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ABSTRACT 
Human herpesvirus 6A and 6B (HHV-6A and 6B) are considered to be 

T-lymphotropic viruses. The overall nucleotide sequence identity between the 
two variants is 90% and each differs by only nine variant-specific open reading 
frames. HHV-6A and 6B have often been recognized as one virus and simply 
termed HHV-6. HHV-6 is considered to be an emerging pathogen, involved in 
seizures, epilepsy, encephalitis, multiple sclerosis (MS), and morbidity in 
immunocompromised patients. However, the respective role of HHV-6A and 6B 
in neurological disorders is poorly understood. There is also a scarcity of 
information from direct comparisons of infections of neural cells with HHV-6A 
and 6B. The first aim was to analyze the growth properties of HHV-6A and 6B 
in glial cells and in T cells in vitro. The second aim was to investigate whether 
cellular proteins are associated with HHV-6 as a potential mechanism to induce 
autoimmune responses, as suggested in MS.  

Our results indicated that HHV-6A actively infected human astrocytes 
and an oligodendroglial cell line, as shown by increase in viral load in cells, 
detection of viral RNA and viral proteins. HHV-6B, on the other hand, had a 
non-productive infection in these cell types. These studies suggest that HHV-
6A and 6B have differential tropisms and patterns of infection for astrocytes 
and oligdendroglial cells in vitro.  

To further explore the differences between HHV-6A and 6B, an 
ultrastructural study was conducted in SupT-1 T cells and astrocytes. Both 
variants replicated in SupT-1 T cells and formed viral particles. The tegument is 
the least understood structure of the viral particle and both variants were able 
to form intranuclear membrane structures called tegusomes, where 
tegumentation occurred. Though the majority of nucleocapsids of HHV-6A and 
6B acquired their tegument while budding through the nuclear membrane. In a 
low proportion of HHV-6A-infected cells, annulate lamellae (AL) were present in 
the cytoplasm. These were not common structures, indicating that AL are not 
essential for the viral egress of HHV-6A in these cells. In astrocytes, only HHV-
6A formed viral particles. The life cycle of HHV-6A in astrocytes resembled the 
life cycle in SupT-1 T cells. 

The role of HHV-6 in MS is not well understood. HHV-6 may participate 
in MS by incorporating cellular proteins into viral particles, which may elicit 
autoimmune responses. Purification of HHV-6A released from JJHAN T cells 
resulted in intact, infectious virions. Western blot analyses suggest that clathrin, 
ezrin, Tsg101, CD46 and actin are associated with HHV-6A virions. 

In conclusion, the two variants have different growth characteristics in all 
cell types investigated. HHV-6A, compared to HHV-6B, is more neurotropic in 
vitro. HHV-6A also induces early enlargement of cells and neo-forms 
structures, such as AL, in contrast to 6B.  Furthermore, these variants have 
different intracellular requirements for production of viral particles. Last, cellular 
proteins are associated with HHV-6A virions, which suggests that cellular 
proteins might be associated with HHV-6A during egress in oligodendrocytes, 
the main cell type affected in MS.  
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1 INTRODUCTION TO HUMAN HERPESVIRUS 6  
 

Herpesviruses are very common in the animal kingdom and about 120 

distinct herpesviruses have been isolated from a variety of species, such as 

cats, monkeys, frogs and snakes (157). The name herpesvirus is derived from 

the Greek word herpes, ερπειν, meaning “to creep”. During an initial infection, 

some herpesviruses are transported within the axon via retrograde axonal 

transport to the ganglion, where the virus becomes latent. Certain triggers 

activate the virus, which in most of the cases is transported back within the 

axon via axonal anterograde transport to the primary site of infection e.g. the 

skin. Eight herpesviruses have been isolated in humans. Initially, 

herpesviruses were named after the clinical symptoms (herpes simplex virus, 

herpes zoster virus), based on the pathology (cytomegalovirus) or after their 

discoverers (Epstein-Barr virus) (Table I). Today, based on recommendations 

from the International Committee for the Taxonomy of Viruses (ICTV), each 

herpesvirus should be named after the family or subfamily to which its primary 

natural host belongs. The herpesviruses within each host family or subfamily 

should be given Arabic numbers. Each new herpesvirus will receive the next 

available number (188). In 1986, the sixth member of the human herpesvirus 

family was isolated and therefore based on recommendations from ICTV 

named human herpesvirus 6 (HHV-6).  

 
Table I. Classification of Human herpesviruses. 

Virus Common name Subfamily References 
Human herpesvirus 1 Herpes simplex virus 1 α  (86, 196) 
Human herpesvirus 2 Herpes simplex virus 2 α (196) 
Human herpesvirus 3 Varizella-zoster virus α (101, 242) 
Human herpesvirus 4 Epstein-Barr virus γ (60) 
Human herpesvirus 5 Cytomegalovirus β (205) 
Human herpesvirus 6 - β (138, 193) 
Human herpesvirus 7 - β (70) 
Human herpesvirus 8 Kaposis sarcoma 

associated virus 
γ (37) 

 

HHV-6 (strain GS) was first discovered in leukocytes in immunocompromised 

patients with lymphoproliferative disorders in the laboratory of Dr. Robert Gallo 

at NIH (193). Shortly thereafter other strains of HHV-6 were isolated from 
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Ugandan (strain U1102) (56) and Zairian (strain Z29) (138) AIDS patients. 

From these isolates two different groups of HHV-6 emerged. The isolates 

infected different continuous T cell lines (2, 19, 36, 247), had different reactivity 

with monoclonal antibodies (mAb) (2, 36, 247) and had different restriction 

endonuclease sites (2, 109, 195). Although the nucleotide sequence analysis 

demonstrated that the clinical isolates were very similar (78). Based on 

recommendations from the ICTV Herpesvirus study group, the two different 

groups of HHV-6 were named HHV-6 variant A (HHV-6A, strains GS and 

U1102) and HHV-6 variant B (HHV-6B, strain Z29) (1). HHV-6A and 6B were 

furthermore classified as members of the betaherpesvirus group since they 

were more homologues to human cytomegalovirus (HCMV) than to 

alphaherpesviruses or gammaherpesviruses.  

 

1.1 Morphological structures of HHV-6 virions 

  

Herpesvirus virions contain a core, capsid, tegument and a lipid 

envelope studded with glycoproteins (Figure 1). The core consists of the viral 

genome, which is enclosed by a capsid consisting of 162 capsomers arranged 

in an icosahedral structure. The capsid has an average size of 90–110 nm in 

diameter and is surrounded by a tegument and a lipid envelope containing 

glycoproteins. The extracellular enveloped viral particle is 160–200 nm in 

diameter. By metabolically labeling cells and purifying HHV-6B virions, 29 

polypeptides were found to be present in virions, ranging from 30 to 280 kDa in 

size (201). In comparison, by a proteomic approach, more than 70 viral 

polypeptides have been detected in the virion of HCMV (233). 
 

 

 
 
 
 
 
 
 
 
 
Figure 1. Schematic illustration and transmission electron microscopy picture of an HHV-6 
virion. 

Envelope   

Capsid  

Tegument   

    Genome  
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1.2 Genome structure and organization 

 

The genomes of HHV-6A (U1102) and 6B (Z29) consist of a linear, 

double stranded DNA molecule. HHV-6A and 6B is 159,321 and 162,114 bp in 

size, respectively (53, 80). Their organization display seven herpesvirus-

conserved blocks, designated one to seven (Figure 2A). These sets of about 

40 core-conserved genes are conserved in all mammalian herpesviruses and 

encode structural proteins, such as capsid proteins and glycoproteins and non-

structural proteins required for viral replication (49). In addition, 

betaherpesviruses are distinguished from alpha- and gammaherpesviruses by 

encoding genes belonging to the HCMV US22 gene family (Table II). 

The genomes are composed of a unique region (U) of 143 kb flanked by 

8kb G+C rich terminal direct repeats (DR) left and DR right. The open reading 

frames (ORF) in region U are designated U1 to U100 and those in the direct 

repeats DR1 to DR7. HHV-6A (strain U1102) and HHV-6B (strain Z29) encode 

119 ORFs, of which nine are unique to HHV-6B, designated B1 to B9. HHV-6A, 

on the other hand, has the following unique ORFs: DR4, DR5, DR8, U1, U61, 

U78, U88, U92 and U93 (80). Furthermore, the genes DR1, DR6, U7, U12, 

U15, U17, U66, U79, U83, U90 and U100 have predictable splicing sites and 

HHV-6 is therefore composed of 97 genes. HHV-6A and 6B have an overall 

nucleotide sequence homology of 90%. However, the right end of the U region 

(U86-U100) and the DR region are most divergent, with a sequence homology 

of 72% and 85 %, respectively (Figure 2B). Some of the genes in the right end 

of the U region encode immediate early (IE) proteins, indicating that HHV-6A 

and 6B are most divergent in the IE-region and that those differences may be 

important for differences in biological properties between the two variants (53). 

Three genes unique to HHV-6B–B3, B6 and B7–also encode for IE proteins 

and provide further evidence that these variants have different biological 

behaviors (179). In addition, a difference in phenotypic properties between 

HHV-6A and 6B is also noticeable for the envelope glycoprotein Q (gp82/105), 

encoded by the gene U100, which is involved in viral receptor binding and 

membrane fusion (165). The differences in sequence homology in this gene 

may contribute to the differences in tropism between HHV-6A and 6B.  
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Figure 2. (A) Genomic organization of HHV-6B. 
(B) Differences in nucleotide sequence homology between HHV-6A and 6B. HHV-6A and 6B is 
most variable at the right end of the U region. The genes in this region, U86 to U100, differ by 
more than 10%, except for U94, which differ by only 3,5% (53). Reprinted with permission from 
American Society for Microbiology. 
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Table II. HHV-6 and HCMV genes with known or implied functions  

HHV-6  HCMV  Known/Implied Functions  
U1  SR domain  
U2 UL23 HCMV US22 gene family, Tegument protein  
U3 UL24 HCMV US22 gene family, Tegument protein  
U4 UL27 HCMV Maribavir resistence 
U7 UL28 HCMV US22 gene family  
U8 UL29 HCMV US22 gene family 
U9 UL30  

