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ABSTRACT

Human herpesvirus 6 (HHV-6) is widely spread in the human population and has been associated with several neuroin-
flammatory diseases, including multiple sclerosis. To develop a small-animal model of HHV-6 infection, we analyzed the
susceptibility of several lines of transgenic mice expressing human CD46, identified as a receptor for HHV-6. We showed
that HHV-6A (GS) infection results in the expression of viral transcripts in primary brain glial cultures from CD46-ex-
pressing mice, while HHV-6B (Z29) infection was inefficient. HHV-6A DNA persisted for up to 9 months in the brain of
CD46-expressing mice but not in the nontransgenic littermates, whereas HHV-6B DNA levels decreased rapidly after in-
fection in all mice. Persistence in the brain was observed with infectious but not heat-inactivated HHV-6A. Immunohisto-
logical studies revealed the presence of infiltrating lymphocytes in periventricular areas of the brain of HHV-6A-infected
mice. Furthermore, HHV-6A stimulated the production of a panel of proinflammatory chemokines in primary brain glial
cultures, including CCL2, CCL5, and CXCL10, and induced the expression of CCL5 in the brains of HHV-6A-infected mice.
HHV-6A-induced production of chemokines in the primary glial cultures was dependent on the stimulation of toll-like
receptor 9 (TLR9). Finally, HHV-6A induced signaling through human TLR9 as well, extending observations from the mu-
rine model to human infection. Altogether, this study presents a first murine model for HHV-6A-induced brain infection
and suggests a role for TLR9 in the HHV-6A-initiated production of proinflammatory chemokines in the brain, opening
novel perspectives for the study of virus-associated neuropathology.

IMPORTANCE

HHV-6 infection has been related to neuroinflammatory diseases; however, the lack of a suitable small-animal infection model
has considerably hampered further studies of HHV-6-induced neuropathogenesis. In this study, we have characterized a new
model for HHV-6 infection in mice expressing the human CD46 protein. Infection of CD46 transgenic mice with HHV-6A re-
sulted in long-term persistence of viral DNA in the brains of infected animals and was followed by lymphocyte infiltration and
upregulation of the CCL5 chemokine in the absence of clinical signs of disease. The secretion of a panel of chemokines was in-
creased after infection in primary murine brain glial cultures, and the HHV-6-induced chemokine expression was inhibited
when TLR9 signaling was blocked. These results describe the first murine model for HHV-6A-induced brain infection and sug-
gest the importance of the TLR9 pathway in HHV-6A-initiated neuroinflammation.

H uman herpesvirus (HHV)-6A and -6B are two closely related
yet distinct betaherpesviruses. They share more than 90%
nucleotide sequence identity but differ in several genetic features
and clinical manifestations (1, 2). HHV-6B has long been identi-
fied as the etiological agent for exanthem subitum, a common in-
fant febrile illness (3), while primary infection with HHV-6A has
not yet been conclusively associated with any specific disease. Al-
though the presence of DNA and RNA sequences from HHV-6A
and HHV-6B has been described in the central nervous system
(CNS) of healthy individuals (4-8), several studies have correlated
HHYV-6 infection with neuroinflammatory diseases. In immuno-
suppressed patients, HHV-6A and -6B often reactivate and are
able to provoke neurological complications, such as severe en-
cephalitis or meningitis (9). In addition, both viruses have been
proposed to play a role in the pathogenesis of the autoimmune
neurological disease multiple sclerosis (10-13). However, the
mechanisms explaining how HHV-6 could be involved in such
diseases remain to be elucidated.

The human transmembrane protein CD46 was identified as
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the receptor for HHV-6 entry into host cells (14). This comple-
ment regulatory protein is also the receptor for several other
pathogens, such as measles virus and Neisseria (15-17). Alterna-
tive splicing mechanisms lead to the expression of different iso-
forms of the protein, which can be placed into two groups accord-
ing to their cytoplasmic tail, CD46-cytl (short) or CD46-cyt2
(long), which exhibit different immunoregulatory properties
(18). CD46 expression in humans is ubiquitous (19); therefore, it
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provides a wide range of potentially susceptible cell types for
HHV-6 infection. Although lymphocytes are known as the main
target cells, several CNS cell types, including astrocytes and oligo-
dendrocytes, have been successfully infected by HHV-6A and,
with lower efficiency, by HHV-6B (20-27). Recently, CD134
(OX40), a member of the tumor necrosis factor (TNF) receptor
superfamily that was expressed on activated T lymphocytes, has
been identified as a receptor molecule for HHV-6B (28).

Like most herpesviruses, HHV-6 can establish long-term la-
tency in its hosts using immunomodulatory mechanisms to evade
the immune system. HHV-6 is indeed known to infect T cells very
efficiently and to reduce their proliferation (29-31), and some
viral proteins have been shown to inhibit signaling pathways in-
volved in immune responses (32-34). However, HHV-6 is also
able to promote inflammation by inducing the development of a
Th1 phenotype in T cells (35, 36), enhancing the cytotoxicity of
NK cells (37), and by increasing the production of proinflamma-
tory cytokines and chemokines in different cell types (38, 39). In
particular, HHV-6A was shown to induce the expression of CCL5
(RANTES) in human astrocytes, endothelial cells, and tonsilar
cells (40—42). Interestingly, HHV-6 was found to establish latency
in the host by integrating into human chromosomes and allowing
the virus to be transmitted in the germ line in some individuals
(43), which so far is unique among human herpesviruses.

