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Abstract
Human herpesvirus-6 (HHV-6) A and 6B are ubiquitous betaherpesviruses viruses with
lymphotropic and neurotropic potential. As reported earlier, these viruses establish latency by
integration into the telomeres of host chromosomes. Chromosomally integrated HHV-6
(CIHHV-6) can be transmitted vertically from parent to child. Some CIHHV-6 patients are
suffering from neurological symptoms, while others remain asymptomatic. Four patients with
CIHHV-6 and CNS dysfunction were treated with valganciclovir or foscarnet. HHV-6 replication
was detected by reverse transcriptase polymerase chain reaction amplification of a late envelope
glycoprotein. In this study we also compared the inherited and persistent HHV-6 viruses by DNA
sequencing. The prevalence of CIHHV-6 in this cohort of adult patients from the USA suffering
from a wide range of neurological symptoms including long term fatigue were found significantly
greater than the reported 0.8% in the general population. Long-term antiviral therapy inhibited
HHV-6 replication as documented by loss of viral mRNA production. Sequence comparison of the
mRNA and the inherited viral genome revealed that the transcript is produced by an exogenous
virus. In conclusion, the data presented here document that some individuals with CIHHV-6 are
infected persistently with exogenous HHV-6 strains that lead to a wide range of neurological
symptoms; the proposed name for this condition is inherited herpesvirus 6 syndrome or IHS.

INTRODUCTION
Human herpesvirus-6 A and 6B (HHV-6A and HHV-6B) are ubiquitous betaherpesviruses
viruses known for their lymphotropic and neurotropic potential [Hall et al. 1998, Santoro et
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al. 1999]. Primary HHV-6B infection results in exanthema subitum and typically occurs
during the first two years of life [Yamanishi et al. 1988]. These viruses persist after primary
infection; viral reactivation is associated with a variety of adult conditions and
complications including encephalitis, drug-induced hypersensitivity or drug rash with
eosinophilia and systemic symptoms, and transplant rejection [Tohyama et al. 2007,
Watanabe et al. 2008].

Unlike other human herpesviruses, HHV-6 viruses establish latency by integration into the
telomeres of host chromosomes and may be inherited [Arbuckle et al. 2010]. In a screen of
blood donors in the United States and the United Kingdom, the prevalence of inherited
HHV-6 in the general population is approximately 0.8% [Hall et al. 2004, Hall et al. 2008,
Hudnall et al. 2008, Leong et al. 2007]. The prevalence of CIHHV-6 is increased in children
referred for encephalitis, solid organ and stem cell transplant recipients as well individuals
with lymphoproliferative disorders [Griffiths et al. 1999, Hubacek et al. 2012, Kidd et al.
2000, Lee et al. 2011, Lee et al. 2012, Pellett et al. 2012, Potenza et al. 2009, Torelli et al.
1995, Ward et al. 2007, Zerr et al. 2011]. In these populations, the prevalence of CIHHV-6
averages 2%.

In vitro studies and clinical reports indicate that HHV-6 may be reactivated from its
integrated form [Arbuckle et al. 2010]. However, detection of reactivation is difficult
because patients with inherited HHV-6 consistently present with viral DNA copy number
above 0.5 million/ml in whole blood [Pellett et al. 2012]. There have been suggestions that
elevated anti-HHV6 IgG levels are indicative of reactivation [Ablashi et al. 2000]; however,
antibody response is variable among patients and may yield inconclusive results. Detection
of mRNA, however, seems to be a promising marker for viral reactivation and several
research groups have detected active HHV-6 replication using reverse-transcriptase PCR
[Caserta et al. 2007, Ihira et al. 2012, Norton et al. 1999, Van et al. 2001].

A recent publication described the successful treatment of two CIHHV-6 patients with
detectable HHV-6 glycoprotein mRNA in whole blood [Montoya et al. 2012]. Prior to
treatment, both patients exhibited neurological symptoms including cognitive impairment
and depression with concomitant abnormal quantitative EEG readings. Six weeks of
foscarnet treatment resulted in the resolution of neurological symptoms and normalization of
brain waves; however, symptoms returned after cessation of antiviral treatment.

