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Abstract

Like other members of the Herpesviridae family, human herpesvirus (HHV)-6A and HHV-6B
have developed awide variety of strategies to modulate or suppress host immune responses and,
thereby, facilitate their own spread and persistence /7 vivo. Long considered two variants of the
same virus, HHV-6A and HHV-6B have recently been reclassified as distinct viral species,
although the established nomenclature has been maintained. In this review, we summarize the
distinctive profiles of interaction of these two viruses with the human immune system. Both
HHV-6A and HHV-6B display atropism for CD4* T lymphocytes, but they can also infect, in a
productive or nonproductive fashion, other cells of the immune system. However, there are
important differences regarding the ability of each virusto infect cytotoxic effector cells, as
HHV-6A has been shown to productively infect several of these cells, whereas HHV-6B infects
them inefficiently at best. In addition to direct cytopathic effects, both HHV-6A and HHV-6B can
interfere with immunologic functions to varying degrees via cytokine modulation, including
blockade of IL-12 production by professional antigen-presenting cells, modulation of cell-surface
molecules essential for T-cell activation, and expression of viral chemokines and chemokine
receptors. Some of these effects are related to signaling through and downregulation of the viral
receptor, CD46, akey molecule linking innate and adaptive immune responses. Increasing
attention has recently been focused on the importance of viral interactions with dendritic cells,
which may serve both as targets of virus-mediated immunosuppression and as vehicles for viral
transfer to CD4* T cells. Our degpening knowledge of the mechanisms developed by HHV-6A
and HHV-6B to evade immunologic control may lead to new strategies for the prevention and
treatment of the diseases associated with these viruses. Moreover, elucidation of these viral
mechanisms may uncover new avenues to therapeutically manipulate or modulate the immune
system in immunologically mediated human diseases.
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In their millenial chess game with the host immune system, viruses have developed an
extraordinary array of strategies aimed at escaping the host mechanisms of defense [1-3].
Herpesviruses are among the finest connoisseurs of the host immune system, having
developed complex mechanisms to confound and eventually inactivate it. In particular,
human herpesvirus (HHV)-6A and HHV-6B (Figure 1) are of great interest, as they display
apeculiar complexity and a unique biology. Although these viruses have long been
considered two variants of a single species, they have recently been recognized by the
International Committee for Taxonomy of Viruses as two distinct viral species, despite
maintaining the established designations of HHV-6A and HHV-6B [4]. Overall, these two
viruses share more than 88% sequence homology; yet, they exhibit distinctive biological,
epidemiological and clinical features [5]. Both species show a marked tropism for cells of
the immune system, and for activated CD4* T lymphocytes in particular, which sustain
productive infection and undergo dramatic cytopathic effects. However, in line with the
nearly ubiquitous distribution of their primary cellular receptor, CD46 [6], HHV-6A and
HHV-6B have a much broader cellular tropism, including cells of diverse embryonic lineage
origin, although in many cell typesthe viral cycleisrestricted and does not proceed to
completion. Nevertheless, major phenotypic and functional changes also occur in
nonproductively infected cells, as observed in professional antigen-presenting cells such as
mononuclear phagocytes and dendritic cells (DC) (Figure 2). Moreover, both HHV-6A and
HHV-6B can indirectly influence the function of a broad range of immune cellsviathe
aberrant induction or blockade of cytokines and chemokines, or by producing their own
chemokines and chemokine receptors [1,7—11] (Figure 3). These experimental observations
arein line with clinical evidence of immunosuppression associated with HHV-6A or
HHV-6B infection in HIV-seronegative individuals. The present review summarizes the
body of knowledge accrued over the past 25 years on the interaction between HHV-6A and
HHV-6B and the immune system.

Mechanisms of immunomodulation & immunosuppression by HHV-6A &

HHV-6B

Productive or nonproductive infection of cells of the immune system

The use of the CD46 receptor, a ubiquitously expressed regulator of complement activation,
by both HHV-6A and HHV-6B, isindicative of abroad cellular tropism [6]. Productive
infection, however, islimited to arelatively small range of cells, probably as a consequence
of intracellular restriction factors acting beyond the viral entry step (Figure 2). Studies on
the cellular tropism of HHV-6A and HHV-6B have suggested that these viruses infect
various cellsimplicated in the generation of effective immune responses, thus affecting both
cell-mediated and humoral immune responses. There are, however, notable differencesin
the cellular tropism of HHV-6A and HHV-6B.

Lytic infection—Both HHV-6A and HHV-6B efficiently infect and complete a productive
Iytic cyclein lymphoid cells. Thereis substantial consensus that primary targets for
infection by both viruses in vivoand in vitroare activated CD4* T cells[12,13]. Infectionin
CD4* T cellsis productive and cytopathic, leading to progressive increasein cell size,
morphological changes with the adoption of an evenly rounded cell shape, formation of
binucleated cells and, occasionally, syncytia, apoptosis and cell death within avariable
period ranging from 5 to 10 daysin culture [12-15]. These effects on CD4* T cells represent
the basis for the potential synergy between HHV-6 and HIV-1.

