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Background. Whether cytomegalovirus (CMV) DNA exists in plasma as virion-associated or free DNA is uncertain.

Methods. An assay combining DNase I digestion and CMV quantitative polymerase chain reaction (DNase-CMV-qPCR) was
developed to differentiate free naked DNA from virion DNA. One hundred three frozen and 10 fresh CMV DNA-positive plasma
samples from solid-organ transplant recipients (SOTRs) were tested. Three sets of paired qPCR (P-qPCR) assays with amplicons of
variable length were used to study CMV DNA fragmentation in 20 SOTR plasma samples, viral stocks (Towne, Merlin, AD169) and
the first World Health Organization (WHO) international standard (IS) for CMV DNA.

Results. In all plasma samples, 98.8%-100% of CMV DNA was free DNA; this was the only form in 93 of 103 (90.3%) frozen and
all 10 fresh samples tested using DNase-CMV-qPCR. Low levels of virion CMV DNA were found in 10 of 103 (9.7%) samples with
higher total DNA load. Cytomegalovirus DNA results were highly reproducible for 3 CMV virus stocks and WHO IS (P > .80), tested
by three sets of paired q-PCR. However, for the 20 SOTR plasma samples, the smaller amplicon assay result was 2.6-fold, 3.4-fold,

and 6.5-fold higher than the longer amplicion result (P < .001).
Conclusions.
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Cytomegalovirus DNA in SOTR plasma is almost exclusively free DNA, highly fragmented, and not virion
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Plasma is a commonly used matrix for the quantitative mea-
surement of cytomegalovirus (CMV) DNA in both clinical and
research settings. Results from quantitative CMV nucleic acid
testing (QNAT) assays, which often use real-time quantitative
polymerase chain reaction (QPCR) technology, have been used
successfully to prevent and diagnose CMV disease and to mon-
itor the efficacy of antiviral treatment in solid-organ transplant
recipients (SOTRs) and hematopoietic stem-cell transplant
recipients [1, 2]. Dynamic changes in CMV DNA levels, usu-
ally measured in whole blood (WB), to which the plasma com-
partment contributes, have been used to study CMV replication
kinetics in vivo [3, 4]. Because blood donors seroconverting to
CMYV have low but detectable CMV DNA present in plasma for
long time periods, investigators have suggested that CMV DNA-
positive plasma might be a source of transfusion-transmitted
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CMV infection when using leukoreduced blood products [5,
6]. Although the biologic form of CMV DNA in plasma is
uncertain, clinicians and investigators interpreting results often
assume that CMV DNA is encapsidated (ie, virion associated)
in this cell-free compartment [1, 3, 6].

However, more than a decade ago, Boom et al studied CMV
DNA fragment sizes in the plasma of 3 kidney SOTRs and con-
cluded that the CMV DNA was highly fragmented and unlikely
associated with infectious virions [7]. In a recent study that
examined result concordance among CMV QNAT assays used
to test plasma samples from SOTRs, assays with smaller ampl-
icons gave quantitatively higher results than those with larger
amplicons [8], consistent with the hypothesis that CMV DNA
in clinical plasma samples is fragmented.

Cytomegalovirus DNA may be present in human plasma in a
number of biologic forms, including naked DNA, DNA complexed
with chromatin or nucleosomes or integrated into vesicles (exo-
somes or apoptotic bodies), as well as encapsidated in infectious
or noninfectious virions. We used 2 types of assays to study the
biologic form of CMV DNA in SOTR plasma. The first combined
DNase I treatment and a qPCR assay to differentiate free CMV
DNA from encapsidated CMV DNA; the second used paired
qPCR assays with amplicons of variable length to assess CMV DNA
fragmentation in plasma. We report the results of these studies.
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METHODS

Tissue-Cultured Cytomegalovirus Strains

Viral stocks that contained both free CMV DNA and infectious/
noninfectious CMV DNA in virions were prepared from 3
CMV strains (Merlin, AD169, Towne) cultured in MRC-5 cells
[9]. The first World Health Organization (WHO) international
standard (IS) for CMV DNA (5 x 10° IU/mL) was obtained
from National Institute for Biological Standards and Control
(Ridge, Hertfordshire, UK) [10]. Cytomegalovirus DNA puri-
fied from the 3 viral stocks and the WHO IS using the QlAamp
DNA mini kit (Qiagen, Hilden, Germany) was the source of
noninfectious free CMV DNA for spiking experiments and for
CMYV DNA fragmentation experiments.

