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Circulating tumor-derived DNA testing for cancer screening has
recently been demonstrated in a prospective study on identifica-
tion of nasopharyngeal carcinoma (NPC) among 20,174 asymptom-
atic individuals. Plasma EBV DNA, a marker for NPC, was detected
using real-time PCR. While plasma EBV DNA was persistently
detectable in 97.1% of the NPCs identified, ~5% of the general
population had transiently detectable plasma EBV DNA. We hy-
pothesized that EBV DNA in plasma of subjects with or without
NPC may have different molecular characteristics. We performed
target-capture sequencing of plasma EBV DNA and identified dif-
ferences in the abundance and size profiles of EBV DNA molecules
within plasma of NPC and non-NPC subjects. NPC patients had
significantly higher amounts of plasma EBV DNA, which showed
longer fragment lengths. Cutoff values were established from an
exploratory dataset and tested in a validation sample set. Adopt-
ing an algorithm that required a sample to concurrently pass cut-
offs for EBV DNA counting and size measurements, NPCs were
detected at a positive predictive value (PPV) of 19.6%. This repre-
sented superior performance compared with the PPV of 11.0% in
the prospective screening study, which required participants with
an initially detectable plasma EBV DNA result to be retested within
4 weeks. The observed differences in the molecular nature of EBV
DNA molecules in plasma of subjects with or without NPC were
successfully translated into a sequencing-based test that had a
high PPV for NPC screening and achievable through single time-
point testing.

liquid biopsy | massively parallel sequencing | circulating tumor DNA |
ctDNA | size-based diagnostics

iquid biopsies via circulating cell-free DNA analysis have

been shown to be of value in noninvasive monitoring of
cancer treatment response (1-3) and for the detection of
cancer recurrence (4-6). To extend the application of circu-
lating cell-free DNA to cancer screening, researchers have to
face the challenge of developing assays that are sufficiently
sensitive for detecting the expectedly low concentrations of
circulating tumor DNA in early stages of cancer. Recently, our
group demonstrated the feasibility of utilizing cell-free DNA
for identifying early cancers through the detection of plasma
Epstein-Barr virus (EBV) DNA for screening of nasopharyn-
geal carcinoma (NPC) among asymptomatic individuals (7).
Circulating cell-free EBV DNA is a blood-based biomarker for
EBV-related malignancies (8-10). Its clinical utility in prog-
nostication and surveillance of recurrence of NPC has been
validated (11, 12). To demonstrate the use of plasma EBV
DNA for NPC screening, we conducted a large-scale pro-
spective screening study that involved 20,174 asymptomatic
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participants identified from the community. A significantly higher
proportion of early stage NPC cases (stage I or II) were identified
in the screened cohort than in a historical unscreened cohort. The
NPC cases identified by screening had longer progression-free
survival. These promising results, together with the noninvasive
nature of a blood-based test, would potentially contribute to
widespread use of plasma EBV DNA as a screening tool for NPC.

Significance

We identified differentiating molecular characteristics of
plasma EBV DNA between nasopharyngeal carcinoma (NPC)
patients and non-NPC subjects. Sequencing-based analysis
revealed higher amounts of plasma EBV DNA and generally
longer fragment lengths of plasma viral molecules in NPC pa-
tients than in non-NPC subjects. Based on these findings, we
have developed a highly accurate blood-based test for
screening of NPC. Such an approach is shown to enhance the
positive predictive value and demonstrate a superior perfor-
mance for NPC screening. It also obviates the need of a follow-
up blood sample and therefore allows single time-point test-
ing. We believe that this more clinically practical protocol
would facilitate NPC screening on a population scale.
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The real-time PCR assay used in the prospective screening study
was shown to be highly sensitive to the detection of plasma EBV
DNA even from small tumors. However, there is considerable
room for improvement with respect to the test specificity. The peak
age-specific incidence of NPC in Hong Kong is 40 per 100,000
persons (13), but ~5% of healthy population have detectable levels
of EBV DNA in plasma (8, 14). The screening study yielded a
positive predictive value (PPV) of 3.1% when plasma EBV DNA
assessment by the real-time PCR assay was performed on one
occasion per participant (7). To improve the PPV, participants who
had detectable plasma EBV DNA were asked to provide another
blood sample within 4 wk for a second test by the same PCR assay.
Subjects were defined as “screen-positive” if they had any detect-
able EBV DNA in the plasma on both occasions. A previous study
showed that EBV DNA tended to be persistently detectable in the
plasma of NPC subjects but appeared transiently in the plasma of
non-NPC subjects (15). The two time-point testing approach in-
deed reduced the false-positive rate from 5.4 to 1.4% with a re-
sultant PPV of 11.0%. While the PPV of testing on two occasions
fared well in comparison with population screening modalities for
other cancers (16), in this study we asked whether there might be
strategies for further enhancing the PPV for NPC screening by
plasma EBV DNA analysis.