Unlike T cells, B cells are not typically infectable by HHV-6A or HHV-6B. However, it has
been reported that B cells become susceptible to HHV-6A after their immortalization with
EBV [16], suggesting that EBV infection induces the expression of membrane and/or
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soluble factors that make these cells permissive. To our knowledge, this has not been tested
with HHV-6B. However, persistent nonproductive HHV -6 infection was reported in a B-cell
line derived from Burkitt's lymphomain the apparent absence of EBV coinfection [17].
Additional subsets of lymphoid cells can be productively infected by HHV-6A but
inefficiently, if at all, by HHV-6B (see below).

Nonlytic infection—Although certain cells of the immune system do not commonly
sustain productive infection by HHV-6A or HHV-6B, nonlytic infection or even simply
interaction of the cellular membrane with viral proteins may nonetheless cause important
effects on their function. The cells of the mononuclear phagocytic system are a primary
target for HHV-6A and HHV-6B infection both /n vivoand /in vitro, and have been
suggested as a possible /n vivoreservoir for the infection [18,19]. Thereis, however, some
controversy on whether these cells can support productive infection by these agents. We
have reported that, after exposure to either HHV-6A or HHV-6B, differentiated primary
macrophages derived from peripheral blood monocytes do not exhibit any signs of
productive infection, such as viral MRNA expression, viral DNA accumulation or cytopathic
effects [20]. By contrast, others have reported that /n vitro-differentiated macrophages are
able to support at least transient replication of HHV-6B [19], and display some signs of
cytopathic effects induced by both HHV-6A and HHV-6B [18]. In another study, freshly
isolated blood monocytes were resistant to infection, but their differentiation with IL-15
resulted in a greater susceptibility to productive infection [21]. It is plausible that the reasons
for these discrepancies could be related to the different experimental conditions used for
growing and differentiating primary monocytes /n vitro. High levels of HHV-6B DNA were
found in circulating monocytes from children with primary infection, associated with
expression of U79/80 mRNA, which isindicative of productive infection, and successful
isolation of HHV-6B from these cellsin culture [22]. During convalescence, HHV-6B DNA
was detected in circulating monocytes in the absence of productive infection, leading to the
suggestions that they may act as one of the /n vivoreservoirs for the virus [19]. Thus,
irrespective of the productive or nonproductive nature of infection, it is indisputable that
mononuclear phagocytic cells are amajor target for both HHV-6A and HHV-6B.

Similar to mononuclear phagocytes, peripheral blood-derived DCs are infectable by both
HHV-6A and HHV-6B despite an ongoing controversy as to whether they can support
productive infection (see below). Bone marrow progenitor cells (CD34") are also
susceptible to HHV-6B infection (no studies have been reported with HHV-6A), and can
transfer latent virusto differentiated cells of multiple lineages, including monocytes/
macrophages and DCs [23-25].

Strikingly, exposure to both HHV-6A and HHV-6B has been shown to dramatically
suppress the differentiation and replication of different types of bone marrow precursor cells
[23,26-28]. These findings are in line with reports of bone marrow graft failure in patients
with active HHV-6 infection [29-33].

Immune system cells targeted by HHV-6A

HHV-6A efficiently and productively infects different types of cytotoxic effectors, such as
CD8" T cells, NK cellsand ydT cells[34-36]. Considering the fact that these cell
populations are mainly responsible for antiviral responses /n vivo, this strategy may have a
key role in counteracting the protective immune surveillance and determining a persistent
infection in the host. In addition, it has recently been suggested that HHV-6A infection
suppresses T-cell proliferation by inducing G2/M arrest ininfected T cells[37]. Conversdly,
HHV-6A was shown to induce cell division in effector memory CD4" T cells and terminally
differentiated effector CD8" T cells[38].
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Immune system cells targeted by HHV-6B

Apoptosis

The cellular tropism of HHV-6B seems to be more restricted than that of HHV-6A, at least
among immune system cells, infecting cytotoxic effector cells rather inefficiently, if at all
[39]. This observation has been confirmed using an ex vivomodel of structured lymphoid
tissue [40]. In children with acute primary infection, HHV-6B has been detected in
circulating CD4* T cells, which seem to represent the primary target both for virus
replication and for subsequent latency [13].

Although the ability of HHV-6B to replicate in mononuclear phagocytes and DCs remains
controversial, it has been shown that DCs exposed to the virus can effectively transmit
infection to CD4* T cells, resulting in productive infection, despite the lack of virion
progeny release [41]. Treatment with phosphonoformic acid prevented virus transmission
from DCsto CD4" T cells, suggesting that DCs must be productively infected for virus
transmission to occur. However, a‘ Trojan horse' effect whereby DC-adsorbed live HHV-6B
virions are passively transferred to CD4* target cells cannot be excluded. Of note, similar
studies have not been performed with HHV-6A.

Apoptosis can lead to immune system modulation and dysfunction through a number of
different pathways. Induction of CD4* T-cell apoptosis by indirect pathways has been
associated with both HHV-6A and HHV-6B infection [42], even though the mechanism and
extent to which each virus controls the apoptotic event varies widely. In apparent
contradiction with these observations, several reports have demonstrated that both HHV-6A
and HHV-6B induce aberrant accumulation and phosphorylation of p53, a tumor-suppressor
protein and akey regulator of cell cycle arrest and apoptosis, concomitant with blockade of
apoptosis and cell cycle arrest [43-46]. Furthermore, inhibition of cellular proliferation was
shown to occur by a pathway that isindependent of p53 [43].