U10 UL31 dUTPase family   
U11 UL32 Antigenic tegument protein 
U12 UL33 G-protein coupled receptor 
U13 UL34  HCMV: Represses US3 transcription 
U14 UL25 HCMV UL25 gene family, Antigenic tegument protein 
U15  HCMV UL25 gene family 
U17 UL36 HCMV US22 gene family, Tegument protein  
U18 UL37EX3 IE-B membrane glycoprotein 
U19 UL38 IE-B protein, Glycoprotein 
U20  Glycoprotein 
U21  Glycoprotein, downregulates HLA I 
U22  Glycoprotein 
U23  Glycoprotein 
U24  Glycoprotein 
U25 UL43 HCMV US22 gene family, Tegument protein  
U26  Putative multiple transmembrane protein 
U27 UL44 DNA polymerase processivity factor 
U28 UL45 Ribonucleotide reducactase large subunit, Tegument protein 
U29 UL46 Capsid assembly, DNA maturation 
U30 UL47 Tegument protein 
U31 UL48 Large tegument protein 
U32 UL48a Capsid protein 
U33 UL49 Virion protein 
U34 UL50 Membrane-associated phosphoprotein, primary envelopment 
U35 UL51 Terminase component, DNA packaging 
U36 UL52 DNA packaging 
U37 UL53 Tegument protein, primary envelopment 
U38 UL54 DNA polymerase 
U39 UL55 Glycoprotein B 
U40 UL56 Transport/capsid assembly 
U41 UL57 Major DNA binding protein 
U42 UL69 Tegument protein, cell cycle block 
U43 UL70 DNA helicase/primase complex 
U44 UL71 Tegument protein 
U45 UL72 dUTPase 
U46 UL73 Glycoprotein N 
U47 UL74 Glycoprotein O 
U48 UL75 Glycoprotein H 
U49 UL76 Virion-associated regulatory protein 
U50 UL77 DNA packaging  
U51 UL78 G-protein coupled receptor 
U52 UL79  
U53 UL80 Proteinase, capsid assembly protein 
U54 UL82/UL83 Tegument protein, Virion transactivator 
U55 UL84 Role in DNA synthesis, dUTPase  
U56 UL85 Capsid protein 
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HHV-6 HCMV  Known/Implied Functions 
U57 UL86 Major capsid protein 
U58 UL87  
U59 UL88 Tegument protein  
U61   
U62 UL91  
U63 UL92  
U64 UL93 Tegument protein, DNA packaging 
U65 UL94 Tegument protein  
U66 UL89 Terminase component 
U69 UL97 Tegument protein, Ganciclovir kinase 
U70 UL98 Alkaline exonuclease 
U71 UL99 Myristylated virion protein 
U72 UL100 Glycoprotein M 
U73  Origin binding protein  
U74 UL102 DNA helicase/primase complex 
U75 UL103 Tegument protein 
U76 UL104 Virion protein, DNA packaging 
U77 UL105 Helicase/primase complex 
U79 UL112/UL113 Transcriptional activation 
U81 UL114 Uracil-DNA glycosylase 
U82 UL115 Glycoprotein L 
U83  Secreted glycoprotein, CC chemokine 
U85 UL119 Glycoprotein 
U86 UL122 IE-2 transactivator 
U88  IE-A  
U90 UL123 IE-A (IE1) transactivator 
U91 UL124 Glycoprotein 
U92   
U93   
U94  Parvovirus Rep protein homolog 
U95  HCMV US22 gene family  
U100  Glycoprotein Q 
DR1  HCMV US22 gene family  
DR6  HCMV US22 gene family  

Table is modified from (77, 161) 

 

1.3 Introduction to replication cycle 

 
Viruses depend on a living host for reproduction. They cannot replicate 

outside the host and are therefore considered obligate parasites. 

Herpesviruses attach to the cell membrane by binding to a receptor, which 

results in entry into the cell. Within the cytoplasm, the viral particle is 

deenveloped and the capsid is transported to the nuclear pore (NP) for release 

of viral DNA into the nucleus. In the nucleus, transcription of viral genes and 

replication of viral DNA occur. The viral genome is packaged in nucleocapsids 

and these leave the nucleus by budding and probably fusion events with the 

nuclear membrane (NM). In the cytoplasm, viral particles acquire tegument and 
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thereafter an envelope when budding into cytoplasmic compartments. The fully 

matured viral particles thereafter exit the cell.  

 

1.4 Cellular receptor 

 
CD46 (membrane cofactor protein) is the receptor for both HHV-6A 

(strain GS) and 6B (strains Z29 and PL-1) (194). The identification of CD46 

was based on different approaches. First, CD46 was selectively downregulated 

in both HHV-6A- and 6B-infected cells during the course of infection. Second, 

experiments with anti-CD46 mAb inhibited cell-mediated fusion in HHV-6A- and 

in 6B-infected cells. Third, soluble CD46 inhibited cell fusion in cells infected 

with HHV-6A. Last, expression of human CD46 on nonhuman cells rendered 

cells susceptible to HHV-6A and 6B cell-mediated fusion and entry.  

Several viruses and bacteria utilize human CD46 as their receptor, such 

as measles virus, all B adenoviruses except types 3 and 7, Streptococcus 

pyogenes, Neisseria gonorrhoea and Neisseria meningitides (30). 

Furthermore, bovine CD46 is the receptor for bovine viral diarrhea virus (30). 

CD46 belong together with CD55 (DAF), CD59, CR1 (CD35), CR2 (CD21), 

C4bp, factor I and factor H to the family of regulators of complement activation 

(RCA). Some of these family members also function as receptors for other 

viruses, as shown in table III.  

 
Table III. Microorganisms that bind to membrane RCA proteins. 

Membrane 
RCA proteins 

Microorganisms SCRs required 
for binding to 

microorganism 
CR2 (CD21) Epstein-Barr virus  1 and 2 
CD46 (MCP) Human herpesvirus 6 2 -4 

 Measles  1-2 
 Adenoviruses (except 3 and 7)  1-2 
 Streptococcus pyogenes  3-4 
 Neisseria gonorrhoea  3-4 
 Neisseria meningitides  3-4 
 Bovine viral diarrhea virus  ? 

CD55 (DAF) E-coli  2-4 
 echovirus  1? 
 coxsackievirus A21  1? 

Data are derived from (15, 30, 113, 135, 164, 200, 234). 
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CD46 is expressed on all nucleated cells and function as a complement 

regulator by preventing activation of spontaneous complement activation. 

Structurally, CD46 contains four short consensus repeats (SCR), followed by a 

domain rich in serines, threonines and prolines (STP), unknown domain, 

transmembrane domain and cytoplasmic (CT) domain. Four different isoforms 

of CD46 exists, namely BC1, BC2, C1 and C2 and these differ only in STP and 

CT domains due to alternative splicing. B and C refer to the STP-rich domain 

and 1 and 2 to the cytoplasmic tail (135). These isoforms are differentially 

expressed in various tissues. The isoform C2 is predominantly expressed in the 

brain, whereas BC is predominantly expressed in salivary glands and kidneys 

(135). By stably expressing mutant forms of the respective isoforms in Chinese 

hamster cells (CHO), the C2 isoform was most susceptible to formation of 

syncytia by HHV-6A (strain U1102) (164). Differences in abundance of CD46 in 

different tissues have also been observed. Expression of CD46 was enhanced 

at the bovine blood-brain-barrier (BBB) in comparison to the brain, liver and 

kidney. CD46 was detected on endothelial cells and astrocytic foot processes 

at the bovine BBB (202). A similar distribution of CD46 has also been observed 

in humans. Strong staining of CD46 was detected on cerebral endothelial cells 

and ependymal cells lining the ventricles and choroid plexus. Weaker staining 

of CD46 was seen on neurons and oligodendrocytes (148).  

The SCR domains are critical for complement regulation (135) and virus 

binding, as demonstrated in Table III. By stably expressing CD46 mutants in 

CHO cells, Mori and colleagues demonstrated that SCRs 2, 3 and 4 are 

required for fusion of cells infected with HHV-6A (strain U1102). This 

observation was confirmed by blocking fusion or polykaryocyte formation with 

antibodies (Ab) towards SCR domains 1, 2 and 3 of CD46. SCR1 was unable 

to block fusion, while SCR2 blocked polykaryocyte formation and expression of 

IE1 in SupT-1 cells infected with HHV-6A (strain GS). SCR3 completely 

blocked fusion, but not expression of IE1. In other words, the SCR2 domain on 

CD46 is important for fusion and viral entry, whereas SCR3 is only important 

for fusion (164).  

Viral glycoproteins encoded by herpesviruses are crucial in binding to 

receptors, penetration into cells, cell-to-cell spread and formation of viral 

particles. The heterodimer gH-gL and gB are highly conserved amongst 
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herpesviruses and have been shown to be important for viral-induced cell 

fusion in cells infected with HSV (23). In accordance, anti-gB and anti-gH mAbs 

inhibited cell-to-cell fusion in HHV-6A (strain U1102)-infected cells (164). Thus, 

these viral glycoproteins appear to be important for cell fusion, but that does 

not imply that they physically have to interact with CD46. To further 

characterize the glycoproteins involved in fusion, it was thereafter shown that 

the heterodimer of gH-gL forms a tripartite complex with gQ, which is present in 

virions (162) and furthermore is the viral ligand for CD46 (165). A second novel 

tripartite complex, gH-gL-gO, has been detected in HHV-6A (strain GS) and 

HHV-6B (strain HST) virions, but it does not bind to CD46, as shown in figure 

3. Interestingly, only gH, gL, and gQ of HHV-6A were detected in samples 

eluted from a CD46 bound resin, but not gH, gL, gQ of 6B. Thus, the gH-gL-gQ 

complex of HHV-6A interacts with CD46, but gH-gL-gQ of HHV-6B does not, 

indicating that HHV-6B might have lower affinity to CD46 compared to HHV-6A 

(163). Differences in efficiency of viral entry have been noticed between HHV-

6A and 6B. A higher genome per cell was detected in CD46-transfected non-

human cells infected with HHV-6A for only two hours compared to cells 

infected with HHV-6B for six hours (194). There are probably co-receptor(s) for 

HHV-6A and 6B involved in fusion and entry processes that are yet to be 

discovered.   

 

 

 

 

 

 

 
 
Figure 3. Virion tripartite glycoprotein complexes and interaction with cellular receptors (Figure 
modified from (163)). 
 
 
1.5 Viral entry 

 

After HHV-6A has attached to CD46 on the plasma membrane, virions 

are internalized by endocytosis via uncoated pits and vesicles. No fusion 

events occur, which is verified by absence of viral envelope proteins on the 

Co-receptor X CD46 

gH-gL-gQ gH-gL-gO 

? 

HHV-6A 



 

 10 

cellular plasma membrane (41). Work on herpes simplex virus (HSV) and 

HCMV have shown that internalized herpesvirus particles are transported via 

microtubuli to the nuclear pore for release of viral DNA into the nucleus (144, 

172, 206).  

 
 
1.6 Transcription of viral genes 

 

Transcription of viral genes starts when the viral genome has been 

delivered to the nucleus. Viral genes are transcribed in a tightly regulated 

fashion and are divided into IE genes, early (E) genes, and late (L) genes. 

Expression of IE genes is detected as early as one hour post-infection and is 

independent of de novo protein synthesis. IE genes encode for transcription 

factors and viral regulatory proteins, which activate E genes. These E genes 

encode proteins important for metabolism and DNA viral replication, such as 

viral DNA polymerase.  

Viral proteins and viral DNA activate L genes that encode structural 

proteins important for viral assembly. The replication cycle of HHV-6B can be 

subdivided into six kinetic classes (179). Groups I and II corresponded to IE 

genes, groups III and IV to both E and L genes and groups V and VI to L 

genes.  By temporally mapping the genes for both HHV-6A (U1102) and 6B 

(Z29), differences in transcription were observed. For example, U16/U17 is 

characterized as an IE gene in HHV-6B-infected cells, whereas in 6A it is an E 

gene. The gene U91 consists of two transcripts, 476 and 374 bp gene 

products. In HHV-6A-infected cells, these two RT-PCR gene fragments are 

characterized as IE and E transcripts, whereas the complete opposite is 

observed in HHV-6B-infected cells. Last, the spliced gene products of U18-

U19-U20 are regulated as an E gene product in HHV-6A, but as an L gene in 

cells infected with HHV-6B. In addition, only a partial gene product was 

expressed in HHV-6B, suggesting that these two variants not only have 

temporal differences in viral gene expression, but also differ in splicing patterns 

(158).   
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1.7 Replication of viral DNA 

 

Replication of viral DNA starts at oriLyt located between the 5’ end of 

U41 and the 3’ end of U42, where origin-binding proteins control initiation of 

viral DNA synthesis. As the viral DNA strand is being synthesized, the 

circularized molecules function as templates for rolling-circle replication, 

resulting in concatemers of viral DNA, which is encapsulated with assistance of 

cleavage and packaging proteins (251). 

