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INTRODUCTION

1. Herpesviruses: general features

1.1 Classification of herpesviruses

More than 100 herpesviruses have been discovered, all of them are double-stranded DNA 

viruses that can establish latent infections in their  respective hosts. Eight herpesviruses 

infect humans.

Figure 1. Phylogenetic tree of Herpesviridae.
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The  Herpesviridae  family includes  three  subfamilies:  the  Alpha-,  Beta-,  and 

Gammaherpesvirinae 1  (Figure  1). The  Alphaherpesvirinae are defined by wide cellular 

host range, shorter viral reproductive cycle, rapid growth in culture, high cytotoxic effects, 

and the ability to establish latency in sensory ganglia. Human α-herpesviruses are herpes 

simplex viruses 1 and 2 (HSV1 and HSV2) and varicella zoster virus (VZV).                   

The Betaherpesvirinae have a more restricted host range with a longer reproductive viral 

cycle and slower growth in culture. Infected cells show cytomegalia (enlargement of the 

infected cells).  Latency is established in secretory glands, lymphoreticular cells, and in 

different  tissues,  such  as  the  kidneys  and  others.  In  humans,  these  are  human 

cytomegalovirus (HCMV) and  roseoloviruses (causing  the  disease  roseola  infantum in 

children)  including  human  herpesviruses  6A and  6B (HHV6A and  6B)  and  human 

herpesvirus 7 (HHV7).

The  Gammaherpesvirinae in  vitro  replication  occurs  in  lymphoblastoid  cells,  but  lytic 

infections may occur in epithelial and fibroblasts for some viral species in this subfamily.  

Γ-herpesviruses are specific for either B or T cells with latent virus found in lymphoid 

tissues. The γ-herpesviruses subfamily contains two genera that include both the  γ-1 or 

Lymphocryptovirus (LCV) and the  γ-2 or Rhadinovirus (RDV) virus genera.  Only two 

human  γ-herpesviruses  are  known to date,  human herpesvirus  4,  or  Epstein-Barr  virus 

(EBV), and  human herpesvirus 8,  referred to as HHV8 or Kaposi's sarcoma-associated 

herpesvirus  (KSHV).  EBV  is  the  only  Lymphocryptovirus  and  HHV8  is  the  only 

Rhadinovirus discovered in humans. LCV are found only in primates whereas RDV can be 

found in both primates and subprimate mammals.
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Table 1. Human herpesviruses classification and characteristics.

1.2 Structure of herpesviruses

Herpesviruses have a central toroidal-shaped viral core containing a linear double stranded 

DNA. This DNA is embedded in a proteinaceous spindle 2. The capsid is icosadeltahedral 

(16  surfaces)  with  2-fold  symmetry  and  a  diameter  of  100-120  nm  that  is  partially 

dependent  upon  the  thickness  of  the  tegument.  The  capsid has  162  capsomeres.  The 

herpesvirus  tegument,  an  amorphous  proteinaceous  material  that  under  EM  lacks 

distinctive features, is found between the capsid and the envelope; it can have asymmetric 
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distribution. Thickness of the tegument is variable depending on the location in the cell and 

varies  among  different  herpesviruses  3.  The  herpesvirus  envelope contains  viral 

glycoprotein protrusions on the surface of the virus (Figure 2), and by EM it appears as a 

lipid trilaminar structure, derived from the cellular membranes.

Figure 2. Schematic representation of a herpesvirus virion (left) and a EM picture of the herpesvirus particle 
(right).

1.3 Herpesviruses genome

Herpesviruses genomes studied to date range in size from 130 to 235 kbp. Herpesviruses 

DNA is characterized by two unique components, unique long (UL) and unique small (US) 

regions, each flanked by identical inverted repeat sequences (TRL and IRL:  Terminal and 

Internal  repeats)  (Figure  3).  Herpesvirus  genome  also  contains  multiple  repeated 

sequences. All known herpesviruses have capsid packaging signals at their termini 4. The 

majority of herpes genes contain upstream promoter and regulatory sequences, an initiation 

site followed by a 5' nontranslated leader sequence, the open reading frame (ORF) itself, 

some 3' nontranslated sequences, and finally, a polyadenylation signal. Gene overlaps are 

common, whereby the promoter sequences of antisense strand (3') genes are located in the 

coding region of sense strand (5') genes; ORFs can be antisense to one another.

Proteins can be embedded within larger coding sequences and yet have different functions. 

Most genes are not spliced and therefore are without introns and sequences for noncoding 

RNAs are present.
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Herpesviruses code for genes that synthetize proteins involved in establishment of latency, 

production of DNA, and structural proteins for viral replication, nucleic acid packaging, 

viral entry, capsid envelopment, for blocking or modifying host immune defences, and for 

transition from latency to lytic growth. Although all herpesviruses establish latency, some 

(e.g.,  HSV) do not necessarily require latent protein expression to remain latent, unlike 

others (e.g., EBV and HHV6).

Figure 3. Genomic organization of human herpesviruses.
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1.4 Replication of herpesviruses

Herpesviruses can establish lytic or latent infections. The lytic stage can be divided in 6 

phases:

I.  Binding to the cell surface. Virus attachment and entry require sequential interactions 

between specific viral membrane glycoproteins and cellular receptors.   

II-III.  Fusion of the virion membrane with the host cell membrane; then the capsid and 

some tegument proteins are transported to the nucleus along cellular microtubules. Upon 

entry into the cytoplasm, the nucleocapsid is transported to the nuclear pores, where viral 

DNA  is released into the nucleus.   

IV.  Virus transcription,  replication and translation.  This is  a very complex process,  as 

expected  considering  the  large  size  of  viral  genome.  Viral  DNA  replicates  by 

circularization followed by production of concatemers and cleavage of unit-length genome 

during packaging (“rolling-circle” mechanism).

Herpesviruses transcription is temporally regulated, and can be divided into four steps:

   α or immediate early (IE) genes expression, requiring no prior viral protein synthesis 

and mRNAs are frequently detectable within 3 h after infection.. The proteins encoded in 

this stage are expressed first and are involved in transactivating transcription from other 

viral genes. Expression of IE gene products is essential for the activation of transcription 

from early gene promoters.

   β or  early  (E) genes expression, which is independent of viral DNA synthesis. The 

early  protein  transcribed  are  involved  in  DNA metabolism and  DNA replication.  The 

expression of  β genes is dependent on α gene expression.

   γ1 or partial late genes expression, which starts in concert with the beginning of viral 

DNA synthesis.
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   γ2 or  late (L) genes expression, which is totally dependent upon synthesis of viral 

DNA and  expression  of  structural  genes  encoding  for  capsid  proteins  and  envelope 

glycoproteins occurs.

Herpesviruses DNA is transcribed to RNA by cellular RNA polymerase I. The neo-formed 

viral mRNAs block cellular protein synthesis and activate the replication of viral DNA. 

Herpesviruses encode their own DNA-dependent DNA polymerase and other enzymes and 

proteins  necessary to  replication,  such as  ori-Lyt  (replication  start  for  the lytic  phase), 

major  DNA  binding  protein  (MDBP)  and  origin  DNA  binding  protein  (OBP). 

Herpesviruses can alter their environment by affecting host cell protein synthesis and host 

cell DNA replication, immortalizing the host cell, and altering the host's immune responses 

(e.g.,  blocking apoptosis,  cell  surface  MHC I  expression,  modulation  of  the  interferon 

pathway).

V. Assembly: capsids are assembled in the nucleus.

VI.  Viral exit. The viral particles bud through the inner lamella of the nuclear membrane 

which has been modified by the insertion of viral glycoproteins and leave the cell via the 

exocytosis pathway, or by budding from the cell membrane or by lysis.

The phases of a typical productive cycle are summarized in Figure 4.
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Figure 4. The cycle of productive HSV replication in a cell. The stages of HSV infection are: (1) Receptor  
binding and membrane fusion; (2) Release of the viral nucleocapsid and tegument into the cell cytoplasm and 
transport of the nucleocapsid to the nuclear pore; (3) Release of viral DNA into the nucleus; (4) Transcription 
and  translation  of  the  viral  immediate  early  (IE)  and  early  (E)  genes;  (5)  viral  DNA synthesis;  (6) 
Transcription and translation of the viral late (L) genes; (7) capsid assembly and DNA packaging; and (8) 
egress of progeny virions.

All herpesviruses can establish latent infections in their natural host. Such an infection is 

characterized  by periods  of  highly restricted  (or  no)  viral  gene  expression  in  the  cells 

harboring the latent genomes, interspersed with periods of virus replication and infectivity 

(reactivation).  The  different  type  of  herpesviruses  carry  out  latency  and  reactivation 

processes in generally similar ways, but details depend on the specific virus. Neurotropic 

herpesviruses  like  α-herpesvirinae  (i.e.  HSV) establish  a  latent  infection  by entering  a 

sensory nerve axon near the infection site. The virus particle  then migrates to the neuron 

nucleus in the nerve ganglion (Figure 5). If virus gene expression occurs normally, viral 

DNA replication and cell death will occur; however, in most infected neurons, the earliest 

12



                                                                                     
                                                                                          
                                                                                          Introduction

stages of gene expression appear to be blocked. Thus, these neurons are nonpermissive for 

replication.  This  results  from the  fact  that  one  or  several  cellular  transcription  factors 

required to express the immediate-early genes are absent or present in a modified form. 

The  viral  genome  of  herpesviruses  is  not  fully  shut  off  during  latent  infection;  one 

transcript termed the latency-associated transcripts (LAT) is expressed from a single latent 

phase active promoter.

Figura 5.  Stages of  HSV infection.  (A) HSV replicates initially in epithelial  cells  at  the genital  or oral  
mucosal surface. The virus enters innervating sensory neurons where it travels up the axon to the neuronal 
cell body. Once in the neuron, the virus establishes a latent infection that may last the lifetime of the host. (B) 
Upon the proper stimulus, the virus can reactivate, travel back down the axon, and establish another round of  
lytic replication.
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Since  viral  DNA is  in  the  neuronal  nucleus  and  fully  differentiated  neurons  do  not 

replicate,  the  DNA can remain  silent  for  long period  of  time.  Then,  when the  host  is 

stressed with certain agents the cellular transcriptional environment change and immediate-

early as well as other viral transcripts are expressed at detectable levels. This is sufficient 

for  the  replication  of  virus  in  at  least  a  few  neurons,  which  results  in  the  transitory 

appearance of a small amount of virus that travels down the axon and reinfects the area 

where the virus first infected, producing a new lytic infection in the target epithelial cells.

2.  Human herpesvirus 6

Human  herpesvirus  type  6  (HHV6)  was  first  isolated  in  1986  from  peripheral  blood 

lymphocytes (PBL) of patients with lymphoproliferative disorders 5. Initially the virus was 

named "Human B lymphotropic virus" (HBLV) because it seemed to manifest a tropism for 

B cells, but subsequent studies have shown that the preferential cellular target are T cells 6. 

The International Committee on Taxonomy of Viruses has finally named the virus HHV6 7. 

HHV6 is  a  members of  the  Betaherpesvirinae subfamily,  included in the  Roseolovirus 

genus along with HHV7. Members of this genus are characterized by elective tropism for T 

lymphocytes, the ability to grow with less efficiency also in other cell types, high rates of 

latent  infection  in  the  human  population,  and  by  association  with  childhood  febrile 

syndromes, which might be accompanied by rash.

Furthermore, HHV6 strain cluster in two variants (HHV6A and HHV6B), which differ on 

the basis of distinct genetic, immunological and biological characteristics  8, and for the 

associated diseases, as detailed in the “Disease association” chapter.

HHV6 is highly prevalent in the healthy population, establish latency in macrophages and 

T-lymphocytes,  is  frequently  shed  in  saliva  of  healthy  donors,  and  their  pathogenic 

potential ranges from frequent asymptomatic infection to rare cases of severe diseases in 

immunocompromised patients 9.
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2.1 Virion

HHV6 virion, as for all herpesviruses, have four main structural elements: an electron-

dense  core,  a  capsid with icosahedral  symmetry,  a  tegument,  and an outer  envelope in 

which  virally  encoded  glycoproteins  and  integral  membrane  proteins  are  embedded  1 

(Figure 6).

Figure 6. A) Schematic representation of HHV6. B) Electron microscope photograph of HHV6 virions in 
infected  lymphoid cells. Bar is 100 nm.

The assembly process  leading to  mature  HHV6 particles  begins  in  the nucleus,  where 

nucleocapsids are assembled. HHV6 capsids have a diameter of 90 to 110 nm 10,11. After 

capsid  assembly,  the  tegument  is  acquired  while  still  in  the  nucleus  by  a  series  of 

envelopment and de-envelopment steps which have not been fully characterized 12,13. The 

tegument  may be  acquired  in  a  novel  structure,  the  tegusome,  which  is  a  membrane-

bounded spherical compartment, apparently of cytoplasmic origin, that is present in the 

nuclei  of  HHV6  infected  cells  13.  Fully  tegumented  capsids,  with  a  diameter  of 

approximately 165 nm, appear to be released into the cytoplasm via fusion of the tegusome 

with  the  nuclear  membrane  13,11.  HHV6  morphogenesis  has  the  unique  feature  of 

cytoplasmic  accumulation  of  fully  tegumented  capsids  with  a  prominent  and  well 

demarcated  tegument;  these  tegumented  cytoplasmic  capsids  appear  to  acquire  their 
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envelope by budding into cytoplasmic vesicles. Mature virions are approximately 200 nm 

in diameter 10,11 and are released by exocytosis 13,14.