Apoptosis due to HHV-6A—HHV-6A was shown to induce apoptosisin a T-lymphoid
cell line, HSB-2, in a mitochondria-mediated, caspase-dependent manner. /n vitro studies
indicate that increased levels of IL-6 and TNF-a promote apoptosisin HHV-6A-infected
CDA4* T célls, and that the virus may accomplish this through the activation of INK, c-jun
and ATF-2, subsequently inducing upregulation of toll-like receptor 9 (TLR9) [47].
Furthermore, HHV-6A induces apoptosis primarily in naive and central memory CD4* and
CD8" T cells, whereas effector memory and terminally differentiated effector T cells appear
to be resistant to apoptosisinduced by HHV-6A through a Bcl-2-independent pathway [38].

Apoptosis due to HHV-6B—While cellsinfected with HHV-6B almost invariably
undergo cytopathic effects and die, it remains unclear whether cell death occurs primarily by
necrosis or apoptosis [48]. One group has demonstrated that apoptosisis unlikely to be the
major event during the early phase of HHV-6B infection in MT-4 cells, as the U95 early
vira protein has high affinity for GRIM-19 and thus may mediate cell death viainterference
with interferon and retinoic acid signaling [48]. In addition, HHV-6B-infected cells have
been shown to be nonapoptotic. In these cells, the virus may simply act as an inhibitor of
host cell proliferation [44,45].

Although some groups have reported that the loss of CD14 in monocytes is accompanied by
spontaneous apoptosis in uninfected cells, another study has demonstrated that
downregulation of CD14 expression observed in monocytes exposed to HHV-6B does not
result in apoptosis [49]. To the contrary, the same study concluded that HHV-6B may
protect human monocytes from spontaneous apoptosis. However, apoptosis does occur in
HHV -6B-infected cord blood lymphocytes stimulated with IL-2, suggesting that the
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activation signal induced by this cytokineis required for apoptosis [50]. Furthermore, a
significantly higher proportion of CD4* T lymphocytes obtained from the peripheral blood
of patients with acute HHV-6B infection were shown to display an apoptotic phenotype as
compared with matched controls, suggesting that HHV-6B renders CD4* T lymphocytes
susceptible to apoptosis /n vivo[42].

CD46-mediated effects

In 1999, our group identified CD46, a complement-regulatory receptor also known as
membrane cofactor protein (MCP), as the principal human cellular receptor for both
HHV-6A and HHV-6B [6]. This conclusion was based on several complementary lines of
evidence: CD46 is selectively downmodulated from the target cell surface during the course
of infection; specific anti-CD46 monoclonal antibodies block the infectivity and fusogenic
activity of both HHV-6A and HHV-6B; viral envelope-mediated fusion isinhibited by a
soluble form of CD46; recombinant expression of human CD46 render otherwise insensitive
non human cells susceptible to viral fusion and entry [6]. CD46 is atype-1 membrane
glycoprotein expressed by all nucleated human cells, which plays acritical rolein
preventing spontaneous complement activation /7 vivo[51]. CD46 a so serves as a receptor
for other viral agents, including measles virus [52]. Although the existence of additional
cellular receptors or coreceptors for HHV-6A or HHV-6B cannot be excluded, the fact that
both viruses use a ubiquitous receptor like CD46 underlies their ability to bind a variety of
cell types /n vitro, and may help to explain the diverse clinical manifestations to which these
viruses have been linked. The HHV-6-binding region was mapped within the short
consensus repeat-2 and -3 domains of the CD46 extracellular region [53], whereas the gH
glycoprotein was identified as the viral envelope component that interacts with CD46 [54].
However, gH aloneis apparently unable to adopt the appropriate CD46-binding
conformation and needs to be presented in the context of a tri-molecular complex formed by
the gH, gL and gQ envelope glycoproteins [55].

Besides its complement-regulatory effects, CD46 has a key immunoregulatory role that
bridges the innate and adaptive arms of the immune system. Indeed, it has been shown that
HHV-6A or HHV-6B binding to CD46 dramatically and selectively suppresses the secretion
of IL-12, acritical cytokine for the generation of Thl cells, which play an essential rolein
the induction of effective antiviral immune responses. Differentiated primary macrophages,
stimulated /n vitrowith IFN-y and lipopolysaccharide and exposed to either HHV-6A or
HHV-6B, fail to produce IL-12, while releasing normal amounts of other soluble factors
such as TNF-a, RANTES and MIP-1f [20]. The synthesis of IL-12 is suppressed at the post-
transcriptional level, and this effect does not require viral replication. Similar data were
obtained with peripheral blood-derived DCs, where both HHV-6A and HHV-6B block
cellular differentiation and IL-12 production, as well as the induction of allogeneic T-cell
proliferation [56,57]. Again, productive infection is not required for this effect to occur. This
in vitro effect seems to reflect what occurs /17 vivo during active infection with both
HHV-6A and HHV-6B: it has been shown that the antigen-presenting capacity of DCs
generated from a patient with severe HHV -6 reactivation was significantly lower than that of
DCs generated from the same patient during the recovery phase [57].