Animal models are of critical importance to better understand
the pathogenesis of HHV-6 infections; nevertheless, only a few are
currently available. Shortly after the discovery of HHV-6, Yalcin et
al. described an asymptomatic infection of cynomolgus macaques
and African green monkeys with an HHV-6B strain associated
with a rise in HHV-6-specific IgG levels (44). HHV-6A infection
was performed later in pig-tailed macaques and led to moderate
symptoms, antibody (Ab) response, and plasma viremia (45). Re-
cently, a marmoset model was used to study HHV-6A and -6B
infection and showed that HHV-6A, but not HHV-6B, is able to
provoke neurological symptoms (46). However, monkey experi-
ments are often limited, as they imply severe ethical constraints
and elevated costs. Therefore, the development of a more suitable
small-animal model would be of high interest for the study of
HHV-6 pathogenesis and of HHV-6-related neuroinflammation
in particular. Mice were initially described to be resistant to
HHV-6 infection (47), possibly due to the testis-restricted expres-
sion and low sequence homology of the murine CD46 homologue
(48). Humanized mice, including SCID mice transplanted with
human fetal liver and thymus (49) and Rag2 ™'~ yc ™/~ mice recon-
stituted with cord blood-derived human hematopoietic stem cells
(50), have been used to study HHV-6 infection. However, in these
models, mice were used only as an in vivo environment to study
the infection of human cells or tissues, and the infection of murine
tissues was not described. In this study, we characterized a new
model for HHV-6 infection in mice expressing the human CD46
protein. Infection of these mice with HHV-6A but not HHV-6B
resulted in the persistence of viral DNA for up to 9 months in the
brains of infected animals. HHV-6A infection was followed by
lymphocyte infiltration and CCL5 upregulation, although clinical
signs of disease were not observed. The secretion of a panel of
chemokines was increased after infection in primary brain glial
cultures generated from CD46 transgenic mice as well, and the
HHV-6-induced chemokine expression was inhibited when TLR9
signaling was blocked. These results describe the first murine
model for HHV-6A brain infection and support the hypothesis
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that HHV-6A can initiate neuroinflammation via the TLR9
pathway.

MATERIALS AND METHODS

Cell lines and viruses. Murine lymphoid B-cell M12 and L fibroblast lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invit-
rogen) supplemented with 10% fetal calf serum (FCS). M12 and L cells
stably expressing CD46 Cyt2 isoforms (M12-CD46 and L-CD46) were
described previously (17). HSB2 and MOLT3 human T cell lines were
cultured in complete RPMI medium supplemented with 10% FCS. Hu-
man embryonic kidney (HEK) cells stably expressing the human TLR9
(hTLR9) gene and the luciferase reporter gene were kindly provided by
Kate Fitzgerald (UMASS, Worcester, MA) and cultured in complete
DMEM supplemented with 10% FCS.

HHV-6A (GS strain) and HHV-6B (Z29 strain) were kindly provided
by L. Naesens (Belgium) and propagated in HSB2 and MOLT3 cells, re-
spectively. For virus production, cells were infected at a multiplicity of
infection (MOI) 0f 0.005 for 1.5 h at 37°C. At maximum cytopathic effects
(CPE), cells were centrifuged, resuspended in a 10-fold lower volume of
fresh RPMI supplemented with 20% of FCS, aliquoted, and stored at
—80°C. For cell-free virus production, infected cell suspensions at maxi-
mum CPE were frozen at —80°C. After 3 freeze-thaw cycles, virus suspen-
sions were clarified by centrifugation (20 min, 4,000 X g, 4°C) and loaded
on a 15% sucrose layer. Viruses were then pelleted by ultracentrifugation
(2 h, 28,500 rpm; SW32Ti rotor) and resuspended in cold FCS. Nonin-
fected cell suspensions were processed under identical conditions and
were used for mock infections. Experimental HHV-6 infection of nonad-
herent cells, M12 and M12-CD46, was performed in suspension for 1.5 h
at 37°C at an MOI of 1. Cells were then pelleted and resuspended in fresh
medium for further culture.

Virus titers were determined by immunofluorescence. HSB2 or
MOLTS3 cells were cultured in 96-well plates and infected in quadruplicate
with serial dilutions of viral stock. After 5 days of culture, cells were har-
vested on 10-well slides, fixed in cold acetone, and stained with mouse
anti-HHV-6 p41 primary antibody (Ab; Santa Cruz Biotechnology) and
Alexa Fluor 488-conjugated goat anti-mouse secondary antibody (Molec-
ular Probes). Titers were calculated in 50% tissue culture infective doses
per ml (TCID;,/ml).

Animals and infection protocols. Transgenic mice ubiquitously ex-
pressing the cytl (CD46-cyt1 mice) or cyt2 (CD46-cyt2 mice) isoform of
CD46 in the C57BL/6] background (18), mice transgenic for the whole
genomic sequence and the promoter of CD46 expressing both cytl and
cyt2 cytoplasmic tails (CD46ge mice) (51), and CD46-cyt2 mice crossed
into the interferon type I (IFN-I) receptor knock out (IFNARKO) back-
ground (52) were bred and used in the animal facility PBES of ENS Lyon,
France.

