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Abstract

The human herpesviruses HHV-6A and HHV-6B have been associated with various neurologic disorders partly due to the
detection of elevated viral DNA levels in patients compared to controls. However the reported frequency of these viruses
varies widely, likely reflecting differences in PCR methodologies used for detection. Digital droplet PCR (ddPCR) is a third
generation PCR technology that enables the absolute quantification of target DNA molecules. Mounting evidence of the
biological differences between HHV-6A and HHV-6B has led to their recent reclassification as separate species. As it is now
especially relevant to investigate each virus, our objectives were to first design a multiplex HHV-6A and HHV-6B ddPCR
assay and then to investigate the incidence of HHV-6A and HHV-6B coinfection in samples from healthy donors and patients
with MS, a disease in which HHV-6 is thought to play a role. In our assessment of healthy donors, we observed a heretofore-
underappreciated high frequency of coinfection in PBMC and serum, and found that our assay precisely detects both HHV-
6A and HHV-6B chromosomally integrated virus, which has important implications in clinical settings. Interestingly, upon
comparing the saliva from MS patients and healthy donors, we detected a significantly elevated frequency of coinfection in
MS saliva; increased detection of HHV-6A in MS patients is consistent with other studies suggesting that this viral species
(thought to be more neurotropic than HHV-6B) is more prevalent among MS patients compared to healthy donors. As the
biology and disease associations between these two viral species differ, identifying and quantifying both species of HHV-6
may provide clinically relevant information, as well as enhance our understanding of the roles of each in health and disease.
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Introduction following bone marrow [14,15] and solid organ [16] transplant,
causing complications that range from febrile illness [17] to fatal

Human herpesvir us 6 (HHV-6) comprises two ubiquitous encephalitides [16,18]. The association of the HHV-6 viruses with
human beta-herpesviruses: HHV-6A and H_HV'(.;B' HHV-6A these disorders has been partly established by the detection of
and HHV-6B share about 95% nucleotide identity, but some elevated viral DNA levels in patients compared with healthy
regions have up to 25% divergence [1,2], which likely underlies controls. Many studies report PCR amplification of HHV-6A and

the differences in tropism [3], drug susceptibilities [4] and disease HHV-6B from blood, saliva [19,20] and urine [21,22] of healthy
associations between these two viruses. These differences have led

. . . A adults. However, the reported frequencies of detection are wildly
to their recent reclassification as separate viral species [5].

. ; . . discrepant. For example in PBMC, the reported detection of
Primary infection with HHV-6 occurs around the age of two, HHV-6 in healthy adult donors ranges from 9% [23] to 90% [24],

and as with other herpesviruses, latency persists for the life of the and in saliva from 9% [25] to over 80% [26]. These differences
host. HHV-6B is the etiologic agent of roseola [6], a self-limiting

febrile illness of early childhood. Primary infections with HHV-6
vary geographically; HHV-6B predominates in childhood infec-
tions in the US [6] and Japan [7], while a recent report suggests
that HHV-6A may predominate in asymptomatic childhood
infections in Zambia [8].

HHV-6A and HHV-6B have each been associated with diseases
of the central nervous system (CNS) (reviewed in [9]) including
multiple sclerosis (MS) [10,11], encephalitis [12] and epilepsy
(reviewed in [13]). These viruses are also known to reactivate

may be population-based, but they may also reflect the lack of a
validated, standardized method for detecting HHV-6 viral DNA.

Since in most healthy individuals the concentration of HHV-6
in the peripheral blood is low, its detection is dependent on PCR
sensitivity and subject to high inter-replicate variance. Nested
PCR has proven to be a valuable tool for detecting low frequency
events; however, it is not quantitative and is highly prone to false
positive signals [27]. Though real time PCR is quantitative, its
accuracy is limited by the need for an external calibrator [28]. A
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Table 1. Primer/probe sequences.

HHV-6A and HHV-6B Coinfection by ddPCR

Forward Primer (5'-3')

Reverse Primer (5'-3')

Probe (5'-3)

HHV-6A U57 CCGTGGGATCGTCTAAAATTATAGATGT
HHV-6B U57 CCGTGGGATCGTCTAAAATTATAGATGT
RPP30 GATTTGGACCTGCGAGCG

CCACACTAGTCCGGACGGATAA
CCACACTAGTCCGGACGGATAA
GCGGCTGTCTCCACAAGT

6FAM CTGGAACTGTATAATAGG MGBNFQ
VIC CTGGAGCTGTACAACAG MGBNFQ
VIC CTGACCTGAAGGCTCT MGBNFQ

doi:10.1371/journal.pone.0092328.t001

new, non-nested digital PCR technology has recently emerged that
enables absolute quantification and offers an extraordinarily high
degree of precision [28]. In digital PCR, DNA is distributed across
multiple replicate reactions. These replicates enable the use of
Poisson statistics for absolute quantification; the dynamic range
increases proportionally with the number of replicates [28].

The method employed in this paper, digital droplet PCR
(ddPCR) uses water-in-oil droplets to increase the number of
replicates up to 20,000 nanoliter-sized droplets that each support
PCR amplification. As the droplet volume is known, the fraction of
positive droplets is used to calculate the absolute concentration of
the target [28]. This system has recently been utilized to quantify
bacteria [29] and viruses including HIV [30,31] and CMV [32] in
various sample types.