Development and Optimization of the DNase | Digestion and CMV
Quantitative Polymerase Chain Reaction

DNase I enzymatic digestion [11] was combined with an
in-house-developed CMV-qPCR [12] to develop a quantitative
assay to differentiate free CMV DNA from CMV DNA encap-
sidated in virions. The amount of free DNA was defined as the
difference between results reported for the total CMV DNA
(untreated) and the virion DNA (DNase I treated) aliquots of
each sample. DNase I supplied by different vendors, DNA input
doses, incubation times, and reaction volumes were evaluated to
optimize DNase digestion. D-Phenylalanyl-L-prolyl-L-arginine
chloromethyl ketone (PPACK), a direct thrombin inhibitor,
was used to inhibit ethylenediaminetetraacetic acid (EDTA)
plasma clotting during digestion. A commercial salmon testes
DNA (sDNA; Sigma Aldrich, Ontario, Canada) was spiked into
samples as an internal inhibitor control and as a quality con-
trol for DNA extraction and PCR performance. The optimized
DNase treatment reaction mixture (200 uL) contained 20 pL of
10X reaction buffer, 10 uL of DNase I (Promega, Madison, WI),
50 uL of plasma, 5 x 10* copies of sDNA, and 1 pg of PPACK
(EMD Millipore, Darmstadt, Germany). Enzymatic digestion
was carried out at 37°C overnight (16-18 hours) with a boost of
10 uL of DNase added at 2 hours of incubation. The undigested
sample was processed in parallel, omitting the DNase and the
reaction buffer from the mixture. The QIAamp DNA mini kit
was used for DNA extraction. Cytomegalovirus DNA and the
sDNA (both reported as genome copies per milliliter) were
quantified as previously described [12,13]. The CMV assay’s
limit of detection and limit of quantification were 1.69 and
2.69 log, , copies/mL, respectively. The conversion factor for the
assay is 5.65 genome copies/mL = 1 IU/mL.

Validation of the DNase | Digestion and CMV Quantitative Polymerase
Chain Reaction

The completeness of free DNA degradation by DNase was eval-
uated by spiking known amounts of CMV DNA (extracted
from Merlin virus stock) into 10 CMV DNA-negative SOTR
plasma samples, resulting in CMV DNA concentrations of 6.0,

7.0, and 8.0 log,, copies/mL that were tested using the DNase-
CMV-qPCR assay. In addition, serial dilutions (1:4, 1:20, 1:100,
1:500) of the 3 virus stocks (Merlin, AD169, Towne) were used
to test the reproducibility of the DNase-CMV-qPCR assay at
different virion concentrations.

Frozen Towne stock was thawed and retested after 2 years of
storage at —70°C. To assess whether virions could be disrupted
during the period between venipuncture and plasma separation,
5 uL of 1:5 diluted Towne virus stock (9.90 log, , copies/mL) was
spiked into 500 uL of EDTA WB aliquots from a single CMV-
negative SOTR and then stored at 4°C. Plasma was processed
from the spiked WB at days 0, 1, and 2, and tested in triplicate.

To evaluate the impact of freeze/thaw (F/T) cycles and differ-
ent matrices, the 3 CMV virus stocks were spiked into CMV-
negative plasma and cell-culture medium (minimal essential
medium, 10% fetal bovine serum; 1:100 final) and then sub-
jected to 4 F/T cycles. Results were compared with those for
samples stored at 4°C.