Four- to 7-week-old mice were anesthetized with a solution of ket-
amine (Pharma) and xylazine (Rompun) and then received an intracra-
nial (i.c.) injection of 50 wl of HHV-6A or -6B (10> TCID,, per mouse),
UV-inactivated virus (30 min at 254 nm), or heat-inactivated virus (15
min at 80°C) in the right hemisphere. Control mice were injected with
mock solution (described above). An additional intraperitoneal (i.p.) in-
jection of 2 X 10° HHV-6A- or HHV-6B-infected HSB2 or MOLTS3 cells,
respectively, was performed 1 week after i.c. injection. Animals were sac-
rificed, and brains, spleens, and blood were collected at several time points
after infection. Brains were immediately frozen at —80°C for further anal-
ysis. Splenocytes were isolated by mechanical disruption followed by red
blood cell lysis before nucleic acid extraction. For the analysis of chemo-
kine expression and histology, mice received only i.c. injection with puri-
fied virus and were perfused with PBS before brain sampling.

All animals were handled in strict accordance with good animal prac-
tice as defined by the French national charter on the ethics of animal
experimentation. Animal work was approved by the regional ethical com-
mittee (Comité Régional d’Ethique pour 'Experimentation Animal de la
Région Rhone-Alpes; CREEA) and by the Regional Ethical Committee

Journal of Virology

Downloaded from https://journals.asm.org/journal/jvi on 06 September 2024 by 193.54.107.82.


http://jvi.asm.org

TABLE 1 HHV-6 specific primers used in qPCR analyses

HHV-6A Infection in CD46 Transgenic Mice

Sequence Amplicon

Target gene” Forward Reverse length (bp)
Genomic DNA templates

U41 5'-GTCATAGACCGGAGCATCGT-3’ 5'-TGAGGTGATGAGGGATAGGG-3’ 196

Murine B-actin 5'-GGTACTAACAATGGCTCGTGTGAC-3' 5'-TCAGGGCAGGTGAAACTGTATGG-3’ 123

Human B-globin 5'-CCCTTGGACCCAGAGGTTCT-3’ 5'-CGAGCACTTTCTTGCCATGA-3’ 101
c¢DNA templates

U79 (E) 5'-AACGACGAAGACAAGCAACCG-3' 5'-TGTTATGCCATCCTCGTGACTTTG-3' 123

U86 (IE2, LAT) 5'-ACCCACAGACAATGCACATCC-3' 5'-TGGGCTGTAGGAGTTGATTCG-3’ 106

U90 (IE1, LAT) 5'-TGGAAACACAGACCCATCAGAC-3’ 5'-TCTGGAGAAGGAGTGCATGGAT-3’ 141

U94 (IE, LAT) 5'-CGCCCCTGATTTCCGTTGTG-3’ 5'-CCTGCAAAGTGGTACGCTCAAG-3’ 121

U100 (L) 5'-AACTGAGGAACTGATGGAAACC-3' 5'-GCTTACGATGGCAGGATCTATG-3’ 109

Murine CCL5 5'-GCACCTGCCTCACCATATGG-3’ 5'-AGCACTTGCTGCTGGTGTAG-3' 112

Murine CCL2 5'-ACCAGCACCAGCCAACTC-3’ 5'-CAGAAGCATGACAGGGACC-3’ 75

Murine CXCL10 5'-GCAACTGCATCCATATCG-3' 5'-GACATCTCTGCTCATCATTC-3' 135

Murine GAPDH 5'-GCATGGCCTTCCGTGTCC-3" 5'-TGTCATCATACTTGGCAGGTTTCT-3’ 84

Human GAPDH 5'-CACCCACTCCTCCACCTTTGAC-3' 5'-GTCCACCACCCTGTTGCTGTAG-3’ 112

“E, early; IE, immediate early; L, late; LAT, latency-associated transcript.

(CECCAPP). Experiments were performed in the PBES (Plateau de Biolo-
gie Expérimentale de la Souris), ENS-Lyon, in Lyon, France.

Enrichment of primary splenic T lymphocytes. Spleen cells from
CD46ge mice or nontransgenic littermates were enriched in T lympho-
cytes first by adherence of monocytes for 3 h at 37°C. Supernatants were
then harvested, and B lymphocytes were depleted by magnetic cell sorting
(MACS) using anti-mouse IgG microbeads (Miltenyi Biotec). Separation
was performed according to the manufacturer’s instructions using an
AutoMACS separator. After separation, enrichment in T lymphocytes was
checked by flow cytometry, and the percentage of CD3™ cells in the cell sus-
pensions was higher than 70%. Before infection with HHV-6, cells were acti-
vated with concanavalin A (ConA) (3 pg/ml) at 37°C overnight.

Primary brain glial cell cultures. Brains were extracted from newborn
CD46 transgenic or wild-type mice (3 to 4 days old), washed in DMEM,
homogenized by passing through a sterile syringe and needle (19 gauge),
and cultured as described previously (53). Briefly, 12-well plates were
precoated overnight with poly-p-lysine (50 pg/ml; Sigma), and cells were
cultured in 1 ml of DMEM supplemented with 20% FCS for the first 48 h.
Further culture was performed using 10% FCS, and medium was renewed
three times per week. Cell cultures usually appeared confluent after 6 to 8
days and contained astrocytes (~90%), oligodendrocytes, and microglial
cells. Cultures were infected for 2 h at 37°C with 5 X 10° TCID,, per well
of HHV-6A, HHV-6B, or UV-irradiated virus or were mock infected in a
final volume of 0.5 ml, and fresh medium was then added. TLR9 blocking
treatments were performed using ODN 2088 (Invivogen) at 10 pg/ml. At
1, 2, or 5 days postinfection, culture supernatants were collected and cells
were washed twice with PBS before total RNA or genomic DNA extrac-
tion.