Previously, we have demonstrated that circulating EBV DNA
molecules from NPC patients are released from NPC cells (17,
18). The source of the plasma EBV DNA must be different in
persons without NPC. Unlike the persistent release of EBV
DNA into the circulation from NPC cells, the source of EBV
DNA only contributes such DNA transiently in the persons
without NPC. These observations led us to hypothesize that the
molecular nature of the EBV DNA might be different in the
plasma of persons with and without NPC. Different molecular
characteristics have been identified among circulating DNA
molecules originating from different human tissues (19-22).
Studies on the size profile of plasma DNA (19, 20, 23-25) and its
relationship to nucleosomal organization (19, 21, 26) have been
actively pursued. We have reported the different size profiles of
cell-free maternal DNA and fetal DNA in the maternal circu-
lation (19, 27, 28). Circulating maternal DNA consists of a

predominant population of plasma DNA molecules with a size of
166 bp, whereas fetal DNA consists of a predominant population
with a size of 143 bp. Similarly, in the context of cancer, we
showed that circulating tumor-derived DNA molecules were
shorter than non-tumor-derived DNA in patients with hepato-
cellular carcinoma (20). Extending beyond studies on plasma
DNA molecules of human origin, here we propose that there
might be differences in the molecular characteristics between
viral DNA molecules present in the plasma of persons with or
without NPC. Differences among plasma viral DNA molecules,
if present, would allow one to better differentiate NPC patients,
thus reducing the false-positive rate and enhancing the PPV of a
plasma EBV DNA-based screening test. These improvements
might allow us to replace the two time-point testing protocol
with one based on testing at a single time point.

Results

Study Design and Case Assignment. We used targeted sequencing
to capture and measure the abundance as well as the size profiles
of EBV DNA in plasma of subjects with and without NPC (Fig.
1). The aim of the study was to identify plasma EBV DNA
molecular characteristics that would ideally maintain the sensi-
tivity but would offer enhanced specificity in differentiating
persons with NPC from the ~5% of the population who did not
have NPC but had positive plasma EBV DNA (8, 14). Therefore,
this study could only be conducted on sample sets where the
person’s clinical status had already been determined based on
plasma EBV DNA real-time PCR assessment. The plasma
samples that we had collected in our recently conducted pro-
spective NPC screening trial (7) represented a unique resource
for investigating NPC-specific molecular signatures of plasma
EBV DNA. Fig. 2 shows the study protocol of the prospective
screening study and the distribution of cases with positive plasma
EBYV detection when tested by real-time PCR.

The protocol of the previous screening study (7) involved two
time-point testing by the same real-time PCR assay (Fig. 24). Out
of the recruited 20,174 asymptomatic Chinese males aged between
40 and 62y, there were 1,112 subjects (5.5%) who had detectable
plasma EBV DNA from baseline PCR tests (Fig. 3). Among them,
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Fig. 1. Quantitative and size profile analysis of plasma EBV DNA in patients with nasopharyngeal carcinoma (NPC) and non-NPC subjects.
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Fig. 2. Overview of the prospective screening study and subject classification based on real-time PCR. (A) The study protocol of the screening study. The
protocol involved a two time-point testing of plasma EBV DNA by the same real-time PCR assay. Subjects who had detectable plasma EBV DNA at both
baseline and follow-up tests were defined as screen-positive. Screen-positive subjects would be referred for confirmatory investigations. (B) Plasma EBV DNA
concentrations by quantitative PCR-based analysis in non-NPC subjects with transiently positive and persistently positive plasma EBV DNA results and patients

with NPC in the screening cohort are shown.

34 subjects were later confirmed to have NPC. For the remaining
1,078 non-NPC subjects, 803 subjects had “transiently positive”
plasma EBV DNA results (i.e., positive at baseline but negative at
follow-up) and 275 had “persistently positive” plasma EBV DNA
results (i.e., positive at both baseline and follow-up). In the study
(7), plasma EBV DNA results were expressed as “positive” or
“negative.” Here, we reviewed the levels of the plasma EBV DNA
concentrations between the groups as measured by real-time PCR
(Fig. 2B). The mean plasma EBV DNA concentration of the NPC
group [942 copies per mL; interquartile range (IQR), 18-68 copies
per mL] was significantly higher than those of the transiently posi-
tive group (16 copies per mL; IQR, 7-18 copies per mL) and
persistently positive group (30 copies per mL; IQR, 9-26 copies per
mL) (P < 0.0001, Kruskal-Wallis test). However, there is much
overlap in the plasma EBV DNA concentrations among the three
groups (Fig. 2B).

In the current study, we first explored whether differences in
the molecular profiles of plasma EBV DNA existed between
persons with positive plasma EBV DNA associated with or not
associated with NPC. We randomly selected 10 NPC patients
and 40 non-NPC subjects (20 with transiently positive and
20 with persistently positive EBV DNA results) from the
screening study to be included in the exploratory sample set (Fig.
3). Among the 10 randomly selected NPC subjects, 5 had stage I,
2 had stage II, 2 had stage III, and 1 had stage IV diseases. The
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subject characteristics are shown in Table 1. In the validation
sample set, we included the remaining 24 patients with NPC and
randomly selected 232 non-NPC subjects from the screening
study (Fig. 3). There is no statistically significant difference in
the plasma EBV DNA concentrations measured by real-time
PCR among the selected NPC patients in the exploratory set
and those in the validation set from the screening cohort (P =
0.2, ¢ test). These 232 non-NPC subjects included 159 subjects
with transiently positive and 73 with persistently positive plasma
EBV DNA results. The ratio of the transiently positive group to
the persistently positive group is similar to the actual ratio ob-
served in the screening study. There is no statistically significant
difference in the plasma EBV DNA concentrations measured by
real-time PCR between these selected 232 non-NPC subjects and
all non-NPC subjects in the screening cohort (P = 0.07, ¢ test).
Subjects in the validation group did not overlap with those in the
exploratory group. We have also included 31 other NPC patients
from an external unscreened population in the validation sample
set (Fig. 3). Among the 24 NPC patients from the screening
cohort, 11 had stage I, 6 had stage II, 6 had stage III, and 1 had
stage IV diseases. There is no statistically significant difference
in the distribution of NPC patients with early stage (stages I and
IT) and late-stage (stages III and IV) diseases from the screening
cohort between the exploratory and validation sample sets (P =
1.0, Fisher’s exact test). Among the 31 NPC patients from the