 

1.8 Viral assembly and release of viral particles 

 

Three hypotheses have been proposed for maturation of herpesviruses. 

The first hypothesis, originally described by Stackpole, involves several 

budding and fusion events in the maturation of viral particles. Nucleocapsids 

egress from the nucleus by acquiring a primary envelope by budding with the 

inner nuclear membrane (INM). Thereafter, the enveloped nucleocapsids within 

the perinuclear space (PNS) become deenveloped during fusion with the outer 

nuclear membrane (ONM). Last, viral particles acquire an envelope by budding 

into cytoplasmic vesicles (213). The second hypothesis involves acquisition of 

the envelope at the site of the INM and the HSV viral particles are thereafter 

transported in vesicles to the plasma membrane for release of viral particles 

(25, 47, 105). Wild and colleagues have proposed a third hypothesis that is 

related to the second hypothesis. Nucleocapsids of bovine herpesvirus 1 and 

HSV-1 bud with the INM and these fully enveloped viral particles are thereafter 

transported intracisternally from the perinuclear space (PNS) via the rough 

endoplasmatic reticulum (RER) to the cisternae of the Golgi. Nucleocapsids 

can also protrude through enlarged NP and thereafter bud with the ONM for 

further transport via RER and Golgi or bud directly into cytoplasmic vesicles 

(132, 243, 244).  

The key issue is the fate of the cytoplasmic nucleocapsids. First, the 

cellular and viral mechanisms regarding how nucleocapsids fuse with the ONM 

are unknown. No viral mutants have yet been shown to be of importance for 

fusion with the ONM, favoring the second and third hypotheses. On the other 
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hand, enveloped viruses within the PNS differ in morphology compared to 

extracellular virions. The enveloped viral particles within PNS has a smooth 

envelope devoid of spikes, while extracellular virions are larger in size and 

have prominent spikes on the viral envelope (83). This finding has also been 

confirmed biochemically. The UL31 and UL34 proteins of pseuorabiesvirus, an 

alphaherpesvirus, are detected on primary enveloped viruses in PNS, but not 

on extracellular virions (71, 119). Whether enlarged NPs are important for the 

viral egress of nucleocapsids into the cytoplasm as proposed by Wild and 

colleagues, has not yet been confirmed biochemically or genetically.  

It appears that the three different hypotheses mainly involve 

alphaherpesviruses. Betaherpesviruses most likely mature according to the first 

hypothesis–the envelopment-deenvelopment-reenvelopment pathway (161, 

251)–as depicted in figure 4 for HHV-6. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. HHV-6 life cycle.  
AL, annulate lamellae; G, Golgi; HS, heparan sulfate; Nu, nucleus; NM, nuclear membrane; R, 
Receptor, V, vacuole. The figure is from the reference (180). Reprinted with permission from 
Lippincott, Williams and Wilkins.  
 

Nucleocapsids of HHV-6 are present in the nucleus 2–3 days post-

infection (dpi) and these bud at the inner leaflet of the nuclear membrane and 

become enveloped. Thereafter, most probably, the enveloped nucleocapsids 

located in the PNS become deenveloped by fusion with the ONM when exiting 

for the cytoplasm. Biochemical data demonstrating absence of immunogold 

labeling of the viral glycoproteins gB and gQ at the site of the NM furthermore 
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suggests that HHV-6A matures according to the envelopment-deenvelopment-

reenvelopment pathway (226). Also, non-enveloped tegumented HHV-6A and 

6B viral particles are observed in the cytoplasm (18, 168, 187, 226, 254). 

Tegumented HHV-6A (strain GS) viral particles acquire envelope and 

glycoproteins at the site of the neo-formed annulate lamellae (AL) or at the cis-

side in Golgi in HSB-2 T-lymphoblastoid cells. AL have also been detected both 

in cord-blood mononuclear cells (CBMC) and in peripheral-blood mononuclear 

cells (PBMC) infected with HHV-6A (strain GS) (226). AL have also been 

detected in cells infected with Epstein-Barr virus (EBV) (60), hepatitis A (116), 

rubella (118), simian adenovirus (153), JC virus (199), and Japanese 

encephalitis virus (239), demonstrating that AL are induced by several kinds of 

viruses. AL contain pores and are often stacked in parallel membranes, most 

often located in the cytoplasm and often in continuity with RER (115).  

Viral glycoproteins are commonly present on the plasma membrane of 

cells infected with HCMV and HSV (63, 225). Immunogold labeling with Abs 

towards gB, gH-gL, gQ and patients’ sera demonstrated that extracellular HHV-

6 virions were densely labeled, but no immunogold labeling was observed at 

the cell plasma membrane of cells infected with HHV-6A (strains GS and 

U1102) and 6B (strain Z29) (18, 40, 41, 226). Hence, absence of glycoproteins 

on the plasma membrane suggests that HHV-6A and 6B have atypical 

maturation pathways. In addition, observations of unusual double membrane-

bound intranuclear structures, called tegusomes, have been demonstrated in 

cells infected with HHV-6B (187). In the lumen of these structures, 

nucleocapsids acquire a tegument. Tegusomes are not common and are 

therefore not considered to play a major role in the life cycle of HHV-6B. 

Reenvelopment occurs in Golgi and viral particles are subsequently released 

by reverse endocytosis (187). 

 

 
 
 
 

 



 

 14 

1.9 Cell tropism  

 

Tropism is the predilection of viruses to infect certain cells and not 

others. HHV-6 was initially thought to infect B lymphocytes and was hence 

named human B-lymphotropic virus (108). Further studies revealed that only B 

lymphocytes previously immortalized by EBV were susceptible to HHV-6 

infection (3). HHV-6 is now considered to be a T-lymphotropic virus since only 

CD4+ T lymphocytes, but not B lymphocytes, became infected with HHV-6 

during infection of activated PBMC in vitro (143). Both variants infect activated 

peripheral-blood lymphocytes (PBL) (247) and continuous T-lymphoblastoid 

cell lines (2, 32, 247). HHV-6A preferentially infects HSB-2 T-lymphoblastoid 

cells originally derived from a patient with acute lymphoblastic leukemia (ALL), 

JJHAN T-lymphoblastoid cells derived from Jurkat T cells and SupT-1 T-

lymphoblastoid cells originally established from a non-Hodgkins T-cell 

lymphoma. HHV-6B infects SupT-1 cells, Molt-3, and Molt-4 T-lymphoblastoid 

cells. Molt-3 and Molt-4 cells are derived from patients with ALL. Infections of 

HHV-6A and 6B have also been studied in intact human tonsil tissue blocks ex 

vivo, in the absence of exogenous stimuli. Both variants infected activated 

CD4+ T-lymphocytes, while only HHV-6A efficiently infected CD8+ T-

lymphocytes (84). NK cells (142) and γδT lymphocytes (141) are also highly 

susceptible to HHV-6A infection in vitro. In vivo, in patients with Hodgkin’s 

disease, non-Hodgkin’s lymphoma and multiple sclerosis (MS), HHV-6B DNA 

was detected in granulocytes, monocytes, B lymphocytes, and in CD4+ and 

CD8+ T lymphocytes (140). Granulocytes were furthermore positive for the 101 

kDa protein. Since these cells only circulate in the peripheral blood for a few 

hours, which is not sufficient for production of viral structural proteins, the 

authors speculated whether the bone-marrow (BM) myeloid progenitor cells 

might harbor HHV-6B. In accordance, HHV-6 viral DNA was detected by PCR 

in colony-forming unit-granulocyte-macrophage and in burst-forming unit 

erythroid colonies (140). To further understand HHV-6 tropism for BM 

progenitor cells, CD34+ and CD34- progenitor cells were isolated and DNA 

extracted. CD34+ cells are pluripotent stem cells that give rise to myeloid and 

lymphoid cell lineages. HHV-6 viral DNA was found both in CD34+ and CD34- 

cells in transplant recipients and healthy controls, suggesting that BM 
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progenitor cells harbor HHV-6 (140). This study, however, did not distinguish 

between HHV-6A and 6B. In another study where the pathogenic role of HHV-6 

in allogenic BM transplant (BMT) patients was investigated, HHV-6A and 6B 

were distinguished based on restriction enzyme mapping. HHV-6B, but not 6A 

was detected in the BM of all four patients studied (57). In a third study, 

persistent infection of HHV-6B resulted in chronic BM suppression in an 

immunocompetent patient (79). These studies demonstrate that HHV-6B 

infects the BM in vivo, but whether this is the preferential site where HHV-6B 

forms a reservoir of latent virus remains to be investigated. It has been shown 

that HCMV, which is the prototype of betaherpesviruses, forms latent infections 

in BM progenitor cells and in monocytes, both in vitro and in vivo (122, 152, 

214, 221). Infection of monocytes with HCMV is restricted to early gene 

expression, whereas late viral gene expression is detected in macrophages 

(100). It appears that replication of HCMV is dependent on the state of cellular 

differentiation (81, 241). HHV-6B is detected in PBMC or PBL in 60–100% of 

healthy adults (5, 20, 131). Similar to HCMV, the level of replication of HHV-6B 

(Hashimoto strain) is dependent on the differentiation status of the monocytes. 

Monocytes were not permissive to HHV-6B infection, but became permissive 

upon differentiation (123). Although HHV-6A is also considered to be a T- 

lymphotropic virus, it is only detected in 0–4% of PBMC or PBL of healthy 

adults by primary or nested PCR (5, 9, 20, 51, 131). In BMT recipients, HHV-

6A was detected in plasma in 24 out of 25 patients, but only 1 out of 25 had a 

detectable viral load in PBL. HHV-6B, on the other hand, was detected both in 

plasma (21/25 patients) and in PBL (22/25 patients). This study suggests that 

HHV-6A is reactivated in other compartments than PBL (169). 

 

CD46 is expressed on all nucleated cells and HHV-6A and 6B may 

therefore have widespread tropism in the body. The pathogenesis of HHV-6A 

and 6B is poorly understood. It is plausible that PBMCs are infected during a 

primary infection (87, 94, 217) and that the virus thereafter can disseminate to 

tissues by infecting endothelial cells (EC). These cells form the walls of blood 

vessels and lymphatic vessels and EC are important for coagulation, tissue 

homeostasis and inflammation (103). Infection of macrovascular human 

umbilical vein endothelial cells (HUVEC) by T cells infected with either HHV-6A 

(strain U1102) or HHV-6B (strain R255), resulted in syncytia formation and 
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expression of early and late viral protein expression (246). The early protein 

p41 persisted in HHV-6A-infected cells up to 27 dpi, suggesting that infection of 

HHV-6A results in a chronic infection in HUVEC (246). Whether the infection of 

HHV-6B is chronic or abortive in HUVEC remains to be investigated. EC from 

various blood vessels have differences in tissue-expression patterns, indicating 

that EC are specialized cells with distinct physiological roles (39). 