Nucleic acids extraction and quantitative PCR (qQPCR). Genomic
DNA was extracted from both cells and brain tissue using Nucleospin
tissue columns (Macherey-Nagel), and total RNAs were extracted using
the RNeasy kit (Qiagen) including DNase I treatment. RNAs were addi-
tionally treated with Turbo DNase (Ambion) to exclude any contamina-
tion with genomic DNA. Retrotranscription was performed on 0.5 pg of
total RNA using the iScript cDNA synthesis kit (Bio-Rad). Products were
diluted (1/10), and 5 pl of the dilution was used for DNA amplification.

Quantitative PCRs on genomic DNA were performed using 50 ng of
DNA template and a set of primers specific for the HHV-6 gene U41
(Table 1). For normalization of murine and human samples, genomic
DNA was run in parallel with murine 3-actin primers or human f3-globin
primers, respectively (Table 1).

Quantitative PCRs on cDNA templates were performed with primers
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specific to the viral genes U79, U94, and U100 (Table 1). As transcripts of
U79 (early transcript) and U100 (late transcript) genes are extensively
spliced, primers were designed to span exon/exon junctions in order to
discriminate between cDNA and potential genomic DNA contamination.

The expression of the genes coding for murine CCL2, CCL5, and
CXCL10 were analyzed using primers presented in Table 1. Glyceralde-
hyde 3’-phosphate dehydrogenase (GAPDH) was used as the housekeep-
ing gene for viral mRNA quantification in both human and murine sam-
ples (Table 1). The PCR efficiency of each set of primers was determined
using the standard curves obtained by performing real-time PCR on 10-
fold dilutions of PCR products. These dilutions of PCR products were
then used as standard references and included in each PCR run in order to
standardize the PCR run with respect to template integrity, sample load-
ing, and inter-PCR variations.

All real-time PCRs were performed in duplicate using the Platinum
Sybr green qPCR supermix-UDG (Invitrogen). Samples were run in an
ABI Prism 7000 SDS, and results were analyzed using ABI Prism 7000 SDS
software. Levels of viral DNA were normalized to the number of cells in
each sample by comparison to the B-actin gene and expressed as U4l
copies per copy of B-actin. Calculations were done using the 2427 model
according to MIQE guidelines (54, 55), and the expression levels of all
mRNAs analyzed were normalized to that of GAPDH.

Cytokine assay. Supernatants from HHV-6A or mock-infected pri-
mary brain glial cell cultures from wild-type or CD46-transgenic mice
were collected 48 h postinfection and analyzed with a Proteome Profiler
antibody array for mouse cytokines (R&D Systems), which can detect 40
different murine cytokines. Each supernatant was mixed and incubated
with a cocktail of biotinylated detection antibodies and blotted onto a
nitrocellulose membrane previously spotted in duplicate with capture an-
tibodies according to the manufacturer’s instructions. Revelation was
performed by chemiluminescence using horseradish peroxidase (HRP)-
coupled streptavidin. Data were analyzed using the software Quantity
One and expressed as mean pixel density.

Antibody detection. Ninety-six-well plates were coated overnight at
4°C with UV-irradiated purified HHV-6A virions diluted in carbonate/
bicarbonate buffer (pH 9.6). Wells were washed and blocked for 1 h at
room temperature with PBS supplemented with 3% bovine serum albu-
min (PBS-BSA 3%). Tenfold dilutions of serum were added to each well in
duplicate and incubated for 2 h at 37°C. HHV-6-specific Abs were re-
vealed using HRP-conjugated anti-murine IgG Ab (Promega). Standard
curves, obtained by serial dilution of positive serum from mice immu-
nized with HHV-6 antigens in complete Freund adjuvant, were run for
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each experiment. One arbitrary unit (AU) was attributed to the 10-fold
dilution of the control serum. After washing, coloration was observed by
adding 200 pl/well of orthophenylenediamine solution (Sigma) after in-
cubation for 30 min at 37°C. Absorbance was measured using a VersaMax
microplate reader (Molecular Devices). Data were analyzed with Softmax
Pro 5.3 software using a standard curve and expressed as AU.

Immunofluorescence. For immunofluorescence staining, primary
brain cells were seeded on coverslips previously coated with poly-p-lysine
(50 pg/ml; Sigma). After infection, cells were washed with PBS, fixed in
cold acetone for 10 min, and rehydrated in PBS overnight. Aspecific bind-
ing sites were blocked with PBS-BSA 3% before incubation with mouse
anti-HHV-6 p41 Ab (9A5D12; Santa Cruz) diluted 1/100 or mouse anti-
HHV-6 gp116 Ab (6A5G3; HHV-6 foundation) diluted 1/100, as well as
rabbit anti-glial fibrillary acidic protein (GFAP) Ab diluted 1/750 (Dako),
for 1.5 h at 37°C. The specific labeling was revealed using Alexa Fluor
555-coupled anti-rabbit and Alexa Fluor 488-coupled anti-mouse (Mo-
lecular Probes) secondary Abs for 45 min at 37°C. Cell nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI) (1/1,000). Slides were ob-
served by confocal microscopy using an LSM710 spectral microscope
(Zeiss).