In light of increasing evidence regarding the biological
differences between HHV-6A and HHV-6B, it is important that
current research on this subject distinguish between the two.
Therefore, we designed a multiplex ddPCR reaction for the
simultaneous detection of HHV-6A and HHV-6B, with one
primer set to amplify both viruses, and fluorescent probes that are
specific for each. This SNP-like assay design enables comparable
sensitivity and kinetics between amplification reactions, while
differentiating HHV-6A and HHV-6B with high specificity and
sensitivity. To our knowledge, this present study is the first report
on the use of ddPCR for the detection of HHV-6, and the first
report on its use for multiplexing two viruses. We report our
findings on the quantitative detection of the HHV-6 viruses from
human biological material including PBMC, serum and saliva.
Notably, we demonstrate a high frequency of HHV-6A and HHV-
6B coinfection in healthy controls, and this frequency is further
elevated in the saliva of patients with MS, a disorder in which
HHV-6 has been reported to play a role.

Materials and Methods

Ethics Statement

Prior to study inclusion, written informed consent was obtained
from each subject (adult healthy volunteers and MS patients) in
accordance with the Declaration of Helsinki. The study was
reviewed and approved by the National Institutes of Health
Institutional Review Board

Clinical samples

The 59 MS patients were composed of 32 males and 27 females,
31 with relapsing-remitting (RRMS), 18 with primary progressive
(PPMS) and ten with secondary progressive (SPMS). Forty-seven
of the MS patients had been untreated for at least 30 days prior to
sample collection. The remaining 12 were on various disease-
modifying treatments at the time of sample collection, including
interferon-beta, glatiramer acetate and dimethyl fumarate. For the
subset of the 110 unique healthy volunteers with known
demographic information, there were 61 males and 42 females;
57 whites, 35 African Americans, six Asians, one Hispanic, and
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one Native American. Ten healthy donors donated both saliva and
blood, sixteen healthy donors donated blood, and the remainder of
healthy donors we analyzed either PBMC or serum.

Primers and probes

The NCBI reference genomes used to design the primer and
probe sequences (Table 1) are NC_001664 for HHV-6A, strain
U1102, and NC_000898 for HHV-6B, strain Z29. Ribonuclease P
protein subunit P30 (RPP30) was used as a cellular housekeeping
gene (Gene ID: 10556) [28]. The RPP30 primers amplify a 62 base
pair region, and the HHV-6 primers amplify an 89 base pair
region U57, which encodes the major capsid protein. There is
approximately 95-97% nucleotide homology between HHV-6A
U57 (Gene ID: 1487939) and HHV-6B U57 (Gene ID: 1497059).

The primers amplify both HHV-6A and HHV-6B, while the
differentially labeled fluorescent probes are specific for HHV-6A
or HHV-6B. The HHV-6A probe is FAM-MGBNFQ-labeled,
while the HHV-6B probe is VIC-MGBNFQ-labeled (see Figure
1). The housekeeping gene, RPP30, is VIC-MGBNFQ labeled.
For each DNA sample, the HHV-6A and HHV-6B primers and
probes were duplexed, while the RPP30 primers and probe were
separately singleplexed. When the primers and probes were
duplexed (HHV-6A and HHV-6B) or singleplexed (RPP30), the
final concentrations in each reaction were 900 nM per primer and
250 nM per probe. When the reaction was triplexed, the final
concentrations of the HHV-6A and HHV-6B primers and probes
remained as above, while the concentrations of RPP30 were
450nM per primer and 125 nM for the probe.

Sample collection/isolation

To isolate PBMC, whole blood was diluted with PBS, layered
over a Ficoll gradient (Lympocyte Separation Medium, Lonza,
Walkersville, MD) and spun at 12000 rpm for 30 minutes at room
temperature (RT). The cells were washed, cryopreserved and
stored in liquid nitrogen until DNA extraction. To isolate serum,
whole blood was collected in a red top tube and spun at 2000 rpm
for 10 minutes at RT; the serum was aliquoted and stored at —
80°C until DNA extraction. Salivettes (Sarstedt, Newton NC) were
used for saliva collection. Patients and healthy volunteers chewed
on a cotton swab for two minutes, which was then placed in a
capped plastic container and spun at 1100 rpm for 5 minutes. The
saliva was stored at —20°C until DNA extraction.

DNA extraction

DNA was extracted from saliva (200 pl) and PBMC or virus-
infected cells (3x10°% using a DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. Buffer AVL was used for saliva extraction, while Buffer AL
was used for PBMC extraction. DNA was extracted from serum
(I ml) using the QiaAmp Ultrasensitive Virus Kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions.
Elution volumes of purified DNA in Buffer AE were 150 pl for
serum and saliva and 200 pl for PBMC.
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Figure 1. HHV-6A and HHV-6B duplex ddPCR assay design and specificity validation. (A) Primers were designed to amplify an 89 base pair
region of U57, encoding the major capsid protein of HHV-6. The shared forward and reverse primers (in bold) amplify both HHV-6A and HHV-6B, while
the probes are specific for each virus with a three base pair mismatch. The HHV-6A probe sequence is in blue, while the HHV-6B probe sequence is in
green. (B) The probes distinguish HHV-6A and HHV-6B viral DNA with high specificity. The HHV-6A FAM-labeled probe binds HHV-6A DNA (blue
droplets in left plot) but not HHV-6B DNA. Likewise, the HHV-6B VIC-labeled probe binds HHV-6B DNA (green droplets in right plot), but not HHV-6A

DNA.
doi:10.1371/journal.pone.0092328.g001

Viral Infections

HHV-6A (U1102) and HHV-6B (Z229) were propagated in the
T-lymphoblastoid cell lines HSB-2 and SupT', respectively, as
previously described [33].

