3.69 = 0.065 1.76 —3.39 = 0.057 1.67 —3.45 = 0.067 1.94
Efficiency 1.84 + 0.035 1.91 1.87 = 0.020 1.09 1.98 + 0.018 0.93 1.95 + 0.026 1.31
(n=28)
Y-intercept 43.59 + 0.724 1.66 40.46 = 0.782 1.93 38.09 + 0.376 0.99 39.08 + 0.632 1.62
(n=28)
Value of fit (R?) 0.993 + 0.004 0.42 0.994 + 0.003 0.28 0.995 + 0.005 0.53 0.995 + 0.002 0.23
(n=18)
Standard curve Ct =SD %CV Ct =SD %CV Ct =SD %CV Ct =SD %CV
(n = 24)
10° Nd 38.97 = 0.857 2.20 36.37 = 0.313 0.86 38.96 = 0.653 1.68
10’ 39.43 *+ 0.841 2.13 35.30 = 0.875 2.47 34.85 + 0.580 1.66 35.41 + 0.677 1.91
102 36.28 = 0.953 2.64 31.73 = 0.849 2.68 31.59 = 0.408 1.29 31.84 = 0.450 1.41
10° 31.75 £ 1.066 3.36 27.52 = 0.820 2.98 28.00 £ 0.313 1.12 28.22 = 0.408 1.45
10% 27.63 = 1.053 3.81 23.59 *+ 0.694 2.94 24.71 = 0.405 1.64 25.09 = 0.366 1.46
10° 23.66 = 0.949 4.01 19.69 + 0.481 2.44 21.27 £0.316 1.49 21.38 = 0.427 1.99
10° 20.65 * 0.846 4.09 17.41 = 0.460 2.64 17.64 = 0.374 212 17.67 = 0.351 1.98
107 17.27 = 0.657 3.81 14.91 = 0.335 2.25 14.73 = 0.330 2.24

Standard curves for eight high-risk HPV types were constructed with control plasmids that either contained the E6-E7 region cloned in a vector
(HPV-16, -18, -45, and -51) or harbored the whole HPV genome (HPV-31, -39, -52, and -58). The control plasmids were diluted in TE buffer containing
human blood DNA equivalent of a 100 cells (0.65ng) to cover a linear range of seven orders of magnitude (from 10° to 107 per sample). Each curve

was run in triplicate in eight independent assays.

TE buffer and analyzed in triplicate in eight independent
assays to evaluate intra- and inter-assay variation. Spec-
ificity was evaluated using human blood DNA (~5 ng)
spiked with clones for HPV-16, HPV-18, HPV-31, HPV-39,
HPV-45, HPV-51, HPV-52, or HPV-58 as heterologous
DNA templates at an input copy number of 1 x 10°
copies/PCR reaction. Each sample was used as unknown
in type-specific HPV quantitation assays. Four clinical
samples obtained from exfoliated cervical cells with
known high and low HPV-16 copy numbers were run to
verify accuracy of the assay and their DNA concentration
was determined by the RNase-P assay. DNA extracted
from CaSki and Hela cell lines was used as positive
controls for HPV-16 and HPV-18, respectively.

Statistical Analysis

Repeatability or intra-assay variation (defined as the de-
gree of agreement among individual tests) was calcu-
lated by computing the relative SD of three replicates per
assay. Reproducibility was assessed by computing the
coefficient of variation (%CV) among the mean values in
eight independent assays. The efficiency of the standard
curves was calculated based on the slope from eight
independent experiments.

Results

Experimental Design of a TagMan Assay for
HPV Load Quantitation

The probe and primer sequences generated by the soft-
ware Primer Express were chosen when no predicted

cross-reactivity with homologous sequences were ob-
tained from a search on the EMBL and GenBank data-
bases (Table 1). Primers and probes were optimized for
primer concentration and annealing-extension tempera-
ture and the conditions were chosen according to the
maximum fluorescent signal generated after 45 PCR cy-
cles. For subsequent experiments, the forward-reverse
primer ratio used to generate standard curves for each
HPV type corresponded to the annealing-extension tem-
perature of 59.3°C for HPV types 16, 18, 31, 39, 52, and
58; and the annealing temperature for HPV-45 and
HPV-51 was 54.1°C. For HPV-16, the optimal forward/
reverse primer ratio was 900/600 mmol/L; for HPV-18,
900/600 mmol/L; for HPV-31, 600/900 mmol/L; for HPV-
39, 600/900 mmol/L; for HPV-45, 900/600 mmol/L; for
HPV-51, 900/600 mmol/L; for HPV-52, 600/900 mmol/L;
and for HPV-58, 300/300 mmol/L.