For immunohistofluorescence analysis, sections of 7 wm were cut
from frozen brains, fixed in 90% cold acetone for 10 min, and rehydrated
in PBS for 15 min. Sections were then incubated for 30 min with Fc
receptor blocker agent (Innovex Biosciences). Aspecific binding sites were
blocked with PBS-BSA 3% before incubation with rabbit polyclonal anti-
CD3 Ab (Dako), rat monoclonal anti-CD19 Ab (Serotec), or rat anti-
mouse F4/80 Ab (specific for murine monocytes and macrophages) at 4°C
overnight. The specific labeling was revealed using Alexa Fluor 488-cou-
pled anti-rabbit and Alexa Fluor 546-coupled anti-rat secondary Abs
(Molecular Probes) for 45 min at 37°C. Cell nuclei were stained with
DAPI, and slides were observed using an Axiovert 200M microscope
(Zeiss). Quantification of fluorescence staining was done on 2 sections
from 4 to 8 different mice in each group. All sections were processed under
identical conditions during CD3 staining, and images of the left and right
periventricular areas were acquired using the same exposure time to allow
proper comparison between slides. Image J software was then used for
image analysis to determine CD3 signal density. Briefly, the same arbitrary
threshold for positive fluorescence was applied to all images, and signal
density was calculated as a ratio between the area of positive fluorescence
(above the threshold) and the total area analyzed.

Luciferase assay. Stably transfected HEK 293 cells expressing both
human TLR9 and the luciferase reporter gene under the control of the
pELAM promoter, which contains critical NF-kB-binding sites, were
seeded in 96-well plates at a density of 4 X 10* cells per well and stimulated
with purified HHV-6A, HHV-6B, or UV-inactivated virus at an MOI of
0.5, 1, and 2 in triplicate. Nonstimulated, mock-stimulated, and CpG-
stimulated controls were added, and an additional control with TLR9
antagonist ODN 2088 (Invivogen) treatment was performed during
HHV-6A stimulation. Cell lysates were assayed for luciferase activity us-
ing a luciferase reporter assay system (Promega). For each experiment,
luminescence intensity values were compared to those of the nonstimu-
lated controls.

Statistical analyses. Data were analyzed for statistical significance us-
ing the Mann-Whitney nonparametric U test, and Student’s ¢ test and
results were considered significant when the P value was below 0.05.

RESULTS

Infection of CD46-transfected murine lymphocyte lines with
HHV-6. To analyze the infection of murine cells by HHV-6, we
initially compared the permissiveness of the murine B-lympho-
blastic cell line M12, stably expressing human CD46 (M12-
CD46), to that of two human T-lymphoid cell lines, HSB2 and
MOLTS3, which allow productive infection by HHV-6A and -6B,
respectively. Cells were infected with either HHV-6A or HHV-6B
at an MOI of 1. While infection led to important CPE in the hu-
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man cells, no morphological changes were observed in either M12
or M12-CD46 cells. In addition, we monitored the production of
viral mRNA by reverse transcription-qPCR (RT-qPCR) during 3
days postinfection (p.i.) (Fig. 1). After infection with HHV-6A
(Fig. 1A), the expression of the early gene U79 and the immediate-
early gene U94 was detected only in the M12-CD46 cells and not in
the parental M12 cells. The levels of expression at 24 h were com-
parable to those observed in human HSB2 and MOLTS3 cells but
slowly decreased with time, probably due to cell multiplication
and dilution of the transcripts. Similarly, expression of the late
transcript U100 was also detected in M12-CD46 cells only, al-
though the level of expression was lower. Levels of all three HHV-6
transcripts were analyzed at later time points up to 5 days p.i. and
continued to decrease following cell division (data not shown). In
the case of HHV-6B infection, viral RNA was found at lower levels
in M12-CD46 cells at 24 h p.i. only and was not detectable after-
wards in murine cells (Fig. 1B). In human lymphocyte lines in-
fected with HHV-6B, expression of all three transcripts highly
increased in the MOLT?3 cell line, which is classically used for the
production of the HHV-6B Z29 strain, while it decreased with
time in the other human cell line, HSB2, which is used for the
production of HHV-6A (strain GS). Finally, HHV-6A infection of
murine L fibroblasts and L-CD46 cells gave results very similar to
those observed with M12 and M12-CD46 cells, while HHV-6B
infection was inefficient in all murine lines tested (data not
shown).