Testing of Clinical Plasma Samples Using the DNase | Digestion and CMV
Quantitative Polymerase Chain Reaction

A total of 103 residual plasma samples (group 1), which had
been stored at —70°C and which had tested CMV DNA-
positive at the Provincial Laboratory for Public Health,
Edmonton, Canada, using the CMV-qPCR assay [12], were
thawed and tested using the DNase-CMV-qPCR. These samples
were collected as EDTA WB from 20 SOTRs as part of routine
clinical care. To evaluate the impact of freezer storage on clinical
samples, an additional 10 fresh plasma samples (group 2) with
CMV DNA levels ranging 2.80-5.89 log, , copies/mL collected
from 10 SOTRs were each aliquoted into 2 tubes. One aliquot
was stored at 4°C (fresh); the other aliquot was stored at —=70°C
for >24 hours (frozen). Fresh and frozen samples were assayed
in paralle] using the DNase-CMV-qPCR.

Characteristics of group 1 and group 2 patients (allograft
type, pretransplant donor [D]/recipient [R] CMV serostatus)
and samples (antivial therapy at the time of collection and stor-
age time) are summarized in Table 1.

Development of Paired qPCR Assays With Variable Amplicon Sizes for
Measurement of Fragmentation

Three paired qPCR assays (P-qPCRs) were designed so that
the 2 sets of primers within each assay pair generated a
long amplicon and an interposed short amplicon from the
same gene. The amplicon sizes and target genes for the 3
P-qPCRs are as follows: P-qPCR-1, TagMan qPCR detecting
81-bp/138-bp amplicons of the major immediate-early (MIE)
gene; P-qPCR-2, SYBR Green qPCR detecting 138-bp/578-bp
amplicons of the MIE gene [7] ; and P-qPCR-3, SYBR Green
qPCR detecting 70-bp/585-bp amplicons of glycoprotein B
(gB) gene. Details regarding the primers and probes used are
summarized in Figure 1 and Supplementary Table 1. To ensure
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Table 1. Characteristics of Solid Organ Transplant Patients and Plasma Samples

Patient information

Plasma sample information

CMV donor (D) /

No. of Median (range) Median (range) Median (range)

Median (range) recipient (R) sample time after sample num- CMV DNA load, Median (range) Receiving antiviral
age, y; Sex serostatus Allograft type  tested transplant, mo  bers/ patient  log,, copies/mL storage time, y  therapy, no. (%)
Group1 57 (8-76) D+/R-:n=10; Kidney:n=9; n=103 4 (1-6) 5(3-9) 4.46 (2.97-6.99) 4.5 (1-7) 70 (68%) (40 R—
n =20 F=6 D+/R+:n=7; Lung: n = 6; and 30 R+)
M =14 D-/R+:n=2; Heart: n = 3;
D-/R-:n= Liver:n =2
Group 2 60 (3-69) D+/R-:n=6; Kidney:n=2; n=10 6(2-72) 1 3.26 (2.80-5.89) Not applicable 5 (50%) (4 R— and
n=10 F= D+/R+:n=3; Lung: n=5; 1 R+)
M=4 D-/R+:n=1 Liverrn=2;
Heart:n =1
Group 3 55 (4-73) D+/R-in=7; Kidney:n=6; n=20 12 (2-54) 1(1-3) 6.00 (4.88-6.40) 1.5 (0.1-6) 11 (65%) (6 R—
n=12 F=7 D+/R+:n=3; Lung:n=3; and 5 R+)
M=6 D-/R-:n=1; Heart: n = 2;
D-/R+:n=1 Liver:n=1

3At the time of sample collection, the patient was on intravenous ganciclovir, intravenous foscarnet, or oral valganciclovir.

that the assays within each pair demonstrated the same sensi-
tivity for CMV DNA detection and similar PCR amplification
efficiency despite the differences in amplicon size, results gen-
erated using each pair were compared with serial 10-fold dilu-
tions of 2 nonfragmented lengths of CMV DNA (1640 bp and
2394 bp) amplified from the MIE and gB genes and purified
from agarose gel. Dilutions of these fragments were also used
as calibrators to allow reporting of quantitative results.