2.2 Genome

HHV6  genome  is  composed  of  a  linear,  double-stranded  DNA molecule,  that  was 

completely sequenced in 1995 15. The genome is 160-162 kbp in size and is formed by a 

central  unique  region  (approximately 143 kbp)  bound at  both  ends  by terminal  direct 

repeats (each 8-9 kbp long) (Figure 7). The direct repeats contain genetic elements that are 

necessary for  viral  DNA packaging and replication  16 and  include  a  tandem repetitive 

sequence that is also present in human telomers 17. The genome of HHV6B is predicted to 

contain 119 open reading frames (ORFs), 9 of which are absent in HHV6A. ORFs encoded 

in the terminal direct repeats are identified with the prefix DR and those in the unique 

region are named U1-100, starting from the left end of the genome. Coding regions are 

located on both DNA strands,  and a few genes are spliced after transcription.  Overall, 

nucleotide  sequence  identity  between  HHV6A and  HHV6B  is  90%,  with  variability 

according to specific regions. Some DNA regions are conserved between variants for over 

95%, and other regions show higher divergence, with homology as low as 75% 18. Instead, 

variability within variants is very low, and viral strain belonging to the same variant differ 

by 1% or less across their genomes 19.
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Figure 7. Genomic organization of HHV6. The asterisk indicates the start of lytic genomic replication. Viral 
telomeric sequences are indicated by green bars T1 and T2. Open arrows represent protein coding regions.

Most of HHV6 genes are conserved and present in the genome of all herpesviruses, and 

can be organized in seven gene blocks (Figure 8), including genes U27 – U82.

The products of HHV6 genes U27, U41, U43, U74, U77, and U73 are involved in viral 

replication. The protein product of gene U27 encodes the DNA polymerase processivity 

factor,  binding  to  DNA  polymerase  and  thus  enhancing  the  rate  of  viral  genome 

transcription.
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Figure 8. Schematic representation of HHV6 and HHV7 genomes, showing the direct  repeats (DR), the 
position of the seven conserved herpesvirus gene blocks, of the β-herpesvirus specific genes, and of the two 
HHV6 specific genes (U83 and U94).

Gene  U41  encodes  a  single  stranded  DNA  binding  protein,  also  facilitating  DNA 

polymerase interaction with the viral genome. The protein products of genes U43, U74, 

and U77 produce a viral helicase-primase complex that facilitates replication of the viral 

genome. Additionally, the origin-binding protein produced by gene U73 is also involved in 

genomic DNA replication.

HHV6 attachment to host cells is facilitated by viral surface proteins gB and gH, encoded 

by viral genes U39 and U48, respectively 20.

One additional gene block includes 17 genes which are conserved only in β-herpesviruses, 

including genes U2 – U14.

There are also genes specific to Roseoloviruses, not present in the other β-herpesviruses, 

including U20-21, U23-24, U26, U85 and U100. Finally, two genes are unique to HHV6 

and present in both variants. One is U83, which encodes a chemokine with chemotactic 

activity  for  monocytic  cells,  and  is  expressed  in  two  forms.  The  spliced  variant  is 

expressed  as  an  early  protein,  before  DNA replication,  and  the  full  length  protein  is 

expressed only after DNA replication 21. The other gene unique to HHV6 is U94, encoding 

a homologue of the human adeno-associated virus type 2 (AAV-2) rep gene  22. The U94 
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gene product complements the replication of Rep-defective AAV-2 mutants, it localizes in 

the  nucleus  of  the  infected  cell  and  binds  to  the  human  TATA-binding  protein,  a 

transcription factor 23. It is transcribed as an IE gene and in latently infected lymphocytes 
24, suggesting that it likely contributes to the maintenance of latency 9.

2.3 DNA replication

The  elements  required  for  lytic  HHV6 DNA replication  are  the  origin  for  lytic-phase 

replication (oriLyt) and 7 viral gene products: the MDBP (major DNA binding protein), the 

DNA polymerase, a polymerase-associated protein, an origin binding protein (OBP), and a 

helicase-primase  complex.  An  interesting  feature  is  that  HHV6  encodes  a  sequence 

homolog of the HSV-1 OBP, which has been found only in α-herpesviruses 25, 26, 27, 28, 29. 

The HHV6 OBP, like other α-herpesvirus encoded OBP homologs, has greater amino acid 

sequence similarity to other herpesvirus OBPs in the N-terminal helicase region than in the 

C-terminal DNA binding region 27, 30.                                 

The  HHV6 oriLyt  (as  in  HSV-1,  VZV,  and  HCMV) is  located  upstream of  the  gene 

encoding the MDBP homolog 31, 32, 33. The HHV6 origin lies in a unique 1,400-bp region 

that has no protein-coding capacity and is located between the genes encoding the MDBP 

and the HCMV UL69/HSV-1 ICP27 homolog 34, 30, 35. These oriLyt sequences have been 

functionally  defined  by  using  transient-transfection  assays  with  plasmids  containing 

different portions of the HHV6 oriLyt 34: a region of approximately 400 bp was identified 

as  the  minimal  active  region.  The  HHV6  oriLyt  is  located  in  a  genomic  region  that 

includes two binding sites, OBP-1 and OBP-2, for the HHV6 OBP. The OBP sites are 

arranged  with  dyad  symmetry,  flank  an  AT-rich  spacer,  and  are  within  the  minimum 

essential origin region. This region is adjacent to a larger AT-rich imperfect direct repeat of 

about 195 bp that has been proposed to act as a DNA-unwinding element  34. Both OBP 

sites are required for DNA replication in transient-transfection assays 36 (Figure 9).
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Figure 9. Schematic diagram of human herpesvirus 6 (HHV6)  oryLit.

2.4 Internal repeated items

Several repeated items are located in the UL region of the HHV6 genome, namely: R0, R1, 

R2, R3. These elements are placed in correspondence with regions of the genome with a 

low percentage of identity between the two variants of the virus. R0 is present only in 

HHV6B and is located near the junction between DRL and UL and within the ORF putative 

B4.

R1 is  located  near the  3’  end of  ORF U86 and  determines,  once  translated,  the

production of a series of serine and arginine (SR) repeated in the carboxy terminal portion

U86 protein.

R2 is located in the region between U86 and U90. In the genome of HHV6A, R2 consists 

of repetitions of TG dinucleotide, in HHV6B are identified in the same region 2 distintict 

items repeats: R2A and R2B. R2A contains several TATA sequences; R2B is similar to R2 

of HHV6A, but is much shorter and contains multiple potential binding sites for the factor

HNF transcription-5 37,  suggesting a possible role of these sequences in the regulation of 

transcription 38.
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R3 is located upstream of the IE-A locus, which includes ORFs from U86 up to U91, and

contains regulatory elements that may play a role in the regulation of transcription of this 

locus.  The  region is  highly  variable among  the variants of  the virus  but

retains some sites in the consensus sequence of conserved regulatory elements 38.

2.5 HHV6 replicative cycle

The  infectious  cycle  of  HHV6  begin  with  the  interaction  between  specific  virus 

glycoproteins of the envelope (gB, gH, gL, gQ) and the specific receptor  on the cellular 

membrane, CD46. HHV6 enters in the cell through an endocytic pathway 40 (Figure 10). 

Unenveloped nucleocapsids are then released into the cytosol and migrate to the nucleus 

where the viral DNA is transcribed and replicated.

As already described for herpesviruses in general, during lytic infection, herpesvirus genes 

are  expressed  as  three  kinetic  classes  39.  The  α,  or  immediate-early  (IE),  genes  are 

transcribed with no requirement for de novo protein synthesis and α proteins regulate the 

expression of other genes. The second class of genes, the β or early (E) genes, are involved 

in DNA metabolism and DNA replication. The expression of β genes is dependent on α-

gene expression. The third class of genes is the γ, or late (L), genes; the products of these 

genes  are  usually involved in  virion  assembly and as  components  of  the mature  virus 

particle 14.

The  newly  produced  capsid  proteins  are  assembled  to  form  the  viral  core.  The 

nucleocapsid is than expelled from the nucleus in two forms: as a  mature-like particle, 

vehicled toward the cell surface within cytoplasmic vacuoles, or as a free cytosolic particle 

coated by a  seemingly amorphous tegument  structure,  which  subsequently buds into a 

cytoplasmic vacuole, possibly of Golgi origin, thereby acquiring the viral envelope. The 

maturation  cycle  culminates  with  the  final  expulsion  of  the  mature  particles  from the 

cellular membrane.

Like all herpesviruses, HHV6 can persist latently in the host following primary infection. 

Persistence may include both a true latent state, without production of infectious virus, and 

chronic replication with continuous or intermittent production of infectious progeny.
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Both forms of persistence develop in the same individual, with chronic infection taking 

place  mostly  in  salivary  glands  41,42,  while  true  latent  infection,  with  episodes  of 

reactivation, occurs mainly in macrophages and CD4+ T cells 43,44,45,46.

   

Figure 10. Schematic representation of HHV6 replication cycle.
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PCR  studies  have  shown  that  HHV6  DNA sequences  can  also  be  detected  in  many 

different tissues from asymptomatic  healthy individuals,  including urinary tract,  genital 

mucosa, fibroblasts and epithelium, thyroid, pancreas, liver 47,48.

However, there is no evidence that the virus can reactivate from these sites. It has been 

reported that latently infected cells contain four species of latency-associated transcripts, 

originating from the IE1/IE2 genic regions, with a transcription pattern similar to that of 

human  cytomegalovirus  49.  Another  transcript  expressed  during  latent  infection,  in  the 

absence of transcripts from lytic genes, is U94 50.

2.6 Cell tropism

HHV6  is  characterized  by  a  broad  tropism  for  different  human  cell  types,  and  this 

observation is in accordance with the fact that the cellular receptor is the CD46 molecule 
51,  a  ubiquitous  type-1  glycoprotein  member  of  a  family of  regulators  of  complement 

activation.  However,  only  few  cell  lines  expressing  CD46  support  efficient  viral 

replication, suggesting that in addition to the presence of receptor,  there is the need of 

specific requirements still unidentified.

HHV6A and HHV6B variants differ in the respective ability with which they can replicate 

in specific transformed T-lymphocyte cell lines. In addition, also CD8 T lymphocytes, γδ T 

lymphocytes and natural killer (NK) cells support HHV6 replication 52,53,54.

HHV6 can also infect macrophages, dendritic cells, fibroblasts, epithelial cells and bone-

marrow progenitors  55,56,57,58,59. Laboratory strains have been adapted to grow in specific 

human T cell lines, including Jurkat, J-Jhan, HSB2 for HHV6A, Molt-3, MT4 and SupT1 

for HHV6B  60 , but the efficiency of viral replication is 1-2 fold lower than in primary 

cells. Both variants are neurotropic and can infect neural cells, including astrocytes and 

oligodendrocytes, but HHV6B supports only abortive infection, while HHV6A establishes 

a productive infection that subsequently develops into latency 61,62.

HHV6 can also infect endothelial cells, both in vitro and in vivo 63, establishing a low level 

productive infection 64. Both HHV6A and HHV6B can infect fibroblasts, but only HHV6A 

produces  low amounts  of  infectious  progeny  65.  Therefore,  the  experimental  evidence 
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shows  that  HHV6A and  HHV6B have  differences  in  their  cell tropism,  and  possibly 

HHV6A is more virulent, but the reasons for this difference are still unknown 9.

2.7 Effects on cells

HHV6 infection causes significant alterations on the host cell metabolism. As is common 

with herpesviruses, infection induces shut off of host cell  DNA synthesis  66,  stimulates 

protein  synthesis  67,  and  causes  T  lymphocytes  to  develop  a  cytopathic  effect  with 

characteristic ballooning (Figure 11), refractile and syncithial cells. Viral infection induces 

differential secretion of a wide array of cytokines and chemokines, including interferon-α, 

interleukin 1β, RANTES, tumor necrosis factor and many others  64,68,69,70, depending on 

the virus and the cell type involved. HHV6 infection upregulates CD4 in T lymphocytes 

and induces its expression in CD4-negative cells 9.

Figure 11. Cytopathic effects of HHV6 (ballooning): CD4+ T lymphocytes non infected (on the left) and 
   HHV6-infected (on the right). Pictures was obtained  by phase contrast microscopy after 7 days p.i., 100X.

2.8 Epidemiology

HHV6 is ubiquitous and has a worldwide distribution. Seroprevalence is very high in the 

adult population, and specific IgG antibodies to HHV6 are detected in more than 90% of 

adults. Primary infection occurs during early childhood. The peak for HHV6 infection is 

observed  at  6-9  months  of  age  71.  There  are  no  convenient  serological  assays  to 
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discriminate between HHV6 variants,  however the available evidences suggest that the 

majority of clinical infections in immunocompetent patients are caused by HHV6B. In fact, 

the  viral  sequences  detected by  PCR in  latently  infected  peripheral  blood  cells  from 

healthy individuals belong almost invariably to HHV6B 72,73  , supporting the notion that 

HHV6A is less prevalent or that it establishes latency in different body districts. HHV6A is 

detected more often in immunocompromised than in immunocompetent hosts, and appears 

to be potentially more neurotropic  74. The mode of  transmission is unclear, but HHV6 

replicates  in  epithelial  cells  and  is  present  in  saliva,  suggesting  that  oral  secretions 

contribute  to  transmission,  especially  for  HHV6B  75,76,59.  Congenital  infections  occur 

approximately  in  1% of  births  and  are  asymptomatic  77.  Sequence  analysis  of  HHV6 

isolated from mother/infant pairs suggests that mother-to-infant transmission can occur 78, 

whereas there is no convincing evidence of sexual spread 9.

2.9 Disease association

HHV6 can be considered an opportunistic pathogen which persists asymptomatically in 

immunocompetent  individuals  but  can  cause  severe  pathologies  in  the  context  of 

immunosuppression.

Primary HHV6B infection in children causes  exanthem subitum (ES) (roseola infantum, 

sixth disease) with high fever and the development of a rash after resolution of fever  79. 

However,  only  a  subset  (17%)  of  children  with  acute  infection  develop  ES,  and  the 

majority suffer from undifferentiated short febrile illness, without appearance of rash 80,81. 

