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Abstract

Background—Human herpesvirus 6 (HHV-6) has a unique ability to integrate into 

chromosomal telomeres. Vertical transmission via germ cell integration results in offspring with 

inherited chromosomally integrated (ci)HHV-6 in all nucleated cells, affecting ~1% of the 

population.

Objectives—Inherited ciHHV-6 may be a direct or indirect mediator of human disease, but 

efficient identification of affected individuals is a fundamental roadblock to larger studies 

exploring the clinical importance of this condition.

Study design—A group testing strategy was designed to efficiently identify individuals with 

inherited ciHHV-6. DNA was extracted from 2496 cellular samples from hematopoietic cell 

transplant (HCT) donor–recipient pairs. Pools of 12 samples were screened for HHV-6 DNA with 

quantitative (q)PCR. Individual samples from high positive pools were tested with qPCR, and high 

positive individual samples were tested for inherited ciHHV-6 using droplet digital (dd)PCR to 

determine HHV-6 DNA copies/cellular genome.

Results—Thirty-one pools had high positive HHV-6 DNA detection with >103 HHV-6 DNA 

copies/μg. Each pool had one sample with >104 copies/μg HHV-6 DNA. Inherited ciHHV-6 was 

confirmed by ddPCR in every high positive sample (>103 HHV-6 DNA copies/μg), yielding a 
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prevalence of 1.5% in HCT recipients and 0.96% in donors. We performed 580 qPCR tests to 

screen 2496 samples for inherited ciHHV-6, a 77% reduction in testing.

Conclusions—Inherited ciHHV-6 can be efficiently identified by specimen pooling coupled 

with modern molecular techniques. This algorithm can be used to facilitate cost-effective 

identification of patients with inherited ciHHV-6, thereby removing a major hurdle for large-scale 

study of its clinical impact.
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1. Background

Human herpesvirus 6 (HHV-6) species B infects >95% of people during childhood and 

causes exanthema subitum (roseola) [1]. HHV-6B frequently reactivates in 

immunocompromised patients and causes significant morbidity [2]. The epidemiology of 

HHV-6A infection is poorly understood, and this virus does not have clear disease 

associations. Like other herpesviruses, HHV-6A and HHV-6B establish life-long latency 

after primary infection. However, they have a unique ability to establish latency by 

integrating into chromosomal telomeres [3,4]. If viral integration occurs in a germ-line cell, 

vertical transmission of chromosomally integrated HHV-6 (ciHHV-6) via Mendelian 

inheritance results in offspring with the entire HHV-6 genome in every nucleated cell of 

their body. This condition of inherited ciHHV-6 will be passed on to 50% of children from 

affected individuals. Population-based studies demonstrate that inherited ciHHV-6 is found 

in ~1% of the population (~70 million people) [4].

In vitro and in vivo evidence suggest that inherited ciHHV-6 may play a role in 

complications ranging from encephalitis to heart disease due to direct (e.g. pathogenic viral 

reactivation) or indirect (e.g. telomeric instability and deletions) mechanisms [5–12]. 

However, the clinical impact of inherited ciHHV-6 remains poorly understood due to the 

low prevalence of this condition, lack of routine screening, and the diagnostic challenge of 

identifying affected patients [13]. If a patient is suspected to harbor inherited ciHHV-6, 

confirmation requires specialized methods such as fluorescence in situ hybridization (FISH) 

or droplet digital polymerase chain reaction (ddPCR) assays [4,14]. As a result, studies have 

been limited to case reports and case series, aside from one recent study that required 

extensive resources to test ~20,000 patients [15].