Previous studies reported reduced antibody titers to HHV-6 glycoprotein B in the serum of
individuals with CIHHV-6, when compared to those of healthy controls [Tanaka-Taya et al.
2004]. This suggests that there is an immune tolerance in these individuals, and the central
hypothesis of this study is that repeated reactivation or exogenous infection may contribute
to illness in symptomatic patients with CIHHV-6.

In this study, nested reverse transcriptase PCR assay was utilized to amplify U100 envelope
glycoprotein mRNA as a means of detecting HHV-6 replication in blood samples isolated
from symptomatic individuals with CIHHV-6 [Norton et al. 1999]. The goal of this study is
to use mRNA detection as a means of determining the efficacy of antiviral treatment and
optimal treatment time. Additionally, sequence analyses on HHV-6 late mRNA and
inherited viral DNA were performed to investigate the persistence of exogenous HHV-6 in
individuals with CIHHV-6.
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METHODS
Study Subjects, Treatment, Statistical Analysis

Four patients diagnosed with inherited HHV-6 provided written informed consent prior to
the start of this study, and the study was approved by the Institutional Review Board. All
subjects presented with more than 0.5 million DNA copy numbers of HHV-6 in whole
blood, with concomitant positive results of HHV-6 in hair follicles as detected by Viracor-
IBT laboratories, Inc. Patients presented with fatigue and neurological symptoms including,
but not limited to, depression, hypersomnia, memory and cognitive impairment. In this
study, patients received therapeutic antiviral therapy consisting of either twice daily
valganciclovir (patients 1,2, and 3) or 60 mg/kg foscarnet (patient 4) per day. Patients
receiving short term treatment received 900 mg valganciclovir twice daily; patients
receiving long term treatment received 900mg valganciclovir twice daily for three weeks
and 450mg twice daily for three weeks or longer. Blood samples were collected in Paxgene
DNA, RNA, and heparin tubes before and during treatment.

A two-tailed Fisher exact test was used to determine the significance of CIHHV-6
prevalence among this cohort of US adult patients suffering from neurological symptoms..

Detection of Viral mRNA by Nested Reverse Transcriptase PCR Assay
Nested reverse transcriptase PCR was used to amplify HHV-6 glycoprotein U100 mRNA in
intracellular RNA from whole blood. Blood samples were collected in PAXgene blood RNA
tubes and RNA was isolated using Trizol reagent. Total RNA was converted to cDNA using
the GoScript Reverse Transcription System (Promega) and 5 ng of total RNA was used for
PCR. Two rounds (30 cycles each) of PCR were performed using RedTaq polymerase
(Sigma), as described previously [Norton et al. 1999]. Primers used for amplification are as
follows: U100Round1F: CTAAATTTTCTACCTCCGAAATGT; U100Round1R:
GAGTCCAT GAGTTAGAAGATT; U100Round2F: ACTACTACCTTAGAAGATATAG;
U100Round2R: AAGC GCGTGCAGGTTTCCCAA [Norton et al. 1999]. RNA isolated
from uninfected or infected Molt3 T lymphocytes was used as a negative or positive control,
respectively. Reverse transcription and subsequent PCR amplification were conducted
independently for each patient sample. Additionally, a reverse transcriptase null reaction
was performed to ensure the absence of DNA in RNA samples. For a cellular control, beta
actin was amplified with 30 cycles of PCR. Amplified products were separated by agarose
gel electrophoresis, stained with ethidium bromide, and visualized using UV light in the Gel
Doc Molecular Imaging System (Bio-Rad).

PCR Amplification, Cloning, Sequencing and Virus Isolation
A portion of the U100 gene was amplified by PCR amplification using RedTaq Polymerase
(Sigma). DNA was isolated from agarose gel using Wizard SV Gel and PCR Clean-Up
System (Promega) and TA cloned using the pGEMT-Easy cloning system. Cloned genes
were sequenced using the ABI3130XL capillary sequencing instrument. Sequencing was
performed at the Moffitt Cancer Center Molecular Genomics Core Facility.