Costimulation of T cellswith anti-CD46 antibodies was shown to induce a T-regulatory 1-
like phenotype in human CD4* T cells, associated with IL-10 production and suppression of
bystander T-cell activation [58]. Since HHV-6A and HHV-6B can directly engage CD46,
this could be another mechanism whereby these viruses can evade immunologic control.
Wang and colleagues have demonstrated that infection with HHV-6A or HHV-6B leads to
an expansion of IL-10-producing CD4" T cells /n vitro[59]. This observation has recently
been confirmed and extended, showing that T-cell costimulation either with UV-inactivated
HHV-6 virions or with anti-CD46 antibodies elicits a biased cytokine profile phenotype with
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mixed Thl-like and T-regulatory 1-like features [LUSSOPErAL, UNPUBLISHED DATA]. If confirmed in
additional /n vitroand /in vivo studies, the induction of T-regulatory 1-like cells by HHV-6A
or HHV-6B may provide a further rationale for the evolutionary choice of these two viruses
and other microbes to use CD46 as a cellular receptor.

CD46 usage by HHV-6B

Although the initial report by Santoro ef &. clearly documented the use of CD46 by at least
some strains of HHV-6B [6], Mori ef &. have studied one Japanese HHV-6B strain, HST,
which does not efficiently induce CD46-mediated syncytia formation after short-term virion
binding to the external cell membrane in the absence of productive infection, an effect
defined by some as ‘fusion-from-without’ [60]. This phenomenon may result from alower
CD46-binding affinity of this particular strain or, more generaly, of HHV-6B, insufficient
to mediate fusion under the specific conditions of this assay. Unfortunately, these
experiments have not been cross-validated using the same strains studied by Santoro et &. or
using strain HST in analogous gain-of-function experiments, making it difficult to draw any
conclusion regarding the efficiency of CD46 usage by HHV-6B. Nevertheless, it cannot be
excluded that certain HHV-6B strains may use another, still undefined, cellular receptor for
entry.

Dysregulation of complement activation

As stated above, the short consensus repeat-2 and -3 domains of CD46 were identified asthe
HHV-6-binding domains of CD46 [53]. Since these domains are also involved in the
complement-regulatory functions of CD46, it islikely that virus binding might interfere with
the physiological role of CD46, which effectively suppresses spontaneous activation of

autol ogous complement with its consequent tissue-damaging effects. This mechanism has
been documented for measles virus using /n vitro models [61]. Furthermore, productive
infection with both HHV-6A and HHV-6B downmodulates the expression of membrane
CD46, athough the processis dower and less efficient in HHV-6B than in HHV-6A
infection [6]. In an ex vivomaodel of structured lymphoid tissue, infection with HHV-6A
caused a dramatic downmodulation of CD46 in both productively-infected cells and
uninfected bystander cells [40]. Taken altogether, these data demonstrate that HHV-6A and
HHV-6B have the potential to trigger complement activation, thereby inducing widespread
cytolytic damage in infected lymphoid tissue.

Membrane receptor modulation

Both HHV-6A and HHV-6B have the ability to induce a profound ateration in the
expression of crucial molecules on target cells. Early studies documented a dramatic
reduction in the expression of the T-cell receptor (TCR) complex in CD4* T cellsinfected
with either HHV-6A or HHV-6B due to transcriptional downregulation of several CD3
chains [12,34]. Another receptor that is transcriptionally downmodulated by HHV-6A and
HHV-6B isthe lectin-like receptor DC-SIGN [62], an effect that may impair the ability of
DCsto promote and maintain effective secondary immune responses. Conversely, both
HHV-6A and HHV-6B are able to induce the expression of CCR7, akey chemokine
receptor expressed in T cells and mature DCs, which regulates the homeostatic recirculation
of lymphocytes to secondary lymphoid organs [63].

It has also been shown that both HHV-6A and HHV-6B downregulate class-| MHC
molecules from the surface of infected DCs [64,65]. A possible mechanism underlying this
observation has recently been suggested with the discovery that the U21 gene product of
both viral species bindsto and diverts class-| MHC molecules to the endolysosomal
compartment, effectively removing them from the cell surface [65]. Although the two
proteins share 89% amino acid identity, HHV-6A U21 appears to be more effective than
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HHV-6B U21 at removing class-| molecules from the cell surface [65]. It is nonetheless
reasonable that additional mechanisms may be implicated in MHC class-1 downregulation,
as shown in other -herpesvirus systems.

Membrane receptor modulation by HHV-6A—It has been shown that the U24 protein
encoded by HHV-6A is responsible for the downregulation of the TCR/CD3 complex [66]:
in the presence of pU24, the TCR/CD3 complex is endocytosed but not recycled back to the
plasma membrane, accumulating in early and late endosomes. Interestingly, U24 was shown
to downregulate CD3 independently of the T-cell activation status and to render infected/
transfected T cells resistant to activation by antigen-presenting cells [66]. Considering the
essential role of the TCR/CD3 complex in T-cell activation, the interference with the normal
expression of CD3 and the TCR complex islikely to have a profound immunosuppressive
effect, causing the impairment of adaptive immune responses.

Another unexpected effect observed upon the infection of primary human T cells with
HHV-6A is coexpression of CD4 and CD8 [12]. This unique phenomenon is related to the
ability of HHV-6A to induce expression of the CD4 glycoprotein in lymphoid cells that
physiologically do not expressit, including CD8" T cells[39] and NK cells[35,36].
Subsequent studies have demonstrated that this effect is mediated by HHV-6A early gene
products, which are able to activate the CD4 promoter [67]. De novoinduction of CD4
expression has not been clearly established for HHV-6B.