Validation of Reference Curves for
HPV Quantitation

Linearity

The reference curves of all HPV types covered a dy-
namic range being able to discriminate from one up to
107 copies in a linear fashion as indicated in Table 2. The
limit of detection for HPV-16 was determined to be some-
where between 1 to 10 copies based on the percentage
of positive reactions at 10° (54% of replicates positive). It
was not possible to detect fluorescence at one copy level
for HPV-52 in any of the 24 replicates suggesting the
reference solution was diluted beyond this point. At 10
copies per tube, however, all 24 replicates for both
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Table 2. Continued
HPV-45 HPV-51 HPV-52 HPV-58
1 -1 %107 1 —1x107 10 — 1 x 108 1 -1 x 107

Mean = SD %CV Mean = SD %CV Mean = SD %CV Mean = SD %CV
—3.16 = 0.308 0.98 —3.27 = 0.069 2.10 —3.72 = 0.057 1.53 —3.46 = 0.082 2.38
1.98 + 0.018 0.93 2.03 + 0.031 1.52 1.86 + 0.018 0.97 1.98 = 0.018 0.93
39.38 = 0.24 0.62 37.36 = 0.28 0.76 40.27 = 0.694 1.72 40.75 = 0.665 1.63
0.995 + 0.001 0.08 0.993 + 0.002 0.10 0.995 + 0.003 0.30 0.994 + 0.003 0.29
Ct +SD %CV Ct =SD %CV Ct +SD %CV Ct +SD %CV
37.64 + 0.366 0.97 35.89 = 0.486 1.36 Nd 38.92 + 0.418 1.07
32.51 = 0.525 1.62 32.05 = 0.346 1.08 35.40 = 0.735 2.07 35.80 + 0.806 2.25
29.45 = 0.288 0.98 28.39 = 0.414 1.46 31.89 = 0.672 2.1 32.42 + 0.692 2.13
25.86 £ 0.271 1.05 25.26 = 0.372 1.48 28.12 £ 0.517 1.83 28.62 = 0.496 1.73
22.55 = 0.156 0.69 22.04 = 0.361 1.63 23.89 = 0.666 2.79 24.95 + 0.602 2.41
19.57 = 0.265 1.35 19.96 + 0.451 2.26 20.23 = 0.563 2.78 21.43 £ 0.482 2.25
17.43 + 0.208 1.17 17.18 = 0.232 1.35 16.94 + 0.445 2.63 17.91 = 0.377 2.11
13.76 = 0.139 1.01 14.94 = 0.276 1.85 15.23 = 0.342 2.25

HPV-16 and HPV-52 were positive and we determined
this value to be the lowest detection limit for these HPV-
reference curves.

To evaluate the performance of the standard curves
we compared the cycle threshold (Ct) for each point of
the curve since this value should theoretically be invari-
able in replicate samples run under the same conditions.
As shown in Table 2, the reproducibility of the standard
curves was high as the variation coefficient for each point
was less than 5% for all HPV standard curves. Measure-
ments of linearity such as slope, Y-intercept, and linearity
correlation coefficient (R?) for each type-specific refer-
ence curve did not significantly vary among the eight
assays (inter-assay %CV <2%).

Intra- and Inter-Assay Variability

Different dilutions of the reference solutions were used
as controls to assess the precision and reproducibility of
the standard curves to quantitate HPV viral load. Three
replicates of the control samples containing either high
(10°%), medium (10* and 10?), or low (10") copy number
for each HPV type were run as unknowns in eight inde-
pendent assays. The coefficient of variation was deter-
mined based on the values obtained from the replicates
(intra-assay variation) and between the experiments (in-
ter-assay variation). The performance results are summa-
rized in Table 3. As observed in this table, the intra-assay
coefficient of variation for all HPV types ranged from
0.45% to 5.77%. The inter-assay coefficient of variation,
however, increased proportionally with the dilution of the
samples where the smallest variation was observed in the
10° controls and the highest variation was observed in
the 10" controls (%CV = 3.91 and 19.71, respectively).

To estimate the variability of measuring viral burden in
biological samples we analyzed four DNA samples ob-
tained from exfoliated cervical cells, as well as DNA from

CaSki and Hela cells known to contain HPV-16 and
HPV-18, respectively. DNA concentration was deter-
mined by real-time PCR using a commercially available
kit to quantitate RNase P. Approximately 3 ng of each
DNA sample was subjected to real-time PCR for HPV-16
and HPV-18. This analysis was conducted in triplicate
and conducted in eight independent experiments. The
results of the overall variability for the viral load measure-
ment are shown in Table 3. As indicated in this table, the
intra- and inter-assay coefficients of variation were less
than 5% and 18.92%, respectively.