Although usually mild, ES may be accompanied by convulsions 82,80. Rare complications 

include hepatitis, arthritis, encephalopathy and haemophagocytosis syndrome 80,83. Primary 

infection in older age groups is rare and results in an undifferentiated febrile illness or in an 

heterophile-negative  infectious  mononucleosis  84,85.  Skin  rash,  hepatitis  and  atypical 

lymphocytosis may occur. HHV6A primary infection is not associated to ES and is likely 

mostly asymptomatic.

HHV6 related diseases in adults are mostly the results of reactivation, which might be 

clinically significant especially in the immunocompromised host. HHV6 can reactivate in 

immunocompetent  individuals  during pregnancy or periods  of critical  illness,  requiring 
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admission  to  intensive-care  units  86,87.  Many  reports  describe  other  possible  disease 

associations involving HHV6 reactivation 88. In particular, the central nervous system is a 

potential target for HHV6 pathogenesis. In fact, HHV6 DNA is often detected  in autoptic 

brain tissue from healthy individuals  89,90, indicating that the virus is able to invade and 

persist asymptomatically in the CNS. The pathogenic potential of HHV6 in the CNS is 

witnessed by several clinical reports 91.

HHV6  has  been  associated  with  neurological  complications  in  children  with  primary 

infection  92,93, encephalitis both in immunocompetent and immunocompromised patients 
94,95,  demyelinating  encephalomyelitis  96,97 and  chronic  myelopathy  98.  HHV6  DNA 

sequences are often detected in patients with temporal lobe epilepsy and the high levels of 

viral sequences suggest a potential etiological association  99,100,101. Some reports suggest 

that HHV6A may have higher neurotropism than HHV6B 102,103,104. For example, it was 

shown that HHV6A has a considerably higher prevalence in cerebrospinal fluid than in 

peripheral blood mononuclear cells or in saliva of children  105. The difficulty with these 

studies is that HHV6 infection is ubiquitous, it shows a wide tissue tropism, and therefore 

the  detection  of  viral  footprints  in  a  pathological  condition  is  not  univocal  proof  of 

etiology.  Viral  presence  might  be  due  to  latent  virus,  and  viral  reactivation  may be  a 

consequence, rather than the cause of disease. A further complication is the fact that there 

is not yet any biological explanation of how HHV6 variants might differentially contribute 

to the pathogenesis. The proposed association of HHV6 with multiple sclerosis (MS) is a 

paradigmatic example  of  how  difficult  it  is  to  substantiate,  or  to  disprove,  HHV6 

etiological association. In 1995, Challoner  106 proposed that HHV6 might be associated 

with MS. One of the original observations was the presence of HHV6 DNA sequences and 

antigens in the nuclei of oligodendrocytes from patients with MS adjacent to plaques of 

demyelination but not in control samples. The original report raised considerable interest, 

and subsequently, several studies were performed. However, after more years, the role of 

HHV6 in MS is still controversial.

There  is  substantial  evidence  that  HHV6  can  be  a  significant  pathogen  in 

immunocompromised hosts. HHV6 infection or reactivation in AIDS patients was reported 

to  cause  severe  disease,  such  as  fatal  pneumonitis,  encephalitis,  retinitis  and  HHV6 

dissemination to many organs 107. HHV6 is also an important pathogen in organ transplant 
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recipients  108,109,110.  HHV6 infection  or  reactivation  occurs  in  nearly  50% of  all  bone 

marrow  and  in  20-30%  of  solid-organ  transplant  recipients,  2-3  weeks  following  the 

procedure 108,111. Prospective studies employing DNA detection by PCR or viral culture in 

sequential blood samples post-transplantation provide the strongest evidence for HHV-6 

infection. The majority of HHV6 infections post-transplantation are due to reactivation of 

HHV6B,  and  the  peak  incidence  of  infection  is  2-4  weeks  post  transplantation  112,110. 

However, cases of primary infection due to transmission of the virus in donor tissue have 

been described, and superinfection with a donor strain distinct from the strain latent in the 

recipient may occur 113. Viral infection and/or reactivation may result in clinical symptoms, 

including  fever  (sometimes  associated  with  leukopenia),  skin  rash,  pneumonia,  bone 

marrow suppression,  encephalitis,  and transplant  failure  114,115,116,112,117.  Idiopathic  bone 

marrow suppression is more common in bone marrow transplant or stem-cell transplant 

recipients,  but  can  also  occur  following  solid  organ  transplantation  118,116,119.  Potential 

causes of marrow suppression include indirect effects mediated by cytokines and HHV6 

soluble products or direct infection of bone-marrow progenitors  120,121,122. In spite of the 

available evidence that HHV6 can be a serious pathogen responsible for complications in 

transplant recipients, definite proof is still  under debate, mainly because the underlying 

pathophysiologic mechanisms have not  yet  been elucidated.  Considerable attention has 

been focused on possible associations of HHV6 and the pathogenesis of AIDS because 

HHV6 replicates  in  CD4+ T cells,  the  primary  HIV-1  target,  but  studies  of  serologic 

responses to HHV6 in HIV-infected persons have yielded widely varying results 52.

Moreover,  a  possible  role  has  been  postulated  for  HHV6  in  a  variety  of  neoplastic 

disorders, but as yet there has been no conclusive demonstration that either HHV6A or 

HHV6B  is  involved  in  any  causative  way  with  any  malignancy.  Nevertheless,  the 

accumulated data suggest that at least for some neoplasms, there is more than a chance 

association with the virus.

Finally, HHV6 infection was also associated with the development of autoimmune diseases 

include  chronic  fatigue  syndrome,  graft  versus  host  disease,  encephalitis,  pneumonitis, 

graft failure. HHV6 has also been tentatively associated to several chronic autoimmune 

inflammatory  processes,  including  Sjogren  syndrome,  multiple  sclerosis,  rheumatoid 

arthritis and systemic lupus erythematosus-SLE. Recent case reports suggest that HHV6 
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infection might be related to the onset of autoimmune pathologies such as nonbacterial 

purpura  fulminans  and  severe  autoimmune  acquired  protein  S  deficiency,  autoimmune 

connective tissue diseases, severe autoimmune hepatitis.  

.

3. Infections and autoimmunity: the multifaceted relationship

The autoimmune diseases are a  diverse group of conditions characterized by abnormal 

immune reactivity in association with autoreactive B and T cell responses. There are more 

than 80 different autoimmune diseases 123 that affect hundreds of millions of people around 

the  world.  These  systemic  or  organ-specific  conditions  are  the  third  leading  cause  of 

morbidity and mortality in the industrial world after cancer and heart disease 124. Multiple 

factors are thought to contribute to the development of immune response to self, including 

differences in genotypes, hormonal milieu, and environmental factors 125,126.

The role of environmental factors is clearly apparent when considering the low disease 

concordance rate between monozygotic twins for major autoimmune diseases.

Of all environmental factors with a potential to trigger autoimmunity, the most important 

seems to be viruses, bacteria, and other infectious pathogens (Figure 12).

Figure 12. Diagram of factor interplay in autoimmune diseases.
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The pivotal role of infection in the induction of these disorders has been supported by 

several evidences, such as disease seasonal onset, disease occurrence after some infections, 

and the isolation of viral genomic DNA/RNA from affected tissues of patients once the 

disease  gets  started  127,128.  Infections  and  autoimmune  diseases  have  multifaceted  and 

multidirectional relationships 129.

The human immune system is highly complex, having evolved to fight a broad spectrum of 

pathogens. The host response to infections encompasses a huge number of immunological 

mechanisms  that  can  eventually  lead  to  autoimmunity.  Although  the  development  of 

autoimmune  phenomena  linked  to  infections  is  a  common  finding,  the  onset  of 

autoimmune diseases is a rare event, arising from a combination of genetic susceptibility 

and  environmental  factors  127,129,132,133.  There  are  several  mechanisms  through  which 

pathogens can initiate or perpetuate autoimmunity (Figure 13).
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Figure 13.  Host response and autoimmunity:  mechanisms that  can eventually lead to autoimmunity in a 
susceptible individual.
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Some of them are antigen-specific, including molecular mimicry, expression of modified, 

cryptic,  or  new antigenic determinants,  and superantigens.  Others are  non specific  and 

collectively  known  as  “bystander  activation.”  They  include  enhanced  processing  and 

presentation  of  self-antigens,  immune  cell  activation,  cytokine  release,  and  cell 

apoptosis/necrosis 134.

Molecular mimicry

In  molecular  mimicry,  pathogens  bear  elements  that  are  similar  enough in  amino acid 

sequence or structure to self-antigen. Immune response can eventually turn toward the self-

peptide as a result of cross-reactivity, leading to the activation of naıve, autoreactive T cells 

specific to the corresponding self-molecule 135,130.

Protein changes, cryptic antigens

Following tissue injury, cell death, oxidative stress, free radical production, and reparative 

changes, as happens in several infections, proteins that are usually recognized as self can 

became non self and induce an autoimmune response 134. This occurs as a consequence of 

protein  changes  as  a  result  of  altered  expression,  post-translational  modifications, 

denaturation, misfolding, or mutations 136. In addition, the inflammatory environment can 

induce differential processing of released self-epitopes by APCs. Proteins that are normally 

sequestered and shielded from immune recognition can be exposed to the immune system 

and become immunogenic. Therefore, cryptic antigens become accessible to self-reacting T 

lymphocytes  that  had  escaped  central  and  peripheral  tolerance,  as  they  had  not  been 

presented appropriately to induce tolerance.

Superantigens

Superantigens are proteins produced by a variety of microorganisms, especially bacteria or 

mycoplasmae,  or  virus-infected  cells  that  can  bind  TCR,  irrespective  of  its  antigenic 

specificity,  resulting in the activation of a large number of T lymphocytes of different 

antigenic specificity, thus behaving as a potent immune-stimulating molecule 134.

Bystander activation

It  is  a nonspecific mechanisms which is  defined as the activation of T cells  through a 

mechanism that is independent of specific TCR stimulation. Bystander activation can lead 

to enhanced processing and presentation of self-antigens, which induces the expansion or 

spreading of immune response toward different self-antigens. This last process, known as 
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epitope  spreading,  has  been  widely  involved  in  the  pathogenesis  of  many  systemic 

autoimmune diseases as well as in determining the different expression of such diseases 
137.

4. Autoimmune thyroid diseases

Autoimmune thyroid diseases (AITDs), are caused by an immune response to self thyroid 

antigens. Hashimoto's thyroiditis (HT), also known as chronic lymphocytic thyroiditis, is 

an autoimmune disease in which the thyroid gland is gradually destroyed by a variety of 

cell-  and  antibody-mediated  immune  processes.  It  was  first  described  by  Hashimoto 

Hakaru  in  Germany in  1912.  HT is  a  relatively common disease,  affecting  5-15% of 

women and 1-5% of men 138,139.

The development of the autoimmune failure of the thyroid is a multistep process, requiring 

several  genetic  and environmental  abnormalities to  converge  before  full-blown disease 

develops.  At  the  onset  of  disease,  major  histocompatibility  complex  (MHC)  class  II-

positive  antigen-presenting  cells  (APC),  particularly  dendritic  cells,  and  different 

subclasses of macrophages, accumulate in the thyroid 158,159. APC present thyroid-specific 

auto-antigens to the naïve T cells, leading to activation and clonal expansion of the latter. 

Thus,  the  initial  stage  of  the  disease  is  followed  by  a  clonal  expansion  phase  and 

maturation of autoreactive T and B lymphocytes in the draining lymph nodes.

The  mechanisms,  whereby  autoreactive  T  cells  escape  deletion  and  become  activated 

remain uncertain. There is evidence that the thyroid cell itself, by "aberrantly" expressing 

MHC  molecules,  can  play  the  role  of  "non-professional  "  APC  and  present  disease-

initiating antigen directly to the T cells 160,161.

A central phase of HT is characterized by the recognition of presented auto-antigens by the 

lymphocytes, followed by an apparent uncontrolled production of autoreactive CD4+ T 

cells, CD8+ cytotoxic T cells and immunoglobulin G (IgG) autoantibodies. Initially, the 

production of self-reactive cells and autoantibodies occurs in the draining lymph nodes. 

Later, the lymphoid tissue often develops directly in the thyroid gland itself. This tissue is 

generally very well organized, with cords of anti-Thyroglobulin (Tg)-antibody- producing 

plasma cells in the periphery.
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In a final, destructive step of Hashimoto's thyroiditis,  the autoreactive T cells diffusely 

accumulate in large numbers and infiltrate thyroid parenchyma, leading to destruction of 

thyrocytes (Figure 15).

Figure 15. Schematic model of cells death in Hashimoto’s  thyroiditis.

Two classes of autoantibodies are particularly relevant in the diagnosis of HT: anti-Tg Ab 

and anti-thyroperossidase (TPO) Ab.

Tg, the main protein synthesized in the thyroid, serves both in the synthesis and in the 

storage of thyroid hormones. Human Tg molecules contain at least four thyroid hormone 
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synthesis sites from the iodinated tyrosine residues. The hormone synthesis sites and the 

iodine content of Tg play an important role in its autoantigenicity  162. Tg is one of the 

major autoantigens in thyroid autoimmunity.

TPO is  another  significant  autoantigen in  the thyroid  of  patients  affected by HT. This 

enzyme catalyses the oxidation of iodine to an iodinating species that forms iodotyrosines 

in a Tg molecule and subsequently iodotyronines 163.

Autoimmune  responses  against  specific  antigens  are  primary  determinants  in  thyroid 

autoimmunity.  This process progressively destroy the thyroid cell  ultimately inducing a 

gradual reduction in thyrocyte numbers, leading to hypothyroidism 164,165.