Testing of Clinical Plasma Samples and Viral Stocks for Fragmentation

Twenty residual plasma samples (group 3), stored at —70°C
with high CMV viral load (VL) (>5.0 log,, copies/mL) col-
lected from 12 SOTRs were tested using the 3 P-qPCRs.
Characteristics of group 3 patients and samples are summarized

Partial MIE gene

LF1
[
Probe:CMV-MIE-P
Primer set SF1/SR2: 81 bp
Primer set SF1/SR1: 138 bp
Primer set LF2/LR1: 578 bpE33ssssssssssssssssssssssssssy
Partial gB gene
F265 R2658
% e

[ AN EBRETIE

Primer Set F2074/R2143: 70bp NNy
Primer Set F2074/R2658: 585bp

Figure 1.  Schematic chart of the design of the different primer pairs for the paired
quantitative polymerase chain reaction assays. For MIE gene, LF1/LR1 = 1640 bp,
LF2/LR1 = 578 bp, SF1/SR1 = 138 bp, SF1/SR2 = 81 bp; probe was located in
between SF1 and SR2. For gB gene, F265/R2658 = 2394 bp, F2074/R2658 = 585 bp,
F2074/R2143 =70 bp.

in Table 1. In addition, a fresh high CMV VL clinical plasma
sample was tested using the 3 P-qPCRs in the same run as a
frozen high CMV VL clinical plasma sample and frozen Merlin-
spiked plasma. Characteristics of these patients and samples are
summarized in Table 2.

Cytomegalovirus DNA extracted from the 3 virus stocks and
the WHO IS was also tested using the 3 P-qPCRs. The impact
of matrix and F/T cycles on CMV DNA fragmentation was
assessed by comparing results of the 3 P-qPCRs for spiked sam-
ples prepared as described above (DNase-CMV-qPCR).

Ethics Review

The use of the clinical samples for these studies was approved by
the University of Alberta Human Research Ethics Review Board
(project 00042807).

Statistical Methods

All CMV DNA measurement results were converted to log,
copies per milliliter before analysis. Results were compared
using analysis of variance (ANOVA) and ¢ test where appropri-
ate; P < .05 was the threshold for significance. Statistical testing
was performed using SPSS v21 (Chicago, IL).

RESULTS

Validation of the DNase | Digestion and CMV Quantitative Polymerase
Chain Reaction

Purified free CMV DNA spiked into CMV DNA-negative
plasma (final concentration 6.0 log, ; copies/mL) was completely
degraded. When larger amounts were spiked (final concentra-
tion 7.0-8.0 log, , copies/mL), residual detectable but nonquan-
tifiable CMV DNA was found in 1 of 10 plasma samples tested.
The completeness of free CMV DNA degradation by DNase in
our assay was calculated to be 100% at CMV DNA concentra-
tions <6.0 log, ; copies/mL and 99.97%-100% at concentrations
>7.0 log,, copies/mL in 1:4 diluted plasma.
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Table 2. Results of Testing a Fresh Plasma Sample and a Frozen Plasma Sample From 2 Solid-Organ Transplant Recipients Compared With a Control

Sample Using the 3 Paired Quantitative Polymerase Chain Reaction Assays

P-gPCR-1 (Tagman MIE),

log,, copies/mL

P-gPCR-2 (SYBR MIE),
log,, copies/mL

P-gPCR-3 (SYBR gB),
log,, copies/mL

Sample
Sample type Patient/ sample storage 81bp 138bp Log,, difference® 138bp 578bp Log,, difference 70bp 585bp Log,, difference
Fresh plasma D+/R-11 months 4°C 48 h 6.78 5,53 1.25 6.33 4.79 1.54 6.92 5.44 1.48
after kidney
transplant/no
antiviral therapy
Frozen D+/R-3 months -70°C 6.56 6.36 0.20 6.17 5.95 0.22 6.71 5.79 0.92
plasma after multivisceral 3 months
transplant/no
antiviral therapy
Frozen CMV negative -70°C 5.43 5.37 0.06 5.21 5.27 -0.06 5.567 5.41 0.16
control plasma spiked 6 months

with Merlin virus
stock

Abbreviations: CMV, cytomegalovirus; D, donor; P-gPCR, paired quantitative polymerase chain reaction; R, recipient.