Accuracy

To assess assay accuracy we plotted, in a log-log
scale, the theoretical input copy number of HPV controls
at four levels of analyte concentration against the mean
copy values of three replicates obtained from eight inde-
pendent experiments. The slopes created by plotting the
observed and expected values for each specific HPV type
are shown in Figure 1. The deviation from the line of identity
(slope = 1) was within the 90% ClI for all type-specific HPV
plots and ranged between 0.0121 and 0.0553.

Specificity of the Quantitation Assay

Assay specificity (the ability to discriminate among
phylogenetically related HPV types) was evaluated using
different HPV clones as heterologous templates in type-
specific reactions that were quantitated against the cor-
respondent HPV standard curve. As observed in Figure
2, all HPV reactions showed a high degree of type spec-
ificity with the exception of HPV-16, which showed cross-
reactivity with HPV-18 when an input copy number of 1 X
10° was used (100 copies detected after 45 cycles). No
variation in specificity was observed in a duplicate assay
performed at a different time (data not shown).
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Table 3. Intra- and Inter-Assay Variation of HPV-16, -18, -31, -39, -45, -51, -52, and -58 Quantification by Real-Time PCR

Intra-assay variation (assays 1-8)

Inter-assay variation

Sample Quantity range* %CV range Quantity mean’ %CV
HPV-16 10° (5027903-6214029) (0.85-3.08) 5288299 10.27
HPV-16 10* (18454-26481) (0.75-3.76) 22276 11.81
HPV-16 10? (256-415) (0.91-4.61) 324 16.43
HPV-16 10" (30-50) (1.96-4.40) 37 19.71
Clinical sample 1 (2.25-3.35) (0.72-4.29) 2.64 14.63
Clinical sample 2 (2640-4213) (0.45-3.82) 3489 13.02
Clinical sample 3 (1.07-1.96) (1.09-4.43) 1.57 16.84
Clinical sample 4 (0.073-0.119) (1.89-4.91) 0.094 18.92
CaSki (2320-3025) (1.56-4.33) 2729 8.68
HPV-18 10° (809525-1014517) (0.85-2.22) 947017 6.97
HPV-18 10* (32831-47795) (1.01-2.99) 41788 11.15
HPV-18 102 (200-326) (0.66-2.22) 270 16.83
HPV-18 10° (32-54) (1.05-3.95) 42 17.39
HelLa (158-230) (0.97-3.92) 175 14.30
HPV-31 10° (2231407-2599950) (1.37-3.59) 2463187 4.58
HPV-31 10* (20104-24975) (1.22-3.14) 21355 7.42
HPV-31 10? (126-178) (0.58-3.82) 153 12.86
HPV-31 10" (12-19) (1.45-4.48) 14 14.53
HPV-39 10° (7996214-9057376) (0.74-2.74) 8499714 3.91
HPV-39 10* (66156-82400) (1.10-2.08) 73513 7.43
HPV-39 10? (250-346) (1.08-3.28) 304 13.40
HPV-39 10 (22-39) (2.05-4.67) 32 16.86
HPV-45 10° (4252977-5118239) (0.86-3.51) 4660059 6.92
HPV-45 10* (567995-77422) (2.12-4.83) 67129 10.49
HPV-45 102 (562-853) (2.75-4.98) 665 14.33
HPV-45 10" (52-82) (3.40-5.44) 66 16.32
HPV-51 10° (623008-738661) (0.47-3.96) 686336 6.77
HPV-51 10* (11540-15910) (2.29-4.58) 13447 11.56
HPV-51 10? (855-1235) (1.43-5.09) 984 13.43
HPV-51 10" (54-82) (2.78-5.77) 63 14.27
HPV-52 10° (3262783-4160203) (1.83-3.86) 3735372 7.21
HPV-52 10* (19151-25694) (1.42-4.72) 22695 10.52
HPV-52 10? (160-266) (0.87-3.54) 208 14.81
HPV-52 10" (24-41) (1.569-4.71) 30 17.28
HPV-58 10° (4131939-4829752) (1.09-3.60) 4437483 517
HPV-58 10* (22696-30833) (1.45-4.22) 26394 11.22
HPV-58 10? (214-296) (1.05-4.62) 250 15.00
HPV-58 10" (23-37) (2.25-5.28) 30 16.38

*Average viral load values and the coefficient of variation range (intra-assay variation) were calculated based on the mean and standard deviation

of three replicate run on the same assay.