The  disease  is  associated  with  several  genetic  and  environmental  factors,  and  the 

involvement of infectious agents, including viral infections, has been repeatedly suggested 
140,141. Several viruses have been incriminated, including influenza, coxackie, adenovirus, 

echovirus  and  mumps.  Herpesvirus  infection  has  occasionally  been  detected  in  AITD 
142,143, although there are no conclusive data. It has been shown that HCMV infection of 

thyrocytes  induces  HLA-DR  expression  on  thyroid  follicular  cells,  which  can  act  as 

antigen presenting cells 145. There are only scant data on the possible association between 

HHV6  infection  and  HT,  although  the  virus  has  been  implicated  in  the  onset  and/or 

promotion of several autoimmune diseases.
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MATERIAL AND METHODS

1. Clinical samples

All  clinical  specimens  were  obtained  from  patients  referred to  the  Section  of 

Endocrinology of the University of Ferrara. Thyroid lesions were defined on the basis of 

ultrasound examination, and fine needle aspiration biopsy (FNAB) followed by cytological 

and laboratory tests.

A total of 62 patients were enrolled in the study after signing informed consent. None of 

them  had  other  concomitant  diseases  or  was  taking  drugs  possibly  affecting  thyroid 

function. Serum TSH, free T4, thyroperoxidase antibodies (TPO Ab; normal value < 35 

IU/ml) and thyroglobulin antibodies (Tg Ab; normal value < 115 IU/ml) were measured in 

all  patients  by using an  immuno-electrochemiluminescence  technique  (Modular  E 170, 

Roche Diagnostics GmbH). All patients underwent ultrasound (US) guided thyroid fine 

needle aspiration. Thyroid aspirates were used for both cytology and molecular analysis. 

The 34 HT patients showed TPO Ab > 35 IU/ml, ranging from 146 to 8229 IU/ml (mean 

value = 1312 IU/ml), and Tg Ab > 115 IU/ml, ranging from 280 to 3500 IU/ml (mean 

value  751  IU/ml).  The  28  patients  whose  FNAB  material  was  considered  as  control 

showed TPO Ab < 35 IU/ml, ranging from 7 to 11 IU/ml (mean value = 9 IU/ml), and Tg 

Ab < 115 IU/ml, ranging from 10 to 16 IU/ml (mean value 12 IU/ml).

All FNAB samples were immediately suspended in a small volume of sterile PBS (300 l), 

divided in two aliquots, frozen in liquid nitrogen, and conserved at -80°C until use. In two 

HT cases,  separated  epithelial  and lymphoid  FNAB fractions  were  obtained,  by using 

Dynal Epithelial Enrich method (Dynal AS, Oslo, Norway), based on immunomagnetic 

selection  of  cells  binding  to  EpCAM  (Ber-EP4)  antibodies.  The  obtained  fractions 

(epithelial-enriched  and  epithelial-depleted)  were  then  frozen  in  liquid  nitrogen,  and 

conserved at -80°C until use.

Peripheral  blood  from  patients  and  controls  was  also  collected.  Peripheral  blood 

mononuclear  cells  (PBMCs)  were  isolated  from  the  whole  heparinized  blood  by 
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Lympholyte-H   (CEDARLANE)  density  centrifugation.  Aliquots  of   106 PBMCs  were 

frozen in liquid nitrogen and maintained at -80°C for  DNA and RNA analyses and plasma 

fractions were also collected and frozen at -80°C until used.

2. Cell lines

Lymphoid CD4+ J-Jhan and SupT1 cell lines were used, respectively, for production of 

purified cell free virus inocula of HHV6 variants A (strain U1102) and B (strain CV). For 

in vitro infection experiments, we used Nthy-ori3-1 cell line, a thyroid follicular epithelial 

cell line 35. All cell lines were maintained in RPMI medium (Gibco) supplemented with 10 

% inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL of penicillin, and 

100 g/mL of streptomycin (Invitrogen, Carlsbad, CA).

3. Virus production and cells infection

Cell-free HHV6A inoculum (strain U1102) was obtained from infected J-Jhan cells, while 

cell-free HHV6B inoculum (strain CV) was obtained from SupT1 infected cells. Briefly, 

infected cells were collected by centrifugation and lysed by rapid freezing and thawing 

followed by sonication (3 cycles of 5 seconds at medium power with 10-second intervals in 

a water bath sonicator).  Cleared cellular content was added to culture supernatant,  and 

virions were collected by centrifugation for 30 minutes at 20000 x g at 4°C.

Virus particles were purified by density centrifugation on Optiprep self-forming gradients 

(Sentinel), at 58000 x g for 3.5 hours at 4°C. Purified virions were washed in phosphate 

buffered saline (PBS) and collected by centrifugation at 20000 x g for 30 minutes at 4°C.

Virions were suspended in sterile PBS containing 0.1% bovine serum albumin (BSA) and 

stored at -80°C until use.

Prior to use, virus stock was treated with DNase-I and RNase-A, to eliminate free viral 

nucleic acids eventually present in the preparation.

Infectivity  of  virus  preparation  was  evaluated  by  specifically  designed  infection 

experiments performed respectively in J-Jhan or SupT1 cells for variant A or B using PCR, 

38



   
  Material & Methods  

       
PCR after retrotranscription (RT-PCR) and immunofluorescence assays to evaluate virus 

presence, transcription, and antigen expression.

Quantification of virus genomes present in the stock preparation was obtained by real-time 

quantitative  PCR  (qPCR)144,  showing  that  inocula  contained  about  1010 genome 

equivalents per ml. Aliquots from the same stock were used for all infection experiments. 

Mock virus (used as negative control) was inactivated by UV irradiation as described 37.

Thyroid Nthy-ori3-1 cells were seeded at optimal density 24 hours before infection, then 

infected  with  a  m.o.i.  of  10:1  (10  genome  equivalents  per  1  cell).  After  3  hours  of 

adsorption followed by extensive washes, cells were incubated in complete medium and 

collected at specific time points for further analyses.

4. DNA extraction

Total DNA were isolated from FNABs, PBMCs and cultured Nthy-ori3-1 cells using 1 ml 

of lysis buffer (10 mM Tris-HCl pH 8.0, 10 mM disodium EDTA pH 8.0, 10 mM NaCl, 

0.6% SDS and 100 µg/ml proteinase K) and incubated at 37°C for a minimum time of 4 

hours.  After  three cycles  of  phenol:chloroform:isoamyl  alcohol  (25:24:1)  extractions  in 

Phase Lock Gel (PLG), DNA was precipitate in ethanol 100% and NaAc (CH3COONa pH 

5.0 300 mM) and stored at -80°C for at least 1h. After precipitation with ethanol, DNA 

pellets were dissolved in sterile water and stored at -20°C until PCR or qPCR analysis.  

DNA concentration was determined by reading optical density at 260 nm.

5. RNA extraction and retrotranscription

Total RNA was extracted with RNAzol B (Tel-Test), following manufacturer’s instructions. 

Briefly, samples were lysed with RNAzol, then chloroform in ratio 1:5 (v/v) was added. 

The mixture was centrifuged 20 minutes at 8500 x g,  the aqueous phase was collected and 

RNA precipitated with isopropanol 100%. After two washes with 75% ethanol and DNAse 

treatment (4 U/mg RNA, 3 x 20 minutes at room temperature), RNA was precipitated with 

isopropanol 20 minutes at 8500 x g at 4°C. RNA quality was checked by electrophoretic 

analysis on a 1% agarose gel. The absence of contaminating DNA was checked by PCR 

amplification of human β-actin gene before retrotranscription (RT-). Negative PCR results 
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for β-actin ensured that the RNA sample was completely free from DNA sequences. First 

strand  cDNA synthesis  was  carried  out  with  MuLV reverse  transcriptase  and  random 

hexamer  primers  (Applied  Biosystems),  following  the  manufacturer’s  instructions, 

retrotranscribing 2 µg of total RNA from all the samples. The mixture was incubated for 1 

hour  at  42°C.  Efficiency of  retrotranscription was assessed by analysis  of  dilutions  of 

cDNA with PCR specific for human β-actin gene (RT+).

6. PCR analyses

The  presence  and   transcription  of  HHV6  were  analyzed  by  PCR  and  PCR  after 

retrotranscription (RT-PCR) amplification of the U94 and U42 genes.

PCR and RT-PCR amplifications were respectively performed using 100 ng of total DNA 

or an amount of cDNA corresponding to 200 ng of total RNA extracted from samples. 

Amplification of the housekeeping β-actin gene was used as a control. Specific primers 

and PCR conditions are described in Table 2 and 3.

Table 2. Primer sets used for PCR and RT-PCR amplification.

As  already  described,  prior  to  retrotranscription  and  specific  PCR  amplification,  the 

absence of contaminating DNA was checked by PCR amplification of human β-actin gene 
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(RT-). Particular care was also taken to avoid sample-to-sample contamination: different 

rooms and dedicated equipment were used for DNA extraction and processing, for PCR 

set-up and gel analyses, all pipette tips had filters for aerosol protection.

Table 3.  Thermal conditions used for PCR and RT-PCR amplifications.

To quantify the amount of viral genomes or transcripts, we used a real time quantitative 

PCR (qPCR)  or  a  qPCR after  retrotranscription  (RT-qPCR),  analyzing  U94  and U42 

genes. RNase P housekeeping gene was used as internal control in order to normalize the 

results. qPCR reactions were performed using the 7300 ABI Prism (Applied Biosystems).

The DNA or cDNA copy numbers were quantified by comparison with standard curves 

obtained by using  a  10-fold  serial  dilutions  of  known concentrations  of  the  pSR2pH 

plasmid (containing the full length U94 gene)50 or of the amplification product of U42 

gene first round amplification (amplicon = 525bp).

Amplifications were carried out in a 50 µL total volume containing 25 µL 2X TaqMan 

Universal PCR Master Mix (Applied Biosystems), 5 µL of primer and probes, and 20 µL 

template. The target genes were amplified using TaqMan FAM-labelled probe at the 5’-

end and TAMRA quencher at the 3’-end. Primers and probes used are shown in Table 4. 

Primers and probes concentrations were respectively 900 nM for each primer and 200 nM 

for each probe.

The reaction conditions for all templates were 10 minutes at 95°C for enzyme activation, 

and 40 cycles with 15 seconds at 95°C for DNA denaturation and 1 minute at 60°C for 
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annealing and extension. Fluorescence data were collected in the primer elongation phase 

at 60°C. To normalise the data, the cycle threshold (Ct) values of the housekeeping gene 

were subtracted from the target gene Ct value of the sample.

Table 4. Primer and probe sets used for real time PCR quantifications.

7. Immunofluorescence assay (IFA)

Antigen expression of HHV6 in infected Nthy-ori3-1 cells was monitored by IFA, using a 

mouse mAb directed against gp116 of HHV6 (ABI, Columbia, MD). Cells infected with 

HHV6A or 6B were fixed in cold methanol:acetone 1:1 (30 min at -20°C), rehydrated in 

PBS and incubated for 35 minutes with the anti-gp116 mAb diluted 1:100 in PBS at 37°C 

in a humid chamber. Slides were then washed twice in PBS, once with tap water and once 

with  deionized  water,  then  incubated  with  a  secondary  goat  anti-mouse  IgG  antibody 

diluted 1:100 in PBS (AlexaFluor, Invitrogen) for 35 minutes at 37°C in a humid chamber. 

After four additional washes as described, slides were mounted with the mounting medium 

Vectashield  additioned  with  DAPI  staining  (Vector  Laboratories,  Burlingame,  CA)  for 

microscope observation. All samples were observed under a UV light microscope (Nikon 

Eclipse TE2000S) equipped with a digital camera.
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8. HLA class I and class II analyses

Surface expression of HLA class I and II (type DR) antigens was analyzed on Nthy-ori3-1 

cells  infected  with  HHV6 or  treated  with  recombinant  U94 virus  protein, prepared  as 

described  10. Thyroid cells were seeded at optimal density and infected with HHV6A or 

HHV6B as described above, or treated by adding 2 μg/ml of U94 protein to the culture 

medium. HHV7 infected cells  (at  the same m.o.i.)  and IFN-gamma (10 U/ml) (Roche, 

Mannheim, DE) treated cells were also used as internal controls, whereas uninfected cells 

were used as a negative control. The expression of surface HLA I or II (DR) antigens was 

analysed at 24, 48 and 72 hours post infection/treatment, by a cytofluorimetric approach 

with FACS Count flow cytometer (Becton Dickinson, San Jose, CA, USA) using standard 

settings and Cell Quest software (Becton Dickinson, San Jose, CA, USA) for data analysis. 

Briefly, cells were collected, washed in PBS and stained with anti-HLA I (W6/32, IgG2a, 

FITC) and anti-HLA DR mAb (L243, IgG2a, PECy5.5) (Caltag Laboratories, CA, USA). 

Anti-isotype controls (Exbio, Praha, Czech Republic) have been performed.

9. Killing assay

In vitro killing experiments were performed using Nthy-ori3-1 cells as the target cells and 

PBMC from healthy donors  as  the  effector  cells.  Thyroid  cells  were  seeded at  optimal 

density in 6 wells (5x105 cells/well), and infected with HHV6 as described (m.o.i. 10:1). 

Following 3 hours of adsorption, cells were washed and incubated in complete medium for 

24,  48 and 72 hours.  PBMCs were then  added to infected or  uninfected  cells,  used as 

negative control, using an effector: target (E:T) ratio of 2:1. K562 cells were also used as 

target cells for a positive control of NK activation. NK killing ability was evaluated after 4 

hours, a time chosen to evidence NK innate activity 39-40, by Annexin-V quantification and 

CD107a exposure. Each sample was performed in triplicate.