Digital Droplet PCR

We used a modified version of the digital droplet PCR
workflow described by Hindson, et al. [28]. Briefly, for each
replicate, 5 pl DNA was digested with the restriction enzyme
HindIII in NEB Buffer 2 (New England Biolabs, Ipswich, MA)
for 30 minutes at 37°C, and then diluted 1:5 with molecular
biology grade water. Dilution reduces salts in the digestion buffer
that may interfere with PCR amplification. A 20 pl mixture of
primers and probes, Bio-Rad 2X Supermix and the digested
diluted DNA was emulsified with droplet generator oil (Bio-Rad,
Hercules, CA) using a QX-100 droplet generator according to
the manufacturer’s instructions. The droplets were then trans-
ferred to a 96 well reaction plate (Eppendorf, Hauppauge, NY)
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and heat-sealed with pierceable sealing foil sheets (Thermo
Fisher Scientific, West Palm Beach, FL). PCR amplification was
performed in this sealed 96 well plate using a GeneAmp 9700
thermocycler (Applied Biosystems, Grand Island, NY) with the
following cycling parameters: 10 minutes at 95°C, 40 cycles
consisting of a 30 second denaturation at 94°C and a 60 second
extension at 59°C, followed by 10 minutes at 98°C and a hold at
12°C. Immediately following PCR amplification, droplets were
analyzed using a QX100 droplet reader (Bio-Rad, Hercules,
CA), in which droplets from each well are aspirated, streamed
toward a detector and aligned for single-file two-color detection

[28].

DdPCR data analysis

Fluorescence data for each well were analyzed using
QuantaSoft software, version 1.3.2.0 (Bio-Rad, Hercules, CA).
Thresholds were determined manually for each experiment,
according to the negative controls, which included a no template
control and a negative sample. Droplet positivity was determined
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Figure 2. HHV-6 viruses detected in 57% healthy donor PBMC samples: 50% coinfection of HHV-6A and HHV-6B. Representative
ddPCR plots with corresponding housekeeping gene (RPP30) as insets shown in A-C. (A) No positivity detected. (B) Only HHV-6B positivity (green
droplets, lower right quadrant) detected. (C) Coinfection of HHV-6A and HHV-6B (blue droplets in upper left and green droplets in lower right
quadrants, respectively) detected. (D) Group analysis of 46 healthy donor PBMC samples, with a mean (solid line) of 455 total HHV-6 copies/10° cells.
Each circle represents a donor. Closed circles represent detection of both HHV-6A and HHV-6B, while open circles represent detection of only HHV-6B.
(E) The amount of HHV-6A and HHV-6B in the coinfected healthy donors (closed circles in D). The ratio of 6A/6B copies/106 PBMC ranged from 0.01-
0.25.

doi:10.1371/journal.pone.0092328.9g002

by fluorescence intensity; only droplets above a minimum
amplitude threshold were counted as positive. Negative control
DNA and a no template control were included in each
experiment and resulted in zero positive droplets. For a given
sample, target copies per pl were calculated by averaging over all

PLOS ONE | www.plosone.org

replicate wells. Cellular DNA input was calculated by halving the
number of RPP30 copies, as there are two copies of RPP30 per
diploid cell. PBMC data are represented as viral copies per 10°
cells [34], while serum and saliva data are represented as viral
copies per ml.
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Results

Characterization of ddPCR for the detection of HHV-6A
and HHV-6B

This assay was designed to multiplex HHV-6A and HHV-6B,
such that coinfection within a given sample could be clearly
visualized. The primers amplify the same region of U57 from both
viruses, while the fluorescently labeled probes distinguish between
the two viruses by a three base pair mismatch (Figure 1A). This
design minimizes differences in primer sensitivity and amplifica-
tion kinetics that can lead to differences in the dynamic range of
viral DNA quantitation [35]. To determine the optimal annealing
temperature of these primers and probes, a temperature gradient
experiment was performed using positive control DNA from
HHV-6A and HHV-6B-infected cells. The optimal annealing
temperature was determined to be 59°C (data not shown), which
was used for all subsequent experiments. Primer/probe sequences
are listed in Table 1.

Figure 1B shows several examples of one-dimensional (1D)
ddPCR plots. The x-axis corresponds to the number of analyzed
droplets (event number) and the y-axis corresponds to the
fluorescence amplitude of the droplets. The purple line (amplitude
2000) 1s the manually set threshold, and droplets below this
threshold are negative; that is, they do not contain amplifiable
DNA. The maximum fluorescence amplitude of the probes differs
for each fluorophore (FAM and VIC), and is further influenced by
thermocycling conditions and the avidity of each probe for its
target sequence.