Herpesviruses depend on cellular transcription factors for replication and 

differences in protein expression patterns between cells may be important for 

dissemination of viruses (103). In accordance, infection of aortic and heart 

microvascular EC with HHV-6A (strain U1102) differed from infection of 

macrovascular HUVEC. In situ PCR demonstrated that viral DNA was present 

in 20% umbilical vein, 10% aortic and 1% microvascular endothelial cells (28).  

 

HHV-6A and 6B are neurotropic viruses, i.e., both variants have the 

ability to infect neural cells (34, 43, 139). In 1987, Tedder and co-workers 

demonstrated that HHV-6A (strain LHV) had neurotropic potential in vitro. 

Infection of human embryonic glial cells resulted in syncytia formation and 

expression of viral proteins (222). Glial precursor cells are also susceptible to 

infection of HHV-6A (strain U1102) and 6B (strain Z29) in vitro. Infection 

resulted in syncytia formation, expression of the viral transcripts U86 and U47, 

expression of the viral proteins p41, 101kDa and gp116, and viral particles by 

electron microscopy (EM) (52). Infection of human fetal astrocytes resulted in 

similar observations, although HHV-6B (strain Z29) was less cytopathic, but the 

viral stock was 100-fold lower than that for HHV-6A (strain GS). Both variants 

induced syncytia formation and the p41 viral protein was expressed in cells. 

Furthermore, the supernatant from astrocytes infected with HHV-6A was able 

to reinfect HSB-2 T cells, demonstrating that HHV-6A has a productive 

infection in fetal astrocytes (91). HHV-6A (strain GS) also infects human adult 

astrocytes as shown by syncytia formation and expression of gp105 (149). 

HHV-6B tropism for human primary oligodendrocytes (OGL) in vitro is 

uncertain. HHV-6B (strain Z29) viral glycoproteins and viral particles were 

formed in OGLs when infected with Molt-3-infected cells for 3-7 days (6). When 

OGLs were infected with cell-free supernatant of HHV-6B (strain Z29), only 

IE1, but not the late gp60/110 was expressed in cells, indicating that no viral 

particles were formed in OGLs infected with HHV-6B. In OGLs infected with 
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HHV-6A, expression of both IE1 and gp60/110 were noticed. Increased 

neurotropism of HHV-6A was furthermore observed in the OGL cell line 

M03.13, human astrocytoma cell line U373 MG, and in the human 

neuroblastoma cell line SK-N-SH (50) 

 

1.10 Latency 

 

The ability of herpesviruses to form latency and to sporadically 

reactivate is the hallmark of herpesvirus infections. To understand herpesvirus 

pathogenesis, it is important to know the cell types that harbor latent virus. The 

cellular sites that are significant for establishment of latency differ amongst 

herpesviruses. For example, HSV-1 and varizella-zoster virus (VZV) establish 

lifelong latent infection in trigeminal ganglia or dorsal root ganglia (VZV only). 

HSV-2 establishes latency in sacral ganglia. During reactivation of these 

viruses, blisters appear in the dermatome that is innervated by the ganglion. 

For example, reactivation of HSV-1 or VZV can affect the eye via the trigeminal 

nerve or the brain via cranial nerves VII and VIII. EBV forms latency in B 

lymphocytes and HCMV establishes latency in the BM (122, 152), monocytes 

(221), dendritic cells (186), and putatively endothelial cells (93, 151). The sites 

where HHV-6 establishes latency is not well understood, but the BM (140), 

PBMC (123), salivary glands (68, 126), and the brain (43, 229) have been 

suggested as preferred sites. The mechanisms that are important for formation 

of latency and reactivation are not completely known, although transcripts of 

the IE gene U94 and IE region 1 and 2 have been suggested to be important. 

The U94 transcript, but not U16/17, U39, U42, U81, U89/90 and U91 was 

detected by nested RT-PCR in PBMC of healthy individuals. By transfecting 

JJHAN cells with a U94 expression plasmid and subsequently infecting cells 

with HHV-6A (strain U1102), no cytopathic effect was observed; viral DNA was 

decreased, compared to non-transfected cells. These results suggest that the 

U94 gene regulates viral replication and is of importance for maintenance of 

latency (190). 

Several latency-associated transcripts (LAT) have been discovered from 

the coding region of IE1 and IE2 from macrophages latently infected with HHV-

6B (123). The LATs used novel short transcription start sites and the 5’ non-
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coding regions differed from those of the productive-phase transcripts IE1 and 

IE2. These transcripts have also been identified in PBMC of healthy donors 

(125) and in six out of nine stem cell transplant (SCT) patients (124). Higher 

levels of LATs were detected in SCT patients prior to viral replication. The 

same phenomenon was observed in vitro in macrophages latently infected with 

HHV-6B and treated with the phorbol ester PMA. LATs were upregulated 3–5 

days after treatment of PMA and decreased at day 7. The IE1 protein was 

expressed in cells first at day 3 and day 5, but no expression of IE1 mRNA was 

detected. In other words, LATs contain the IE1 ORF and the IE1 protein is 

being translated at an intermediate stage between latency and reactivation. 

Furthermore, expression of IE1 together with treatment of PMA for one day 

resulted in similar reactivation rate as chronic treatment with only PMA for 

seven days; demonstrating that the IE1 protein is of importance for reactivation 

(124).  

 

1.11 Epidemiology 

 
HHV-6B is a ubiquitous virus that infects children at an early age. About 

90-95% are infected during the first years of life (175, 218, 257, 258). The 

prevalence of HHV-6 varies from 39 to 100% throughout the world (249), 

although the variation in the respective studies may be due to methodological 

differences. Also, HHV-6A and 6B cannot be distinguished serologically. The 

seroprevalence rate of HHV-6A in the population is uncertain, though Swedish 

and American studies have revealed that 25–33% of healthy controls have 

lymphoproliferative T cells towards HHV-6A. In comparison, 58–71% of healthy 

controls responded towards HHV-6B (208, 237)  

 

1.12 Transmission 

 

HHV-6B is detected in saliva in 83–100% of the healthy adult population 

(5, 20) and HHV-6 is detected in salivary glands (68, 126). Based on these 

observations, it has been proposed that horizontal transmission through saliva 

is the most common route of transmission. Vertical transmission, that is 

passage of a virus from mother to baby during the perinatal period has also 
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been suggested. HHV-6B DNA has also been detected in cervical swabs in 

19% (14 out of 72) of pregnant women (174) and in about 1% of cord blood 

from newborns (45). Detection of HHV-6 has been shown in fetuses following 

induced and spontaneous abortions, further supporting the notion that 

intrauterine transmission can occur (11, 14). HHV-6 viral DNA is not found in 

breast milk (59) and it is therefore unlikely that breast-feeding is of importance 

in HHV-6 transmission (128, 218).  

HHV-6B DNA has been found to be integrated in the genome of PBMC 

and can thus be transmitted genetically (46).  

The route of transmission of HHV-6A is unknown. Less than 1% of 

healthy adults harbor HHV-6A in the saliva (5, 20, 87) and the frequency differs 

little between children and adults (87). 

 
1.13 Clinical features  

 

1.13.1  Exanthem subitum 

 

In 1988, Yamanishi and colleagues demonstrated that HHV-6B is the 

causative agent of exanthem subitum (ES) (252). That a microbe could be the 

etiological agent in ES had been suspected for quite some time. First, seasonal 

variations similar to measles, rubella and scarlet fever had been noticed (42). 

Second, small epidemics in nurseries and maternity hospitals had occurred 

(44). In 1951, Hellström and Vahlquist injected children with venous blood from 

definite cases of ES. Three out of 14 children developed fever. The authors 

concluded that an infectious agent circulates in the blood of ES patients (92). 

ES is often a benign and self-limiting disease characterized by high fever  

(104–105°F or ≥40°C) for 3–5 days and sometimes accompanied with a rash 

on the trunk or neck. In Japan, about 60% of children with a primary infection 

develop a skin rash (129), while in the West a rash is only seen in 17-40% of 

the cases (88, 182, 185, 197). Primary infection of HHV-6A has in rare cases in 

the United States and Japan been shown to cause ES-like symptoms (87, 94). 

Of interest, in Zambian children experiencing the first febrile episode, HHV-6A 

was detected in 44% of the HHV-6 positive cases (111). The differences in 
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clinical features between Japanese and Zambian children compared to children 

in the West suggest that genetic factors may be of importance.  

 

1.13.2  Neurological diseases in immunocompetent patients 

The neuroinvasiveness, the ability to gain access to the nervous system, 

of HHV-6A and 6B has been demonstrated by amplifying viral DNA sequences 

from control brains. HHV-6 is detected in the brain in 32–88% of patients with 

non-neurological disorders (31, 33-35, 43, 139, 229). Differences in the studies 

can be attributed to tissue preparation, PCR design and DNA extraction 

procedure. Presence of viral DNA in brain in absence of a neurological disorder 

indicates that these viruses establish latency in neural cells and should 

therefore be considered as highly neurotropic viruses. 

It has been suggested that HHV-6A is more neurotropic than 6B in vivo 

(87). In a study involving 2716 children with ES, both variants were detected in 

the cerebrospinal fluid (CSF) during primary infection. Notably, HHV-6A was 

detected more frequently in the CSF than in PBMC and saliva. In children with 

dual infections, HHV-6B was detected in PBMC, while only HHV-6A was 

detected in CSF (87) 

The neuroinvasive properties of HHV-6 have been demonstrated in 

children where a primary infection has in rare cases been associated with 

meningoencephalitis (13, 98, 107, 121, 147, 215, 256). The neuroinvasive 

properties of HHV-6 have also been shown in children with afebrile and febrile 

seizures. In a study by Hall et al., 2587 children under the age of 3 seeking 

medical attention for febrile and afebrile illnesses were investigated for HHV-6. 

About 10% (160/1653) of young children had febrile illnesses due to HHV-6 

infection, based on primary PCR and serology. Thirteen percent (21/160) were 

hospitalized due to febrile seizures (88). Viral DNA was detected in 

cerebrospinal fluid (CSF) in two out of nine patients, which may suggest a 

neuropathogenic role of HHV-6 in children with febrile seizures. In a population-

based study involving 277 children, 47% (130/277) acquired HHV-6 at a peak-

age between 9-13 months of age. None of these children experienced any 

seizures (258), demonstrating that febrile seizures are infrequently associated 

with HHV-6 infection. The importance of HHV-6 in febrile seizures is not 

understood. It has been postulated that seizures can be induced by fever, 
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elevated cytokine responses or by dysregulated immune responses towards 

viruses, as reviewed (155). Primary infection of HHV-6B is also associated with 

afebrile seizures (130, 259), suggesting that the fever per se does not induce 

seizures and furthermore provides a more direct role of HHV-6B in the 

neuropathogenesis of seizures. It has been postulated that seizures during 

childhood may precipitate epilepsy (85). Of interest, HHV-6B has also been 

associated with mesial temporal lobe epilepsy (MTLE), based on detection of 

viral DNA, Western blot of the nuclear protein p41, and indirect 

immunofluorescent assay towards gB. Higher viral load was detected in the 

hippocampus compared to the lateral temporal lobe, and astrocytes in the 

hippocampus stained positive for gB (54).  