For Annexin-V analysis, adherent thyroid cells were collected separately from suspension 

cells (PBMC), stained with FITC-labelled Annexin-V (Bender MedSystem, Vienna, AU) 

and analysed by cytofluorimeter. Propidium Iodide staining was also used to assess cell 

viability, detecting late apoptosis.
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  Material & Methods  

       
For  quantification  of  degranulation,  non-adherent  cells  were  stained  with  PE-Cy5 

conjugated anti-CD107a mAb (e-Bioscience, Frankfurt, DE). After 1 hour of incubation at 

37°C and 3 hours of treatment with Golgi Stop solution (Becton Dickinson, San Jose, CA, 

USA),  cells  were  stained  with  anti-CD3-PerCp-Cy5.5  and  anti-CD56-FITC  mAbs  (e-

Bioscience, Frankfurt, DE), and analyzed by flow cytometric analysis, acquiring 10,000 

events. NK cells were defined as CD3-/CD56+ cells within the lymphocyte gate.
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DISCUSSION

Viral  infections  have  been  frequently  considered  as  critical  environmental  factors 

implicated  in  HT pathogenesis  147,141,  but  no  specific  virus  has  yet  been  conclusively 

associated with the disease. In particular, herpesviruses have been also implicated, with 

contrasting evidence. Case reports suggested a potential association between herpesvirus 

infection  and HT,  142,  148,  149,150 but  when thyroid FNAB specimens were  analysed,  no 

herpesvirus DNA was detected  157. A recent study analysed the presence of herpesvirus 

DNA in post-operative thyroid specimens from tissue blocks 142, and HHV6 was detected 

by single round PCR in 2 out of 15 (13.3%) HT tissue specimens, whereas no HHV6 DNA 

was isolated in Grave’s Disease or Multi Nodular Goiter tissues.

In the present work, employing a sensitive real time qPCR, 28/34 samples were positive to 

HHV6 DNA. To ensure that positivity was specific, we amplified two different regions of 

HHV6 DNA (U42 and U94), obtaining similar viral loads for both genes. In particular, the 

majority of HT specimens harboured high viral (> 103 copies/μg of human DNA), whereas 

control  thyroid  tissues  were  consistently  negative.  Statistical  analysis  showed  that 

differences  in  HHV6  prevalence  were  highly  significant,  considering  HT  vs controls 

(p<0.001). The possibility that positive HHV6 results in HT FNABs reflects contamination 

of  blood harbouring latent  HHV6 was ruled  out  by the  observation  that  viral  DNA is 

preferentially present in the epithelial fraction and not in lymphoid cells.

The analysis of peripheral blood samples showed that HHV6 was present exclusively in a 

latent  state  both in  HT patients  and in  controls  (patients  with multinodular  goiter  and 

healthy  donors), but  viral  loads  were  markedly  higher  in  HT patients  (about  5.5x103 

copies/μg cell DNA), compared to MNG (4.5x102 copies/μg DNA) and healthy subjects 

(5x102 copies/μg DNA).

We also provide evidence indicating that HHV6 infects follicular thyroid cells, with the 

typical  behaviour  of  herpesviruses,  i.e.  onset  of  productive  infection  followed  by 

persistence in a latent form. In fact, productive infection was detected up to 7 days p.i., as 

shown both by transcription analysis and IFA staining. Subsequently, latent infection was 

established, as shown by persistence of viral DNA in the presence of the latency-associated 
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U94 gene. Therefore, HHV6 is capable of long-term persistence in follicular cell elements 

of the thyroid.

HHV6 in vitro infection of Nthy-ori3-1 cells results in the induction of  HLA class II (DR) 

expression on thyroid follicular cells, which may thus behave as antigen presenting cells 

promoting the autoimmune responses underlying HT development. This observation was 

already reported  for  human cytomegalovirus  infection  both  in  primary endothelial  and 

thyroid cells  145,151,  suggesting that  infection by  β-herpesviruses could be associated to 

immune dysfunction, such as autoimmune disorders. Furthermore, HHV6 infected thyroid 

cells become targets for the cytotoxic activity mediated by innate immunity effectors, as 

shown  by  killing  experiments  performed  after  4  hours  of  incubation  with  PBMCs, 

suggesting that virus infection might trigger the activation of immune cells which could 

attack and destroy infected thyroid cells.

The detection of viral footprints in pathologic specimens does not necessarily prove that 

the pathogen is responsible for the disease, especially in the case of a ubiquitous agent such 

as  HHV6.  Nevertheless,  the  results on  the  high  prevalence  of  HHV6 infection  in  HT 

samples  and  the  fact  that  follicular thyroid  cells  support  both  lytic  and  latent  HHV6 

infection show for the first time that HHV6 is strictly associated with HT, and should be 

considered an important environmental factor implicated in the pathogenesis of disease. 

Further studies are however required to elucidate the mechanisms underlying the possible 

role of HHV6 as a trigger of HT. Indeed, there are several potential mechanisms by which 

HHV6 might induce autoimmune responses. On a theoretical level, viral infections might 

trigger autoimmunity by suddenly exposing high amounts of normally sequestered cell 

antigens,  through  lysis  of  infected  cells.  Another  potential  trigger  is  represented  by 

molecular mimicry, with the synthesis of viral proteins that resemble cellular molecules, as 

a mechanism of immune escape. Viral infection often induces the synthesis of cytokines 

and chemokines, that might have undesired effects on physiologic immune mechanisms. 

Finally, the virus could induce aberrant expression of histocompatibility molecules thereby 

promoting the presentation of auto-antigens.

Notably, HHV6 has the ability to induce all the above mentioned mechanisms and in the 

recent years, several anecdotic reports have repeatedly suggested a potential role of HHV6 

in autoimmunity 152,153,154,155,156. Even if this results do not prove a causal association, they 

provide a proof of concept for further studies aimed to analyse HHV6 persistence in the 
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thyroid,  to  elucidate  local  interactions  with  the  immune  system,  and  to  identify 

predisposing genetic factors.

57



                                   
                                   Publications & Congresses

Publications:

Activating  Transcription  Factor  4  (ATF4)  is  up-regulated  by  human  herpesvirus  8 
infection, increases virus replication and promotes pro-angiogenic properties.
Elisabetta Caselli1, Sabrina Benedetti1, Jessica Grigolato1, Arnaldo Caruso2, and Dario Di  
Luca1.
1 Section of Microbiology, Department of Experimental and Diagnostic Medicine, University 
of Ferrara, Ferrara, Italy; 2Section of Microbiology, University of Brescia, Brescia, Italy.
Archives of Virology, Volume 157, Issue 1 (2012), Page 63-74.

Activating Transcription Factor 4 ( ATF4 ) promotes HIV-1 activation.
Elisabetta Caselli1,  Sabrina Benedetti1,  Valentina Gentili1,Jessica Grigolato1,and Dario Di 
Luca1.
1 Section of Microbiology, Department of Experimental and Diagnostic Medicine, University 
of Ferrara, Ferrara, Italy.
AIDS Research and Human Retroviruses, (in press).

Virologic and immunologic evidence supporting an association between HHV-6 and 
Hashimoto’s thyroiditis.
E. Caselli1, M:C: Zatelli2, R. Rizzo1, S.Benedetti1, D. Martorelli3, G. Trasforini2, E. Cassai1,  
E.C. degli Uberti2, D. di Luca1 and R. Dolcetti3.
1Section of Microbiology, Department of Experimental and Diagnostic Medicine and 2Section  
of Endocrinology, Department of Biomedical Sciences and Advanced Therapies and LTTA,  
University of Ferrara, Ferrara; 3Cancer Bio-Immunotherapy Unit, CRO-IRCCS, National  
Cancer Institute, Aviano (PN), Italy.

Submitted

58



                                   
                                   Publications & Congresses

Congress participations:

Presenza  di  HHV-6  in  campioni  tiroidei  di  pazienti  con  malattie  autoimmuni  della  
tiroide.
Benedetti  S.1,  Di Luca D.1,  Zatelli  M.C.2,  Degli  Uberti  E.C.2,  Grigolato J.1,  Cassai E.1  e 
Caselli E.11 Sezione di Microbiologia, Dipartimento di Medicina Sperimentale e Diagnostica  
e 2 Sezione di Endocrinologia, Università di Ferrara, Ferrara, Italia.
Ottobre 2010 Riccione SIM: partecipazione e presentazione poster SIM 2010.

Interazioni molecolari tra Herpes virus umano di tipo 8 (HHV-8) e fattore trascrizionale 
cellulare ATF4.
Grigolato J. Benedetti S., Cassai E.,  Di Luca D., e Caselli E.
Sezione di Microbiologia, Dipartimento di Medicina Sperimentale e Diagnostica.
Ottobre 2010 Riccione SIM: partecipazione e presentazione poster SIM 2010.

Detection  of  Human  Herpesvirus  6  in  thyroid  specimens  from  patients  with 
autoimmune thyroid disease.
Benedetti S.1, Di Luca D.1, Zatelli M.C.2, Degli Uberti E.C.2, Cassai E.1 and Caselli E.1
1Section of Microbiology, Dept.  of Experimental & Diagnostic Medicine and  2Section of  
Endocrinology, University of Ferrara, Ferrara, Italy.
Aprile 2010 Cernobbio ESV: partecipazione e presentazione poster a Eurovirology 2010.

Detection  of  Human  Herpesvirus  6  in  thyroid  specimens  from  patients  with 
autoimmune thyroid disease.
1Caselli E., 2Zatelli M.C., 1Benedetti S., 1Di Luca D., 2degli Uberti E.C., 1Cassai E.
1Section of Microbiology, Department of Experimental & Diagnostic Medicine and 2Section of  
Endocrinology, University of Ferrara, Ferrara, Italy.
Settembre 2009 Orvieto SIV: Tali risultati sono stati oggetto di una comunicazione a 
congresso, che è valsa l’attribuzione di un premio di ricerca.

59



                                                           References   

     
REFERENCES

1. Roizman B., Sears A. “ Herpes simplex viruses and their replication”. Fields Virology (vol.2) –  
3rd  Edition,  1996;  Fields  B.N.,  Knipe  D.M.  Howley P.M.  (eds.)  Lippincott-Raven  Publishers, 
Philadelphia-New York, pp.2231- 2342.

2. Furlong D., Swift H., Roizman B. “Arrangement of herpes virus deoxyribonucleic acid in the  
core”. Journal of Virology, 1972; 10 (5): 1071-1074.

3.  McCombs R.M., Brunschwig J.P., Mirkovic R., Benyesh-Melnick M.  “Electron microscopic  
characterization of a herpeslike virus isolated from three shrews”.  Virology, 1971; 45 (3): 816-
820.

4.  Deiss L.P.,  Chou J.,  Frenkel  N.  “Functional domains within the sequence involved in the  
cleavage-packaging of the herpes simplex virus DNA”. Journal of Virology, 1986; (3): 605-618.

5.  Salahuddin  S.Z.,  Ablashi  D.V.,  Markham  P.D.,  Josephs  S.F.,  Sturzenegger  S.,  Kaplan  M., 
Halligan G., Biberfeld P., Wong-Staal F., Kramarsky B., Gallo R.C.  “Isolation of a new virus,  
HBLV, in patients with lymphoproliferative disorders” Science, 31 Oct. 1986; 234(4776):596-601.

6. Lusso P., Markham P.D., Tschachler E., di Marzo Veronese F., Salahuddin S.Z., Ablashi D.V., 
Pahwa  S.,  Krohn  K.,  Gallo  R.C.“In  vitro  tropism  of  human  B-lymphotropic  virus  (human 
herpesvirus-6)” Journal of Experimental. Medicine, 1988; 167: 1659-1670.

7. Pellett P.E., Black J.B. “ Human herpesvirus 6” Field Virology, 1996, 3rd Edition edited by 
Fields B.N., Knipe D.M., Howley P.M. et al. Lippincott-Raven Publishers, Philadelphia. Chapter 
80: 2587-2608.

8.  Ablashi  D.V.,  Balachandran S.F.,  Josephs C.L.,  Hung G.R.F.,  Kruegere  B.,  Kramarsky S.Z., 
Salahuddin  S.Z.,  Gallo  R.C.  “ Genomic  polymorphism,  growth properties,  and immunologic  
variations in human herpesvirus 6 isolates” Virology, 1991;184:545-552.

9. Caselli E., Di Luca D. “Molecular biology and clinical associations of Roseoloviruses human  
herpesvirus 6 and human herpesvirus 7” New Microbiologic, 2007;30:173-187.

10. Biberfeld P., Kramarsky B., Salahuddin S.Z., Gallo R.C. “Ultrastructural characterization of a  
new human B-lymphotropic DNA virus (HBLV) isolated from patients with lymphoproliferative  
disease” Journal of the National Cancer Institute, 1987;79:933-941.

11. Yoshida M., Uno F., Bai Z.L., Yamada M., Nii S., Sata T., Kurata T., Yamanishi K., Takahashi 
M.  “Electron microscopic study of a herpes-type virus isolated from an infant with exanthem  
subitum” Microbiology and Immunology, 1989;33:147-154.

12.  Nii  S.,  Yoshida  M.,  Uno  F.,  Kurata  T.,  Ikuta  K., Yamanishi  K.  “Replication  of  human 
herpesvirus 6 (HHV6): morphological aspects” Advances in Experimental Medicine and Biology, 
1990;278:19-28.

13.  Roffman E.,  Albert J.P.,  Goff J.P.,  Frenkel N.  “Putative site for the acquisition of human  
herpesvirus 6 virion tegument” Journal of Virology, 1990;64:6308-6313.

60



                                                           References   

     
14.  Braun  D.K.,  Dominguez  G.,  Pellett  P.E.  “Human  Herpesvirus  6” Clinical  Microbiology  
Reviews, 1997; 10(3):521-67.

15. Gompels U.A., Nicholas J., Lawrence G., Jones M., Thomson B.J., Martin M. E., Efstathiou 
S., Craxton M., Macaulay H.A.” The DNA sequence of human herpesvirus-6: structure, coding  
content,  and genome evolution” Virology,1995; 209:29-51.