We then analyzed the levels of HHV-6 DNA in infected cells.
As shown in Fig. 1C and D, genomic DNA levels increased rapidly
in the productively infected human cell lines, whereas they de-
creased in murine cells. To determine whether the HHV-6A
mRNA detected in M12-CD46 cells is produced following infec-
tion by the murine cells or represents a carryover from the initial
virus inoculum, we pretreated cells with actinomycin D for 1 h
before infection to block new RNA synthesis and quantified the
expression of the early gene U79 8 h p.i. As shown in Fig. 1E, this
treatment completely blocked the production of HHV-6A mRNA
in both murine and human cells, while it only moderately de-
creased the level of the abundantly expressed housekeeping gene
GAPDH mRNA in these cells, demonstrating that U79 is tran-
scribed by HHV-6A-infected M12-CD46 cells. Finally, as HHV-6
primary targets in humans are T lymphocytes, we used ConA-
activated CD3™ lymphocytes from spleens of CD46 transgenic
mice to infect them using the same experimental conditions as
those for cell lines described above. However, infection with either
HHV-6A (Fig. 1F) or HHV-6B (not shown) did not allow the
detection of viral transcripts.

Altogether, these results suggest that HHV-6A but not
HHV-6B could enter CD46-expressing murine B cell line and L
fibroblasts and start RNA transcription, although later stages of
productive infection and cytopathic effect were not observed.
However, in vitro HHV-6A infection of primary CD46" T lym-
phocytes was not efficient.

Infection of murine primary brain glial cultures with
HHV-6. As HHV-6 is known to be neurotropic in humans and to
infect both human astrocytes and oligodendrocytes (22-25), we
next analyzed the permissiveness of primary brain glial cultures,
which mostly contain astrocytes and, to a lesser extent, oligoden-
drocytes and microglial cells (data not shown), to HHV-6 infec-
tion. These cultures were obtained from either CD46-cytl mice,
expressing the cytl isoform of CD46, or wild-type littermate con-
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FIG 1 HHV-6 infection of murine and human lymphoid cells. Murine lymphoid M12 cells, stably expressing the human protein CD46 (M12-CD46), parental
M12 cell line, and human T cell lines HSB2 and MOLT3, were infected with HHV-6A (A and C) or HHV-6B (B and D) at an MOI of 1. (A and B) mRNA levels
of the viral genes U79 (early), U94 (immediate early), and U100 (late) were determined using RT-qPCR and expressed relative to that of murine GAPDH (M12
and M12-CD46) or human GAPDH (HSB2 and MOLT3). (C and D) Genomic DNA levels of the viral gene U41 were determined using qPCR, and means and
standard deviations from two independent experiments are presented. (E) Before infection with HHV-6A, M12, M12-CD46, and HSB2 cells were treated with
actinomycin D (actD) at 5 wg/ml for 1 h or left untreated (NT). Total RNA was extracted at 8 h postinfection, and U79 mRNA levels were quantified by RT-qPCR.
Results are presented as the number of copies per pg of total RNA and are representative of two independent experiments. (F) Primary murine T lymphocytes
were enriched from spleens of wild-type (open bars) or CD46ge (closed bars) mice, ConA activated, and infected with HHV-6A atan MOI of 1. mRNA expression
of U79 was quantified relative to that of murine GAPDH by RT-qPCR at different time points postinfection. Dotted lines represent the limit of detection of the

qPCR system.

trols (Fig. 2). After HHV-6A infection, expression of U79, U%4,
and U100 genes was significantly higher in CD46-expressing cells
than in wild-type cells (Fig. 2A) and was maintained for up to 7
days (not shown). Basal levels of transcripts were also detected in
CD46-negative cells but decreased rapidly with time. On the con-
trary, only a basal level of expression of U79 (Fig. 2B), U9%4, or
U100 (not shown) was observed after HHV-6B infection, and no
difference was found between cells from CD46-cyt1 mice and cells
from wild-type mice. This suggested that HHV-6A, but not HHV-
6B, could infect CD46-expressing murine glial cells. The presence
of viral DNA in the cultures then was analyzed by qPCR (Fig. 2C),
and for both HHV-6A and HHV-6B, infection resulted in a de-
crease in viral DNA loads in all murine cultures analyzed (Fig. 2C),
showing that HHV-6A infection of CD46-expressing murine glial
cells is nonproductive. Moreover, CPE in terms of syncytium for-
mation were not observed during 2 weeks p.i. under these exper-
imental conditions. Similar results were obtained with cultures
from other mouse lines expressing CD46-cyt2 or both isoforms of
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CD46 (CD46-cyt2 mice and CD46ge mice) (not shown), indicat-
ing that infection of murine glial cells is independent from the
CD46 isoform expressed. As IFN-I is important for the control of
viral infections in the early stages (52, 56), we prepared primary
brain cultures from either mice deficient for the expression of
IFN-I receptor (IFNARKO mice) or CD46-cyt2 mice crossed into
the IFNARKO background. Surprisingly, HHV-6A infection re-
sulted in similar patterns of production of U79, U94, and U100
mRNA (Fig. 2D) and in the absence of formation of syncytia (not
shown), suggesting that limitation in the progression toward later
stages of infection in murine cells is independent of IFN type I
signaling.