PNAS | vol. 115 | no.22 | E5117

MEDICAL SCIENCES



L T

z

1\

BN AS  DNAS P

Screening cohort:
20,174 subjects

A 4

Detectable plasma EBV DNA
by PCR at baseline (n=1,112):

e 34 NPC patients

e 1,078 non-NPC subjects
- 803 with ‘transiently positive’ results
- 275 with ‘persistently positive’ results

A 4

Discovery of NPC-specific
molecular signatures
of plasma EBV DNA
(n=50)
10 NPC patients
20 with ‘transiently positive’
results
20 with ‘persistently positive’
results

Validation in two
separate cohorts

A 4

Validation in
the screening cohort
(n=256)
e 24 NPC patients
e 159 with ‘transiently positive
results
e 73 with ‘persistently positive’
results

)

+

- = =

Validation in
an independent cohort
(n=31)
e 31 NPC patients

Fig. 3. Study cohorts. In the screening study, 20,174 subjects were recruited, and all received a baseline test for plasma EBV DNA by real-time PCR. In total,
1,112 subjects had detectable plasma EBV DNA at baseline. Among them, 34 subjects were confirmed to have NPC. For the remaining 1,078 non-NPC subjects,
803 subjects had transiently positive plasma EBV DNA results (i.e., positive at baseline but negative at follow-up) and 275 had persistently positive plasma EBV
DNA results (i.e., positive at both baseline and follow-up). Plasma samples of NPC and non-NPC subjects were randomly selected and distributed into the
exploratory and validation sample sets for the current study. All of the 34 NPC cases from the screening study had been analyzed either as part of the ex-
ploratory or validation sample sets. An additional 31 NPC patients from an independent cohort were included in the validation sample set.

external cohort, there were 3 patients with stage I, 2 with stage II,

20 with stage III, and 6 with stage IV diseases.

to 85 million).

The sequencing analyses were performed on the baseline (first

time-point) sample collected at the time of enrollment into
the prospective screening study. For all of the samples in the
exploratory and validation sample sets, the median number of

Table 1. Subject characteristics in the exploratory and validation sample sets

Exploratory dataset

Validation dataset

mapped reads per sample was 70 million (IQR, 61 million

Sequencing-Based Quantification of Plasma EBV DNA in the
Exploratory Sample Set. Plasma DNA molecules were captured
by probes covering the entire EBV genome and portions of

Non-NPC Non-NPC Non-NPC
subjects with subjects with  NPC patients  subjects with  Non-NPC subjects NPC patients
transiently persistently from the transiently with persistently from the NPC patients from
positive plasma positive plasma screening positive plasma  positive plasma screening an external
Characteristics EBV DNA EBV DNA cohort EBV DNA EBV DNA cohort cohort
Number 20 20 10 159 73 24 31
Sex
M 20 20 10 159 73 24 24
F 0 0 0 0 0 0 7
Median age, y (IQR) 54.5 (50-56) 55 (50-60.5) 54 (47-56) 53 (47-57) 53 (48-59) 50 (43-54) 56 (50-62)
Tumor stage
| 5 1 3
1l 2 6 2
1] 2 6 20
\Y) 1 1 6
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human chromosomes 1, 2, 3, 5, 8, 15, and 22, and then se-
quenced. Plasma EBV DNA reads referred to plasma DNA
fragments that were sequenced and mapped to the EBV ge-
nome. We measured the proportion of EBV DNA reads among
the total number of sequenced DNA reads after removal of PCR
duplicates. This would be subsequently referred to as the count-
based analysis. Patients with NPC (median, 7.6 x 107>; IQR,
6.2 x 107 to 1.1 x 107*) had a statistically significantly higher
proportion of EBV DNA reads than non-NPC subjects with

0.1
L
“.‘.
[ ]

A
e

0 °
K ° o
] 2 A L
< ’ > *
o
2 s L
3 Oee
ce T ®

S P 4 -
ﬁ‘- ..... T e
c X o
a L
G
c
2
k=
o
o
e
o

-
S .
o
Non-NPC Non-NPC NPC
subjects with subjects with patients
transiently persistently (n=10)
positive positive
EBV DNA EBV DNA
(n=20) (n=20)
g —| — Autosomal DNA

—— EBV DNA in non-NPC

Frequency (%)

T T T I
50 100 150 200 250
Size (bp)

transiently positive (median, 6.9 x 1075 IQR, 1.1 x 107° to 1.9 x
107>, P = 0.0005, Kruskal-Wallis test) and persistently positive
results (median, 3.0 x 107; IQR, 4.5 x 107° t0 5.8 x 107 P =
0.04, Kruskal-Wallis test) (Fig. 44).