2. Objectives

To facilitate larger studies of the clinical significance of inherited ciHHV-6 and whether 

routine screening of all or select patient populations is warranted, efficient testing strategies 

are needed. An early approach to resourceful identification of low prevalence conditions was 

developed by Robert Dorfman in 1943 using group testing to identify military recruits with 

syphilis [16], a strategy that is particularly well-suited for targeting inherited ciHHV-6. We 

have coupled group testing with modern molecular techniques to design an algorithm for 

rapid and cost-effective identification of patients with inherited ciHHV-6.
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3. Study design

3.1. Specimens

Specimens for this study were obtained from the Fred Hutchinson Cancer Research Center 

Research Cell Bank, which routinely collects peripheral blood mononuclear cells (PBMCs) 

leftover from human leukocyte antigen (HLA) typing of donors and recipients for 

hematopoietic cell transplantation (HCT). Most of these samples have been infected with 

Epstein–Barr virus (EBV) to create immortalized beta lymphoblastoid cell lines (LCLs) 

stored at −80 °C. Only complete donor–recipient pairs from 1992–2014 were used for this 

study in an effort to establish an informative cohort for future study. All samples were 

collected prior to HCT, when HHV-6 DNA detection due to viral reactivation is rare [17] 

and most likely due to inherited ciHHV-6.

LCLs were grown at 37 °C to a concentration of 20 million cells. The cells were pelleted 

and lysed in white cell lysis buffer. Supernatants were isolated in 100% Isopropanol after 

centrifugation (3000 rpm, 15 min, ambient). The DNA was precipitated and resuspended in 

70% ethanol followed by centrifugation (3000 rpm, 5 min, ambient). After being decanted 

and air-dried, DNA was hydrated with DNA Hydration Solution (10 mM Tris, 1 mM 

EDTA).

Approximately 5 μg of DNA/sample were aliquoted at concentrations of ~200 ηg/μL. Given 

that 1 μg of cellular DNA represents ~1.5 × 105 cells, each μL of a sample contained 

~30,000 cells. Cell lines with inherited ciHHV-6 contain the HHV-6 genome in every cell, 

so each μL of sample from an affected cell line will contain ~30,000 copies of the HHV-6 

genome.

3.2. Laboratory assays

HHV-6 DNA targets were amplified and detected using a real-time quantitative fluorescent 

probe polymerase chain reaction (qPCR) assay as previously described [18]. Briefly, each 

30 μl real-time PCR reaction contained 15 μl of 2x QuantiTect multiplex PCR master mix 

(Qiagen, CA), 830 nM primer (5R(A): GTT AGG ATA TAC CGA TGT GCG TGA T; 

5R(B): TAC AGA TAC GGA GGC AAT AGA TTT G), 100 μM probe (5R(P): FAM-TCC 

GAA ACA ACT GTC TGA CTG GCA AAA-TAMRA), and 0.03 units of uracil-DNA-/

glycosylase and EXO internal control. The thermocycling conditions were 50 °C for 2 min 

and 95 °C for 15 min followed by 45 cycles of 94 °C for 1 min and 60 °C for 1 min. A 

conserved region of the U67/68 gene was amplified to distinguish between species HHV-6A 

and HHV-6B [19]. The primer and probe sequences that target HHV-6 U67/68 are as 

follows: U 67/68 Forward- TTCCGGTATATGACCTTCGTAAGC; U67/68 Reverse- 

GATGTCTCACCTCCAAATCTTTAGAAAT; U67/68 Probe B 

[6FAM]CATTATATATCGAATCTGACGCTACCTTCCG[TAMRA]; U67/68 probe A 

[6VIC]ACATTATATGTCGAACTTGACACTA CCTTCCG[TAMRA]. These assays have 

high specificity for HHV-6 [18,19], and the use of EBV-induced LCLs should not affect the 

ability to quantitate HHV-6 in extracted DNA.

Inherited ciHHV-6 was identified using a novel droplet digital PCR (ddPCR) method to test 

samples for HHV-6 DNA and human ribonuclease P DNA (RPP30, a reference gene for cell 
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count; two RPP30/cell) [14]. Briefly, droplet digital PCR (ddPCR) was performed on the 

Bio-Rad QX100/200 system as previously described [14]. Data were analyzed with 

QuantaSoft analysis software (Version 1.7.4), and quantification of target molecules was 

presented as copies per μl of PCR reaction. Inherited ciHHV-6 was presumed in samples 

with a ratio of HHV-6 DNA copies to cells of 1 ± 0.07. This assay has been validated 

against FISH-confirmed inherited ciHHV-6 cell lines [14].