Several studies on human glial cells have suggested that cocul-
tures with productively infected lymphocytes increase the effi-
ciency of the infection (22, 27, 40). To analyze whether infection
also could be amplified in murine cells during continuous contact
with cells producing infectious virus, primary brain cultures were
overlaid with HHV-6A-infected HSB2 cells. The confocal micros-
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FIG 2 HHV-6 infection of murine primary glial brain cultures. (A to C) Primary glial cultures were generated from the brains of wild-type mice (gray bars) or
CD46-cytl mice (black bars) and infected with HHV-6A or HHV-6B at an MOI of 0.5. Levels of mRNA expression of the viral gene U79 (A and B) and U94 and
U100 genes (A) were determined at 1, 2, and 5 days p.i. using RT-qPCR. (C) Viral DNA levels were determined by qPCR using genomic DNA. Means and
standard deviations from 2 to 5 independent experiments are plotted. (D) HHV-6A infection was performed with cultures generated from IFNARKO mice (gray
bars) and IFNRKO X CD46-cyt2 mice (black bars), and the mRNA levels of U79, U94, and U100 were analyzed. Dotted lines represent the limit of detection of

the quantitative PCR system.

copy approach allowed us to analyze staining for viral proteins in
GFAP™ murine cells, thereby excluding any potential residual in-
fected human lymphocytes. Indeed, production of HHV-6 p41
early antigen (Fig. 3A to C) as well as gp116 glycoprotein (Fig. 3D)
was observed in CD46™ cultures 7 days after the establishment of
coculture with cytoplasmic/perinuclear (Fig. 3A, B, and D) and
nuclear (Fig. 3C) localization. Furthermore, the formation of syn-
cytia was observed after 2 to 3 days of coculture and increased with
time, and syncytium-forming cells were positive for the astrocyte
marker GFAP and viral antigens p41 and gp116. The expression of
viral proteins and formation of syncytia was observed with non-
transgenic cultures as well, although at lower levels (data not
shown), suggesting that fusion of murine glial cells during cocul-
ture occurs with lower efficiency in the absence of CD46. These
results suggested that astrocytes can be infected by HHV-6A and
form syncytia when they are in contact with infected human lym-
phocytes, indicating that HHV-6A infection could progress in pri-
mary murine cells if adequate conditions are provided.

Infection of CD46 transgenic mice with HHV-6. CD46 cyto-
plasmic tails, CD46-cytl (short) and CD46-cyt2 (long), were
shown to exhibit opposite roles in the control of inflammatory
response, with cytl having anti-inflammatory activities and cyt2
rather proinflammatory effects (18). Although most of the cells
express both types of CD46 cytoplasmic tails, cyt2 is preferentially
expressed in the human brain (57). Therefore, transgenic mice
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expressing either one or the other CD46 isoform in the brain may
have differential susceptibility to the infection and to potential
viral neuroinflammatory effects. Thus, we analyzed the suscepti-
bility of several lines of CD46 transgenic mice expressing different
cytoplasmic domains of CD46 or being crossed into the IF-
NARKO background to infection with both HHV-6A and
HHV-6B (Fig. 4). In order to target both brain tissue and the
periphery, mice were first inoculated i.c. with 10° TCIDs, of
HHV-6A or HHV-6B and 1 week later received i.p. injection. As
HHV-6A and HHV-6B are known to be highly cell-associated
viruses (2), we used HHV-6A-infected HSB2 or HHV-6B-infected
MOLTS3, respectively, as carrier cells for the i.p. injection to in-
crease viral load and stimulate a secondary immune response in
mice after a peripheral viral challenge. Mice were monitored for 8
weeks; however, visible clinical signs potentially related to the in-
fection were not observed. Brains and spleens were taken at dif-
ferent time periods and analyzed by qPCR for the presence of
HHV-6 DNA and mRNA. Interestingly, following HHV-6A infec-
tion, viral DNA was detected in the brains of all CD46 transgenic
mouse lines in significantly larger amounts than in wild-type
mice, and they persisted for up to 38 weeks p.i. in 3 out of 4
infected CD46 transgenic mice, whereas the levels decreased be-
low the limit of detection after 2 weeks p.i. in the brain of wild-type
mice. Viral RNA, however, was not detected in organs from in-
fected mice, including several latency-associated transcripts, U86

Journal of Virology

Downloaded from https://journals.asm.org/journal/jvi on 06 September 2024 by 193.54.107.82.


http://jvi.asm.org

HHV-6 p41

HHV-6A Infection in CD46 Transgenic Mice

DAPI

merge

FIG 3 Production of HHV-6 proteins in primary murine glial brain cultures overlaid with HHV-6A-infected HSB2 lymphocytes. Primary murine brain glial
cells generated from CD46-transgenic (CD46-cytl) mice were cocultured with HHV-6A-infected HSB2 cells. Seven days after the establishment of coculture,
supernatants as well as nonadherent cells, were removed, and adherent cells were fixed and analyzed for the presence of viral antigens by confocal microscopy.
Cells were stained with antibodies against HHV-6 protein (green) p41 (A to C) or gp116 (D) or with glial fibrillary acidic protein (GFAP) antibody (red), and cell
nuclei were stained with DAPI (blue). With p41 antibody, both cytoplasmic (A and B) and nuclear (C) staining was observed. Scale bar, 10 pm.

(IE2), U90 (IE1), and U94, tested 1 month after infection (data
not shown).