Size Profiling of Plasma EBV DNA by Sequencing in the Exploratory
Sample Set. We studied and analyzed the differences in the size
distributions of plasma EBV DNA reads from NPC patients and
non-NPC subjects in the exploratory sample set. The size of each
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Fig. 4. Count-based and size-based analyses of plasma EBV DNA by target-capture sequencing in the exploratory sample set. (A) The proportions of plasma

EBV DNA reads among the total number of sequenced plasma DNA reads of the NPC patients and non-NPC subjects with transiently positive and persistently
positive results in the exploratory dataset are shown. A cutoff value was defined at 3 SDs below the mean of the logarithmic values of the proportion of EBV
DNA reads of the 10 NPC patients in exploratory dataset. The cutoff value of 4.5 x 107 is denoted by the red dotted line. (B) Size distributions of EBV DNA
(red curve) and autosomal DNA (black curve) in the plasma of a patient with NPC. (C) Size distributions of EBV DNA (red curve) and human autosomal DNA
(black curve) in a non-NPC subject with persistently positive plasma EBV DNA results. (D) The EBV size ratios of NPC and non-NPC cases in the exploratory
sample set are shown. A cutoff value was defined at 3 SDs above the mean values of the EBV size ratios of all of the 10 NPC patients in the exploratory

dataset. The cutoff value of 9.1 is denoted by the red dotted line.
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sequenced plasma DNA molecule was derived from the start and
end coordinates of the paired-end reads. In Fig. 4 B and C, the
size profiles of EBV DNA from a representative case of a patient
with NPC and a non-NPC subject with persistently positive EBV
DNA result are shown. We observed that the size profiles of
EBV DNA from NPC patients exhibited a reduction in the 166-bp
peak, but with a more pronounced peak at around 150 bp
compared with the size profiles of human autosomal DNA (Fig.
4B). The size profiles of EBV DNA from non-NPC subjects
showed peaks that were distributed over the shorter fragment
sizes (Fig. 4C). Thus, NPC patients had a lower proportion of
EBV DNA molecules shorter than 110 bp compared with that of
the non-NPC subjects.

We developed a metric, the EBV DNA size ratio, to indicate
the relative proportion of short EBV DNA fragments within
each sample. The size ratio was defined as the proportion of
short EBV DNA fragments with sizes within 80-110 bp nor-
malized by that of autosomal DNA fragments within the same
size range. Plasma EBV DNA fragments within the size range of
80-110 bp were deemed as short fragments because the resultant
EBV DNA size ratio yielded the best discrimination between
NPC patients and non-NPC subjects in the exploratory sample
set compared with other size ranges (SI Appendix, Fig. S1). The
lower the EBV DNA size ratio, the lower the proportion of EBV
DNA molecules of sizes between 80 and 110 bp. It was calculated
using the following equation:

EBV DNA Size Ratio
_ Proportion of EBV DNA within 80 — 110 bp
" Proportion of autosomal DNA within 80 — 110 bp’

The median size ratio from samples of NPC patients (median,
4.5; IQR, 3.5-4.6) was significantly lower than the median ratios
from samples of non-NPC subjects with transiently (median,
11.8; IQR, 8.6-13.8; P = 0.001, Kruskal-Wallis test) or persis-
tently positive plasma EBV DNA (median, 12.7; IQR, 8.0-16.5;
P = 0.0005, Kruskal-Wallis test) (Fig. 4D). There is no statisti-
cally significant difference in the median size ratios between non-
NPC subjects with transiently and persistently positive plasma
EBV DNA (P = 0.5, Mann—Whitney U test).

Defining the Cutoffs for the Count- and Size-Based Analyses. Using
the data derived from the exploratory sample set, cutoff values in
the count-based and size-based analyses were defined to achieve
100% sensitivity for capturing all of the NPC cases. In the count-
based analysis, a cutoff value was defined at 3 SDs below the
mean of the logarithmic values of portion of EBV DNA reads of
these 10 NPC patients in the exploratory dataset. The cutoff
value of 4.5 x 107° was obtained (Fig. 44). Using this cutoff
value, 13 of the 20 subjects with transiently positive and 15 of the
20 subjects with persistently positive EBV DNA results passed
the cutoff in the count-based analysis.

Similarly, in the size-based analysis, a cutoff value was defined
at 3 SDs above the mean values of the EBV DNA size ratios of
all of the 10 patients. The cutoff value of 9.1 was obtained (Fig.
4D). Using this cutoff value, 8 of 20 subjects with transiently
positive and 6 of 20 subjects with persistently positive EBV DNA
results passed the cutoff in the size-based analysis.