Restriction Enzyme Digestion and Southern Blot Hybridization
Five micrograms of cellular DNA from patient PBMCs or 1ng of virion DNA was digested
with SacI and separated using agarose gel electrophoresis. DNA fragments were transferred
to nitrocellulose by vacuum blotting and hybridized with 32P-labeled HHV6A U1102 cloned
into a BAC vector [Tang et al. 2010].
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Alignment of nucleotide sequences
To obtain alignment scores, nucleotide sequences were aligned using ClustalW2 using
default alignment parameters (DNA weight matrix: IUB, Gap open: 10, Gap extension: 0.2,
Gap distance: 5, Numiter: 1).Alternately, multiple sequences were aligned using the Mauve
algorithm and visualized using Jalview in the Virus Pathogen Database and Analysis
Resource (ViPR).

RESULTS
Prevalence of CIHHV-6 in cohort of patients with neurological symptoms

To reveal the prevalence of CIHHV-6 in 337 US patients suffering from a wide range of
neurological symptoms, including long term fatigue, peripheral blood samples were tested
by quantitative PCR by Viracor-IBT laboratories. Seven patients had higher than 0.5 million
HHV-6 copies per ml of blood. A two-tailed Fisher exact test was used to determine the
significance of CIHHV-6 prevalence among these patients. The CIHHV-6 rate among this
cohort of US adult patients suffering from neurological symptoms is 2.1% (7/337). This is
significantly greater (p=.03) than the expected value of 0.8% reported in the general US
population [Hall et al. 2004, Hall et al. 2008].

Long term antiviral treatment abrogates viral mRNA production
The four patients enrolled in this study harbored over 0.5 million copies of HHV-6 DNA
copy numbers per ml of peripheral blood. Patients presented with a variety of neurological
symptoms including but not limited to headache, blurred vision, and memory impairment, as
well as other symptoms such as generalized pain and long term fatigue.

To determine if the symptoms were due to replicating HHV-6, nested RT-PCR was
employed to detect the late envelope glycoprotein U100 mRNA in whole blood samples
from patients with CIHHV-6 [Norton et al. 1999]. Initial RT-PCR assays were performed on
blood samples isolated from symptomatic patients prior to the administration of antiviral
medications; follow up samples were taken during or after treatment. For each RT-PCR
reaction 5ng of total RNA isolated from peripheral blood was used. In all cases, U100
mRNA was detected in blood samples, in the absence of antiviral treatment (Figure 1). On
the other hand, ten control single donor samples obtained from the local blood bank were
negative for U100 mRNA (data not shown). In the absence of reverse transcriptase, PCR
products were not detected (Figure 1). Long term (≥six weeks) administration of foscarnet
(patient 4) or valganciclovir (patient 3) resulted in the abrogation of U100 mRNA
expression (Figure 1), while short term (three weeks) administration of valganciclovir was
not sufficient to eliminate viral gene expression in two unrelated patients (patients 1 and 2).
Five weeks after the cessation of intravenous foscarnet treatment (patient 4), U100 mRNA
was detected in the whole blood of patient 4. In all cases, resolution of symptoms was
concurrent with the reduction of mRNA expression. This suggests that U100 mRNA
detection is a reliable method of detecting HHV-6 persistence. However, treatment efficacy
is variable and appears to be dependent on the length of treatment, with treatment length of
greater than or equal to six weeks being optimal for valganciclovir and foscarnet.

The late U100 viral mRNA originates from an exogenous HHV-6 strain
Amplified U100 cDNA was sequenced to confirm that the RT-PCR products were derived
from mature mRNA that lacks introns rather than the inherited viral DNA. Sequencing was
also performed to determine if the detected mRNA originated from the inherited virus, or
from an exogenous virus. The U100 gene of the inherited viral genome was also amplified
and both cDNA and inherited HHV-6 DNA sequences of U100 were cloned and sequenced.
For sequences from the inherited viral DNA fragments, introns were removed using
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previously accepted splice sites prior to alignment using ClustalW2. Isolated cDNA
sequences were also compared to the U100 sequences for HHV-6A U1102 and GS, or
HHV-6B Z29. All patient cDNA sequences were more similar to HHV-6A U1102 than
HHV-6A GS and differed from HHV-6A U1102 by only a CG inversion at bases 193/194
(Figure 2). On the other hand, the inherited genomic sequences were more similar to
HHV-6A GS. The inherited HHV-6A sequences were greater than 99% identical to each
other for three patients, as were all the reactivated viral sequences.