%log,, difference = smaller amplicon gPCR measurement result - larger amplicon gPCR measurement result.

The mean + standard deviation (SD) of the proportions of
DNase-resistant CMV DNA (assumed to be virion associated)
across all serial dilutions (1:4, 1:20, 1:100, 1:500) of Towne,
AD169, and Merlin stocks was 76.2% +10.6%, 49.4% * 6.1%,
and 36.5% + 7.7%, respectively. These proportions suggest the
presence of a significant amount of both free CMV DNA and
virion CMV DNA in these stocks. As indicated by the SD, the
DNase-resistant proportion of CMV DNA was reproducible
in serial dilutions, confirming the presence of excess enzyme
(DNase) over substrate (DNA) and that the DNase-resistant
CMYV DNA is likely encapsidated in virions.

Delays in separating plasma from WB over 48 hours did not
impact the amount of virion CMV DNA detected. The means +
SDs of virion CMV DNA detected in plasma processed on day
0, day 1, and day 2 from Towne-spiked CMV DNA-negative
WB were 6.38 + 0.07, 6.33 + 0.17, and 6.34 + 0.05 log, , copies/
mL, respectively (ANOVA, P > .80).

No significant difference was found in total CMV DNA
(9.92 £ 0.06 vs 9.62 * 0.07 log,, copies/mL) and virion CMV
DNA (9.80 +0.10 vs 9.27 £ 0.05 log,, copies/mL) in the Towne
stock over 2 years of storage at —70°C (¢ test, P > .05).

Virion CMV DNA quantitation was not significantly
impacted by the matrix (culture medium vs plasma) or after 4
F/T cycles when these matrices were spiked with the 3 CMV
virus stocks (ANOVA; P > .80) (Supplementary Table 2).

Biological form of Cytomegalovirus DNA in Solid-Organ Transplant
Recipient Plasma Samples

The DNase-CMV-qPCR testing results for the 103 archived
plasma samples obtained from 20 SOTRs (group 1) are summa-
rized in Figure 2. Free CMV DNA constituted 98.8%-100% of
the total CMV DNA in all samples. In 93 of 103 (90.3%) sam-
ples, CMV DNA was exclusively free DNA. Virion DNA was
detected in 10 of 103 (9.7%) samples collected from 8 unique

patients, all of whom had additional samples tested containing
only free CMV DNA. Samples in which virion CMV DNA was
detected had higher VLs (4.94 + 0.86) than those in whom only
free CMV DNA was detected (3.65 + 0.91 log,, copies/mL; t
test, P < .001), but virion detection was not influenced by the
presence of primary infection versus reactivation infection or
receipt of antiviral therapy (t test, P = .35 and P = .41, respec-
tively). Only 3 of 10 samples containing CMV virions, each
from a unique patient, had CMV DNA consistently quantifiable
at low levels (2.69-3.34 log, , copies/mL) after DNase exposure.
The 7 remaining samples had CMV DNA that was detectable

5.0
= Virion CMV DNA present samples (n =10, 9.7%)
-
E +100% free CMV DNA samples (n =93, 90.3%)
8 4.0 -
Q.
o
9
- L]
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2° 3.0 - .
Z e . LoQ
[a} n .
> =ng
S 20 A
o L]
A B LOD
K
S 1.0
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c
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e
S 0.0 T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Total CMV DNA log,,copies/mL