Validation of Count- and Size-Based Analyses in a Validation Sample
Set. We analyzed the proportions of EBV DNA reads in all of
the samples from the validation sample set. There were signifi-
cantly higher proportions of EBV DNA reads from samples of
NPC patients from both the screening cohort (median, 2.2 x 107%;
IOR, 8.9 x 107 to 1.5 x 107>) and the external cohort (me-
dian, 1.7 x 107%; IQR, 2.5 x 10~ to 5.4 x 10~°) than samples of
non-NPC subjects with transiently (median, 2.1 x 107% IQR,

E5120 | www.pnas.org/cgi/doi/10.1073/pnas.1804184115

6.5 x 1077 to 8.0 x 107% P < 0.0001) and persistently positive
results (median, 2.4 x 1075 IQR, 1.1 x 10 t0 5.0 x 107>, P =
0.0044). With the cutoff value of 4.5 x 107° defined in the ex-
ploratory dataset, all of the samples of NPC patients from both
cohorts could be captured and had proportions of EBV DNA
reads higher than the defined cutoff value. There were 56 (out of
159) subjects with transiently positive results and 64 (out of 73)
subjects with persistently positive results who passed the cutoff in
the count-based analysis (Fig. 54).

In Fig. 5B, lower EBV DNA size ratios were observed in
samples of NPC patients from both the screening (median, 3.2;
IQR, 2.4-4.2) and external cohorts (median, 3.0; IQR, 2.4-4.3)
than samples of non-NPC subjects with transiently positive
(median, 11.3; IQR, 7.6-15.1; P < 0.0001) and persistently pos-
itive results (median, 12.7; IQR, 9.0-16.5; P < 0.0001). These
results demonstrated that our finding of a lower proportion of
short EBV DNA fragments in patients with NPC from the ex-
ploratory dataset was also observed in the external cohort. With
the cutoff value of 9.1 defined in the exploratory dataset, all of
the samples of NPC patients from both cohorts had EBV DNA
size ratio smaller than the cutoff value. There were 55 (out of
159) subjects with transiently positive results and 19 (out of 73)
subjects with persistently positive results who passed the cutoff in
the size-based analysis.

Combined Count- and Size-Based Plasma EBV DNA Analysis in the
Validation Sample Set. We assessed the value of combining the
count- and size-based analyses for NPC identification. In this
combined analysis, a plasma sample was deemed to be positive
and classified as NPC if its sequencing data concurrently passed
the cutoffs in both the count- and size-based analyses. We per-
formed the combined count- and size-based analysis for all
samples in the validation sample set. By applying the same cutoff
values defined in the exploratory dataset, all of the samples of
NPC patients from both the screening and external cohorts could
be captured. There were 15 (out of 159) subjects with transiently
positive results and 17 (out of 73) subjects with persistently
positively results who passed both the cutoffs in the count- and
size-based analyses (Fig. 5C). We compared the diagnostic per-
formances of the count-based, size-based, and combined count-
and size-based analyses as well as real-time PCR in differenti-
ating NPC patients from non-NPC subjects in the validation
sample set using receiver operating characteristic (ROC) curve
analysis. Area under the curve values for the count-based, size-
based, and combined analyses were 0.93, 0.92, and 0.97, re-
spectively, and were significantly higher than that of PCR-based
analysis (0.75) (P = 0.0071, P = 0.0143, P = 0.0008, respectively;
bootstrap test) (Fig. 5D).

Modeling the Performance of Sequencing-Based Analysis of Plasma
EBV DNA in the Screening Cohort. Since the combined count- and
size-based analysis achieved the best diagnostic performance, we
proposed an NPC screening protocol with incorporation of the
combined analysis of plasma EBV DNA after baseline real-time
PCR-based analysis (Fig. 6). Target-capture sequencing would
be performed on baseline plasma samples with EBV DNA de-
tectable by real-time PCR. In this protocol, subjects are defined
as screen-positive if their plasma samples pass the cutoffs in both
the count-based and the size-based analyses. Subjects are defined
as screen-negative if the plasma samples do not pass the cutoff in
either the count-based or size-based analysis. Based on the
performance of the combined analysis in the validation sample
set, we have estimated the sensitivity, specificity, positive pre-
dictive value, and false-positive rate in the entire 20,174-subject
cohort of the prospective screening trial assuming the screening
protocol were adopted. In the validation cohort, 15 out of 159
(9.4%) subjects with transiently positive EBV DNA results,
17 out of 73 (23.3%) subjects with persistently positive results,
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Fig. 5. Count- and size-based analyses of plasma EBV DNA by target-capture sequencing in the validation sample set. (A) The proportions of plasma EBV DNA
reads of the NPC patients and non-NPC subjects are shown. The same cutoff value of 4.5 x 107° defined in exploratory dataset is denoted by the red dotted
line. (B) The EBV DNA size ratios of the NPC patients and non-NPC subjects are shown. The same cutoff value of 9.1 defined in the exploratory dataset is
denoted by the red dotted line. (C) Plot of the proportions of plasma EBV reads and corresponding size ratio values for all of the cases in the validation sample
set. The same cutoff values in the count- and size-based analyses defined in the exploratory sample set are denoted by the gray dotted lines. The red oval
highlights the quadrant with cases that passed the cutoffs in the combined count- and size-based analysis. (D) ROC curves for the count-based analysis, size-
based analysis, combined sequencing analysis, and real-time PCR analysis are shown. Area under the curve (AUC) values are shown.

and all of the 24 patients with NPC (100%) passed the cutoffs in
the count- and size-based analyses. These subjects were all
considered as screen-positive according to the protocol. In the
screening study, one subject with undetectable plasma EBV
DNA by real-time PCR analysis developed NPC within 1y (7).
Since all of the NPC cases tested positive in the screening study
could be captured, the projected sensitivity of this protocol
would be 97.1% (95% CI, 85.1-99.9%), which would be the same
as for the previous two time-point screening protocol. The esti-
mated number of subjects with false screen-positive results was
140 (9.4% of the transiently positive group and 23.3% of the
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persistently group in the screening cohort). The estimated
specificity would be 99.3% (95% CI, 99.2-99.4%). The PPV and
false-positive rate were estimated to be 19.5% (95% CI, 13.9-
26.2%) and 0.70% (95% CI, 0.59-0.82%), respectively (Fig. 6).
The projected performance of the count-based and size-based
analyses in the 20,174-subject cohort is shown in Table 2.