HHV-6 is a commensal pathogen in the brain and most probably directly 

invades the brain during a primary infection, as shown by detection of viral 

DNA in CSF (29, 94, 215, 250). In immunocompetent patients, reactivation of 

HHV-6 has in rare cases been associated with the following neurological 

disorders: acute disseminated encephalomyelitis (110), Balo’s concentric 

sclerosis (181), bilateral optic neuritis (166, 171), chronic myelopathy (145), 

encephalitis (184), fulminant demyelinating encephalomyelitis (170), Griscelli’s 

syndrome (235), tuberous sclerosis (238), myelitis (183) and necrotizing 

encephalopathy (173).  

 

1.13.3  Neurological diseases in immunocompromised patients 

 

Herpesviruses persist for life in the host. Since they are ubiquitous 

viruses that have co-evolved with their hosts for more than 60-80 million of 

years (48), selective pressure from evolving with their hosts has modulated 

viral genes to interfere with innate and adaptive immune responses. The host’s 

immune system has also evolved to counteract the responses induced by viral 

gene products (160). Since herpesviruses have co-existed with humans for a 

long time is probably one reason why these viruses do not frequently cause 

major morbidity and mortality in humans. In immunocompromised patients, 

such as in BMT or SCT recipients, HCMV and HHV-6 become reactivated. 

Since the delicate balance between the host and the virus is altered, 

reactivation of these viruses can cause severe diseases, such as encephalitis 
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or participate in chronic graft versus host disease (GVHD). Approximately one-

half of BMT patients have reactivation of HHV-6 2–3 weeks after receiving the 

new transplant, as reviewed (255), and reactivation of HHV-6B is more 

common (57, 66). The main clinical symptoms are fever, rash, BM suppression 

and encephalitis. The virus can potentially be transferred from donor to 

recipient, but given that these patients are administered immunosuppressive 

drugs, HHV-6B is probably reactivated from latency in BM, brain and other 

organs that might harbor the virus. In SCT recipients, thirty case reports have 

been published supporting that HHV-6 may cause encephalitis in 

immunocompromised patients, as reviewed (137). 

 

1.13.4  Multiple sclerosis 

  

 MS is a chronic and progressive demyelinating disease of the central 

nervous system (CNS), affecting 1 out of 1000 people in Sweden. Patients 

suffer from a variety of neurological symptoms, such as visual dysfunctions, 

gait, weakness and unpleasant sensations in arms and legs. MS is 

approximately three times more common in women than in men and disease 

onset is between the ages of 20 and 40 years. The pathological hallmarks of 

MS are accumulation of demyelinating plaques in the white matter of the brain, 

optic nerve, brainstem and spinal cord. MS is believed to be a CD4+ Th1-

mediated autoimmune disease based on presence of autoreactive T cells in 

the brain and inferences from experimental autoimmune encephalomyelitis 

(EAE). Injection of myelin protein in animals results in CD4+ T cell-mediated 

autoimmune disease with several features that resembles MS pathology, as 

reviewed (209). Genetic studies showing an association to human leukocyte 

antigen (HLA) class II furthermore highlight the importance of CD4+ T cells in 

MS (176). The etiological agents and immunological mechanisms involved in 

the induction of MS are unknown, despite several decades of intense research. 

Several factors probably contribute to MS, such as genetics, gender, age, and 

environment. Many triggers or causative factors have been suggested, such as 

vitamin D deficiency (167), Chlamydia pneumoniae (212) 1998) and viruses 

(102). A plethora of observations based on increased Ab titers towards viruses 

and recovery of infectious agents have lead to the proposal that viruses can 
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trigger MS, but no viral agent has been definitely shown to trigger MS (102). 

HHV-6A and 6B have been associated with MS and may play a role in MS 

based on the following observations:  

Primary infection with HHV-6 usually occurs during the first few years 

of life, which is in accordance with epidemiological data suggesting exposure 

to an etiologic agent before puberty (127). Both variants are neuroinvasive 

and have the ability to establish latency within the CNS and to periodically 

reactivate from a latent state as noticed in immunocompetent patients. 

Furthermore, demyelination has been observed in patients with active 

infections of HHV-6, as detected by viral particles in oligodendrocytes, 

staining of viral structural proteins in oligodendrocytes and presence of viral 

DNA in CSF (58, 110, 145, 170). MS-like lesions have been observed in 

marmosets infected with HHV-6A, but not HHV-6B (74). Last, factors that 

often lead to herpesvirus reactivation, such as stress and other infections 

have also been associated with MS exacerbations (203).  

 

HHV-6 has been suggested to participate in the pathogenesis of MS 

based on molecular, immunological and clinical studies. Challoner and 

colleagues suggested an association based on representational difference 

analysis, which is an unbiased method that enriches DNA sequences in 

tissues (33). This method had been successfully used in the past to identify 

human herpesvirus 8 in Kaposis sarcoma (37). In the study by Challoner, 

HHV-6 DNA was found in the brains of more than 70% of MS patients and 

controls. Monoclonal antibodies against the virion protein 101 kDa and the 

nuclear protein p41 were detected in oligodendrocytes and neurons in MS 

brains, but not in controls (33). Several studies have detected HHV-6A viral 

DNA in serum (5, 7, 8, 10), CSF (189), and in PBMC (117) in about 20% of 

MS patients, indicating an active infection in a subgroup of MS patients. Other 

studies have not supported an association (62, 146, 159). Evaluating results 

from different groups is difficult. Discrepancies between the studies can be 

due to differences in sensitivity in PCR protocols, extraction procedure, and 

patient selection.  

Further studies demonstrating an association between HHV-6 and MS 

have shown that clinical exacerbations in MS patients correlated significantly 

with active infection, measured as serum HHV-6 DNA (16). HHV-6 activity 
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also correlates with MS disease activity and with inflammation shown on 

magnetic resonance imaging (38). HHV-6 has also been associated with MS 

based on presence of viral DNA and viral proteins in MS lesions. HHV-6 DNA 

was detected in lymphocytes, OGLs, and microglia in active lesions of five 

MS patients by in situ PCR. These cells, however, did not express the viral 

proteins 101kDa, p41 and gp116/54/64. Instead, astrocytes were in two out of 

five patients positive for gp116/54/64, but negative for viral DNA. Thus, the 

authors postulated that astrocytes can function as phagocytic cells that engulf 

dying OGLs and myelin debris (82). In a study by Cermelli, HHV-6 viral DNA 

towards the non-variant specific major capsid protein was detected in 58% of 

MS lesions, compared with 16% of normal appearing white matter (NAWM) 

and with 27% of patients with no known neurological disease (31). Also, a 

higher frequency of HHV-6 mRNA and proteins have been detected in MS 

lesions compared to NAWM and control tissue (178). Viral mRNA was 

detected in both MS and in normal control tissue, but there was a quantitative 

difference in the number of OGLs exhibiting HHV-6 RNA. MS lesions 

displayed the highest proportion of infected cells. By staining for HHV-6A and 

6B specific Abs, both variants were detected in OGLs in MS lesions and in 

NAWM (178).  

 

1.14 Proposed mechanisms for viral-induced demyelination and 
autoimmunity 

 

By using multidisciplinary approaches, such as pathology, molecular 

biology and experimental animal models, several hypotheses have been 

proposed regarding how viruses participate in demyelinating disorders.  

First, viruses can cause direct demyelination by tissue destruction. For 

example, infection of oligodendrocytes with JC virus results in a lytic infection 

and subsequent demyelination, as suggested in multifocal 

leukoencephalopathy (198). Second, a virus can persist in the target cell, 

without forming infectious viral particles, which is the case in subacute 

sclerosing panencephalitis. Viral capsid structures are formed, but no budding 

of enveloped measles viral particles occurs (106). Thus, the accumulation of 

viral products in neurons and oligodendrocytes results in cell death and 



 

 25 

demyelination. Third, demyelination can also occur via viral-specific immune-

mediated attack on virus-infected oligodendrocytes.  

Viruses can also participate in demyelinating disorders by triggering 

autoimmune reactions. An example is bystander activation, as shown in mice 

infected with Coxsackie virus (96). The acute infection leads to inflammation, 

tissue damage and release of sequestered host antigens, which results in 

activation of autoreactive T cells. A similar scenario has also been suggested 

for the induction of autoantibodies in HCMV-infected liver transplant recipients 

(232).  Another example of bystander activation encompasses activation of 

TCR-independent autoreactive T cells by inflammatory cytokines or 

superantigens. Demyelination can also occur via epitope spreading; a model 

resembling bystander activation. Antiviral immune responses result in release 

and presentation of sequestered host antigen to self-reactive T cells. Epitope 

spreading is observed in mice infected with Theiler’s murine encephalomyelitis 

virus (TMEV) strain DA. During the initial phase of the infection, TMEV 

replicates in the gray matter, particularly in motor neuron, and mice develop a 

disease that resembles polioencephalomyelitis. Since the cytotoxic T 

lymphocyte responses in these mice are weak, the virus is able to persist in 

OGLs, astrocytes, microglia and monocytes/macrophages. During the chronic 

phase of the infection both CD4+ and CD8+ T cells contribute to demyelination, 

which results in tissue damage, release of myelin and activation of myelin-

specific T-cell responses (177).  

Viruses can also trigger autoimmunity by a model called “mistaken self”. 

In this model, viruses infect cells outside the CNS, resulting in expression of 

autoantigens, such as αB-crystallin, which when taken up by an antigen-

presenting cell and presented on HLA II may trigger proinflammatory CD4+ T 

cells. In early MS lesions, high levels of αB-crystallin are detected in OGL and 

phagocytic vesicles within macrophages. Presence of αB-crystallin within 

phagocytic vesicles may result in presentation on HLA II and activation of 

infiltrated CD4+ cells, which may initiate a pathogenic cascade of events and 

formation of MS lesions (230).  
Viruses may also encode peptides that resemble auto-antigens; when 

these viral peptides are presented on antigen-presenting cells, autoreactive T 

cells may recognize the HLA-peptide complex and become activated (72). This 

mechanism is called molecular mimicry and may be of importance in HHV-6 
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and MS. Tejada-Simon and colleagues demonstrated that T cells recognizing 

myelin basic protein (MBP)93-105 cross-reacted with HHV-6 U241-13 and that the 

frequency of these cross-reactive T cells and Abs were higher in MS than in 

controls (223) .  

Viruses may also induce autoimmunity by incorporating host proteins. 

This mechanism differs from molecular mimicry since peptides that resemble 

auto-antigens are not encoded by the virus, but instead are incorporated into 

the viral particle. In this model, the virus must form viral particles in the target 

cell, i.e., in oligodendrocytes. The incorporated cellular proteins can then be 

presented to the immune system as depicted in figure 5, which may result in 

activation of auto-reactive T cells.  

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Possible mechanism for induction of autoimmune reactions triggered by host proteins 
incorporated into the viral particle. APC, antigen-presenting cell. 
 