Membrane receptor modulation by HHV-6B—It has been reported that in monocytes
HHV-6B downmodul ates the expression of CD14, CD64 (FcyRI) and HLA-DR; surface
molecules crucial to the activation of antigen-presenting cells, whereas it doesn't affect the
expression of CD32 (FcyRII) [49]. Although this specific phenomenon has not yet been
specifically analyzed for HHV-6A, downregulation of HLA-DR expression has also been
reported previously in DCsinfected with HHV -6A [56].

Modulation of cytokine & chemokine responses

HHV-6A and HHV-6B infections can modul ate the profile of cytokine and chemokine
production by different cell types. This dysregulation can profoundly affect the initiation,
polarization and normal functionality of effective immune responses. HHV-6A and
HHV-6B have been shown to reduce the production of IL-2 by stimulated peripheral blood
mononuclear cells or enriched T-cell cultures, resulting in a diminished cellular proliferation
[68]. Conversely, the production of inflammatory cytokines such as TNF-a, IFN-a, IFN-y,
IL-1B, IL-6, IL-8, IL-15 and IL-18 isincreased [7,9,11,38,68—71]. Production of IFN-y and
IL-10 has been documented as a marker of cell-mediated immune response to both HHV-6A
and HHV-6B [72], while the production of TGF-§ due to HHV-6A (not yet analyzed for
HHV-6B) has been observed both /n vivoin patients with glioma and in astrocyte cultures /n
vitro[71]. However, it has been observed that these viruses induce a cytokine imbalance
with a switch from an antiviral Thl-polarized cytokine profile to a Th2 profile, since they
have been shown to downregulate IL-12 and IFN-y, while upregulating IL-10[9]. This
effect was not subsequently confirmed in microarray studies on a continuous CD4* T-cell
line, SupT1, where HHV-6B infection results in downregulation of 1L-10, the IL-10 receptor
and IL-14 [70]. In addition, Jacobson ef &. have demonstrated an increasein IL-17
production as aresult of a pro-inflammatory response due to the interaction between HHV-6
glycoproteins expressed on infected CNS cells and CD46 on responding CD4* T
lymphocytes [73]. Although the work did not differentiate between HHV-6A and HHV-6B,
this phenomenon is supported by the frequent detection of HHV-6 (particularly HHV-6A) in
patients with multiple sclerosis (MS), and further suggests a potential mechanism of
HHV-6-induced CNS inflammation that is likely to occur /n vivo.
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Both HHV-6A and HHV-6B can significantly modulate the chemokine system both by
affecting chemokine production and by expressing viral chemokines and chemokine
receptors. In an ex vivolymphoid tissue model, infection with HHV-6A was shown to
induce adramatic increase in the production of CCL5/RANTES, aswell as, to alesser
extent, CCL4/MIP-1f and CCL3/MIP-1q, the ligands for CCR5 [8,40]. Similar data were
obtained in primary endothelial cell culturesinfected with HHV-6A, suggesting that these
cells might be at least in part responsible for the increased RANTES production (HHV-6B
was not analyzed in this study)[74]. Besides itsimplications for the interactions of HHV-6A
with HIV-1[8], which uses CCR5 as a cell surface coreceptor, induction of RANTES may
lead to increased inflammatory responses as well as recruitment of new target cells for
productive and nonproductive infection.

Another potential mechanism of immunomodulation was recently indicated by the discovery
that the immediate-early (IE)-1 proteins of both HHV-6A and HHV-6B are powerful
suppressants of |FN-f gene induction [75]. Whereas the stability of IFN- mRNA does not
seem to be affected by I1E1, cells expressing IE1 show reduced expression of dimerized IRF3
and nucleus-translocated |RF3 in response to the activation of the cellular cascades normally
associated with IFN-f induction. Intriguingly, 1E1 is one of thefirst viral proteins
synthesized upon viral entry. The prompt and potent inhibition of IFN-f production islikely
to be acrucia contributor to the establishment and spread of both HHV-6A and HHV-6B
infection.

Only few studies have attempted to correlate the /n vitrofindings with /n vivo studiesin
infected patients. One study showed increased frequencies of |L-10- and IL-4-producing T
cells and reduced IFN-y-producing T cellsin the peripheral blood of infected individuals
compared with uninfected controls [59]. Unfortunately, the authors of this study did not
investigate whether HHV -6 infection was active, nor did they determine the viral species
responsible for the infection. It is aso important to consider that the specific anatomic
environment may significantly influence the specific clinical manifestations of HHV-6-
induced immunomodulation via cytokine/chemokine response. In patients with HHV-6
encephal opathy, Kawabe et a/. reported significantly elevated levelsof IL-10 and IL-8in
cerebrospinal fluid (CSF) as compared with serum, while they observed no significant
difference in CSF versus serum IL-6 levels[76].

Cytokine & chemokine response impairment by HHV-6B—It has recently been
shown that alterations in the Th1/Th2 balance caused by HHV-6B are mediated primarily
through TLR9 (by inducing IFN-A1 responses) and IFN-a in cord plasma-cytoid DCs. In
addition, although the expression levels of TLRs are unchanged following HHV-6B
infection of DCs, the level of cytokines produced following stimulation with TLR ligands
was significantly decreased in HHV-6B-infected DCs, indicating that infection may impair
intracellular signaling through this TLR-mediated cytokine modulation [77].