The three base pair mismatch between the two probes confer a
high level of specificity to each. Figure 1B depicts the results when
HHV-6A DNA (HSB-2-infected cells, strain U1102) is tested with
each probe. There is a positive droplet population (blue) in the left
plot with the HHV-6A FAM probe, and the absence of positive
droplets in the right plot with the HHV-6B VIC probe, indicating
the spectficity of the HHV-6A FAM probe for HHV-6A viral
DNA. Likewise, when HHV-6B DNA (SupT'l-infected cells, strain
729) is tested with each probe, there is only a positive droplet
population (green) in the right plot, with the HHV-6B VIC probe,
indicating the specificity of the HHV-6B VIC probe for HHV-6B
viral DNA.

HHV-6A and HHV-6B coinfection detected in the
peripheral blood and serum of healthy donors

To extend previously published observations on the frequency
of detection and quantitative range of viral DNA in healthy blood
donors, 46 PBMC samples were analyzed by an HHV-6 multiplex
ddPCR assay. Figures 2A-2C display representative two-dimen-
sional (2D) plots, with HHV-6A FAM on the y-axis and HHV-6B
VIC on the x-axis, and the corresponding 1D housekeeping gene
(RPP30 VIC) plots as insets. These data are representative of three
outcomes: no HHV-6 positivity (Figure 2A), HHV-6 positivity
with one virus (Figure 2B), or HHV-6 positivity with both viruses
(Figure 2C). The presence of both HHV-6A and HHV-6B positive
droplets 1s defined as coinfection. The 1D RPP50 inset for all three
donors displays a strongly positive droplet population, indicating
the abundance of cellular material as expected from PBMC DNA.
The RPP30 concentration was used to calculate the number of
viral copies per cell for each sample.

Figure 2D is a group analysis of the total HHV-6 viral copies
per 10° cells. Open circles represent the detection of only HHV-
6B, while closed circles represent the detection of both viruses. The
frequency of HHV-6 DNA detection in 46 healthy PBMC samples
was 57% (26/46) with a range of 0-3,000 total HHV-6 copies per
10° cells, consistent with other studies [20]. Of these 26 HHV-6
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positive samples, HHV-6A and HHV-6B coinfection was detected
in 13 (50%). The amounts of HHV-6A and HHV-6B within each
coinfected sample are shown in Figure 2E. The 6A/6B ratio of
copies/10° PBMC ranged from 0.01-0.25, demonstrating that all
healthy donor PBMC samples contained more HHV-6B com-
pared to HHV-6A.

Additionally, serum samples from 43 healthy blood donors were
studied, and the results are displayed in Figure 3. Figures 3A-3C
are representative 2D ddPCR plots, with the corresponding 1D
RPP30 plots as insets. The RPP30 inset for all three donors displays
a variably positive droplet population, with a reduced concentra-
tion compared to the PBMC DNA shown in Figure 2. Though
RPP30 was detected in most serum samples to varying extents, the
data in Figure 3D are represented as total viral copies per ml. The
frequency of viral DNA detection from 43 healthy serum samples
was 30% (13/43) with a range of 0-42,000 copies/ml. These
results are similar to a previous study that employed a highly
sensitive PCR  technique [36]. Of these 13 HHV-6 positive
samples, HHV-6A and HHV-6B coinfection was detected in 8
(62%). The amounts of HHV-6A and HHV-6B within each
coinfected sample are shown in Figure 3E. The 6A/6B ratio of
copies/ml serum ranged from 0.1 to 0.66, demonstrating that all
healthy donor serum samples contained more HHV-6B compared
to HHV-6A. We did not observe correlations between HHV-6A
and HHV-6B coinfection and gender or ethnicity (data not
shown).

These PBMC and serum samples were from the same healthy
donor in 26 cases- the results of 16 are shown in Figure 4, and the
results of ten (who also donated saliva) are shown in Table 2. Of
the 16 shown in Figure 4, 11 were positive in at least one
compartment, and nine were positive in both. To examine the
possibility of HHV-6 detection in the serum reflecting viral DNA
released from circulating blood cells, we analyzed the ratio of viral
copies in serum to viral copies in PBMC (these data are calculated
before normalization to copies/cell or copies/ml). As shown in
Figure 4A, eight of the nine samples cluster around a ratio of
approximately one, suggesting approximately equal amounts of
virus in the PBMC and serum. One normal donor (25611 circled
in red) has a serum/PBMC ratio of approximately 11, demon-
strating an abundance of viral DNA in the serum compared to the
PBMC. In Figure 4B, the viral copies per ml of serum are plotted
against the copies of cellular housekeeping gene, demonstrating
that in the majority of samples, serum viral copies do not correlate
with cellular housekeeping gene levels. These data support that
viral DNA detected in the serum may not be cell associated (that
is, independent of PBMC-associated virus).