3.3. In vitro proof of concept

To test the feasibility of group testing for identification of patients with inherited ciHHV-6, 

we first demonstrated the ability of our HHV-6 qPCR assay to detect a cell line with 

inherited ciHHV-6 in large pools of negative samples. We spiked DNA from a cell line 

without HHV-6 infection with DNA from a FISH-confirmed inherited ciHHV-6 positive cell 

line (Hector-2 cell line, Bioworld Consulting Laboratories, MD [7]) at varying 

concentrations. This demonstrated that our assay decisively detected high levels of HHV-6 

DNA even in dilutions of greater than 1:100 (Table 1).

3.4. Screening algorithm for inherited ciHHV-6

Based on the estimated 1% prevalence of inherited ciHHV-6, group testing is most efficient 

using pools of 11 or 12 samples, which allows for up to 80% less testing (Table 2). We 

created pools of 12 samples to facilitate separation of positive pools into individual samples 

using 8 × 12-well PCR plates (Fig. 1). Two μL from each of 12 samples were used to create 

24 μL pools with a manual multichannel pipette, and 10 μL from each pool was used for 

HHV-6 DNA testing by qPCR. The expected minimum HHV-6 DNA copy number from a 

pool with at least one inherited ciHHV-6 sample is >103, and pools were categorized as high 

positive or low positive based on this threshold. Every individual sample from a high 

positive pool was screened with qPCR. Low positive pools were not further tested (aside 

from a subset used for confirmatory testing), as they were unlikely to contain a sample with 

inherited ciHHV-6.

3.5. Sensitivity, positive predictive value and negative predictive value

To establish the sensitivity of our approach for identifying pools containing an inherited 

ciHHV-6 sample, or p(high qPCR | inherited ciHHV-6), 11 randomly selected samples with 

confirmed inherited ciHHV-6 were spiked into pools of 11 samples without inherited 

ciHHV-6. These positive samples had 1.8 × 104–1.1 × 105 copies/ml HHV-6 DNA, 

representative of the dynamic range of viral loads observed for all other samples identified 

as inherited ciHHV-6. Each pool was screened for HHV-6 using qPCR, repeated five times, 

for a total of 55 tests. Pools without inherited ciHHV-6 were randomly included, and all 

testing was performed in a blinded fashion. To establish the positive predictive value of our 

approach, or p(inherited ciHHV-6 | high qPCR), all high positive individual samples were 

tested for inherited ciHHV-6 using our novel ddPCR assay [14]. To establish the negative 

predictive value of our approach, or p(not inherited ciHHV-6 | negative or low positive 

qPCR), 50 low positive individual samples were tested with ddPCR to ensure that they did 

not harbor inherited ciHHV-6. Sample sizes were calculated using the Clopper–Pearson 
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method to generate results with no more than a 5–7% margin of error for the 95% 

confidence interval.

3.6. Study approval

The study was approved by the Institutional Review Board at Fred Hutchinson Cancer 

Research Center, and written informed consent was obtained from study participants or their 

legally authorized representatives.

4. Results

4.1. Screening algorithm and virologic results

We extracted DNA from beta LCLs or PBMCs of 1248 donor–recipient HCT pairs (2496 

samples). The samples were 85% LCLs and 15% PBMCs. All samples were obtained prior 

to HCT. Using the pooling algorithm outlined in Fig. 1, 208 pools (12 samples/pool) were 

aliquoted onto 8 × 12 well PCR plates such that all individual samples from an 8 × 12 plate 

were contained in one column on the pooled plate. Screening for HHV-6 DNA identified 31 

high positive pools (i.e. >103 copies/μg) with median viral load 38,110 copies/μg (range, 

6630–121,554) (Fig. 2). Individual samples from high positive pools were subsequently 

aliquoted onto PCR plates and screened by qPCR. One high positive individual sample was 

identified in each high positive pool with median viral load 306,270 copies/μg (range, 

53,079–874,363). There were also 68 pools and 57 individual samples with low positive 

HHV-6 DNA detection (i.e. <103 copies/μg). Half of the low positive individual samples 

were PBMCs. Fig. 3 demonstrates a flow chart of the screening algorithm.