TAverage viral load mean values for eight independent assays. The correspondent coefficient of variation (inter-assay variation) was calculated
based on the individual mean and standard deviation of eight independent assays (n = 3 X 8).

The DNA reference solution for HPV types 16, 18, 31, 39, 45, 51, 52, and 58 were diluted in TE buffer to obtain four concentrations (10" copies/ul,
102 copies/ul, 10* copies/ul, and 10° copies/ul). Each dilution was used as control and run in triplicate in eight independent assays. Clinical samples
1 1o 4 are the biological samples obtained from exfoliated cervical cells. The viral load values of the biological samples are given in copy number per

cell equivalent as calculated by RNase-P.

Discussion

Our objective was to design real-time quantitative assays
to determine viral load in a high-throughput format using
a 10-ul volume reaction in the ABI PRISM 7900HT Se-
quence Detection System (Applied Biosystems). The per-
formance evaluation of these assays was conducted fol-
lowing the protocol EP10-P of the NCCLS. For probe and
primer design, we chose the E6-E7 region of the HPV
genome since this region is highly conserved among the
oncogenic HPV types and is intact in both the episomal
and integrated forms of infectious HPV.

The selection of an appropriate material to be used as
external control presents a particular challenge in devel-
oping a quantitative method for HPV since the viral ge-
nome can be present in either episomal or integrated
forms at different stages during the natural history of HPV
infection. Tucker et al'® reported the design of a real-time

fluorogenic assay targeting the E6-E7 region to quantitate
HPV-16 and HPV-18 viral load. However, this assay used
a 50-ul volume reaction and the standard curve was
created using PCR amplicons from the targeted regions
diluted in buffer and using tRNA as carrier potentially
leading to an overestimation of the sensitivity of the assay
due to a less complex environment of the standard in
comparison with DNA extracted from cells. A recent
study using real-time PCR to determine HPV-16 viral load
in cervical scrapes used a plasmid clone that contained
the full-length HPV-16 DNA to create standard curves.'”
However, the standard curves contained only diluted
plasmids and the authors did not mention the usage of
carrier DNA, and therefore may introduce systematic er-
ror in the sensitivity of the assay. In our quantification
assay, human blood DNA was spiked with plasmids har-
boring the targeted HPV region or the whole HPV clone to
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create standard curves. The addition of human cell
equivalents was conducted to account for the natural
complexity of the DNA extracted from exfoliated cervical
cells since the ultimate goal for our HPV quantitation
assay is to use it as a tool in population-screening stud-
ies. We tested a range of input DNA and we observed
that the dynamic range of the standard curve decreased
with increasing concentrations of human DNA (data not
shown). Although a large quantity of DNA can be ob-
tained from cervical swabs, the samples have to be di-
luted to the optimal range of input DNA concentration to
have a more accurate reading of viral load.

Perhaps the single most important factor in quantitative
assays is the accuracy of the reference solution used as
an external standard. Several studies using real-time
PCR for the determination of viral load reported different
methods to quantitate their reference solutions such as
UV absorption,®' fluorescence,'* 1522 or they simply
failed to describe the method used. Without a doubt,
assessing the exact amount of DNA to be used as refer-
ence presents a major challenge for absolute quantifica-
tion particularly while generating the low-end region of
the standard curve. Several reports have used limiting
dilution to quantitate targeted analytes with high accu-

racy and precision.?®>2> Consequently, we used a mod-
ification of a novel and highly accurate determination of
DNA concentration based on the quantitation of low copy
number of the analyte using the PCR-based limiting dilu-
tion assay described by Rodrigo et al.’® Based on the
concentration of the reference materials determined by
limiting dilution, the dynamic range for all HPV standard
curves cover a ranged of up to seven orders of magni-
tude (Table 2). It is worth noting, however, that the quan-
titation of reference materials using limiting dilution can
introduce bias within the context of sensitivity since it
assumes that one copy of the targeted analyte can be
amplified by PCR and that enough signal is actually
detected. This can create ambiguity in defining the lower
limit of detection as observed in the HPV-16 and HPV-52
standard curves where less than 100% of replicates
showed no positive amplification during the PCR reaction
at one copy per reaction (Table 2). Another possibility
explaining the reduction of sensitivity of the HPV-16 and
HPV-52 standard curves may be related to the probe
sequence itself and the efficiency to anneal when the
targets are present in a diluted environment. In the case
of the HPV-16 standard curve, not all of the 10° standards
showed a positive signal in the PCR amplification reac-
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tion reflecting a lack of sensitivity at this concentration.
Also, the efficiency of the HPV-16, HPV-18, and HPV-52
standard curves were ~1.8 which reflects the need for
optimization of the PCR conditions, either Mg*? concen-
tration, type of Taq polymerase, annealing temperature,
or designing alternative sets of probes. The low efficiency
observed of these standard curves is reflected in the high
variability in the low-end of the standard curve (Figure 1).
For HPV-16 and -18, these results reflect the difficulties in
translating a previously described method to a different
format.