Identification of blood donors with probable
chromosomally integrated HHV-6A or HHV-6B and
applicability of ddPCR for screening

In the assessment of healthy donor blood samples, we identified
two individuals with unusually high levels of HHV-6 in their
PBMC. TFigure 5A displays PBMC DNA from donor 27867.
Normalizing to the housekeeping gene RPP30, this individual was
calculated to have approximately one copy of HHV-6A per cell
(0.98 copies/cell). Figure 5B is a ddPCR plot of PBMC DNA from
another donor, 28319. Normalizing to RPP50, this individual was
calculated to have approximately one copy of HHV-6B per cell
(1.02 copies/cell). This high concentration of HHV-6 suggests that
these two individuals display a phenomenon known as chromo-
somally integrated (CI) HHV-6, which has been described in
approximately 1% of the general population (reviewed in [37]).

The identification of these two individuals with probable CI
HHV-6 led us to design a triplex reaction for HHV-6A, HHV-6B
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Figure 3. HHV-6 viruses detected in 30% healthy donor serum samples: 62% coinfection of HHV-6A and HHV-6B. Representative
ddPCR plots with corresponding housekeeping gene (RPP30) as insets shown in A-C. (A) No positivity detected. (B) Only HHV-6B positivity (green
droplets, lower right quadrant) detected. (C) Coinfection of HHV-6A and HHV-6B (blue droplets in upper left and green droplets in lower right
quadrants, respectively) detected. (D) Group analysis of serum from 43 healthy donors, with a mean (solid line) of 2,069 total HHV-6 copies/ml. Each
circle represents a donor. Open circles represent the detection of only HHV-6B, and closed circles represent the detection of both HHV-6A and HHV-
6B. (E) The amount of HHV-6A and HHV-6B in the coinfected healthy donors (closed circles in D). The ratio of 6A/6B copies/ml serum ranged from 0.1
to 0.66.

doi:10.1371/journal.pone.0092328.9003

and RPP30 (Figures 5C-5D). Triplexing enables a reduction in comparable whether the samples were duplexed (Figures 5A-5B)
DNA input and increases system throughput, which are important or triplexed (Figures 5C-5D). Donor 27867 was calculated to have
for clinical settings in which CI HHV-6 may be significant. In this 1.02 HHV-6A copies per cell when duplexed and 1.09 copies
triplex condition, the concentrations of the RPP30 VIC primers HHV-6A per cell when triplexed. Donor 28319 was calculated to
and probe were halved, allowing for the two VIC-labeled probes have 0.98 copies HHV-6B per cell when duplexed and 1.04 copies
(HHV-6B and RPP30) to be distinguished by their fluorescence HHV-6B per cell when triplexed.

amplitudes. The calculated number of viral copies per cell was
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doi:10.1371/journal.pone.0092328.g004

Elevated levels of HHV-6A and HHV-6B coinfection in the
saliva of MS patients compared to healthy controls
HHV-6 viral DNA was also investigated in the saliva of healthy
donors, as salivary glands are an important reservoir for HHV-6
[38,39]. Figures 6A-6C are representative 2D ddPCR plots of
three MS patient saliva samples. The RPP30 insets for these three
donors display variably positive green droplet populations
compared to the PBMC DNA (Figure 2), but greater than what
is observed for serum DNA (Figure 3). As with HHV-6 viral DNA
in serum, the saliva data are expressed as viral copies/ml because
similar to Cone et al. [20], in our study, salivary cellular DNA
levels did not correlate with viral DNA levels (data not shown).
Collectively, these results demonstrate HHV-6 in the saliva of 67%
(26/39) healthy donors. Of these HHV-6 positive saliva samples,

Table 2. Multi compartment analysis of ten normal donors.

only 12% (3/26) were found to be coinfected with HHV-6A and
HHV- 6B (summarized in Table 3), lower than what was observed
in the PBMC (Figure 2) or serum (Figure 3). We did not observe
correlations between coinfection and gender or ethnicity (data not
shown). This high frequency of detection [19,21,40,41] and range
of viral copies/ml saliva [20] are both consistent with other
published reports.

Of the HHV-6 viruses, HHV-6A has been suggested to be more
neurotropic than HHV-6B [33,42] and is associated with MS
[43,44]. Therefore, we asked if the level of coinfection (which in
this study is defined as the presence of HHV-6A in addition to
HHV-6B) 1s increased among MS patients compared to healthy
donors (Figure 6D). The rates of viral detection in saliva were
similar between MS patients (63%) and healthy donors (67%),

Healthy donor PBMC (viral copies/10° cells)

Serum (viral copies/ml) Saliva (viral copies/ml)

68-26-8 ND
10-09-1 473
09-02-7 ND
10-05-4 ND
09-38-6 ND
70-64-9 320
08-97-7 ND
10-31-5 ND
10-03-0 ND
09-19-2 456 ©

ND ND
ND ND
1,082 ND
503 ND
1,625 ° ND
ND 4,093
ND 3,562
ND 4343
ND 2,822
515 12,688

*ND = not detected.