Results demonstrating that association of host proteins with viral particles could 

be immunogenic were presented already in 1967 (134). Further studies have 

shown that addition of MBP to a dermatropic strain of vaccinia virus induced 

EAE in guinea pigs (228), and that vesicular stomatitis virus grown in 

oligodendrocytes could trigger T-cell responses towards MBP both in vitro and 

in vivo (191). A study on HMCV demonstrated that CD13, aminopeptidase N, 

was incorporated into the envelope of the virion (75) and that Abs towards 

CD13 appeared at the time of HCMV infection in 15/19 (79%) of GVHD 

patients (207). None of the BMT patients without signs of CMV infection were 

positive for CD13 Abs. If HHV-6 viral particles are formed in oligodendrocytes, 

then autoantigens might be incorporated into viral particles, which may result in 
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activation of auto-reactive T cells. Several enveloped herpesviruses have been 

shown to incorporate cellular proteins (112, 233, 260). The protein content of 

HHV-6 virions is unknown, but characterization of virions will provide 

information of both viral and cellular proteins and may furthermore suggest a 

possible role for how HHV-6 participates in autoimmune disorders.   
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2 AIMS OF THE THESIS 
 

1. To investigate the growth characteristics and neuropathogenic potential of    

    HHV-6A and 6B in glial cells.  

 

2.  To investigate the maturation pathways of HHV-6A and 6B in T cells and in     

      glial cells.    

 

3.  To develop a method for purifying HHV-6A virions and to detect     

     cellular proteins associated with HHV-6A.  
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3 RESULTS 
 

3.1 Differences in tropism of HHV-6A and 6B in human astrocytes 
(Paper I)  

 

The neurotropic potential of HHV-6A and 6B was investigated by 

infecting human astrocytes, derived from CNS progenitor cells (154). These 

astrocytes were stained positive for glial fibrillary acidic protein and 

ultrastructurally resembled astrocytes by presence of intracytoplasmic glial 

filaments (133), as shown in figure 6.  

             
 
Figure 6. Intracytoplasmic glial filaments (arrow) are present in astrocytes.  

 

Infection with HHV-6A resulted in syncytia formation, increase of 

cellular and extracellular DNA viral load as determined by real-time PCR, 

detection of viral RNA, viral proteins and intracellular and extracellular viral 

particles. HHV-6A had a complete replication cycle in astrocytes since cell-free 

supernatant of HHV-6A successfully reinfected SupT-1 T cells. Due to the 

cytopathic nature of HHV-6A, there were difficulties to passage cells past 14 

dpi. On the other hand, infection with HHV-6B was non-productive. The HHV-

6B viral load in cells and supernatant decreased over time, although some viral 

RNA transcripts were detected during the first week of infection. Furthermore, 

supernatant from HHV-6B-infected astrocytes was unable to reinfect SupT-1 T 

cells, suggesting that HHV-6B has a restrictive infection in human astrocytes. 
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HHV-6B did not induce noticeable morphological changes and cells could 

therefore be propagated for several passages. After the third passage, only 

viral DNA was detected in cells and the viral load in cells initially decreased 

over time, although low level of HHV-6B DNA was detected in cells even after 

long-term cultures, which were at least six passages. 

 
3.2 Differences in tropism of HHV-6A and 6B in a human 

oligodendroglial cell line (Paper II)  

 

MO3.13, an OGL cell line, stained positive for MBP (data not 

shown), was infected with both variants of HHV-6. During the acute phase of 

the infection of HHV-6A, morphological changes were seen. At day 3 post-

infection, noticeable numbers of cells had lost their extensions and became 

rounded. At the same time-point viral load in cells peaked, which was followed 

two days later with a peak in viral load in the supernatant. Active replication of 

HHV-6A was confirmed by detection of viral RNA towards U83 and viral 

proteins towards IE2 and gp116/54/64. Cell death started at three dpi, at the 

peak of viral load, and was noticeable until 14 dpi. The viral load in cells 

persisted and the initial lytic phase of the infection converted to a quiescent 

infection. At day 34 post-infection, seven viral genes were detected in cells by 

primary PCR and by real-time PCR, suggesting that the entire viral genome is 

present in MO3.13. The viral load in cells was approximately 0.1 genomes per 

cell. At the same time-point, no viral RNA transcripts were detected in cells 

either with RT-PCR or a virus chip containing all ORFs of HHV-6 (data not 

shown). HHV-6A viral DNA in cells remained stable and thus persisted for more 

than 62 days, which may suggest establishment of latency (99, 253).  

Infections of MO3.13 with HHV-6B resembled the infection of 

astrocytes. HHV-6B had a restricted infection in MO3.13 as noticed as a 

decline in viral load in cells and supernatant over time. Viral RNA was, 

however, expressed during the acute infection, confirming that HHV-6B could 

in fact infect these cells. At day 32 post-infection, no viral DNA was expressed 

in these cells, suggesting that HHV-6B had an abortive infection in MO3.13 

cells. 

In conclusion, the first and second study demonstrates that HHV-

6A and 6B have differential tropisms and patterns of infection for astrocytes 
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and oligdendroglial cells in vitro.  Infections of HHV-6A result in active 

infections, but in contrast, HHV-6B was associated with non-productive 

infections. 

 

3.3 Formation of viral particles in SupT-1 T cells and human astrocytes 
(Paper III)  

 
As there is a scarcity of information regarding maturation pathways of 

HHV-6A and 6B, an ultrastructural study was carried out in SupT-1 T cells, 

which have been shown in the past to promote infection of both variants (32). 

In accordance, SupT-1 T cells were permissive to infection of HHV-6A and 6B, 

as shown as increase in viral DNA load in cells and supernatant over time. 

Even if the growth curves of HHV-6A and 6B were very similar, differences 

were observed when characterizing the infections by light microscopy and an 

immunofluorescence assay towards gp60/110. Infections of SupT-1 T cells with 

HHV-6A and 6B resulted in enlargement of cells, although at different time-

points post-infection. HHV-6A induced early enlargement of cells, already at 

day 1 post-infection, whereas enlargement of cells occurred first at day 3 post-

infection in cells infected with HHV-6B. Furthermore, the enlargement of cells 

at day 3 and at day 5 post-infection corresponded with expression of viral 

glycoproteins and detection of viral particles by EM for both HHV-6A and 6B. 

Ultrastructurally, nucleocapsids were located in the nucleus. No naked 

nucleocapsids were present in the cytoplasm. Some nucleocapsids were 

observed budding with the inner leaflet of the NM, and at this stage they 

acquired an envelope. Fusion with the ONM was never observed, which may 

indicate that fusion is a rapid process. Frequently, non-enveloped tegumented 

viral particles were located on the cytoplasmic side of the NM, suggesting that 

tegumentation occurs during egress over the NM. In a low proportion of cells, 

tegusomes were formed in cells infected with HHV-6A and 6B. Tegumented 

viral particles were located in the lumen of these structures. Tegusomes were 

not common, indicating that they are not a requirement for the viral egress of 

either variant. Tegumented HHV-6A viral particles were also observed in the 

nucleoplasm, which has been shown before (18).  

AL have been shown to be important for the viral egress of HHV-6A 

(strain GS) in HSB-2 T cells, but in SupT-1 cells infected with HHV-6A, AL were 
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not common, indicating that AL are not crucial for egress of HHV-6A in SupT-1 

cells. On the other hand, AL are very common in JJHAN T cells infected with 

HHV-6A (strain U1102) and viral particles are located within AL, as shown in 

figure 7 (unpublished observation). No AL were observed in cells infected with 

HHV-6B. Tegumented viral particles acquired an envelope by budding into 

cytoplasmic compartments.  

To further characterize HHV-6 in astrocytes, EM was conducted on 

HHV-6A- and 6B-infected cells. Only HHV-6A viral particles were observed in 

astrocytes and the life cycle resembled the life cycle of HHV-6A in SupT-1. 

Furthermore, HHV-6A viral particles were located in phagocytic vesicles, 

suggesting that a proportion of viral particles are being degraded in astrocytes. 

Even if some viral particles were being degraded, virions were located 

extracellularly, supporting the previous finding of full replication cycle of HHV-

6A in fetal astrocytes (91). In conclusion, both variants appear to mature 

according to the envelopment-deenvelopment-reenvelopment route.  

 
Figure 7. Infection of JJHAN T cells with HHV-6A (strain U1102). Viral particles are located in 
the nucleus and within AL in the cytoplasm of infected cells (arrows). AL, annulate lamellae; G, 
Golgi; Nu, nucleus. 
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3.4 Purification of HHV-6A virions and association of host proteins 
(Paper IV) 

 

We first aimed to determine the optimal conditions for production 

and collection of HHV-6A viral particles. These conditions include an efficient 

release of a high amount of viral particles during a short period as early as 

possible during the infection, in order to decrease the background of 

contaminating material released from producer cells. Infections of JJHAN T 

cells with HHV-6A were first carried out in 10% serum, which resulted in a high 

serum background in our analyses of purified viral particles (data not shown). 

Instead, infections were conducted in 2% serum, which led to a two log 

reduction of viral DNA copies in media as determined by real-time PCR (data 

not shown). By modifying the two approaches, by changing from 10% serum at 

24 h post-infection to 2% serum the viral DNA copy number in media was 

equivalent to infections grown in 10% serum, but with a reduced serum 

background. We next wanted to collect the viral particles as early as possible 

and according to the growth curve the viral load in supernatant reaches a 

plateau at day 3 post-infection. Furthermore, at three dpi, 80% of the cells 

expressed gp60/110 and about 70 out of 100 cells contained viral particles by 

EM. Based on these observations, we decided to collect our viral particles at 

three dpi. Viral particles were purified by clearing the viral culture supernatant 

from cell debris, concentrating the viruses by ultra-filtration, and by loading the 

viral supernatant on an iodixanol gradient. Iodixanol was chosen because of its 

iso-osmotic properties, which ensures the preservation of the morphology of 

the purified virions. To identify which fractions of the iodixanol gradient that 

contained viral particles, DNA was prepared from all fractions by real-time PCR 

and the viral DNA peak was found in fractions 11-15. All steps of the 

purification were also analysed with silver-staining and Western blot for 

gp60/110. A substantial amount of material was trapped in the top fractions of 

the gradient. In gradient viral peak fractions 11-15, many protein bands were 

present, which were absent in mock; these were presumably viral proteins. The 

presence of viral proteins was also confirmed with Western blot. A strong signal 

for gp60 and a weaker for gp110 were detected in fractions 11-15. Though the 

viral peak was present in fractions 11-15, many protein bands were still present 

in the corresponding mock fractions. By purifying medium, in parallel with HHV-
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6A and mock supernatant, it was revealed that the bands present in mock 

corresponded to culture media proteins. Even though the purification protocol 

removes contaminating cellular proteins, a low proportion of serum proteins is 

still present in our viral peak fractions.  

By metabolically labeling cells with 35S-methionine, recovery and 

purification factors of purified viral particles can be estimated. JJHAN cells 

were sensitive to the toxic effects of the isotope and the cells could therefore 

only be labeled for four hours. Supernatants were collected at one dpi when no 

viral particles had been released and at three dpi when the production of viral 

particles was high. The protein bands present in supernatant at one dpi 

therefore represent the background, i.e., cellular proteins, such as the 44 and 

88 kDa protein. At three dpi, several protein bands are present in HHV-6A peak 

fractions that are not present in corresponding mock and not in one dpi, and 

are therefore considered to be viral proteins, for example, proteins of 220 kD, 

158 kD, 106 kD, 76/72 kD, 50 kD and 36 kD. The protein pattern seen in peak 

fractions of metabolically labeled virions resembled the protein pattern seen in 

silver staining. The purification factor was between 7 and 15-fold and estimated 

as the viral-to-host ratio in peak fraction divided by a similar ratio in three dpi. 