Discussion

In the current study, we have demonstrated that the molecular
profiles of plasma EBV DNA determined by target-capture se-
quencing are different between persons with or without NPC.
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- 140 subjects with false ‘screen-positive’ results
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Extrapolated performance of the new protocol
Sensitivity 197.1% (Cl: 85.1 — 99.9%)
Specificity 199.3% (Cl: 99.2 — 99.4%)
False positive rate 1140/ (20174-34-1)
=0.70% (Cl: 0.59 — 0.82%)
Positive predictive value: 19.5% (CI: 13.9 — 26.2%)

Fig. 6. Modeling the performance of sequencing-based analysis of plasma EBV DNA in the entire 20,174-subject screening cohort. The estimated sensitivity,
specificity, positive predictive value, and false-positive rates are stated. Cl denotes 95% Cls.

This observation raises interesting questions regarding the bi-
ological origins of the EBV DNA molecules in the plasma of
individuals tested positive but without evidence of NPC. Pre-
viously, we used multiple PCR assays of different amplicon sizes
to study the size distributions of plasma EBV DNA molecules
from patients with NPC (17). We found that the circulating EBV
DNA molecules from NPC patients were predominantly shorter
than 181 bp. Those observations led us to conclude that the EBV
DNA molecules were not associated with viral particles but in-
stead were released from the cancer cells as part of the process
of cell death. Paired-end massively parallel sequencing provides
much more precise DNA size measurement whereby the size of
each plasma DNA molecule could be determined. This is unlike
PCR where the amount of DNA molecules at least as long as the
intended amplicon is measured. In this study, we observed that
the size distributions of EBV DNA from NPC patients (Fig. 4B)
exhibited a reduction in the 166-bp peak and a relative promi-
nence at around 150 bp compared with plasma DNA of human
origin. The presence of the characteristic 166-bp peak in the
plasma EBV DNA size profile of NPC patients suggested that
circulating EBV DNA was nucleosome-bound. The relative
prominence of EBV DNA (as circulating tumor DNA) at around
150 bp was concordant with our previous finding that tumor-
derived DNA was in general shorter than non-tumor-derived
DNA (20). In contrast to NPC patients, plasma EBV DNA
from non-NPC subjects did not exhibit the typical nucleosomal
pattern (Fig. 4C). Virion-associated EBV DNA has been reported
to be free of nucleosomes (29, 30). We postulate that the lack of
protection by nucleosomes (30) may render degradation products
from virion-derived DNA having a shorter size distribution than
plasma EBV DNA from NPC patients.

The differences in size profiles of EBV DNA molecules in
plasma of NPC patients and that of non-NPC subjects may also
contribute to the different quantitative profiles of plasma EBV
DNA when assessed by real-time PCR and that by sequencing.

Table 2. Projected diagnostic performance of the count-based,
size-based, and combined analyses in the 20,174-subject cohort

20,174-Subject cohort

Analysis Sensitivity, % Specificity, % PPV, %
Count-based analysis 97.1 97.4 6.1
Size-based analysis 97.1 98.3 8.9
Combined analysis 97.1 99.3 19.6

E5122 | www.pnas.org/cgi/doi/10.1073/pnas.1804184115

PCR could only quantify EBV DNA molecules where the
amplicon region is intact. EBV DNA molecules that are frag-
mented at a location within the amplicon cannot be amplified by
the PCR assay. Sequencing, on the other hand, is not subjected
to such a restriction and any EBV DNA fragments can be ana-
lyzed and counted.

By uncovering the differences in abundance and size profiles
of plasma EBV DNA among subjects with or without NPC, more
specific identification of NPC could be achieved. The cutoff
values determined for the sequencing analyses were based on the
goal to maintain the sensitivity achieved with real-time PCR
testing in the prospective screening study (7). Thus, the key
differentiator for the performance of the sequencing-based test
was rooted in the improved specificity that it offered. The data
from the prospective screening study showed that real-time PCR
had a false-positive rate of 5.3% when testing was performed on
a single-baseline blood sample. Such a test was associated with a
PPV of 3.1%. In this study, the sequencing analyses were per-
formed on the baseline blood samples. Using the count-based
sequencing approach, the false-positive rate was 2.6%, and the
PPV was 6.0% (Table 2). The size-based approach when used
independently had a false-positive rate of 1.7% and PPV of
8.9%. To further enhance the test performance, we proposed
an approach that required a sample to concurrently pass both
the count- and size-based cutoffs to be deemed as tested posi-
tive. Using such a combined approach, we achieved a false-
positive rate of just 0.7% and PPV of 19.6%. These data rep-
resent a significant improvement over that of real-time PCR
even when considering the two time-point protocol that had a
PPV of 11.0%.