PCoinfected: 580 copies/ml HHV-6A, 580 copies/ml HHV-6B.
“Coinfected: 92 copies/10° cells HHV-6A, 369 copies/10° cells HHV-6B.
doi:10.1371/journal.pone.0092328.t002
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doi:10.1371/journal.pone.0092328.g005

with a mean total viral load of 1.82x10* copies/ml for MS
patients and 1.38 x10* copies/ml for healthy donors (summarized
in Table 3). However, there was a significantly elevated prevalence
of coinfection in MS patient saliva (30% (11/37)) compared to the
healthy controls (12% (3/26)) (X* test, p=0.04) (Figure GE),
suggesting that the difference between MS patients and controls
may be the increased presence of HHV-6A in addition to HHV-
6B. The amounts of HHV-6A and HHV-6B within each
coinfected sample are shown in Figure 6F. The 6A/6B ratio of
copies/ml saliva ranged from 0.005-0.6 in healthy donors and
from 0.04 to 4.0 in MS patients, demonstrating that in healthy
donors, all coinfected samples contained more HHV-6B com-
pared to HHV-6A, while in MS patients, a subset of the coinfected
samples contained more HHV-6A than HHV-6B (2/11). In this
particular MS cohort, there was no correlation between coinfec-
tion and expanded disability status scale (EDSS) score, brain lesion

load or contrast enhancing lesions around the time of saliva
collection (data not shown).

Discussion

The HHV-6 viruses are detected at low levels in the majority of
healthy individuals. This is supported by the widespread—but
controversial—use of nested PCR to establish the frequency of
HHV-6 in the blood of healthy donors [19], as well as data
demonstrating that viral detection in blood increases with
increasing cellular input [19,20,24]. Such low levels of virus
render the detection of viral DNA highly subject to both the
sample integrity and assay sensitivity, and may underlie discrep-
ancies in the literature regarding the frequency of HHV-6
detection among healthy individuals.

In this paper, we report a novel HHV-6 detection method using
a third generation quantitative PCR technology, ddPCR. DdPCR

Table 3. Summary of HHV-6 detection by ddPCR HHV-6 positive samples.

HHV-6 positive/Total

HHV-6A + HHV-6B

samples (%)

Total viral copies Mean (Range)

HHV-6B only (%) coinfection (%)

doi:10.1371/journal.pone.0092328.t003

PLOS ONE | www.plosone.org

PBMC Healthy donors 26/46 (57) 455 copies/10° cells (0 — 3x10%) 13/26 (50) 13/26 (50)
Serum Healthy donors 13/43 (30) 2.07 x10% copies/ml (0 - 4.2x10% 5/13 (38) 8/13 (62)
Saliva Healthy donors 26/39 (67) 1.38x10* copies/ml (0 - 2.3x10°) 23/26 (88)? 3/26 (12)°

MS patients 37/59 (63) 1.82x10* copies/ml (0 - 7.3x10°) 26/37 (70)° 11/37 (30)°
2p=0.04 ().
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Figure 6. Increased HHV-6A and HHV-6B coinfection in MS patient saliva samples. Representative ddPCR plots with corresponding
housekeeping gene (RPP30) as insets shown in A-C. (A) No positivity detected. (B) Only HHV-6B positivity (green droplets, lower right quadrant)
detected. (C) Coinfection of HHV-6A and HHV-6B detected (blue droplets in upper left and green droplets in lower right quadrants, respectively). (D)
Group analysis of total HHV-6 copies/ml in saliva of healthy donors (n=39) and MS patients (n=59). Lines represent the mean total viral copies:
1.38x10* copies/ml for healthy donors and 1.82x10* copies/ml for MS patients. Each symbol represents a donor. Open symbols represent the
detection of only HHV-6B, and closed symbols represent the detection of both HHV-6A and HHV-6B. (E) The proportion of donors with HHV-6A and
HHV-6B coinfection (dark shading) in saliva is significantly increased in MS patients compared to healthy donors (p =0.04, X2 test). (F) The ratio of 6A/
6B copies/ml saliva ranged from 0.005-0.6 in healthy donors and from 0.04 to 4.0 in MS patients.

doi:10.1371/journal.pone.0092328.9006

is ideal for detecting low frequency events, such as HHV-6 viral
DNA in healthy donor samples, because it partitions a sample into
discrete droplets, thereby minimizing random sampling error.
Moreover, increasing the number of replicates proportionally
increases the quantitative dynamic range; this ability to extend the
lower limits of detection is ideal for assessing low-level targets [28],
and important for detecting two viral species that may be present
in different quantities.

We detected HHV-6 viral DNA in the PBMC of 57% (26/46)
of healthy donors, consistent with a number of previous studies
[20,45]. When considering prevalence data in a cross-sectional
study such as this one, it is important to note that detectable viral
DNA levels within an individual may fluctuate over time. This was
demonstrated in a longitudinal study of healthy children, which
reported that over several years, viral DNA was detected
intermittently in the PBMC of 76% children, but consistently
detected in the PBMC of only 12% of children [46].

In our study of healthy donor PBMC, we fortuitously identified
two individuals with probable CI HHV-6, one with HHV-6A and
the other with HHV-6B, though analysis by fluorescent i situ
hybridization (FISH) is necessary to confirm chromosomal
integration. The precise mechanisms and clinical implications of
chromosomally integrated HHV-6A and HHV-6B are active areas
of study [47,48]. From studies of healthy blood donors in the US
and UK, the incidence of HHV-6 chromosomal integration in the
general population is thought to be approximately 1% [37]. We
believe that the percentage of potentially chromosomally integrat-
ed individuals as calculated from this study (2/48, or 4%) reflects
low numbers of surveyed PBMC.