16. Lindquester G.J., Pellett P.E. “Properties of the human herpesvirus 6 strain Z29 genome: G+  
C content, length, and presence of variable-length directly repeated terminal sequence elements” 
Virology,1991; 182: 102-110.

17.  Thomson B.J.,  Weindler F.W.,  Gray D.,  Schwaab V., Heilbronn R.  “Human herpesvirus 6  
(HHV-6) is a helper virus for adeno-associated virus type 2 (AAV-2) and the AAV-2 rep gene  
homologue  in  HHV-6  can  mediate  AAV-2  DNA replication  and  regulate  gene  expression”  
Virology, 1994;204: 304-311.

18.  Dominguez G., Dambaugh T.R., Stamey F.R., Dewhurst S., Inoue N., Pellett P.E.  “ Human 
herpesvirus 6B genome sequence: coding content and comparison with human herpesvirus 6A” 
Journal of  Virology, 1999; 73: 8040-8052.

19. Pellett  P.E.A.D., G.  “ Human herpesviruses 6A, 6B and 7 and their replication” Virology, 
2001 Fourth edition edn, pp.  2769-2784. Edited by H. P.M. Knipe K.M.: Lippincot Williams and 
Wilkins.

20. Dockrell D.H. “ Human herpesvirus 6: molecular biology and clinical features ” Journal of  
Medical Microbiology, 2003;52:5–18.

21. Dewin D.R., Catusse J., Gompels U.A.  “ Identification and characterization of U83A viral  
chemokine, a broad and potent beta-chemokine agonist for human CCRs with unique selectivity  
and inhibition by spliced isoform”  Journal of  Immunology, 2006; 176:544-556.

22. Thomson B.J., Efstathious S., Honess R.W. “Acquisition of the human adeno-associated virus  
type-2 rep gene by human herpesvirus type-6” Nature, 1991; 351: 78-80.

23. Mori Y., Dhepakson P., Shimamoto T., Ueda K., Gomi Y., Tani H., Matsuura Y., Yamanishi K.
“ Expression of human herpesvirus 6B rep within infected cells and binding of its gene product  
to the TATA-binding protein in vitro and in vivo” Journal of  Virology, 2000;74: 6096-6104.

24. Rotola A., Cassai E., Tola M.R., Granieri E., Di Luca D. ” Human herpesvirus 6 is latent in  
peripheral blood of patients with relapsing-remitting multiple sclerosis” Journal of  Neurology,  
Neurosurgery and Psychiatry,1999;67:529-531.

25. Gompels U.A., Nicholas J., Lawrence G., Jones M., Thomson B.J., Martin M.E.D., Efstathiou 
S., Craxton M., Macaulay H.A. “The DNA sequence of human herpesvirus-6. Structure, coding  
content, and genome evolution” Virology, 1995; 209: 29-51.

26.  Inoue N., Dambaugh T.R., Rapp J. C, and Pellett P. E.   “Alphaherpesvirus origin-binding  
protein  homolog  encoded  by  human  herpesvirus  6B,  a  betaherpesvirus,  binds  to  nucleotide  
sequences  that  are  similar  to  ori  regions  of  alphaherpesviruses” Journal  of  Virology, 
1994;68:4126–4136.

61



                                                           References   

     

27. Lawrence G.L., Nicholas J., and Barrell B.G. “Human herpesvirus 6 (strain U1102) encodes  
homologues of  the conserved herpesvirus glycoprotein gM and the alphaherpesvirus origin-
binding protein” Journal of General Virology, 1995; 76:147–152.

28. Lindquester G.J., Greenamoyer C.A., Anton E.D., O’Brian J.J., Pellett P.E., and Dambaugh T.R. 
“Comparison of  a  20  kb  region of  human herpesvirus  6B with  other  human herpesviruses  
reveals conserved replication genes and adjacent divergent open reading frames” Archives of  
Virology, 1997;  142:193–204.

29.  Nicholas  J. “Nucleotide sequence analysis  of  a  21-kbp region of  the genome of  human 
herpesvirus-6 containing homologues of  human cytomegalovirus major  immediate-early  and  
replication genes” Virology, 1994;204:738–750.

30. Lindquester G.J., O’Brian J.J., Anton E.D., Greenamoyer C.A., Pellett P.E., and Dambaugh T.R. 
“Genetic  content  of  a  20.9  kb  segment of  human herpesvirus  6B  strain  Z29  spanning  the  
homologs of human herpesvirus 6A genes U40-57 and containing the origin of replication” 
Archives of Virology, 1997;142:103–123.

31. Anders D.G., Kacica M.A., Pari G., and Punturieri S.M. “Boundaries and structure of human 
cytomegalovirus oriLyt, a complex origin for lytic-phase DNA replication”  Journal of Virology, 
1992;66:3373–3384.

32.  Stow N.D., Weir H.M., and Stow E.C. “Analysis of the binding sites for the varicella-zoster  
virus gene 51 product within the viral origin of DNA replication” Virology, 1990;177:570–577.

33. Weller  S.K.,  Spadaro  A.,  Schaffer  J.E.,  Murray  A.W.,  Maxam  A.M.,  and  Schaffer  P.A. 
“Cloning, sequencing, and functional analysis of oriL, a herpes simplex virus type 1 origin of  
DNA synthesis” Molecular and Cellular Biology, 1985; 5:930–942.

34.  Dewhurst S., Dollard S.C., Pellett P.E., and Dambaugh T.R. “Identification of a lytic-phase  
origin  of  DNA  replication  in  human  herpesvirus  6B  strain  Z29” Journal  of  Virology, 
1993;67:7680–7683.

35.  Stamey F.R.,  Dominguez  G.,  Black  J.B.,  Dambaugh  T.R.,  and  Pellett  P.E.  “Intragenomic  
linear  amplification  of  human  herpesvirus  6B oriLyt  suggests  acquisition  of  oriLyt  by  
transposition”  Journal of Virology, 1995;69:589–596.

36.  Dewhurst  S.,  Krenitsky  D.M.,  and  Dykes  C. “Human  herpesvirus  6B  origin:  sequence  
diversity, requirement for two binding sites for origin binding protein and enhanced replication  
from naturally occurring origin multimers” Journal of Virology, 1994; 68:6799–6803.

37. Faisst S., Meyer S. “Compilation of vertebrate-encoded transcription factors” Nucleic Acids  
Research, 1992; 20: 3-26.

38.  Dominguez G., Dambaugh T.R., Stamey F.R.,  Dewhurst S.,  Inoue N., Pellett P.E.  “Human 
herpesvirus 6B genome sequence: coding content and comparison with human herpesvirus 6A” 
Journal of Virology, 1999; 73: 8040-8052.

62



                                                           References   

     
39. Roizman, B., and Sears A.E. “Herpes simplex viruses and their replication” p. 2231–2295. In 
B.  N.  Fields,  D.  M.  Knipe,  and  P.  M.  Howley (ed.),  Fields  virology,  1996;  3rd  ed.,  vol.  2. 
Lippincott-Raven Publishers, Philadelphia, Pa.

40.  Cirone M., Zompetta C., Angeloni A., Ablashi D.V., Salahuddin S.Z.,  Pavan A., Torrisi M.R., 
Frati L.,  Faggioni A. “Infection by human herpesvirus 6 (HHV-6) of human lymphoid T cells  
occurs  through  an  endocytic  pathway” AIDS  Research  and  Human  Retroviruses, 
1992;8(12):2031-7.

41.  Di  Luca D.,  Mirandola  P.,  Ravaioli  T.,  Dolcetti  R.,  Frigatti   A.,  Bovenzi  P.,  Sighinolfi  L., 
Monini P. and Cassai E. “Human herpesviruses 6 and 7 in salivary glands and shedding in saliva  
of  healthy  and  human  immunodeficiency  virus  positive  individuals” Journal  of   Medical  
Virology, 1995; 45: 462-468.

42. Sada E., Yasukawa M., Ito C., Takeda A., Shiosaka T., Tanioka  H. and  Fujita S. “Detection of  
human herpesvirus 6 and human herpesvirus 7 in the submandibular gland, parotid gland, and 
lip salivary gland by PCR” Journal of Clinical Microbiology, 1996; 34: 2320-2321.

43. Gompels U.A., Carrigan D.R., Carss A.L., and Arno J. “Two groups of human herpesvirus 6  
identifiedby sequence analyses of laboratory strains and variants from Hodgkin’s lymphoma and 
bone marrow transplant patients”  Journal of General Virology, 1993; 74 (Pt4):613-622.

44. Kempf W., Adams V.,Wey N., Moos R., Schmid M., Avitabile E., and Campadelli-Fiume G. 
“CD68+ cells  of  monocyte/macrophage  lineage  in  the  environment  of  AIDS-associated  and  
classic sporadic Kaposi sarcoma are singly or doubly infected with human herpesviruses 7 and  
6B”  Proceedings of the National Academy of Sciences USA, 1997; 94:7600-7605.

45. Kondo K., Kondo T., Okuno T., Takahashi M., and Yamanishi K. “Latent human herpesvirus 6  
infection of human monocytes/macrophages”  Journal of General Virology, 1991;72(Pt 6):1401-
1408.

46. Miyake F., Yoshikawa T., Sun H., Kakimi A., Ohashi M., Akimoto S., Nishiyama Y., and Asano 
Y.  “Latent  infection of human herpesvirus 7 in CD4(+)  T lymphocytes” Journal  of  Medical  
Virology, 2006;78:112-116.

47.  Chen  T.,  and  Hudnall  S.D.  “Anatomical  mapping  of  human  herpesvirus  reservoirs  of  
infection” Modern Pathology, 2006; 19:726-737.

48.  Di  Luca D.,  Mirandola  P.,  Ravaioli  T.,  Bigoni  B.,  and Cassai  E.  “Distribution of HHV-6 
variants in human tissues”  Infection Agents Disease, 1996 ;5:203-214.

49.  Kondo K., Shimada K., Sashihara J., Tanaka-Taya K., and Yamanishi K.  “Identification of  
human herpesvirus 6 latency-associated transcripts” Journal of Virology, 2002;76:4145-4151.

50. Rotola A., Ravaioli T., Gonelli A., Dewhurst S., Cassai  E., and Di Luca D. “U94 of human 
herpesvirus 6 is expressed in latently infected peripheral blood mononuclear cells and blocks 
viral  gene  expression  in  transformed  lymphocytes  in  culture” Proceedings  of  the  National  
Academy of Sciences USA, 1998; 95:13911-13916.

63

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cirone%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Faggioni%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Faggioni%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Frati%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Torrisi%20MR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pavan%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Salahuddin%20SZ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ablashi%20DV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Angeloni%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zompetta%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cirone%20M%22%5BAuthor%5D


                                                           References   

     
51.  Santoro  F.,  Kennedy P.E.,  Locatelli  G.,  Malnati  M.S.,  Berger  E.A.,  Lusso  P.  “CD46 is  a  
cellular receptor for human herpesvirus 6” Cell, 23 Dec 1999;99(7):817-27

52. Lusso P., Gallo R.C. “Human herpesvirus 6 in AIDS” Immunology  Today , 1995;16: 67-71.

53.  Lusso P., Malnati   M., De Maria A., Balotta C.,  Derocco S.E., Markham  P.D., Gallo R.C.  
“Productive  infection of  CD4+ and CD8+ mature  human T cell  populations  and clones by  
human herpesvirus 6. Transcriptional down-regulation of CD3” Journal of  Immunology, 1991;  
147: 685-691.

54. Lusso P., Malnati M.S., Garzino-Demo A., Crowley R.W., Long E.O., Gallo R.C. “Infection of  
natural killer cells by human herpesvirus 6” Nature, 1993; 362: 458-462.

55. Asada H., Klaus-Kovtun V., Golding H., Katz S.I., Blauvelt A. “Human herpesvirus 6
infects  dendritic  cells  and  suppresses  human  immunodeficiency  virus  type  1  replication  in  
coinfected cultures” Journal of  Virology, 1999; 73: 4019-4028.

56.  Kashanchi  F.,  Araujo  J.,  Doniger   J.,  Muralidhar  S.,  Hoch  R.,  Khleif  S.,  Mendelson  E., 
Thompson  J., Azumi N., Brady J.N., Luppi M., Torelli G., Rosenthal  L.J. “ Human herpesvirus 6  
(HHV-6) ORF-1 transactivating gene exhibits malignant transforming activity and its protein  
binds to p53” Oncogene, 1997; 14: 359-367.

57. Luppi M., Barozzi P., Morris C., Maiorana  A., Garber  R., Bonacorsi  G., Donelli A., Marasca 
R., Tabilio A., Torelli G. “ Human herpesvirus 6 latently infects early bone marrow progenitors  
in vivo”  Journal of Virology, 1999; 73: 754-759.

58.  Robert  C.,  Aubin   J.T.,  Visse   B.,  Fillet  A.M.,  Huraux  J.M.,  Agut  H.  “  Difference  in  
permissiveness of human fibroblast cells to variants A and B of human herpesvirus-6” Research 
in Virology, 1996; 147: 219-225.

59. Simmons A., Demmrich Y., La Vista A., Smith K.  “ Replication of human herpesvirus 6 in  
epithelial cells in vitro” Journal of Infectious Diseases, 1992; 166: 202-205.

60. Black J.B., Pellett P.E. “ Human herpesvirus 7”  Reviews in Medical Virology, 1999; 9: 245-
262.

61.  Ahlqvist   J.,  Fotheringham   J.,  Akhyani   N.,  Yao  K.,  Fogdell-Hahn  A.,  Jacobson  S.  “ 
Differential  tropism of  human herpesvirus  6  (HHV-6)  variants  and induction of  latency  by  
HHV-6A in oligodendrocytes”  Journal for Neurovirology, 2005; 11: 384-94.