All 31 high positive individual samples were confirmed to have inherited ciHHV-6 by 

ddPCR demonstrating a ratio within 1% of 1 HHV-6 copy per cell (Table 3). The prevalence 

of inherited ciHHV-6 was 1.5% (19/1248) in HCT recipients and 0.96% (12/1248) in 

donors. Inherited ciHHV-6 was identified in similar proportions of beta LCL (28/2,128; 

1.3%) and PBMC (3/368; 0.8%) samples. HHV-6B and HHV-6A accounted for 65% (n = 

20) and 35% (n = 11) of cases, respectively, and were equally distributed among donors and 

recipients.

This algorithm only required 580 HHV-6 qPCR assays to screen 2496 patient samples for 

inherited ciHHV-6, a 77% reduction compared to testing each sample individually. This 

reduction in testing will lead to a commensurate decrease in laboratory costs and personnel 

time. Furthermore, it obviates the need for less widely available and more labor intensive 

testing such as ddPCR and FISH when screening large populations.

4.2. Sensitivity, positive predictive value and negative predictive value

Among 55 pools containing a known inherited ciHHV-6 sample, all had high positive 

HHV-6 DNA detection, indicating ≥93% sensitivity (with 95% confidence) for identifying 

true positive pools (data not shown). The positive predictive value was estimated to be ≥88% 

(with 95% confidence) based on the finding that all high positive samples identified in this 

cohort (n = 31) were confirmed to have inherited ciHHV-6. Among 50 individual samples 

with low positive HHV-6 DNA detection, none had ddPCR results consistent with inherited 
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ciHHV-6, indicating a negative predictive value ≥93% (with 95% confidence; data not 

shown). In practice, the predictive values are likely to approach 100% given the 

performance characteristics of the HHV-6 qPCR assay and study design.

5. Discussion

We demonstrated that specimen pooling coupled with sensitive qPCR efficiently identifies 

patients with inherited ciHHV-6 with high accuracy and precision. Using a novel application 

of the Dorfman group testing scheme [16], we identified 31 patients with inherited ciHHV-6 

in a large cohort of 2496 individuals with a 77% reduction in the number of qPCR tests 

required to screen all samples individually.

The accumulating but limited evidence for disease associations with inherited ciHHV-6 

underscores the importance of large-scale research of this condition [6–12]. The only large 

study performed to date required vast resources to test 20,000 patient samples for inherited 

ciHHV-6 and reported an association with angina pectoris [15]. This landmark paper 

implicates inherited ciHHV-6 as a possible risk factor for coronary artery disease, a 

condition of significant public health importance. This and another study [8] demonstrate 

evidence for chromosomal instability and shortening due to telomeric deletions in 

chromosomes with integrated HHV-6, which may have important downstream effects. The 

biologic plausibility for pathology due to inherited ciHHV-6 can also be inferred from the 

effect of Marek’s disease virus infection in fowl, an alpha-herpesvirus that similarly 

integrates into telomeres with resultant T-cell lymphomas and high mortality [20]. Indeed, 

an expert has recently called for caution in the use of stem cells or organs from donors with 

inherited ciHHV-6 [11]. Further study of affected individuals in specific patient populations, 

such as HCT recipients, may provide critical insights into unique immunologic features of 

these patients and the effect of telomeric chromosomal disruption.

We are confident that our approach accurately identified patients with and without inherited 

ciHHV-6 because (1) cellular samples from patients with inherited ciHHV-6 have high viral 

loads, and (2) high level HHV-6 detection in healthy donors and pre-HCT patients is 

unlikely, particularly with a HHV-6 DNA to cell ratio of 1 [17]. A recent study testing pre 

and post-HCT blood samples from 16 of these patients also provided evidence of inherited 

ciHHV-6 in the recipient or their donor [19]. Additionally, the prevalence of inherited 

ciHHV-6 in healthy individuals and cancer patients identified in this cohort closely matches 

that reported in other studies [4,15]. Importantly, our strategy confirmed detection of >103 