In the healthy blood donor with probable integrated HHV-6A
(1.02x10° copies HHV-6A per 10° cells) we also detected HHV-
6B viral DNA (306 copies HHV-6B per 10° cells). These data are
consistent with a recent report of HHV-6B detection in two
individuals determined to be CI HHV-6A [35]. Notably, we
detected these HHV-6B positive droplets both when the sample
was duplexed (306 copies HHV-6B/10° cells) and triplexed (401
copies HHV-6B/10° cells). These data highlight the suitability of
ddPCR for assessing coinfection, as low copy numbers of one viral
species can be detected and reproducibly quantified in the
presence of excess copies of the other viral species.

The detection of viral nucleic acid in blood may reflect active
viral replication, chronic persistence or latency [1]. We detected
HHV-6 DNA in 30% (13/43) serum samples from healthy adult
donors. These results are higher than many previous studies
[21,49-52] that employed conventional PCR approaches and
reported undetectable levels of HHV-6 DNA in healthy donor
serum. However, a frequency of 30% agrees with several other
studies, including one that used a highly sensitive PCR ELISA
assay and reported HHV-6 DNA in the serum of 21% (5/24)
healthy Canadian donors [36] and another that reported 20%
detection among healthy Jordanian controls [53]. It is currently
thought that HHV-6 DNA detected in the serum indicates an
active infection, but recent work cautions that viral DNA in the
serum may in fact reflect DNA released from circulating blood
cells [54]. While cellular material in serum can indicate the
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presence of genomic DNA contaminants [53], we found no
correlation between viral copies/ml serum and the cellular
housekeeping gene (a subset shown in Figure 4B), suggesting that
viral DNA we detected in serum may not be cell-associated. An
active infection can also be hypothesized based on the ratio of
virus in the serum to virus in circulating peripheral blood cells
(Figure 4A). For example, most individuals in our study had a ratio
of approximately one, but one individual had a ratio of 11. This
11-fold increase of virus in the serum compared to PBMC supports
further studies on this individual to determine whether there is
active or infectious virus in this compartment.

A major finding of this report is the high frequency of HHV-6A
and HHV-6B coinfection in healthy adult donors. There are few
published studies on coinfection of the HHV-6 viruses, likely
because many early reports did not distinguish between HHV-6A
and HHV-6B, though the literature is shifting towards this
distinction [56]. Even in studies that report coinfection [21,57],
there may be an underestimation of the frequency. For example,
in one study of 44 adult PBMC samples, coinfection was detected
in 18% of the HHV-6 positive samples [57]. This is comparatively
lower than our data, as we detected coinfection in 50% (13/26) of
HHV-6 positive PBMC samples. We also report coinfection in
62% (8/13) of HHV-6 positive serum samples, and are not aware
of other studies that observed this in healthy donor serum. This
high percentage likely reflects the low denominator, and should be
interpreted with caution.

In addition to PBMC and serum, we also analyzed the HHV-
6A and HHV-6B viral loads in saliva. The salivary glands are a
known reservoir for HHV-6 [38] and saliva is an easily collected
clinical sample. Among healthy donors, we observed the lowest
incidence of HHV-6A and HHV-6B coinfection in this compart-
ment (12%, relative to 50% in PBMC and 62% in serum).
However, this observation may be population-specific, as a recent
study of HHV-6 in the saliva of healthy Brazilian donors reported
twice the frequency of HHV-6A compared to HHV-6B [25].

As we observed higher viral loads in the saliva compared to the
blood of healthy donors, we chose this sample type to compare
HHV-6 levels between healthy donors and patients with MS, a
neurologic disease associated with HHV-6 (reviewed in [58]).
Despite comparable detection frequencies and total viral loads
between healthy donor and MS saliva, we detected significantly
increased HHV-6A and HHV-6B coinfection in the MS samples.
These data extend observations from a previous study in which we
detected coinfection in a subset of HHV-6 positive saliva samples
from MS patients (6%), but not healthy controls [21]. The
observation of increased detection of HHV-6A in MS patients is
also consistent with other studies suggesting that this viral species is
more prevalent among MS patients compared to healthy donors
[21,59].

In this report, coinfection is defined by the presence of HHV-6A
in addition to HHV-6B, as singly infected samples were
determined to be HHV-6B. This may reflect that HHV-6B is
the predominant species of childhood infection among our donor
population. The implications of coinfection should be considered
in light of clinical reports suggesting that the abundance of
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detectable HHV-6A may be pathophysiologic. For example, in a
study of renal transplant patients [60], the frequency of HHV-6A
was significantly higher in patients with active infections, while the
frequency of HHV-6B was significantly higher in patients and
healthy donors with latent infections. In a separate study of
critically ill patients, 54 of 101 had detectable HHV-6 viral DNA,
and 53 of the 54 were positive for HHV-6A. The authors suggest
that the selective reactivation of HHV-6A reflects the dominance
of this viral species under illness-related stress [61].