A study of patients with primary HHV-6B infection demonstrated that, during the acute
phase of the disease, three cytokines (IFN-y, IL-2 and IL-4) and one chemokine (MCP-1)
were elevated in patients compared with controls; in the convalescent stage of infection,
IL-5 was significantly elevated compared with controls[78]. This has not been analyzed for
HHV-6A, aslittleis currently known about the infrequently observed primary HHV-6A
infection.

Viral chemokines & chemokine receptors

Both HHV -6 species encode viral chemokine and chemokine receptor homologs, which can
significantly modulate immune responses. Both HHV-6A and HHV-6B encode two viral
chemokines (U22 and U83) and two viral chemokine receptors (U12 and U51) [79-82].
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U12, expressed in the late stages of both HHV-6A and HHV-6B infection, is a -chemokine
receptor homolog related to CCR-1, -3 and -5, which can be activated by CCL5/RANTES,
CCL3/MIP-1a, CCL4/MIP-18 and CCL2/MCP-1, but not by CXCL8/IL-8, suggesting a
chemokine selectivity distinct from that of other known mammalian chemokine receptors
[22,81].

Unlike U12, U51 istranscribed at an early time postinfection and, when expressed on
epithelial cells, it specifically binds CCL2, CCL5, CCL7, CCL11 and CCL 13, but failsto
transduce intracellular signaling upon binding [79,83]. pU51 has the ahility to constitutively
activate phospholipase C, inhibiting gene expression mediated by the CAMP response
element (CRE) [84]. This activity is modulated by various chemokines. In epithelial cells,
U51 induces transcriptional downregulation and reduced extracellular release of CCL5/
RANTES [79]. Some chemokine regulation specific to US1A has been described (see
below). Altogether, these observations support the hypothesis that U51 is a pivotal factor in
viral dissemination and host transmission by chemotaxis of infected cells to sites of
chemokine secretion specific for U51, aswell asin immune evasion via chemokine
diversion and downregulation. Moreover, U51 may also act as a positive regulator of virus
replication, by promoting virus-induced membrane fusion and cell-to-cell spread [85].

HHV-6A chemokine U83A & chemokine receptor U51A—U83A, encoded by
HHV-6A, isahighly selective and effective CCR1, 4, 5, 6 and 8 agonist that can induce
calcium mobilization and chemotaxis in monocytoid cells [82,86,87]. Interestingly, full-
length U83A is expressed only late in the infection cycle, but its spliced transcript (U83A-
Npep) is expressed early. US3A-Npep lacks agonistic activity, but it has antagonistic
activity on CCR1, 5 and 8. This sequence of eventsis consistent with an early antagonistic
activity exerted by the spliced chemokine, which would protect infected cells from immune
recognition, while during the late stages of infection the agonistic full-length chemokine
would foster spread of the infection and the establishment of latency by attracting new target
cellsfor the virus [88].

The chemokine receptor homolog U51A was recently shown to possess an inducible
calcium signaling activity in response to CCL2, CCL5 and CCL 11 stimulation. Moreover, it
was also shown to bind XCL 1 and CCL 19, acting as an antagonist of their human receptors,
XCR1 and CCR7, on lymphocytes, NK cells and DCs [83]. U51A-expressing cell lines and
ex vivoinfected leukocytes showed migration towards chemokine gradients and displayed
chemokine internalization capacity [83].

HHV-6B chemokine U83B—Unlike HHV-6A, HHV-6B does not express two
differentialy spliced isoforms of its viral chemokine. Its only chemokine homolog, U83B
(vCCL4), was shown to act as aweak CCR2-specific agonist [86].

Role of HHV-6A & HHV-6B in autoimmune disorders

A rolefor HHV-6A and HHV-6B has been proposed in several autoimmune disorders,
including autoimmune hemolytic anemia/neutropenia[89], autoimmune acute hepatitis [90],
MS[91], scleroderma [92] and Hashimoto's thyroiditis [93], among others. Early
observations documented a higher rate of viral isolation in patients with collagen vascular
diseases compared with healthy subjects [94]. Our group has documented significant rates of
active infection in patients with autoimmune connective tissue diseases, particularly in
scleroderma[92]. More recently, we have extended these observations by showing frequent
reactivation of HHV-6, but not of other herpesviruses, including hCMV, EBV and HHV-8,
in autoimmune connective tissue disease patients, with the highest rate (>30%) in patients
with wsteml c |UpUS erythematosus [BROCCOLO F ET AL., UNPUBLISHED DATA] . These studies did not
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discriminate between HHV-6A and HHV-6B. Although the potential mechanism of
autoimmune pathogenesis by HHV-6A or HHV-6B remains unknown, molecular mimicry
may play arolein theinitiation of self-reactive immune responses. Possible additional
pathogenic links between infection and autoimmune diseases include general dysregulation
of the immune responses, induction of cell damage in a pro-inflammatory context and
superantigen stimulation [95].