62. Donati D., Akhyani  N., Fogdell-Hahn A., Cermelli C., Cassiani - Ingoni  R., Vortmeyer A., 
Heiss J.D., Cogen P., Gaillard W.D., Sato S., Theodore  W.H., Jacobson S. “ Detection of human 
herpesvirus-6 in mesial temporal lobe epilepsy surgical brain resections”  Neurology ,  2003;61: 
1405-1411.

63. Rotola A., Di Luca D., Cassai  E., Ricotta D., Giulio A., Turano A., Caruso A., Muneretto C.
“  Human  herpesvirus  6  infects  and  replicates  in  aortic  endothelium” Journal  of   Clinical  
Microbiology,2000; 38: 3135-3136.

64



                                                           References   

     

64. Caruso A., Rotola A., Comar M., Favilli F., Galvan M., Tosetti M., Campello C., Caselli E.,
Alessandri G., Gassi M., Garrafa E., Cassai E., Di Luca D.  “ HHV-6 infects human aortic and  
heart  microvascular  endothelial  cells,  increasing  their  ability  to  secrete  proinflammatory  
chemokines” Journal of  Medical Virology, 2002;.67: 528-533.

65.  Robert  C.,  Aubin  J.T.,  Visse  B.,  Fillet  A.M.,  Huraux  J.M.,  Agut  H.  “  Difference  in  
permissiveness of human fibroblast cells to variants A and B of human herpesvirus-6”  Research 
in Virology, 1996; 147: 219-225.

66.  Katsafanas  G.C.,  Schirmer  E.C.,  Wyatt  L.S.,  Frenkel  N.  “  In  vitro  activation  of  human 
herpesviruses 6 and 7 from latency” Proceedings of the National Academy of Sciences of the USA,  
1996; 93: 9788-9792.

67.  Black J.B.,  Lopez C.,  and Pellett  P.E.  “Induction of host cell  protein synthesis by human  
herpesvirus 6” Virus Research, 1992; 22:13-23.

68. Flamand  L., Gosselin J., D’Addario M., Hiscott J., Ablashi D.V., Gallo R.C. Andmenezes J.  
“Human herpesvirus 6 induces interleukin-1 beta and tumor necrosis  factor  alpha,  but  not  
interleukin-6, in peripheral blood mononuclear cell cultures” Journal of Virology, 1991;65:5105-
10.

69. Inagi R., Guntapong R., Nakao M., Ishino Y., Kawanishi K., Isegawa Y., and Yamanishi K. 
“Human herpesvirus 6 induces IL-8 gene expression in human hepatoma cell line, Hep G2” 
Journal of Medical Virology, 1996;49: 34-40.

70.  Kikuta  H., Nakane  A.,  Lu  H.,  Taguchi  Y.,  Minagawa  T.,  and  Matsumoto  S.  “Interferon 
induction by human herpesvirus 6 in human mononuclear cells” Journal of  Infectious Disease,  
1990; 162:35-38.

71. Caserta M.T., Mock D.J., Dewhurst S.  “Human herpesvirus 6” Clinical  Infectious Disease, 
2001; 33:829-833.

72. Di Luca D., Dolcetti R., Mirandola P., De Re V., Secchiero P., Carbone A., Boiocchi M., and 
Cassai  E.  “Human herpesvirus  6:  a  survey  of  presence  and  variant  distribution  in  normal  
peripheral  lymphocytes  and  lymphoproliferative  disorders” Journal  of  Infectious  Disease, 
1994;170:211-215.

73.  Di  Luca D.,  Mirandola  P.,  Ravaioli  T.,  Bigoni  B.,  and Cassai  E.  “Distribution of HHV-6 
variants in human tissues” Infectious Agents and Disease, 1996;5:203-214.

74. Zerr D.M. “Human herpesvirus 6: a clinical update” Herpes, 2006;13:20-24.

75. Clark D.A. “Human herpesvirus 6” Reviews in Medical Virology, 2000;10:155-173.

76.  Levy  J.A.,  Landay  A.,  and  Lennette  E.T.   “Human  herpesvirus  6  inhibits  human  
immunodeficiency virus type 1 replication in  cell  culture” Journal  of  Clinical  Microbiology,  
1990;28:2362-2364.

65



                                                           References   

     
77. Hall C.B., Caserta M.T., Schnabel K.C., Boettrich C., Mcdermott M.P., Lofthus G.K., Carnahan 
J.A., and Dewhurst S.  “Congenital infections with human herpesvirus 6 (HHV6) and human 
herpesvirus 7 (HHV7)” Journal of Pediatrics, 2004;145:472-477.

78. Van Loon N.M., Gummuluru S., Sherwood D.J., Marentes R., Hall C.B., Dewhurst S. “Direct  
sequence analysis of human herpesvirus 6 (HHV-6) sequences from infants and comparison of  
HHV-6 sequences from mother/infant pairs” Clinical Infectious Disease, 1995;21(4):1017-9.

79.  Yamanishi  K.,  Okuno  T.,  Shiraki  K.,  Takahashi  M.,  Kondo  T.,  Asano  Y.,  and  Kurata  T. 
“Identification  of  human  herpesvirus-6  as  a  causal  agent  for  exanthem  subitum” 
Lancet,1988;1:1065-1067.

80. Hall C.B., Long C.E., Schnabel K.C., Caserta M.T., Mcintyre K.M., Costanzo M.A., Knott A.,
Dewhurst  S.,  Insel  R.A.,  and  Epstein  L.G.  “Human  herpesvirus-6  infection  in  children.  A 
prospective  study  of  complications  and  reactivation” New  England  Journal  of  Medicine,  
1994;331:432-438.

81. Pruksananonda P., Hall C.B., Insel R.A., Mcintyre K., Pellett P.E., Long C.E., Schnabel K.C., 
Pincus P.H., Stamey  F.R.,  Dambaugh T.R.  “Primary human herpesvirus 6 infection in young  
children” New England Journal of Medicine, 1992;326:1445-1450.

82. AsanoY., Yoshikawa T., Suga S., Kobayashi I., Nakashima T., Yazaki T., Kajita Y., and Ozaki T. 
“Clinical features of infants with primary human herpesvirus 6 infection (exanthem subitum,  
roseola infantum)” Pediatrics, 1994;93:104-108.

83. Takagi M., Unno A., Maruyama T., Kaneko K., and Obinata K. “Human herpesvirus-6 (HHV-
6)-associated hemophagocytic syndrome” Pediatric Hematology/ Oncology, 1996;13:451-456.

84. Akashi K., Eizuru Y., Sumiyoshi Y., Minematsu T., Hara S., Harada M., Kikuchi M., Niho Y., 
and Minamishima Y. “Brief report: severe infectious mononucleosis-like syndrome and primary  
human herpesvirus 6 infection in an adult” New England Journal of Medicine,  1993;329:168-
171.

85. Niederman J.C., Liu C.R., Kaplan M.H. and Brown N.A. “Clinical and serological features of
human herpesvirus-6 infection in three adults” Lancet, 1988;2:817-819.

86. Dahl H., Fjaertoft G., Norsted T., Wang F.Z., Mousavi-Jazi M., and Linde A. “Reactivation
of human herpesvirus 6 during pregnancy” Journal of Infectious Disease, 1999;180:2035-2038.

87. Razonable R.R., Fanning C., Brown R.A., Espy M.J., Rivero A., Wilson J., Kremers W., Smith 
T.F., and Paya C.V. “Selective reactivation of human herpesvirus 6 variant a occurs in critically  
ill immunocompetent hosts” Journal of  Infectious Disease, 2002;185:110-113.

88. De Bolle L., Naesens L., and De Clercq E. “Update on human herpesvirus 6 biology, clinical  
features, and therapy” Clinical Microbiology Reviews, 2005;18:217-245.

89. Chan P.K., Ng H.K., Hui M., Cheng A.F. “Prevalence and distribution of human herpesvirus  
6 variants in adult human brain” Journal of Medical Virology , 2001;64:42-46.

66

http://www.ncbi.nlm.nih.gov/pubmed/8645791


                                                           References   

     
90. Cuomo L.P., Trivedi P., Cardillo M.R., Gagliardi F.M., Vecchione A., Caruso R., Calogero A.,  
Frati L., Faggioni A., Ragona G. “Human herpesvirus 6 infection in neoplastic and normal brain  
tissue.” Journal of Medical Virology , 2001;63:45-51.

91.  Kimberlin D.W., Whitley R.J.  “Human her-pesvirus-6: neurologic implications of a newly  
described viral pathogen” Journal of  Neurovirology, 1998;4:474-85.

92. Suga S., Yoshikawa T., Asano Y., Kozawa T., Nakashima T., Kobayashi I., Yazaki T., Yamamoto 
H.,  Kajita Y., Ozaki T.  “Clinical and virological analyses of 21 infants with exanthem subitum  
(roseola  infantum)  and  central  nervous  system  complications” Annals  of   Neurology, 
1993;33:597-603.

93.  Yoshikawa T.,  Asano Y.  “Central  nervous  system complications in  human herpesvirus-6  
infection” Brain & Development, 2000;22:307-314.

94. Drobyski W.R., Knox K.K., Majewski D., Carrigan D.R. “Brief report: fatal encephalitis due  
to  variant  B  human  herpesvirus-6  infection  in  a  bone  marrow-transplant  recipient” New 
England Journal of Medicine, 1994;330:1356-1360.

95. Mccullers J.A., Lakeman F.D.,Whitley R.J.  “Human herpesvirus 6 is associated with focal  
encephalitis” Clinical Infectious Diseases, 1995;21:571-576.

96. Kamei A., Ichinohe S., Onuma R., Hiraga S., Fujiwara T. “Acute disseminated demyelination  
due to primary human herpesvirus-6 infection” European Journal of  Pediatrics,  1997;156:709-
712.

97.  Novoa L.J.,  Nagra R.M.,  Nakawatase T.,  Edwardslee T.,  Tourtellotte W.W.,  Cornford M.E. 
“Fulminant demyelinating encephalomyelitis associated with productive HHV-6 infection in an  
immunocompetent adult” Journal of Medical Virology, 1997;52:301-308.

98.  Mackenzie  I.R.,  Carrigan D.R.,  Wiley C.A.  “Chronic  myelopathy associated with human 
herpesvirus-6” Neurology, 1995;45:2015-2017.

99. Donati D., Akhyani N., Fogdell-Hahn A., Cermelli C., Cassiani-Ingoni R., Vortmeyer A., Heiss 
J.D.,  Cogen  P.,  Gaillard  W.D.,  Sato  S.,  Theodore  W.H.,  Jacobson  S.  “Detection  of  human 
herpesvirus-6  in  mesial  temporal  lobe  epilepsy  surgical  brain  resections” Neurology  , 
2003;61:1405-1411.

100. Juntunen A., Herrgard E., Mannonen L., Korppi M., Linnavuori K., Vaheri A., Koskiniemi M.
“A major role of viruses in convulsive status epileptics in children: a prospective study of 22  
children” European Journal of Pediatrics, 2001;160:37-42.

101. Uesugi H., Shimizu H., Maehara T., Arai N., Nakayama H. “Presence of human herpesvirus  
6  and  herpes  simplex  virus  detected  by  polymerase  chain  reaction  in  surgical  tissue  from  
temporal lobe epileptic patients” Psychiatry and Clinical Neurosciences, 2000;54:589-593.

102. Caserta M.T., Hall C.B., Schnabel K., Mcintyre K., Long C., Costanzo M., Dewhurst S., Insel 
R., Epstein L.G. “Neuroinvasion and persistence of human herpesvirus 6 in children” Journal of  
Infectious Diseases, 1994; 170:1586-1589.

67



                                                           References   

     
103. Cinque P., Vago L., Dahl H., Brytting M., Terreni M.R., Fornara C., Racca S., Castagna A., 
Monforte A.D., Wahren B., Lazzarin A., Linde A. “Polymerase chain reaction on cerebrospinal  
fluid for diagnosis of  virus-associated opportunistic diseases of the central nervous system in  
HIV-infected patients” AIDS, 1996;10:951-958.

104.  Wang  F.Z.,  Linde  A.,  Hagglund  H.,  Testa  M.,  Locasciulli  A.,  Ljungman  P.  “Human 
herpesvirus 6 DNA in cerebrospinal fluid specimens from allogeneic bone marrow transplant  
patients: does it have clinical significance?” Clinical Infectious Diseases, 1999;28:562-568.

105.  Hall  C.B.,  Caserta  M.T.,  Schnabel  K.C.,  Long C.,  Epstein L.G.,  Insel  R.A.,  Dewhurst  S. 
“Persistence  of  human  herpesvirus  6  according  to  site  and  variant:  possible  greater  
neurotropism of variant A” Clinical Infectious Diseases, 1998; 26:132-137.

106. Challoner P.B., Smith K.T., Parker J.D., Macleod D.L., Coulter S.N., Rose T.M., Schultz E.R., 
Bennett J.L., Garber R.L., Chang M. “Plaque-associated expression of human herpesvirus 6 in  
multiple sclerosis” Proceedings of the National Academy of Sciences of the USA,  1995;92:7440-
7444.

107.  Braun  D.K.,  Dominguez  G.,  Pellett  P.E.  “Human herpesvirus  6” Clinical  Microbiology  
Reviews, 1997;10:521-567.

108.  Dockrell,  D.H.,  Paya  C.V.  “Human  herpesvirus-6  and  -7  in  transplantation”  Reviews  in 
Medical  Virology, 2001;11:23-36.

109.  Singh  N.  “Human herpesviruses-6,  -7  and  -8  in  organ  transplant  recipients” Clinical  
Microbiology and Infection, 2000;6,453-459.

110. Singh N., Carrigan D.R. “Human herpesvirus-6 in transplantation: an emerging pathogen” 
Annals of  Internal Medicine, 1996;124:1065-1071.

111.  Yoshikawa  T.  “Human  herpesvirus-6  and  -7  infections  in  transplantation”  Pediatric  
Transplantation, 2003;7:11-17.