The cDNA and inherited genomic sequences differed from each other in all cases. U100
cDNA shared only an average of 96.3% nucleotide sequence identity with the inherited
HHV-6A viral genome. U100 cDNA from patient 1 was more similar to HHV-6A U1102,
while the inherited HHV-6 DNA sequence was 98% identical to HHV-6B Z29. In addition,
theU100 mRNA sequence and inherited viral DNA sequences shared only a 90% nucleotide
sequence identity. Differences in the genomic DNA and cDNA sequences demonstrate that
these symptomatic patients with inherited HHV-6 harbor more than one HHV-6 virus, and
the U100 mRNA detected by RT-PCR originates from an exogenous virus.

Inherited HHV-6 viral genome sequences are heterogeneous
The results clearly indicate that the reactivated virus from these patient samples did not
emanate from the inherited virus; in all cases the reactivated viruses were more similar to
HHV-6A U1102 than HHV-6A GS. Additionally, there was a high level of similarity
between the U100 DNA sequences of the inherited viruses. In order to compare the genome
of the inherited HHV-6 viruses to the HHV-6A GS virus, restriction fragment length
analysis was performed on DNA from the PBMCs of four patients or GS virion DNA.
Briefly, DNA was subjected to restriction enzyme digestion using SacI, fragments were
separated by electrophoresis, blotted onto nitrocellulose and probed with a radiolabeled
HHV-6A U1102 BAC clone (Figure 3). Despite similarities among the inherited HHV-6
banding patterns, Southern blot hybridization shows distinct banding patterns for each
inherited virus and a significantly diverged banding patter from HHV-6A GS, indicating that
all inherited viruses evaluated in this experiment markedly differ from HHV-6A GS and also
uniquely distinct from each other.

DISCUSSION
Inheritance of HHV-6 infrequently occurs in the healthy, general US population and the
reported prevalence is around 0.8% [Hall et al. 2004, Hall et al. 2008]. However, there is a
noted increased prevalence in hospitalized individuals and individuals displaying
neurological dysfunction [Pellett et al. 2012]. Importantly, the prevalence CIHHV-6 in this
patient population suffering from a wide range of neurological symptoms is significantly
higher (over 2%), suggesting a possible role of CIHHV-6 in pathology. In support of this
hypothesis, late viral mRNA production was documented in all four unrelated patients with
CIHHV-6 and neurological symptoms. In contrast, viral mRNA was reported in only 8% of
asymptomatic CIHHV-6 individuals [Hall et al. 2008].

Unexpectedly, the sequence of late mRNAs and markedly differed from the inherited viral
genome sequences. The presence of an exogenous persistently replicating HHV-6 virus
suggests that patients with CIHHV-6 exhibit immune tolerance or a weakened immune
response to the virus. It has been shown that the humoral response to inherited HHV-6
differs from primary infection. A previous study supporting the notion of immune tolerance
in CIHHV-6 patients [Tanaka-Taya et al. 2004] reported that only 14% had detectable
antibodies directed at glycoprotein B, the major neutralizing epitope. In contrast, there was
60% detection in healthy adult controls [Tanaka-Taya et al. 2004]. Reduced gB titers
suggest that individuals with CIHHV-6 may have a reduced ability to fight a secondary
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HHV-6 infection. To date, there have been no studies on the rate of superinfection in
patients with inherited HHV-6. This study suggests that, in symptomatic CIHHV-6 patients,
infection with an exogenous HHV-6 virus may be a frequent occurrence. Additionally, one
may propose that superinfection is the differentiating factor between symptomatic and
asymptomatic individuals with CIHHV-6; however, this was not investigated in this study.
Taken together, it may be proposed that some CIHHV-6 individuals acquire and are infected
persistently with exogenous HHV-6 strains that lead to a wide range of neurological
symptoms. A fitting name for this condition is inherited herpesvirus 6 syndrom or IHS.

The results indicate that patient response to antiviral therapy using oral valganciclovir or
intravenous foscarnet was largely dependent on treatment length; a three week treatment
with valganciclovir was ineffective in preventing virus reactivation, as indicated by the
recurrent expression of U100 mRNA. Recent reports document the long-term benefit of
antiviral drug therapy of two patients with IHS [Montoya et al. 2012]. Both of these patients
have suffered debilitating neurological symptoms but antiviral therapy resulted in marked
and long-lasting improvement also documented by quantitative EEG [Montoya et al. 2012].
Currently the two patients have no detectable U100 mRNA in their PBMCs and are free of
neurological symptoms.