A large number of reports have linked HHV-6A, and to some extent also HHV-6B, to MS,
even though the evidence so far accumulated remains insufficient to conclude that these
viruses play adirect role in MS pathogenesis. Specific viral antigens have been identified in
MS plagues, and viral DNA has been detected in neurons and oligodendrocytes of MS
patients [96-99]. Furthermore, active HHV-6A infection has been detected both in blood
[96,100,101] and in CSF [102] of patients with relapsing/remitting MS. M S patients were
also shown to have increased serum anti-HHV-6 1gG titers [103,104], with a high proportion
(50-70%) simultaneously positive for anti-HHV-6 IgM antibodies [103,105,106]. Although
antibodies to whole HHV -6 virus were not significantly correlated with MS, antibodies to
the HHV-6 U94/REP protein — which is associated with latency — were found to be
significantly increased among M S patients [107,108]. Furthermore, it has been suggested
that HHV -6 proteins may cause the transactivation of other cellular or viral genes
contributing to the immune derangement of MS[108]. Simpson &t &. reported a dose-
dependent relationship between baseline anti-HHV -6 1gG and subsequent M S relapse [109].
Due to the absence of similar trends for EBV, a specific anti-HHV-6 response may be
involved in the etiology of MS, rather than a nonspecific immune response against
herpesviruses in general. Molecular mimicry based on similarity between HHV-6-specific
antigens and basic myelin in the CNS has been proposed as a possible mechanism of
pathogenesis [110]. Some reports have suggested the possibility of genetic control
associated with HHV -6 replication among M S patients, most notably tied to polymorphisms
of the MHC2TA and CD46 genes [111-114], which may also determine a poor response to
IFN-f treatment [115]. Increased levels of soluble CD46 receptor have been detected in the
serum of M S patients [116]. As previously discussed, binding of HHV-6 to CD46 can bias
the cytokine profile of specific T-cell responses, which may in turn contribute to the CNS
tissue damagein MS[73].

Infection with HHV-6A has recently been associated with Hashimoto's thyroiditis, a
common autoimmune thyroid disease [93]. Caselli ef a. documented significantly increased
levels of HHV-6 DNA in thyroid tissue from active autoimmune thyroiditis patients, as well
as features of low-grade HHV-6 acute infection in the tissue. Specific cell-mediated immune
responses directed to the U94/REP protein were detected. In al the subjects where the
specific viral specieswere tested, HHV-6A was consistently detected. In addition, an /n
vitromodel for the induction of thyroiditis was presented with the demonstration that the
Nthy-ori3—1 thyroid follicular epithelial cell line becomes atarget for NK-mediated killing
upon infection with HHV-6A [93].

Other mechanisms of immunoevasion

It has also been suggested that HHV-6A may reduce the capacity of monocytes to destroy
internalized Cryptococcus neoformarnsmicro-organisms, thereby facilitating the intracellular
survival replication of these fungi [117]. However, these data were obtained only using a
monocytoid cell line (THP-1) /n vitro, and await validation in more physiological models
based on primary monocytic cells.
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Conclusion

HHV-6A and HHV-6B are two closely related p-herpesviruses that entertain a very intimate
relationship with the immune system. Although multiple mechanisms of immunomodulation
and immunosuppression by these viruses have been defined using /n vitroand ex vivo study
models, the clinical relevance of these phenomenais still uncertain because systematic
large-scale prospective studies associating active infection with clinical immunodeficiency
are lacking. The increasing awareness of HHV-6 diseases among physicians coupled with
the availability of specific markers for the diagnosis of active infection and for the
unambiguous discrimination between HHV-6A and HHV-6B will be essential to establish
the role of these viruses in various conditions of natural or iatrogenic human immunologic
dysregulation or overt immunodeficiency.

Future perspective

Both HHV-6A and HHV-6B have been established as causative agents of severe, often life-
threatening, opportunistic infections in immunocompromised individuals, such as patients
with AIDS and solid organ or bone marrow graft recipients. The spectrum of diseases
associated with these viruses is broad, including encephalitis and meningo-encephalitis,
interstitial pneumonia, hepatitis, retinitis and bone marrow graft failure. Moreover, HHV-6A
and possibly HHV-6B have been postulated to play a cofactor rolein AIDS and in at least a
subset of cases of MS. Unfortunately, the therapeutic options currently available for the
treatment of HHV-6 infection are limited, emphasizing the need for the identification of
novel therapeutic targets. Deepening our knowledge of the mechanisms used by these
closely related viruses to escape from immunologic control may eventually lead to the
development of new effective strategies for the prevention and treatment of their associated
diseases.

A possible therapeutic target is undoubtedly the viral receptor, CD46, which is essential for
both HHV-6A and HHV-6B entry into target cells and most likely mediates some of the
immunosuppressive effects of each virus. The major complication potentially associated
with targeting CD46 is the risk of reducing the complement-regulatory activity of this
receptor, thus exposing tissues to the damaging effects of autologous complement activation.
In addition, new evidence has identified HHV-6B-specific CD8* T-cell responses. With this
new development in mind, future active or passive immunotherapies could be aimed at
reconstituting virus-specific T-cell responses.

Among the other potential targets so far identified are the viral chemokines U22 and U83,
and the viral chemokine receptors U12 and U51. Although dispensable for replication /n
vitro, these molecules are likely to play essential rolesin viral spread and persistence /n
vivo. Furthermore, one should consider the viral protein encoded by U24, which has been
associated with CD3/TCR down-regulation, and the IE-1 protein, which seemsto be
involved in IFN-(B suppression. However, it has to be emphasized that we are still at the
beginning of our understanding of the fine molecular mechanisms of immune modulation by
HHV-6A and HHV-6B. Further species-specific studies will be essential for elucidating the
viral factors responsible for each of these mechanisms and, thereby, for indicating novel
molecular targets for the development of specific HHV-6 inhibitors.