The recovery was 5% and was calculated by dividing the intensity of the viral 

protein in peak fractions with the intensity of the viral protein in the non-purified 

three dpi collection media.    

Association of cellular proteins with virions was determined by SDS-

PAGE followed by Western blotting. The results show that CD46 is detected in 

purified HHV-6A virions but absent in mock, suggesting an association of CD46 

with HHV-6A. Clathrin, ezrin and Tsg101 also appear to be associated with 

purified HHV-6A virions. By quantifying the intensities of the protein bands in 

peak fractions 30 times more of CD46 was detected in purified HHV-6A 

compared to mock. Clathrin was four times increased, ezrin 13 times and 

Tsg101 and actin around two to four times. However, due to low levels of 

signal-to-noise ratios, the quantifications were only approximate. 

In conclusion, purification of HHV-6A with iodixanol is mild and 

preserves the morphology and infectivity of the viral particles. Also, several 

cellular proteins are associated with HHV-6A virions. 
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4 DISCUSSION 
 

4.1 Difficulties in assessing HHV-6A and 6B in diseases 

It has been proposed that the differences between HHV-6A and 

6B in epidemiology, growth properties, restriction endonuclease sites and 

reactivity to mAb warrant these variants to be classified as two distinct viruses 

(21, 53, 73). HHV-6A and 6B may participate in different diseases because of 

differences in tropism. It is therefore important to investigate the variant-specific 

properties of these viruses. HHV-6A and 6B are commensal pathogens of the 

brain, but it has been suggested that HHV-6A is more neurotropic than 6B (87). 

Our results demonstrate that HHV-6A replicates in astrocytes and OGLs, 

whereas HHV-6B has a non-productive infection in these cell types, thus 

supporting the notion that HHV-6A is more neurotropic than 6B.  

 

HHV-6B is the cause of ES, but the pathological characteristics of 

HHV-6A are still less welldefined. The majority of articles demonstrating 

involvement of HHV-6 in neurological disorders have not distinguished 

between the two variants, since primers detecting viral DNA from both variants 

have been used. Variant-specific disease associations have also been 

hampered because of lack of serological methods that can distinguish HHV-6A 

and 6B. In some studies that have used variant-specific reagents, reagents 

towards only one variant have been employed. Possible coinfection of the other 

variant has not been determined. Furthermore, the specificity of the Abs has 

also been questioned. For example, the p41/38 Ab was initially shown to react 

towards both HHV-6A and 6B, but is in fact specific towards HHV-6A (248). 

Also, some studies have used a mixture of anti-p41 and the anti-HHV-6B 

specific 101kDa protein to amplify the signal strength in immunohistochemistry. 

Based on these reasons, variant-specific disease associations have been 

hindered.  
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4.2 Cellular differentiation may determine differences in tropism 
between HHV-6A and 6B in glial cells  

 

HHV-6B has been associated with MTLE and encephalitis. Active 

infection of HHV-6B, but not 6A has been detected in hippocampus as noticed 

by viral DNA and viral glycoproteins in astrocytes (54, 66), indicating that HHV-

6B has predilection for hippocampal astrocytes in vivo.  

 

Infection of human astrocytes, as shown in Paper I with HHV-6B 

resulted in a non-productive infection, but viral DNA was detected in cells even 

after long-term cultures of about 40 days in the absence of detectable RNA. 

Attempts to reactivate HHV-6B from these cultures with PMA–a phorbol ester 

commonly used to reactivate herpesviruses–did not result in detectable viral 

transcription. The decrease in viral load in cells over time suggests that HHV-

6B has an abortive infection in astrocytes.  

 

The inability of HHV-6B to productively infect human astrocytes as 

demonstrated in paper I may offer insight into the biology of HHV-6B. It has 

been shown that infection of glial precursor cells (A2B5+ cells) and fetal 

astrocytes with HHV-6B resulted in cytopathic effect, syncytia formation and 

expression of viral proteins (52, 91). These studies indicate that HHV-6B can 

replicate in immature glial cells, but that the infection is restricted in mature 

human astrocytes (Table IV). Viruses utilize the metabolic pathways of the cells 

they infect and these pathways differ between cells and between different 

stages of differentiation (22, 61, 114). For example, studies on HCMV have 

shown that the major IE promoter enhancer, which is important for controlling 

transcription of IE1 and IE2, is influenced by cell type and level of cellular 

differentiation (150). It is therefore plausible that cellular proteins necessary to 

promote replication of viral genes differ during proliferation and differentiation of 

glial cells.  
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Table IV.  Growth characteristics of HHV-6B in glial cells 
 A2B5+ cells Fetal astrocytes Mature astrocytes 

Syncytia Yes Yes No 

Viral RNA U47, U86 ND  U27, U33, U94  

Viral protein 101kDa, gB p41 gB (faint) 

Viral particles Yes ND No 

 Data are derived from (52, 55, 91). ND, not determined. 

 

The ability of herpesviruses to reactivate and replicate from a 

latent state is dependent on cellular proteins and cellular differentiation (161).   

In the adult brain, neurogenesis occurs continuously in the hippocampus (156), 

it is therefore of interest that HSV-1 and HHV-6B have a predilection to this 

area (22, 54, 66, 106). The constant differentiation of cells may therefore make 

the hippocampus vulnerable to herpesvirus reactivation and replication, as 

shown in encephalitis and MTLE (54, 66). 

 

Whether replication of HHV-6B is dependent on the state of 

cellular differentiation in glial cells remains to be investigated. On the other 

hand, HHV-6A replicates in all glial cells tested, independent of the level of 

cellular maturation, and HHV-6A is thus a more neurotropic virus (4, 50, 52, 55, 

91).  

 

Trying to elucidate tropism by infecting cells in vitro is challenging, 

especially when cell lines, such as MO3.13, instead of primary cell cultures or 

animal models, are employed. MO3.13 cells are a hybrid of OGL and a 6-

thioguanine–resistant mutant of rhabdomyosarcoma. These cells express 

markers characteristic of oligodendrocytes and are considered to be immature 

oligodendrocytes, based on detection of GalC and CNPase (24). MO3.13 cells 

have been considered a reasonable surrogate to study human OGLs (12). 

Coronavirus strain 229E developed a persistent infection in MO3.13 cells (12), 

a finding that has been confirmed in vitro in progenitor rat OGLs infected with 

mouse hepatitis virus (strain JHM) (136) and also in mice (216). The increased 

neurotropism of HHV-6A in MO3.13 compared to HHV-6B correlates with the 

ability of HHV-6A to productively infect adult primary OGLs with cell-free 

supernatant (50). Expression of IE and gp60/110 were detected in OGLs 
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infected with HHV-6A, whereas infection of 6B had a restrictive infection (50). 

Whether HHV-6A replicates preferentially in OGLs in vivo remains to be 

investigated.  

 

4.3 Propagation of viruses in vitro can affect tropism  

 

The differences in tropism between HHV-6A and 6B can also be 

attributed to the propagation of these variants. Propagation of virus in vitro 

alters the virus. It is well known that genomic modifications, such as large 

deletions and point mutations occur while propagating viruses. For example, 

deletions in laboratory strains of HCMV are important for virulence and tropism 

(161, 240). Further studies on HCMV have demonstrated that it is also 

important to propagate the virus in a cell type that is biological relevant. Clinical 

HCMV isolates propagated in EC maintain their capability of infecting EC, 

whereas clinical isolates, first propagated in fibroblasts, have reduced 

capability of infecting EC (204, 236). HCMV does not grow in fibroblasts in 

healthy controls in vivo, but is commonly used to propagate the virus in vitro. 

Thus, depending on how the virus is propagated in vitro may have an effect on 

tropism. HCMV laboratory strains are better characterized than laboratory 

strains of HHV-6. Some studies suggest that cultivating HHV-6 in cell lines also 

influences the genomic composition, as reviewed (77). It has been postulated 

that the lower mutation rate seen in laboratory strains of HHV-6, compared to 

HCMV, is attributed to propagation of HHV-6 in PBMC and CBMC (77). 

Importantly, no conclusive study has been conducted demonstrating that 

propagation of HHV-6 in cell lines and not in PBMC or CBMC increases 

mutations. However, the virus strains used in our studies contained all ORFs 

as confirmed with a virus chip, suggesting that large deletions, which are 

commonly found in HCMV laboratory strains, have not occurred. Though, this 

does not exclude the occurrences of minor deletions, point mutations and 

insertions. Furthermore, the laboratory strain Z29 could productively infect 

PBMC, indicating that the virus has maintained its capability of infecting the 

natural target cell despite extensive passages in cell lines. The laboratory 

strains of HHV-6 have been commonly used to study HHV-6 biology and 

tropism and these are considered the prototypes of HHV-6A and 6B. 
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Characterized clinical isolates of HHV-6 have become easily available during 

the last year when the HHV-6 Foundation opened a repository. Clinical strains 

are probably more virulent than laboratory strains, which is an important factor 

when investigating growth characteristics of viruses.  

 

4.4 Differences in viral assembly pathways  

 

HHV-6A and 6B have different maturation pathways. In HSB-2 T-

lymphoblastoid cells infected with HHV-6A (strain GS), glycoproteins are 

expressed at the site of AL (27), where HHV-6A viral particles acquire an 

envelope. In contrast, AL have not been observed in cells infected with HHV-

6B. In HHV-6B-infected thymocytes, tegusomes are formed in the nucleus, 

where tegumentation of nucleocapsids occurs (187). These structures have not 

been described for any other herpesvirus. The differences in maturation 

pathways of HHV-6A and 6B can either be due to the inherent capacities of the 

respective cell types to induce these structures or depend on the differences in 

biology between HHV-6A and 6B.  

To further explore the similarities and differences between HHV-6A and 

6B, an ultrastructural study was conducted in the T-cell line SupT-1. These T 

cells promoted infection of both HHV-6A and 6B. Three different kinds of 

nucleocapsids were observed and the differences in morphology probably 

represent different maturation stages, as suggested for HCMV (95). 

Nucleocapsids were observed budding with the inner leaflet of the NM or 

present within the PNS as enveloped nucleocapsids. No fusion or 

deenvelopment with the ONM was seen, suggesting that fusion is a rapid 

process. The deenevelopment step, however, is the most controversial of the 

herpesvirus life cycle. Nevertheless, non-enveloped tegumented viral particles 

were frequently located on the cytoplasmic side of the NM, indicating that these 

viral particles first must have become enveloped by budding with the INM and 

thereafter deenveloped while exiting for the cytoplasm. Also, during this step, 

tegumentation occurs. Research on human herpesvirus 7, which is a closely 

related virus, has demonstrated that tegumented viral particles are also 

observed on the cytoplasmic side of the NM (120), indicating that HHV-6 and 

HHV-7 have a common route of tegumentation. The tegument is a 
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proteinaceous structure; it is the structure of the viral particle that is least 

characterized. In this study, we demonstrate that tegusomes are formed in 

SupT-1 cells infected with HHV-6A and 6B. Tegusomes were not common 

structures, and are therefore not considered to play a major role in the life cycle 

of either HHV-6A or 6B. Tegusomes were also observed in astrocytes and in 

JJHAN T cells (unpublished data) infected with HHV-6A. Furthermore, 

nucleocapsids of HHV-6A also acquire tegument in the nucleoplasm, as shown 

in SupT-1 T cells and in astrocytes, which has previously been shown in CBMC 

infected with HHV-6A (18). Reenvelopment of tegumented viral particles occurs 

in the cytoplasm. It has previously been shown that reenvelopment of HHV-6A 

occurs in AL, which are an extension of the RER, or in the Golgi apparatus 

(226). AL were not common structures and no viral particles were detected 

nearby, indicating that AL are not a requirement for the viral egress of HHV-6A 

in SupT-1. On the other hand, AL are very common in JJHAN T cells infected 

with HHV-6A (Figure 7). AL have never been observed in cells infected with 

HHV-6B. Also, no viral particles were formed in astrocytes infected with HHV-

6B. The life cycle of HHV-6A in astrocytes resembled the life cycle in SupT-1  

T cells.  