Figure 2. Quantitative measurements of virion-associated cytomegalovirus
(CMV) DNA in solid-organ transplant recipient (SOTR) plasma samples detected
using the DNase | digestion and CMV quantitative polymerase chain reaction
(DNase-CMV-gPCR) in relationship to total CMV DNA in the sample. Samples with
no virions detected and with virions detected were grouped separately. Limit of
quantification = 2.69 log, ,copies/mL. Limit of detection = 1.69 log, ,copies/mL. *: All
samples had free CMV DNA detected. Abbreviations: CMV, cytomegalovirus; LOD,
limit of detection; LOQ, limit of quantification.
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Figure 3. Testing results for 3 cytomegalovirus (CMV) virus stocks and the World
Health Organization international standard using 3 paired quantitative polymerase
chain reaction (qPCR) assays with long and short amplicons. Six 10-fold dilutions
of Towne viral stock were tested. No significant difference was found in CMV
DNA measurement among all assays (log,, copies per milliliter; ¢ test, P> .80).
Abbreviations: CMV, cytomegalovirus; IS, international standard; WHO, World
Health Organization.

but not quantifiable on repeat testing. Exclusively free DNA was
found in all fresh samples also tested as frozen samples from
group 2.

Evaluation of Cytomegalovirus DNA Fragmentation in Cultured
Cytomegalovirus Strains and Clinical Samples by Paired Quantiative
Polymerase Chain Reaction Assays
All three P-qPCRs showed similar analytical sensitivity and
amplification efficiency (data not shown). Good linearity results
were observed across all 3 qPCR pairs on testing serial 10-fold
dilutions of CMV DNA extracted from the Towne viral stock
(Figure 3). Quantitative results were highly reproducible among
the 3 pairs and for the short and long amplicons within each
pair. When the 3 viral stocks and WHO IS were tested, mean +
SD VLs (log,, copies per milliliter) for all 6 qPCR assays were as
follows: 8.24 + 0.09 (Merlin), 8.62 + 0.10 (AD169), 9.66 + 0.15
(Towne), and 6.79 £ 0.25 (WHO IS) (¢ test, P > .80). The repro-
ducibility of these results, independent of assay used, indicates
the CMV DNA in these sample types is not highly fragmented.
However, a significantly different pattern of CMV DNA
results was observed in SOTR plasma tested using the P-qPCRs
when compared with the viral stocks and WHO IS. The mean
+ SD CMV DNA loads (log,, copies per milliliter) in 20 plasma
samples were 5.46 + 0.41 versus 5.87 + 0.27, 5.20 * 0.27 versus
5.75 £ 0.31, and 5.41 + 0.46 versus 6.23 + 0.41 for the long ver-
sus short amplicon assays within the P-qPCR-1, P-qPCR-2, and
P-qPCR-3 assays, respectively (¢ test, P < .001) (Figure 4). The
CMYV DNA results for the short amplicon assays were a mean of
2.6-fold, 3.4-fold, and 6.5-fold greater than those detected with
the corresponding long amplicon for P-qPCR-1, P-qPCR-2, and
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Figure 4. Results of cytomegalovirus (CMV) DNA quantitation of 20 clinical
plasma samples collected from 12 solid organ transplant recipients using 3 paired
quantitative polymerase chain reaction assays with long and short amplicons. Each
unique patient is identified by a number; serial samples collected from the same
patient are identified as a, b, and c. The mean, median, and (range) of CMV viral
load expressed as log,, copies per milliliter for the 20 samples were as follows:
Tagman MIE 138 bp, 5.46, 5.52 (4.60-6.26) versus Tagman MIE 81 bp, 5.87, 5.89
(5.34-6.37) (A); SYBR MIE 578 bp, 5.20, 5.16 (4.82-5.84) versus SYBR MIE 138 bp,
5.74, 5.76 (5.18-6.51) (B); SYBR gB 585 bp, 5.41, 5.42 (4.82—-6.55) versus SYBR
gB70 bp 6.23, 6.26 (5.44-6.92) (C). The mean log,, copies per milliliter difference
between the short and long amplicon assays in 4, B, and Cwere 0.41 (P<.001), 0.54
(P<.001), and 0.81 (P<.001), respectively. Abbreviation: CMV, cytomegalovirus.