From the public health point of view, any improvement in the
PPV would have a substantial impact. Guangdong is one of the
provinces in China with the highest incidence rates of NPC (31).
According to the China Statistical Yearbook 2016, there are
about 20 million men aged between 40 and 65 y in the Guang-
dong Province. If a universal NPC screening program is adopted
for all men within this age range who have the highest age-
specific incidence, the currently proposed protocol of com-
bined analysis would lead to a reduction in the number of false
positives by 50%, that is, 140,000 subjects. Such a large number
would imply a substantial reduction in the medical expenditures
initially spent on follow-up tests and confirmatory investigations
including endoscopy and magnetic resonance imaging (MRI).

One key additional benefit of our sequencing-based approach
is that high PPV could be achieved from blood sampling of just a
single time point. By overcoming the need for testing at two time
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points, our protocol has significant advantages over the previous
protocol requiring two time-point testing. Previous studies on
other cancer screening programs have shown that a substantial
proportion of participants with abnormal screening test results
reported anxiety and distress (32). Hence, for two time-point
testing, subjects with detectable EBV DNA at baseline could
only obtain their final screening status after the follow-up tests.
These subjects may experience anxiety while waiting for the
follow-up tests. In addition, the requirement to test two time
points presents a number of logistical challenges. There are di-
rect costs associated with recalling subjects initially tested posi-
tive for second testing. Compliance may become an issue when
the two time-point protocol is adopted in the clinical context.
Reduction in compliance would result in a reduction in the
sensitivity of the NPC screening program. In contrast, the
sequencing-based protocol obviates the need for a second blood
sample to define a person having been “screened positive.” This
protocol is thus more clinically and logistically practical, and may
be more easily accepted by the population to be screened.

The data in our current study showed that target sequencing
analysis of plasma EBV DNA could achieve high PPV for NPC
screening. In this study, the performance of the sequencing test is
modeled against the cases assessed by real-time PCR in the
prospective screening study. Therefore, the performance data
are representative of a two-staged test that combines the use of
real-time PCR and sequencing analysis of plasma EBV DNA.
For example, real-time PCR assessment of plasma EBV DNA is
performed as the first-line test. In total, 5.5% of tested subjects
(comprising true NPC and false-positives) would have detectable
levels of plasma EBV DNA. These samples would then be ad-
ditionally analyzed by the sequencing test. This would represent
a much more cost-effective approach because ~95% of the
population could be screened negative by the real-time PCR test.

Our work has highlighted the value of studying the fragmen-
tation patterns of viral nucleic acids in human plasma. The
clinical significance of the presence of EBV DNA in plasma of
subjects without NPC is currently unknown. By showing the
differences in the molecular nature of these molecules from
those found in plasma of NPC patients, we offer some level of
reassurance that they are less likely to represent a predisposition
to NPC. Nonetheless, we are currently following up these indi-
viduals on an annual basis to assess their clinical outcome in the
future. On the other hand, it would be worthwhile to explore the
fragmentation patterns of plasma EBV DNA in different EBV-
associated diseases or cancers, for example, infectious mono-
nucleosis, Hodgkin lymphoma, Burkitt’s lymphoma, and post-
transplant lymphoproliferative disorder. Such work would be
useful for establishing disease-specific molecular signatures of
plasma EBV DNA and for understanding the pathophysiology of
EBV in different diseases. In future studies, the fragmentation
patterns of circulating DNA molecules of other viral species
associated with cancers (33) could also be analyzed. For exam-
ples, circulating hepatitis B virus DNA in patients with hepato-
cellular carcinoma and circulating human papillomavirus DNA
in patients with cervical cancer could be studied.

Early cancer detection is a challenging goal in public health
and biomarker research (34). This is illustrated by a recent case
control study for cancer detection through the analysis of cir-
culating tumor-derived DNA and cancer-associated proteins
(35). The reported sensitivities for stage I and II cancers based
on that approach were 43% and 73%, respectively. As illustrated
in our current study, a better understanding of the biological and
molecular characteristics of tumor-derived circulating DNA may
offer insights into further enhancing the PPV of using plasma
DNA for early cancer detection.

In summary, we have developed a second-generation ap-
proach for screening of NPC. This approach is based on the
differentiating quantitative and size-based characteristics of
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plasma EBV DNA between NPC patients and non-NPC sub-
jects. Such an approach not only demonstrates a more superior
performance in reduction of false positives but also allows a
single time-point testing without the need of a follow-up blood
sample. We believe that this more clinically practical protocol
would greatly streamline testing and facilitate the implementa-
tion on a population scale. It is envisioned that the mortality rate
from NPC would potentially be reduced as a result of mass
screening in endemic regions. This study has also shed light on
avenues of future developments for plasma DNA-based screen-
ing for other cancer types.

Materials and Methods

Study Design and Subject Recruitment. This study involved analysis of the
plasma samples of patients with NPC and non-NPC subjects from the pub-
lished prospective screening cohort (7) and an independent unscreened
cohort.