In conclusion, maturation of HHV-6 is a complex process and some 

aspects of the viral life cycle differ between cell types infected with the same 

variant and also between HHV-6A and 6B. Both variants, despite some 

differences, mature according to the envelopment-deevenlopment-

reenvelopment route, as depicted in figure 8.  

 
 

 

 

 

 

 

 

 

 

Figure 8. Life cycle of HHV-6A (A) and HHV-6B (B).  
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4.5 Purification and characterization of HHV-6A virions: association of 
cellular proteins 

 

The goal of this study was to investigate whether cellular proteins are 

associated with HHV-6A particles. We modified a functional purification assay, 

previously used for retrovirus particles (89, 90). The purity of the preparations 

can be influenced, first by the contamination level of the starting material and 

second by the choice of purification assay. First, HHV-6A virions were collected 

at three dpi, when the first viral particles were released, in order to reduce 

contaminations of cellular material, released from infected or dead cells. 

Second, contamination of cellular vesicles has been shown in viral preparations 

purified by sedimentation in sucrose gradients (17, 76); a switch to iodixanol 

gradients has mainly overcome that problem. The iso-osmotic nature of 

iodixanol prevents shrinkage of membrane-enveloped material, like cellular 

vesicles, and therefore are vesicles and viral particles more easily separated. 

Also, sedimentation of HCMV virions with sucrose gradients causes 

aggregation of virions and loss of infectivity (97, 220). 

The efficiency of purification can be followed for example by EM 

analyses of the preparations, staining of samples separated by SDS-PAGE, 

and by metabolic labeling of viral and cellular proteins. Negative staining EM 

techniques are useful in determining the integrity of viral particles, because the 

stain, uranyl acetate, does not penetrate intact membranes. For detection of 

overall content of virus and contaminating material in purified preparations, thin 

sectioning techniques are preferred (211). Furthermore, efficient staining of 

proteins separated by SDS-PAGE can be obtained with silver nitrate or 

Coomassie Brilliant blue dye, where silver nitrate offers 100 times higher 

sensitivity (245). Controls for release of cellular material and contamination of 

purified preparations should be included, for example analyses of material 

released from comparable mock-infected cells.  

Our purification of extracellular HHV-6A particles by sedimentation in 

iodixanol gradient resulted in infectious viral particles, which were essentially 

free of cellular contaminations, as shown by SDS-PAGE stained with silver 

nitrate, thin sectioning EM analyses and by metabolic labeling. Besides that, 

the assay offers a convenient one-day purification of HHV-6A, under mild and 

morphology-conserving conditions. Purifications of HCMV, EBV and HHV-8 
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can be purified to levels where serum bands are not detected by Coomassie 

Brilliant blue staining (104, 233, 260). Comparable mock samples have, 

however, seldom been shown when purifying herpes virions, which makes the 

purity difficult to assess. Also, purifications of HHV-6B have been based on 

rather time-consuming methods, using sucrose and cesium chloride gradients 

to sediment viral particles (201, 219). Our assay might be an alternative, when 

fast and mild purification is required. Finally, previous purifications have not 

assessed the infectivity capacity of the final product. We demonstrate that 

HHV-6A particles, purified in iodixanol gradients, are infectious. 

 The yield and purity of our HHV-6A preparations were determined 

by different methods. The yield was about three to five percentages of that 

present in starting material, as determined by real-time PCR, analyses of 

metabolically labeled particles and Western blot towards cellular proteins and 

the viral protein gp60/110 (data not shown). Importantly, we noticed that the 

yield is dependent on the amount of starting material. A larger starting material 

resulted in a higher yield. Estimation of the degree of purification was 

conducted by calculating the fraction of three viral proteins to a host protein in 

both three dpi media and viral peak fractions. The purified viral proteins are 7 to 

15-fold enriched in comparison to the host protein. Other purification protocols 

for other viruses have given higher purification folds and recovery rates. 

However, we have already decreased the amount of contaminating material by 

collecting the virus particles during a short time period early after the infection. 

Additionally, we use a small initial volume (~30–100 ml) of material. By 

comparison, purifications of EBV, collected for 7–10 days in larger volumes (3 

l) by ricin agglutinin affinity chromatography followed by sedimentation in 

Nycodenz gradient, gave a 46-fold purification and a recovery of 30% (67). 

It has previously been shown that iodixanol gradient purified virus like 

Gag-particles from Moloney murine leukemia virus and Human 

immunodeficiency virus (HIV) incorporate a large number of host proteins (89, 

90). The majority of the detected proteins were passively incorporated into the 

Gag-particles, i.e., as passengers in the piece of the plasma membrane used 

for envelopment of the Gag-particle during assembly and budding. However, 

some host proteins were selectively incorporated into viral particles. For 

example, the host protein p53 interacts with U14 on the HHV-6B particle (219) 

and cyclophilin A and Tsg101 are selectively incorporated into HIV particles 
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(69, 89, 224). Our present results demonstrate that host proteins, derived from 

different cellular compartments of JJHAN cells, are associated with HHV-6A 

particles. However, to be able to determine if these proteins are selectively or 

passively associated, a comparison of the protein concentration in equalized 

amounts of virus-assembly compartments in the cell and the virus is necessary. 

In the case of retroviral Gag-particles, which assemble and bud at the plasma 

membrane, isolated Gag-particles were equalized to that compartment. For 

HHV-6A, there is no such obvious cellular compartment to isolate (Figure 8A). 

Therefore, we cannot specify whether clathrin, ezrin, Tsg101 and actin are 

selectively or passively associated with HHV-6A virions. We also demonstrate 

that CD46, which is the receptor for the virus, is associated with HHV-6A viral 

particles. This finding has previously only been indirectly shown in MS patient 

samples. HHV-6A was isolated from about 10% (4 out of 42) MS patient sera, 

using an immunoaffinity column, comprised of immobilized mAb towards CD46 

(64), which suggests that CD46 can be located in the envelope of HHV-6A and 

binds directly to the CD46 Ab. Less likely, though, a CD46-carrying vesicle, 

attached to the virus particle, can also indirectly mediate the binding. It is 

difficult to exclude possible indirect binding by using whole serum samples. In 

our assay, we have analyzed purified HHV-6A particles, which were free from 

cellular vesicles, and we detected significant amounts of CD46 in the virions.   

Incorporation of host proteins into virions may be important for virulence. 

For example, incorporation of HLA-DR1 and ICAM-1 into HIV-1 virions 

increases infectivity (26, 65). Incorporation of cyclophilin A protects HIV from 

being degraded during entry and is thus of importance for dissemination of the 

virus (227).  Incorporation of complement control proteins CD46, CD55 and 

CD59 into retroviruses, vaccinia virus and HCMV virions protects virions from 

complement-mediated lysis (192, 210, 231). Thus, the incorporated cellular 

proteins retain their functions.  

Incorporation of host material into viral particles may also result in 

detrimental immune responses, such as autoreactive B- and T cells (191, 207). 

HHV-6 may participate in MS by incorporating cellular proteins during assembly 

in OGL. When an antigen-presenting cell takes up virions, the incorporated 

cellular proteins may be processed and presented on HLA, which may result in 

activation of autoreactive T cells.  Our results show that a number of cellular 

proteins from different cellular compartments are associated with HHV-6A 
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particles. It is therefore plausible that cellular proteins become associated 

during egress of HHV-6A in glial cells.  
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5 FUTURE PERSPECTIVES 
 

Research on HHV-6 is held back due to lack of mAb and recombinant 

viral tools such as bacterial artificial chromosome technology.  Although the 

nucleotide sequences of HHV-6A and 6B have been known for quite some 

time, most viral gene products have unknown functions. Furthermore, the gene 

products important for tropism, and the differences in tropism between HHV-6A 

and 6B are not understood. We also do not know which cellular and viral 

factors that are important for promoting viral replication, latency and 

reactivation.  

Mutant viruses can be constructed by cloning the viral genome into a 

bacterial artificial chromosome in Escherichia coli. By introducing mutations 

into genes of HHV-6A and 6B it is possible to investigate which genes are 

dispensable and which genes are indispensable for growth, and to investigate 

the differences between HHV-6A and 6B.  Also, with this technology viral 

proteins, putatively important for nuclear egress, cytoplasmic egress, and 

envelopment of tegumented viral particles in the cytoplasm, can be 

investigated.  

We are also just in the beginning of investigating the effects of individual 

viral proteins on the cellular transcriptome. A recent study demonstrated that 

HHV-6 IE1 suppresses beta-interferon gene induction by preventing interferon 

regulatory factor 3, and thus interfering with the innate antiviral responses. 

Microarray experiments will offer further insights into viral-host interactions. 

Changes in cellular RNA levels can be investigated during IE, E and L time-

points in cells infected with wild-type compared to mutant viruses.  

 

HHV-6 research is also held back due to lack of a surrogate animal 

model. With an animal model, questions such as neurotropism, 

neuroinvasiveness, neurovirulence, latency and reactivation can be addressed. 

Furthermore, the efficiency of antiviral drugs can be better evaluated. In vitro 

studies do not always reflect the efficiencies of the drugs.  

Inferences of viral animal models have demonstrated that the level of 

viral replication in the brain is age-dependent, i.e., dependent on neuronal 

maturation. Whether the neurotropic potential of HHV-6 is age-dependent can 
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also be investigated with an animal model. In children, brain development is a 

slow process and continues until the child is three years old. Since most 

children acquire HHV-6B during the age of 6-9 months, macaques or CD46-

transgenic mice should be infected at an equivalent age.  

 

Last, a plethora of reports has shown that HHV-6 has been associated 

with different diseases. How do we go from association to causation? We first 

need reliable serological and molecular assays that can distinguish between 

HHV-6A and 6B. We also need to investigate the prevalence of HHV-6A and 

6B in different diseases in relation to healthy controls and control patient 

material (other inflammatory and non-inflammatory diseases). Clinical trials 

may be important to further understand the pathogenesis in relation to viral 

infections. Evaluation of clinical outcome should include virological analysis 

before, during and after the trial. HHV-6A has been detected in cell-free 

compartments in about 20% of Italian, Spanish and U.S. MS patients. A clinical 

trial with an antiviral drug towards HHV-6 in this subgroup of MS patients could 

provide evidence for a potential role of HHV-6 in MS.  
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