P-qPCR-3, respectively. When tested in a single run, higher
quantitative results for the smaller amplicon in each of the 3
P-qPCRs were observed for both a fresh and a frozen clinical
plasma sample; results across all P-qPCRs were reproducible for
the frozen Merlin-spiked plasma sample (Table 2).

No significant difference was observed in CMV DNA results
between the short and long amplicon assays of each P-qPCR
when the 3 viral stocks were spiked into either plasma or cul-
ture medium, suggesting that matrix did not impact fragmen-
tation. Similarly, 4 F/T cycles did not change the CMV DNA
results observed in either plasma or culture medium (ANOVA,
P> .80) (Supplementary Table 2).
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DISCUSSION

We optimized and validated an assay for CMV used by previ-
ous investigators to differentiate free Epstein-Barr virus (EBV)
DNA (DNase-sensitive) from EBV DNA encapsidated in virions
(DNase-resistant) in the plasma of immunocompetent subjects
with primary EBV infection and patients with EBV-associated
malignancies that exploited the ability of DNase I to destroy
naked DNA [14, 15]. Recent interest in detecting cell-free DNA
in plasma for fetal genetic testing and as tumor markers has
expanded information related to preanalytic factors contributing
to DNA yield and integrity in plasma [16, 17]. The anticoagulant
EDTA used in our study samples efficiently complexes bivalent
cations essential for DNase activity and protects cell-free DNA
from WB’s DNase preanalytical impact [17]. Our study con-
firmed that CMV DNA levels in EDTA WB remain stable up
to 48 hours before plasma separation; others have shown CMV
DNASs stability in EDTA plasma for up to 14 or 21 days at 4°C
[18, 19]. However, to optimize our DNase-CMV-qPCR an addi-
tional alternate anticoagulant (PPACK) was required to prevent
plasma clotting when buffer with divalent cations was added to
allow DNase digestion to proceed. Plasma dilution (1:4) was also
required to minimize DNase inhibitor effects in plasma.

A limitation of our study is that many of the samples had
been frozen at -70°C. These temperatures are used to store
infectious virus stocks and thus can preserve intact virions.
We observed no significant decrease in total CMV DNA and
virion percentage over 2 years of storage of Towne viral stock.
Although we cannot rule out that some CMV DNA fragmenta-
tion or virion disruption occurred during freezer storage, this
is unlikely to account for the almost total absence of virions in
both our frozen and fresh samples and the consistent presence
of a high degree of DNA fragmentation regardless of freezer
storage time. Although direct study of CMV DNA fragmenta-
tion in fresh plasma is limited to a single sample in our study
and 3 patients studied by Boom et al [7], results suggest the
presence of highly fragmented CMV DNA in these samples,
resembling patterns observed in frozen samples. Further study
of fresh samples would be useful.

We believe that the biologic form of CMV DNA observed in
frozen plasma likely reflects its in vivo form at the time of veni-
puncture. Although we observed DNase-resistant CMV DNA,
presumably virion-associated, in a few plasma samples with
high VL, contamination of plasma with virions from the lysis of
CMV-infected leukocytes during specimen transport prior to
plasma separation cannot be excluded.

Our study results are consistent with a body of clinical and lab-
oratory observations. There has been no documented transmis-
sion of CMV infection from transfused plasma, even in patients
at high risk of acquiring CMV infection from cellular blood
components [20]. Even when CMV DNA plasma loads are high,
infectious virus remains localized to the cellular compartment

and has not been cultured from plasma despite numerous
attempts in both human [21-24] and mouse studies [25]. An
exception was a study of AIDS patients with very high CMV
VL in plasma [26]. A single viral CMV plaque was observed on
culture of plasma in 2 of 11 patients; contamination of plasma
from leukocyte lysis could not be excluded. Older studies of seri-
ally monitored immunocompetent subjects with acute primary
CMYV infection reported prolonged detection of CMV DNA in
plasma and the white blood cell fraction [27-29]. Although it
has been argued that tissue culture techniques lacked sensitiv-
ity, when simultaneous viral culture of blood components was
performed, infectious virus was always limited to the leukocyte
fraction and not detected in plasma [21, 27].