The study protocol of the prospective screening study has been reported
earlier (7). In brief, we organized public health education sessions in Hong
Kong for subject recruitment. Our target population was asymptomatic,
ethnically Chinese males aged between 40 and 62 y. This group has the
highest age-specific incidence of NPC. The exclusion criteria included history
of cancer or autoimmune diseases and use of systemic glucocorticoids or
immunosuppressive therapy. All of the participants provided a venous blood
sample of 20 mL at enrollment. Eight hundred microliters of plasma were
used for EBV DNA analysis by a real-time PCR assay (8), which targeted the
BamH1-W fragment of the EBV genome. The remaining plasma samples
were stored at —80 °C. Any detectable level of EBV DNA by the PCR assay was
regarded as a positive result. Participants who had a positive result in their
baseline tests would be arranged a follow-up test ~4 wk later using the
same PCR assay. Participants who had positive results for both baseline and
follow-up tests were defined as screen-positive in this study. Screen-positive
subjects were referred for endoscopic evaluation and MRI of the naso-
pharynx for definitive diagnosis. The study was approved by the joint ethics
committee of the Chinese University of Hong Kong-Hospital Authority New
Territories East Cluster. All of the participants provided written informed
consent for sequencing analysis of the plasma samples.

An independent cohort of patients (age range, 25-79 y) with NPC who
presented symptomatically to the Department of Clinical Oncology, Prince
of Wales Hospital were recruited into the current study. Twenty milliliters of
peripheral venous blood were collected from each patient. All of the
recruited subjects provided written informed consent for sequencing anal-
ysis of their plasma samples.

The clinical stages of all NPC patients from both the screening cohort and
the independent cohort were determined based on the MRI findings
according to the tumor-node-metastasis staging system of the American Joint
Committee on Cancer (AJCC), as described in the seventh edition of the AJCC
cancer-staging manual.

A power analysis was performed to determine the number of NPC patients
and non-NPC subjects required in the validation sample set. Based on the data
including the means and SDs of the EBV DNA size ratios between these two
groups from the exploratory dataset, if we would reproduce the difference
observed at a significant level of 0.01, a power of 0.99 would be achieved with
the use of at least 200 non-NPC subjects and the remaining 24 NPC patients
from the prospective study cohort in the validation cohort.

Blood Sample Collection and Plasma DNA Extraction. Peripheral blood samples
were collected into EDTA-containing tubes and immediately stored at 4 °C.
The blood samples were first centrifuged at 1,600 x g for 10 min at 4 °C, and
the plasma portion was recentrifuged at 16,000 x g for 10 min at 4 °C to
remove the residual blood cells. All of the plasma samples were stored at
—80 °C until further analysis. Plasma DNA was extracted from 4 mL of
plasma. DNA from plasma was extracted using the QlAamp DSP DNA Blood
Mini Kit (Qiagen).

DNA Library Construction. Indexed plasma DNA libraries were constructed
using the KAPA Library Preparation Kit (Kapa Biosystems) according to the
manufacturer’s protocol. The adaptor-ligated DNA was amplified with
13 cycles of PCR using the KAPA HiFi HotStart ReadyMix PCR Kit
(KAPA Biosystems).

Target-Capture Enrichment. For enrichment of viral DNA molecules from the
plasma DNA samples for subsequent sequencing analysis, target enrichment
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with EBV capture probes was performed. The EBV capture probes, which
covered the entire EBV genome, were ordered from Roche NimbleGen
(SeqCap EZ Developer; Roche NimbleGen). DNA libraries from five samples
were multiplexed in one capture reaction. Equal amounts of DNA libraries for
each sample were used. We had also included probes to cover human au-
tosomal regions for reference. The captured autosomal DNA sequences were
used for normalization of the viral DNA reads. GC-neutral (i.e., with a mean
GC content percentage of 40%, IQR of 34-45%) regions of human chro-
mosomes were chosen for enrichment of autosomal DNA sequences. Since
EBV DNA was a minority in the plasma DNA pool, a ~100-fold excess of EBV
probes relative to the autosomal DNA probes were used in each capture
reaction. After the capture reaction, the captured DNA libraries were
reamplified with 14 cycles of PCR.

Sequencing of DNA Libraries. The multiplexed DNA libraries were sequenced
using either the NextSeq 500 or the HiSeq 2500 Sequencing platforms
(Illumina). A paired-end sequencing protocol was used, with 75 nt being
sequenced from each end.

Alignment of Sequencing Data. The paired-end sequencing data were ana-
lyzed by means of the SOAP2 software (36) in the paired-end mode. The
paired-end reads were aligned to the combined reference genomes in-
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cluding reference human genome (hg19) and EBV genome (AJ507799.2). Up
to two nucleotide mismatches were allowed for the alignment of each end.
Only paired-end reads with both ends uniquely aligned to the same chro-
mosome with the correct orientation, spanning an insert size within 600 bp,
were used for downstream analysis.

Statistical Analysis. Sequencing data analysis was performed by bio-
informatics programs written in Perl and R languages. The Kruskal-Wallis test
was used to compare the plasma EBV DNA concentrations among the NPC
patients, non-NPC subjects with transiently positive EBV DNA, and non-NPC
subjects with persistently positive EBV DNA in the whole screening cohort
and in the exploratory and validation datasets. The Kruskal-Wallis test was
used to compare the proportion of EBV DNA reads in the three groups in the
exploratory and validation datasets. A value of P < 0.05 was considered as
statistically significant.
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