HHV-6 DNA copies/μg as a clear threshold distinguishing between pools and samples 

containing inherited ciHHV-6 and those without (Fig. 2). Low positive HHV-6 DNA 

detection in some samples may be due to low grade reactivation or identification of patients 

with latently infected cells generated through natural infection, as lymphocytes are a site of 

HHV-6 latency [21]. Thus, low positives pools/samples do not need further testing, and one 

does not require advanced techniques such as FISH or ddPCR to confirm inherited ciHHV-6 

[4,14], expanding the generalizability of this approach. Despite the large range of qPCR 

values for samples identified to have inherited ciHHV-6, each sample only had 1 copy of 

HHV-6 per cell as confirmed by ddPCR; this was likely due to differences in the cellularity 

of samples.
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Strengths of this study include the use of a large patient cohort with cellular samples 

obtained at a time point during which HHV-6 reactivation is rare, minimizing confounding 

due to HHV-6 detection from non-inherited ciHHV-6 sources. Additionally, the use of both 

LCL and PBMC samples underscores the utility of this testing strategy with a variety of 

cellular specimens. Limitations of this algorithm include the need for cellular samples, 

which may not be as readily available. Manual aliquoting also increased the risk for 

contamination and/or error, although we found no evidence that this occurred. Alternative 

pooling strategies like the square array could be utilized to further improve efficiency [22], 

but the incremental gain in test reduction did not warrant the increased labor and margin for 

error based on our laboratory setup.

In conclusion, we demonstrate an efficient method for identifying inherited ciHHV-6 in 

patient samples through application of modern molecular diagnostic techniques to a group 

testing model. This approach provides a novel strategy for the study of inherited ciHHV-6 in 

large retrospective and prospective cohorts, as well as for real-time clinical utilization. 

Given the biologically plausible association of inherited ciHHV-6 with important diseases, 

larger studies will be critical to establish the clinical significance of this condition.
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Fig. 1. 
Specimen pooling and screening schematic. (a) Plate 1 is an 8 × 12 plate with individual 

DNA samples. Each row was combined into 1 well in the (b) pooled plate, which was 

screened for HHV-6 with qPCR (high positive pools are shaded). (c) Individual samples 

from high positive pools were screened for HHV-6 by qPCR, and inherited ciHHV-6 was 

confirmed in high positive individual samples (shaded) using ddPCR.
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Fig. 2. 
HHV-6 DNA detection in pooled and individual samples. This box and whisker plot 

demonstrates values of high versus low positive HHV-6 DNA detection in pooled and 

individual samples. A threshold of HHV-6 DNA >103 copies/μg clearly distinguishes high 

positive pools and individual samples from low positive pools and individual samples. This 

correlates with detection of pools and samples with and without inherited ciHHV-6, 

respectively.
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Fig. 3. 
Flow chart of the inherited ciHHV-6 screening algorithm. 31 individuals with inherited 

ciHHV-6 were identified in a cohort of 2496 patients using only 580 qPCR tests (208 pools 

+ 372 individual samples) through the application of specimen pooling. aAll 31 samples 

were confirmed to have inherited ciHHV-6 by ddPCR; a subset of negative samples were 

also tested by ddPCR and confirmed to be without inherited ciHHV-6.
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Table 1

A cell line with inherited ciHHV-6 can easily be detected in large sample pools.

Inherited ciHHV-6 cell line (ηg DNA) Genomic background (ηg DNA) Pool ratio HHV-6 DNA (copies/ηg)a

75 1400 1:19 1.09 × 105

50 1400 1:28 2.68 × 104

25 1400 1:56 2.81 × 104

12.5 1400 1:112 1.40 × 104

a
Results of HHV-6 quantitative PCR assay.
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Table 3

Inherited chromosomally integrated HHV-6 screening results.

Number

Samples (HCT donor–recipient pairs) 2496 (1248)

Pools 208

Total quantitative PCR tests 580

Reduction in testing 77%

Prevalence of inherited ciHHV-6 (n = 31)

- Recipients (n = 19/1248) 1.5%

- Donors (n = 12/1248) 0.96%

Species distribution of inherited ciHHV-6

- HHV-6A (n = 11/31) 35%

- HHV-6B (n = 20/31) 65%
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