There have been previous reports of in vitro reactivation of integrated HHV-6 by chemical
inducers, such as TPA and trichostatin A [Arbuckle et al. 2010]. However, it remains
unclear as to whether or not inherited HHV-6 strains retain their ability to reactivate and
cause persistent infection. In this study, sequencing of genomic DNA and cDNA indicated
that the detected mRNA arose only from an exogenous HHV-6 virus in all the patient
samples evaluated, rather than the inherited viruses. There was no evidence of reactivation
of the CIHHV-6 virus. However it is possible that this occurs as well and that the copy
number is too low to be detected.

To date, there have been no reports on HHV-6-specific CD4 or CD8 responses in CIHHV-6
patients. Two independent groups recently reported that the large structural phosphoprotein,
U11, is an immunodominant CD4 and CD8 epitope for HHV-6B [Martin et al. 2012, Nastke
et al. 2012]. Future studies could reveal whether patients with IHS fail to develop adequate
T cell-mediated protective immunity.

Another finding of this study was that in all cases, the partial U100 sequence inherited by
three of the patients was more similar to HHV-6A GS than HHV-6A U1102. This finding
may be attributed to the fact that the GS strain was isolated in the United States, the location
of all patients. To date, the GS strain is the only HHV-6A virus isolated in the United States
and little is known as to the variation of HHV-6 viral sequences by geographic location.

Differences between the inherited and reactivated viruses may pose difficulties when
designing PCR primers, and may lead to failure to identify individuals with CIHHV-6 in
routine clinical assays.

The SacI restriction enzyme cleavage profiles of the inherited strains were highly
heterogeneous as compared to strain GS. This may reflect significant sequence divergence;
however, it is also possible that the inherited viruses suffered deletions and/or
rearrangements resulting in a markedly different restriction enzyme cleavage profile.

Another question that remains unanswered is at what point during human evolution did
HHV-6 enter the germline? Inheritance of CIHHV-6 follows Mendelian genetics and the
sequence of inherited and current HHV-6 isolates are quite divergent suggesting that
inheritance of the virus in some families dates back hundreds or thousands of years.
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Diagnosis of IHS requires detection of CIHHV-6 status and detection of persistent viral
infection. Several commercial companies offer quantitative PCR assays that may reveal the
presence of CIHHV-6 but there are no clinical laboratories offering specific tests to detect
persistent HHV-6 infection. The study presented here shows that the RT-PCR assay for the
HHV-6 U100 mRNA offers a means of distinguishing latent infections from lytic/persistent
infections. Since HHV-6 has been also recognized as an agent involved in organ rejection of
transplant recipients the RT-PCR assay could guide a physician’s decision on whether
administration of antiviral drugs is warranted.
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Figure 1. Amplification of Late Envelope Glycoprotein U100 mRNA
Nested reverse transcriptase PCR was used to amplify HHV-6 glycoprotein U100 mRNA
from whole blood. Total RNA was converted to cDNA and two rounds of PCR were
performed. Second round PCR products were separated by agarose gel electrophoresis,
stained with ethidium bromide, and visualized using UV light. Top U100 RT-PCR; Bottom:
Beta-actin RT-PCR
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Figure 2. Nucleotide Alignment of cDNA and Genomic Sequences
PCR amplified HHV-6 glycoprotein cDNA or corresponding genomic DNA fragments were
TA cloned and sequenced. Obtained sequences were aligned using the Mauve algorithm and
visualized in JalView in the ViPr database.

Pantry et al. Page 12

J Med Virol. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Restriction Fragment Analysis of Inherited HHV-6 viruses
Cellular DNA from patient PBMCs or virion DNA from HHV-6 GS was digested using
SacI. Fragments were separated by electrophoresis, blotted onto nitrocellulose and probed
with a radiolabeled HHV-6A U1102 BAC clone. Lane 1: HHV-6A GS virion DNA, Lane 2:
patient 5, Lane 3: patient 3, Lane 4: patient 4, Lane 5: patient 6; patient 6 is Sibling 1 from
Family 1, diagnosed with IHS, (Arbuckle et al. 2010 and 2012).
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