As HHV-6A may be more active than HHV-6B [52,60] and
studies demonstrate different susceptibilities of each virus to
therapeutics [4], quantitating the extent of coinfection may prove
clinically relevant. It may be insufficient to assess only the presence
or absence of each species in a given sample, as we determined
great variability in the viral copy ratio of HHV-6A to HHV-6B
among our coinfected healthy and MS saliva samples (0.005 to
4.0). It remains to be seen in a larger study whether there are
clinical correlates to this ratio.

In summary, we aimed to address the frequency of HHV-6A
and HHV-6B coinfection by designing a multiplex digital droplet
PCR assay to comparably amplify both viruses. We investigated
blood and saliva samples from healthy adult donors and adult M'S
patients and demonstrate a heretofore-underappreciated high
frequency of coinfection of these two viruses. Larger studies are

References

1. Ward KN (2005) The natural history and laboratory diagnosis of human
herpesviruses-6 and -7 infections in the immunocompetent. J Clin Virol 32: 183~
193.

2. Dominguez G, Dambaugh TR, Stamey FR, Dewhurst S, Inoue N; et al. (1999)
Human herpesvirus 6B genome sequence: coding content and comparison with
human herpesvirus 6A. J Virol 73: 8040-8052.

3. De Bolle L, Van Loon J, De Clercq E, Naesens L (2005) Quantitative analysis of
human herpesvirus 6 cell tropism. J Med Virol 75: 76-85.

4. Jaworska J, Gravel A, Flamand L (2010) Divergent susceptibilities of human
herpesvirus 6 variants to type I interferons. Proc Natl Acad Sci U S A 107:
8369-8374.

5. (2012) Virus Taxonomy: Ninth Report of the International Committee on
Taxonomy of Viruses. 1338 pages p.

6. Dewhurst S, McIntyre K, Schnabel K, Hall CB (1993) Human herpesvirus 6
(HHV-6) variant B accounts for the majority of symptomatic primary HHV-6
infections in a population of U.S. infants. J Clin Microbiol 31: 416-418.

7. Hidaka Y, Kusuhara K, Takabayashi A, Okada K, Miyazaki C, et al. (1997)
Symptomatic primary infection with human herpesvirus 6 variant A. Clin Infect
Dis 24: 1022-1023.

8. Bates M, Monze M, Bima H, Kapambwe M, Clark D, et al. (2009) Predominant
human herpesvirus 6 variant A infant infections in an HIV-1 endemic region of
Sub-Saharan Africa. ] Med Virol 81: 779-789.

9. Yao K, Crawford JR, Komaroff AL, Ablashi DV, Jacobson S (2010) Review part
2: Human herpesvirus-6 in central nervous system diseases. J Med Virol 82:
1669-1678.

10. Challoner PB, Smith KT, Parker JD, MacLeod DL, Coulter SN, et al. (1995)
Plaque-associated expression of human herpesvirus 6 in multiple sclerosis. Proc
Natl Acad Sci U S A 92: 7440-7444.

11. Berti R, Brennan MB, Soldan SS, Ohayon JM, Casareto L, et al. (2002)
Increased detection of serum HHV-6 DNA sequences during multiple sclerosis
(MS) exacerbations and correlation with parameters of MS disease progression. J
Neurovirol 8: 250-256.

12. Yao K, Honarmand 8, Espinosa A, Akhyani N, Glaser C, et al. (2009) Detection
of human herpesvirus-6 in cerebrospinal fluid of patients with encephalitis. Ann
Neurol 65: 257-267.

13. Theodore WH, Epstein L, Gaillard WD, Shinnar S, Wainwright MS, et al.
(2008) Human herpes virus 6B: a possible role in epilepsy? Epilepsia 49: 1828~
1837.

14. Shimazu Y, Kondo T, Ishikawa T, Yamashita K, Takaori-Kondo A (2013)
Human herpesvirus-6 encephalitis during hematopoietic stem cell transplanta-
tion leads to poor prognosis. Transpl Infect Dis 15: 195-201.

15. Muta T, Fukuda T, Harada M (2009) Human herpesvirus-6 encephalitis in
hematopoietic SC'T recipients in Japan: a retrospective multicenter study. Bone
Marrow Transplant 43: 583-585.

16. Lautenschlager I, Razonable RR (2012) Human herpesvirus-6 infections in
kidney, liver, lung, and heart transplantation: review. Transpl Int 25: 493-502.

17. Yoshikawa T, Thira M, Suzuki K, Suga S, lida K, et al. (2000) Human
herpesvirus 6 infection after living related liver transplantation. ] Med Virol 62:

52-59.

PLOS ONE | www.plosone.org

HHV-6A and HHV-6B Coinfection by ddPCR

required to learn to what extent the variability of frequency
positive and coinfection are related to the site (PBMC, serum or
saliva) versus the population, though our cohort in Table 2 (ten
donors from which we collected PBMC, serum and saliva) suggests
that viral positivity is related to the site as opposed to the
population. Moreover, larger studies are required to determine if
there are clinical correlates of HHV-6A and HHV-6B coinfection
(for example, markers of inflammation) and if the frequency of
either virus is affected by treatment. As we understand more about
each virus in health and disease, this observation of coinfection
may have profound implications.
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