The performance evaluation of the eight HPV quantita-
tion assays showed an intra-assay variation of less than
6% and an inter-assay coefficient of variation less than
20% illustrating the high reproducibility of the method
(Table 3). The inter-assay variability in similar validation
protocols for real-time PCR assays has been reported to
be up to 50%.2"2526 The high inter-assay variability ob-
served in clinical samples compared to controls is a
reflection of the complexity and heterogeneity of DNA
extracted from exfoliated cervical cells. The accuracy of
the eight HPV quantitation assays was high as deter-
mined by the small deviation from the line of identity as

depicted in Figure 1. The increment in variation of the
observed versus expected relation is a common obser-
vation in PCR reactions since the HPV controls were
obtained from bacteria and thus some variations in the
PCR reaction may be due to the presence of inhibitors.*?
Another possibility includes the variation during PCR
preparation where bias can be introduced either by me-
chanical failure of measuring the correct volume in dilu-
tions or by the stochastic process of targeting analytes in
a more diluted environment where the homogeneity of
sample plays a key role. In addition, the inherent variabil-
ity in the PCR reaction per se is an important factor for the
PCR performance (ie, enzymatic efficiency, primer-probe
annealing, and buffer variation). The robustness of the
quantitation assay (the capacity of the method to remain
unaffected by small variations in the main parameters)
was tested by a multiplex assay to simultaneously quan-
titate HPV-16 and HPV-18 in the same reaction. The
results, however, showed a marked decrease in sensitiv-
ity thus suggesting that increasing the complexity of the
reaction can lead to competition for PCR components
(data not shown). The limitation of the present quantita-
tion method is the need to determine a housekeeping



gene as a measure of cell equivalent in a separate reac-
tion, thus introducing variability with respect to viral load
quantitation from the same sample.

One of the advantages of using in-house standards is
the ability to mimic the complexity of the biological sam-
ple being tested. In our assay, the intra- and inter-assay
variation showed good reproducibility when DNA from
exfoliated cells was used. It was important to evaluate
this parameter since the intent is to use the quantitative
protocol in population-based screening studies. Al-
though the variability in our quantitative assay was low,
the estimation of inter-laboratory reliability is hard to as-
sess since each research laboratory creates its own ref-
erence material making the results from independent labs
difficult to compare (Gravitt PE, personal communication).
In addition, the stability of the in-house reference material
can vary overtime even if kept at frozen temperatures, prob-
ably due to bacterial remnants during the purification pro-
cess and the liability of DNA to degrade. It is, therefore, of
great importance to develop a reference material with
enough robustness in both precision and accuracy that
introduces minor systematic error or bias due to batch-to-
batch variation for inter-laboratory evaluation.

Our assay showed high degree of specificity for seven
of the eight type-specific reactions. The cross-reactivity
with HPV-18 observed in the HPV-16 reaction is in agree-
ment with the results obtained by Tucker et al.’ This
cross-reactivity could be the result of non-specific primer
and probe hybridization under the PCR conditions used.
However, this represents only a small variation in the
specificity of the HPV-16 reaction since only 100 copies
are quantitated after 45 PCR cycles with an input DNA of
approximately 1 X 10° copies per reaction. The output/
input ratio of 0.001 for HPV-16 indicates that the HPV-16
primers anneal with low efficiency to a similar yet unspe-
cific region. Strategies to improve specificity include
changing parameters in the PCR reaction such as the
addition of DNA-stabilizing co-solvent to increase the
melting temperature and use of conditions that are more
stringent in the PCR reaction.?”

To our knowledge, this is the first time that an absolute
quantitation assay to determine HPV viral load has been
evaluated using quality assessment protocols for its po-
tential to be transferred from the research lab to the
analytical lab. However, the clinical significance of HPV
viral load and the robustness of real-time PCR measure
as primary screening tools in cervical cancer prevention
and control remains to be determined. The real-time PCR
assay developed in our laboratory is highly specific for
eight oncogenic HPV types, highly reproducible in a wide
dynamic range, performed in minimal reaction volume,
and suitable for high-throughput format.
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