Finally, novel immunomodulatory or immunosuppressive strategies may be designed by
mimicking the mechanisms used by HHV -6 to contrast the immune system, such as the
therapeutic usage of cytokine/chemokine analogs or nonsignaling (soluble) receptors. In this
respect, a better comprehension of the viral mechanisms of immunomodulation and
immunosuppression might contribute to novel treatments for diseases characterized by a
dysregulated or hyperactive immune system.
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Executive summary
I nfection of cells of theimmune system

m CD4" T célls are primary targets of both human herpesvirus (HHV)-6A and
HHV-6B, both of which induce cytopathic effects and apoptosis.

m HHV-6A efficiently and productively infects CD8* T cells, NK cellsand yd T
cells.

m HHV-6A suppresses T-cell proliferation by inducing G2/M arrest.

m Monocytes and dendritic cells (DCs) are primary targets of HHV-6A and
HHV-6B, which can induce significant alterations in these cells irrespective of
completion of the viral lytic cycle.

m DCs exposed to HHV-6B can effectively transmit infection to CD4" cells.

m Exposure to HHV-6A and HHV-6B suppresses maturation and growth of bone
Marrow precursors.

Apoptosis

m HHV-6A induces apoptosis primarily in naive and central memory CD4* and
CD8* T cells.

m Monocytes exposed to HHV-6B seem to be protected from apoptosis.
CD46-mediated immunomodulation & immunosuppression

m CD46 binding by HHV-6A or HHV-6B suppresses the secretion of 1L-12 by
professional antigen-presenting cells.

m Both viruses block DC differentiation and induction of allogeneic T-cell
proliferation.

m CD46-mediated costimulation induces a T-regulatory 1-like phenotypein CD4* T
cells.

Dysregulation of complement activation

m Both HHV-6A and HHV-6B induce downmodulation of membrane CD46
expression, although the processis less efficient with HHV-6B.

m | oss of CD46 facilitates spontaneous autologous complement activation and
cellular damage in both infected and bystander cells.

Modulation of other membrane receptors

m HHV-6A and HHV-6B downregulate the CD3/T-cell receptor complex from the
cell membrane; the U24 protein of HHV-6A has been linked with this effect.

m HHV-6A transcriptionally activates CD4 in lymphoid cells (including CD8, NK
and yd T cells).

m HHV-6B downmodulates the expression of DC-SIGN in immature DCs and of
CD14, CD64 and HLA-DR in antigen presenting cells, whereas it does not affect the
expression of CD32.

m HHV-6A and HHV-6B downregulate class-| MHC from the surface of infected
DCs.

m Both HHV-6A and HHV-6B induce the expression of CCRY.
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Cytokine & chemokine responses

m Both HHV-6A and HHV-6B reduce the production of I1L-2 and induce the
production of several inflammatory cytokines and chemokines.

m |nfection with both viruses may induce a cytokine imbalance leading to a Th2-
polarized response.

Viral chemokine & chemokine receptor homologs

m Both HHV-6A and HHV-6B encode two viral chemokines (U22 and U83) and
two viral chemokine receptors (U12 and U51) that may affect the activation and
effectiveness of physiological immune responses.

Role of HHV-6A & HHV-6B in autoimmune disorders

m A rolefor HHV-6A and HHV-6B has been proposed in several autoimmune
disorders.

m HHV-6A, in particular, has been associated with multiple sclerosis and
Hashimoto's thyroiditis.

Other mechanisms of immunoevasion
m HHV-6A infection may impair the microbicidal activity of monocytes.
Future perspective

m \We need to better understand the mechanisms exploited by HHV-6A and
HHV-6B in order to develop more effective therapeutic strategies for the prevention
and treatment of diseases associated with these agents.

m Possible future targets for specific therapy include the HHV-6 cellular receptor,
CD46, or several cytokines and chemokines elicited or encoded by the virus during
infection.

m A fine comprehension of the mechanisms of immunomodulation and
immunosuppression by these viruses may pave the way toward novel strategiesto
therapeutically manipulate or modulate the immune system in immunol ogically-
mediated human diseases.
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Figure 1. Electron micrographs of mature human herpesvirus 6A and human her pesvirus 6B
virions

Despite significant differencesin their biological and epidemiological features, the two
viruses are morphologically indistinguishable, exhibiting the typical features of HHV, with
an electron-dense icosahedral core surrounded by a tegument and a lipoprotein envel ope.

HHV: Human herpesvirus.
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Figure 2. Schematic representation of the complex network of human herpesvirus 6A and
human her pesvirus 6B interactions with lymphoid and nonlymphoid cells

Some of the interactions have been documented primarily with HHV-6A and appear to
occur lessfrequently, if at al, with HHV-6B.

HHV: Human herpesvirus; TCR: T-cell receptor.
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Figure 3. Common and species-specific mechanisms of immunomodulation by human
herpesvirus 6A and human her pesvirus 6B

Although the two viruses exert common effects on the immune system (Venn diagram
intersection), they also exhibit specific activities (left and right panels for HHV-6A and -6B,
respectively).

TIt has to be emphasized that these mechanisms, listed under species-specific activities, were
tested exclusively on asingle viral species and therefore cannot be definitively considered
specific.

DC: Dendritic cell; HHV: Human herpesvirus.
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