112. Griffith P.D., Clark D.A., Emery V.C. “Betaherpesviruses in transplant recipients” Journal  
of Antimicrobial Chemotherapy, 2000;45 Suppl T3: 29-34.

113. Lau Y.L., Peiris M., Chan G.C., Chan A.C., Chiu D.,Ha S.Y. “Primary human herpes virus 6  
infection transmitted from donor to  recipient  through bone marrow infusion” Bone Marrow 
Transplantation, 1998;21:1063-1066.

114. Carrigan D.R., Drobysky W.R., Russler S.K., Tapper M.A., Knox K.K., Ash R.C. “Interstitial  
pneumonitis  associated  with  human  herpesvirus-6  infection  after  marrow  transplantation” 
Lancet, 1991;338:147-149.

115. Cone R.W., Huang M.L., Hackman R.C. “Human herpesvirus 6 and pneumonia” Leukemia 
& Lymphoma, 1994;15:235-241.

68



                                                           References   

     
116. Drobysky W.R., Dunne W.M., Burd E.M., Knox K.K., Ash R.C., Horowitz M.M., Flomenberg 
N.,  Carrigan  D.R.  “Human  herpesvirus-6  (HHV-6)  infection  in  allogeneic  bone  marrow  
transplant  recipients:  evidence of  a  marrow-suppressive  role  for  HHV-6 in vivo” Journal  of  
Infectious Diseases, 1993;167:735-739.

117. Zerr D.M., Gooley T.A., Yeung L., Huang M.L., Carpenter P.,Wade J.C., Corey L., Anasetti C. 
“Human herpesvirus  6  reactivation  and  encephalitis  in  allogeneic  bone  marrow  transplant  
recipients” Clinical Infectious Diseases, 2001;33:763-771.

118. Carrigan D.R. , Knox K.K.  “Human herpesvirus 6 (HHV-6) isolation from bone marrow:  
HHV-6-associated  bone  marrow  suppression  in  bone  marrow  transplant  patients” Blood, 
1994;84:3307-3310.

119.  Wang  F.Z.,  Dahl  H.,  Linde  A.,  Brytting  M.,  Ehrnst  A.,  Ljungman  P.  “Lymphotropic  
herpesviruses in allogeneic bone marrow transplantation” Blood, 1996;88:3615-3620.

120.  Isomura H.,  Yamada M.,  Yoshida M.,  Tanaka H.,  Kitamura T.,  Oda M.,  Nii  S.,  Seino Y. 
“Suppressive  effects  of  human herpesvirus 6  on in  vitro colony formation of  hematopoietic  
progenitor cells” Journal of Medical Virology, 1997;52:406-412.

121.  Knox  K.K.,  Carrigan  D.R.  “In  vitro  suppression  of  bone  marrow  progenitor  cell  
differentiation by human herpesvirus 6 infection”  Journal of Infectious Diseases, 1992;165:925-
929.

122. Luppi M., Barozzi P., Morris C., Maiorana A., Garber R., Bonacorsi G., Donelli A., Marasca  
R., Tabilio A., Torelli G. “Human herpesvirus 6 latently infects early bone marrow progenitors in  
vivo” Journal of Virology, 1999;73:754-759.

123. Selgrade M.K., Cooper G.S., Germolec D.R., Heindel J.J.  “Linking environmental agents  
and    autoimmune disease: an agenda for future research” Environ. Health Perspect, 1999;107 
(Suppl. 5):811–813.

124. Harel M., Shoenfeld Y. “Predicting and preventing autoimmunity, myth or reality?” Annals 
of the  New York Academy of Sciences, 2006;1069,322–345.

125.  Shoenfeld Y.,  Gilburd  B.,  Abu-Shakra  M.,  Amital  H.,  Barzilai  O.,  Berkun Y.,  Blank M., 
Zandman Goddard G., Katz U., Krause I., Langevitz P., Levy Y., Orbach H., Pordeus V., Ram M., 
Sherer  Y.,  Toubi  E.,  Tomer  Y.  “The  mosaic  of  autoimmunity:  genetic  factors  involved  in  
autoimmune diseases” Israel Medical Association Journal, 2008;10:3–7.

126.  Sarzi-Puttini  P.,  Atzeni  F.,  Iaccarino  L.,  Doria  A.  “Environment  and  systemic  lupus  
erythematosus: an overview” Autoimmunity, 2005;38:465–472.

127.  Zampieri S.,  Ghirardello A., Iaccarino L.,  Briani C.,  Sarzi-Puttini P., Atzeni F.,  Arienti  S., 
Todesco  S.,  Doria  A.  “Polymyositis-derma  to  myositis  and  infections” Autoimmunity, 
2006;39:191–196.

128. Yousef G.E., Isenberg D.A., Mowbray J.F. “Detection of enterovirus specific RNA sequences  
in muscle biopsy specimens from patients with adult onset of myositis” Annals of the Rheumatic  
Diseases, 1990;49:310–315.

69



                                                           References   

     

129.  Doria  A.,  Sarzi-Puttini  P.,  Shoenfeld Y.  “Infections,  rheumatism and autoimmunity:  the  
conflicting  relationship  between  humans  and  their  environment” Autoimmunity  Reviews, 
2008;8:1–4.

130. Doria A., Canova M., Tonon M., Zen M., Rampudda E., Bassi, N., Atzeni F., Zampieri S., 
Ghirardello  A.  “Infections  as  triggers  and  complications  of  systemic  lupus  erythematosus” 
Autoimmunity Reviews, 2008;8:24–28.

132. Shoenfeld Y. “Systemic antiphospholipid syndrome” Lupus, 2003;12:497–498.

133.  Poole  B.D.,  Scofield  R.H.,  Harley  J.B.,  James  J.A.  “Epstein-Barr  virus  and  molecular  
mimicry in systemic lupus erythematosus” Autoimmunity, 2006;39:63–70.

134.  Samarkos M., Vaiopoulos G.  “The role  of infections in the pathogenesis of autoimmune  
diseases” Current Drug Targets – Inflammation & Allergy, 2005;4:99–103.

135. Randone S.B., Guiducci S., Cerinic M.M “Systemic sclerosis and infections” Autoimmunity  
Reviews, 2008;8:36–40.

136. Zampieri S.,  Degen W., Ghirardello A., Doria A., van Venrooij W.J.  “Dephosphorylation of  
autoantigenic ribosomal P proteins during FAS-L induced apoptosis; a possible trigger for the  
development of the autoimmune response in SLE patients” Annals of the Rheumatic Diseases, 
2001;60:72–76.

137. Gershwin M.E. “The mosaic of autoimmunity” Autoimmunity Reviews, 2008;7:161–163.

138.  Dayan C.M.,  Daniels  G.H..  “Chronic  autoimmune thyroiditis” New England Journal  of  
Medicine, 1996;335(2):99-107.

139. Weetman A.P. “Graves' disease” New England Journal of Medicine, 2000;343(17):1236-48.

140.  Tomer  Y.,  Davies  T.F.  “Infection,  thyroid  disease,  and  autoimmunity” Endocrine  
Reviews,1993;14(1):107-20.

141. Desailloud R., Hober D. “Viruses and thyroiditis: an update” Virology Journal, 2009;6:5.

142. Thomas D., Liakos V., Michou V., Kapranos N., Kaltsas G., Tsilivakos V., et al. “Detection of  
herpes  virus  DNA in  post-operative  thyroid  tissue  specimens  of  patients  with  autoimmune  
thyroid disease” Experimental and Clinical Endocrinology & Diabetes. 2008;116(1):35-9.

143. Scotet E., Peyrat M.A., Saulquin X., Retiere C., Couedel C., Davodeau F., et al.  “Frequent  
enrichment for CD8 T cells reactive against common herpes viruses in chronic inflammatory  
lesions:  towards  a  reassessment  of  the  physiopathological  significance  of  T  cell  clonal  
expansions found in autoimmune inflammatory processes” European Journal  of  Immunology, 
1999;29(3):973-85.

144. White I.E, Campbell T.B. “Quantitation of cell-free and cell-associated Kaposi’s sarcoma-
associated herpesvirus DNA by real-time PCR” Journal of clinical microbiology, 2000;38:1992-
1995.

70



                                                           References   

     

145.  Khoury E.L.,  Pereira  L.,  Greenspan  F.S.  “Induction  of  HLA-DR expression on  thyroid  
follicular  cells  by  cytomegalovirus  infection  in  vitro.Evidence  for  a  dual  mechanism  of  
induction” American Journal of Pathology, 1991;138(5):1209-23.

146. Caselli E., Bracci A., Galvan M., Boni M., Rotola A., Bergamini C., “Human herpesvirus 6  
(HHV-6) U94/REP protein inhibits betaherpesvirus replication” Virology, 2006;346(2):402-14.

147.  Prummel  M.F.,  Strieder T.,  Wiersinga W.M.  “The environment and autoimmune thyroid  
diseases” European Journal of Endocrinology, 2004;150(5):605-18.

148. Vrbikova J., Janatkova I., Zamrazil V., Tomiska F., Fucikova T. “Epstein-Barr virus serology 
in patients with autoimmune thyroiditis” Experimental and Clinical Endocrinology & Diabetes, 
1996;104(1):89-92.

149.  Shimon I.,  Pariente  C.,  Shlomo-David  J.,  Grossman Z.,  Sack  J.  “Transient  elevation of  
triiodothyronine caused by triiodothyronine autoantibody associated with acute Epstein-Barr-
virus infection” Thyroid, 2003;13(2):211-5.

150. Thomas D., Karachaliou F., Kallergi K., Vlachopapadopoulou E., Antonaki G., Chatzimarkou 
F.,  “Herpes  virus  antibodies  seroprevalence  in  children  with  autoimmune  thyroid  disease” 
Endocrine, 2008;33(2):171-5.

151. Li Y., Yan H., Xue W.J., Tian P.X., Ding X.M., Pan X.M., “ Allograft rejection-related gene  
expression  in  the  endothelial  cells  of  renal  transplantation  recipients  after  cytomegalovirus  
infection” Journal of Zhejiang University Science B, 2009 Nov;10(11):820-8.

152. Krueger G.R., Sander C., Hoffmann A., Barth A., Koch B., Braun M.  “Isolation of human 
herpesvirus-6 (HHV-6) from patients with collagen vascular diseases” In Vivo, 1991;5(3):217-25.

153. Broccolo F., Drago F., Paolino S., Cassina G., Gatto F., Fusetti L.,  “Reactivation of human 
herpesvirus 6 (HHV-6) infection in patients with connective tissue diseases” Journal of Clinical  
Virology, 2009 Sep;46(1):43-6.

154. Grima P., Chiavaroli R., Calabrese P., Tundo P. “Severe hepatitis with autoimmune features  
following a HHV-6: a case report” Cases Journal, 2008;1(1):110.

155.  Gardell  J.L.,  Dazin P.,  Islar  J.,  Menge T.,  Genain C.P.,  Lalive P.H.  “Apoptotic effects  of  
Human Herpesvirus-6A on glia and neurons as potential triggers for central nervous system  
autoimmunity” Journal of Clinical Virology, 2006;37 Suppl 1:S11-6.

156. Hoffmann A., Kirn E., Kuerten A., Sander C., Krueger G.R., Ablashi D.V.  “Active human 
herpesvirus-6 (HHV-6) infection associated with Kikuchi-Fujimoto disease and systemic lupus  
erythematosus (SLE).” In Vivo, 1991;5(3):265-9.

157. Mori K., Yoshida K., Funato T., Ishii T., Nomura T., Fukuzawa H. “Failure in detection of  
Epstein-Barr virus and cytomegalovirus in specimen obtained by fine needle aspiration biopsy of  
thyroid in patients with subacute thyroiditis.”  The Tohoku Journal of Experimental Medicine, 
1998;186(1):13-7.

71



                                                           References   

     
158.  Kabel P.J., Voorbij H.A., De Haan M., van der Gaag R.D., Drexhage H.A. “Intarthyroidal  
dendritic cells”  Journal of  Clinical Endocrinology & Metabolism, 1988;66:199-207.

159. Many M.C., Maniratunga S., Varis I., Dardenne M., Draxhage H.A., Denef J.F. “Two-step de­
velopment of a Hashimoto-like thyroiditis in genetically autoimmune prone non-obese diabetic  
(NOD) mice. Effects of iodine-induced cell necrosis” Journal of  Endocrinology, 1995;147:311-
320.

160. Bottazzo G.F., Pujol-Borell R., Hanafusa T., Feldmann M.  “Role of aberrant HLA-DR ex­
pression  and  antigen  presentation  in  induction  of  endocrine  autoimmunity” Lancet,  
1983;2:1115-1118.

161.  Rapoport B., McLachlan S.M.  “Thyroid autoimmunity” Journal of Clinical Investigation,  
2001, 108;1253-1259.

162. Champion B.R., Page K.R., Parish N., Rayner D.C., Dawe K., Biswas-Hughes G., Cooke A., 
Geysen M., Roitt  I.M.  “Identification of a thyroxine-containing self-epitope of thyroglobulin  
which triggers thyroid autoreactive T cells”  Journal of Experimental Medicine,  1991;174:363-
370.

163.  Dunn  J.T.,  Dunn  A.D.  “Update  on  the  intrathyroidal  iodine  metabolism” Thyroid,  
2001;11:407-414.

164. Salmaso C., Bagnasco M., Pesce G., Montagna P., Brizzolara R., Altrinetti V., Richiusa P., 
Galluzzo A., Giordano C.  “Regulation of apoptosis in endocrine autoimmunity: insights from 
Hashimoto's thyroiditis and Graves' disease” Annals of the  New York Academy of Sciences, 2002; 
966:496-501.

165. Dimitry A Chistiakov “Immunogenetics of Hashimoto’s thyroiditis” Journal of Autoimmune  
Diseases, 2005;2:1.

72