For clinical care, plasma CMV DNA measurement is an
excellent surrogate of viral replicative activity when used for
disease prevention and management [1, 2]. However, our study
suggests virion load is not being directly measured in this
compartment. Free DNA released from CMV-infected cells
undergoing apoptosis as a result of replicative viral infection
or immune-mediated killing is the predominant and perhaps
exclusive biologic form of CMV DNA present. This should be
considered when interpreting unusual patterns of CMV DNA
clearance in plasma or modeling viral kinetics in vivo.

It was hoped that the use of calibrators traceable to the new
WHO IS in CMV DNA plasma assays used in clinical labora-
tories would improve harmonization of results that historically
had been highly variable [1, 2]. In a recent study comparing
CMV DNA QNAT results among 10 assays calibrated to the
WHO IS, result harmonization was observed when plasma
spiked with the WHO IS (derived from tissue-cultured Merlin
strain) was tested, but testing results for SOTR clinical plasma
samples demonstrated significant ongoing variability [8].
Moreover, assays with smaller amplicon sizes trended toward
higher quantitative CMV DNA measurements than assays with
larger amplicon sizes when testing clinical samples, but not for
the WHO IS. Our study confirms these observations.

Our study confirms and extends the observations of Boom et
al [7] but does not enable estimation of the proportion of differ-
ent-sized CMV DNA fragments in plasma. However, Boom et
al [7] examined this more directly by using CMV DNA QNAT
assays with amplicons 578 bp and 138 bp in size to study DNA
eluted from serial agarose gel slices after fractionating DNA from
the plasma of 2 SOTRs by size using electrophoresis. The major-
ity of CMV DNA fragments from patient plasma were signifi-
cantly <2000 bp. CMV DNA levels were highest in the shortest
DNA fragments and most often detected with only the 138-bp
assay. This suggests CMV DNA in patient plasma is highly frag-
mented. We found a 2.6-fold difference in CMV VL even when
the amplicon sizes in our P-qPCR test pair were both very small
(81 bp/138 bp), suggesting that a portion of the CMV DNA in
plasma is present in extremely small fragments <138 bp.
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Our study results have implications for assay design to make the
international goal of result harmonization among QNAT assays
for CMV DNA achievable. Although most new commercial assays
have gene targets <150 bp in size, many older assays, including a
recently US Food and Drug Administration—-approved commer-
cial assay, have significantly larger gene targets. Result harmoni-
zation might be improved if standards required smaller targets
within a narrow acceptable size range. The nucleic acid extraction
procedure also influences CMV DNA QNAT results [2]. In our
study, DNA extraction was performed using a Qiagen commercial
product that has a lower yield and partial loss of DNA fragments
<150 bp in size [30]. Differences in QNAT results between assay
pairs may have been even greater with a nucleic acid extraction
system more efficient for small fragments. For result harmoni-
zation of CMV QNAT plasma assays, it would be important to
ensure that nucleic acid extraction systems used demonstrate high
and comparable efficiency in isolating small DNA fragments.

Our study observations should not be extrapolated to WB,
although plasma CMV DNA contributes to this matrix. Further
studies of the size distribution of CMV DNA fragments in var-
ious blood compartments in a variety of CMV disease states
before and after antiviral therapy and in the presence of variable
degrees of immune response are warranted.

In conclusion, CMV DNA in the plasma of SOTR is almost
exclusively free DNA and highly fragmented. These observa-
tions have significant implications for the infectivity of plasma
in the setting of blood transfusion, the interpretation of dynamic
changes in serial CMV VLs in SOTRs, and the design of qPCR
assays for CMV DNA measurement.
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