In agreement with the results obtained in vitro, HHV-6B infec-
tion did not result in significant augmentation of HHV-6 DNA in
CD46 transgenic brains compared to nontransgenic brains and
was observed principally by 2 weeks after infection (Fig. 4B). In-
terestingly, neither HHV-6A nor HHV-6B infection resulted in
important changes in DNA levels in the spleen of CD46 transgenic
mice, where low levels were detected only occasionally in both
transgenic and wild-type mice (data not shown). Furthermore,
similar to what was observed with primary brain cultures, the
absence of a functional IFN type I system did not significantly

May 2014 Volume 88 Number 10

change the pattern of HHV-6A infection in the brain, although
HHV-6B infection persisted longer in the IFNARKO background
without any visible difference between CD46 transgenic and non-
transgenic mice (Fig. 4B). As genetic background was found to
play a role in the susceptibility of mice to herpesvirus infection
(58), CD46 transgenic mice crossed into the BALB/c background
were analyzed as well. The HHV-6A infection resulted in in-
creased DNA levels in the brain, similar to what was observed in
the other CD46 lines, in the C57BL/6 genetic background (data
not shown), without any clinical sign of disease. Altogether, these
results underline the necessity of CD46 expression for the persis-
tence of HHV-6A DNA in the brain of infected mice irrespectively
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FIG 4 In vivo infection with HHV-6A or HHV-6B in different CD46-transgenic mouse lines. (A) CD46-cytl, CD46-cyt2, or CD46ge mice or wild type
littermates received i.c. injection of HHV-6A (4 to 9 mice/group) or HHV-6B (4 to 9 mice/group), followed 1 week later by i.p. injection of HHV-6A-infected
HSB2 cells or HHV-6B-infected MOLTS3 cells. (B) The same type of infection was performed with IFNARKO and IFNARKO X CD46-cyt2 mice with either
HHV-6A or HHV-6B (1 to 4 mice/group). Brains were collected at different time points after infection, and levels of U41 DNA were determined by gPCR. Data
were normalized to genome equivalents using the murine cellular gene 3-actin. (C) Control experiment carried out using CD46 transgenic mice (CD46-cytl and
CD46ge) and nontransgenic littermates (5 to 6 mice/group), which received i.c. injection of either HHV-6A or heat-inactivated (inact.) HHV-6A (nd, not done).
Brains were collected 3 weeks after i.c. injection. (A to C) Increase in viral loads compared to wild-type control mice were analyzed using the Mann-Whitney test
(¥, P < 0.05; **, P < 0.01). Dotted lines represent the limit of detection of the quantitative PCR method. (D) Plasma from CD46-cytl, CD46-cyt2, and CD46ge
mice and nontransgenic littermates, inoculated with HHV-6A or mock infection solution, were collected before and after virus administration every 2 weeks for
12 weeks. HHV-6-specific IgG was detected by ELISA, using purified virions for coating, and expressed in arbitrary units (AU). Means and standard errors are
plotted.

of the expressed CD46 isoform and IFN type I signaling. Further- We then analyzed the production of HHV-6-specific antibod-
more, to test whether an infectious virus is required for the per- ies in the serum of infected mice using a specific enzyme-linked
sistence of viral DNA in the brain of CD46 transgenic mice, we immunosorbent assay (ELISA). Blood was taken at different time
performed an additional control experiment using inactivated vi-  periods p.i., and antibody titers were monitored up to 3 months
rus (Fig. 4C). As UV irradiation was found to prevent DNA quan-  after infection. As shown in Fig. 4D, virus-specific antibodies were
tification by the real-time PCR approach, heat inactivation (80°C,  regularly detected in all infected mice. The levels of HHV-6-spe-
15 min), which preserves integrity of viral DNA (data not shown), cific IgG were generally higher in CD46 transgenic than in wild-
was used. DNA from infectious virus, but not from heat-inacti-  type mice, with a peak of production observed at 8 weeks p.i.
vated virus, was observed in CD46 transgenic mice 3 weeks after  These results demonstrate the development of an HHV-6-specific
i.c. injection (Fig. 4C), confirming that viral infection leads to humoral immune response in infected animals and prompted us
DNA persistence in the murine brain. to further analyze a potential involvement of the cellular compo-
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FIG 5 Lymphocyte infiltration in the brain of HHV-6A-infected mice. CD46-cyt2 mice (A and F), CD46ge mice (B and C), and wild-type littermates (D and E)
received a single i.c. injection of purified HHV-6A or mock infection solution (E) in the right brain hemisphere. Three weeks after injection, mice were perfused
with PBS and brains were collected and frozen. Coronal brain sections were fixed and analyzed by immunofluorescence using CD3 (green) (A to E) or
CD19-specific (red) (F) antibodies. Cell nuclei were stained with DAPI (blue). Sections were observed at a magnification of X100, and infiltrates are presented
in inserts at higher magnification (>X400). Images of the left (A and C to F) or right (B) lateral ventricle (v) areas are presented. (G) Summary of immunohisto-
fluorescence observations. Brain slides from wild-type or CD46-cyt1, CD46-cyt2, and CD46ge mice (grouped as CD46), injected with HHV-6A, mock infection
solution, or left uninjected, were analyzed for the presence of CD3™ and CD19™ cells. Data are presented as the number of brains for which CD3™ or CD19™
infiltrating cells was observed out of the total number of brains analyzed. nd, not done. (H) Two sections from each brain presented in panel G were used for
quantification of CD3 fluorescent signal density. Images from the right lateral ventricle region were analyzed, and CD3 signal density (fluorescent area out of the
total area analyzed) was determined using Image J software. Each point corresponds to the average value of 2 sections analyzed from one brain. Means * standard
errors for each group are presented, and statistical analysis was performed using Mann-Whitney test.
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normalized using GAPDH, and ratios relative to basal levels of mock-infected controls at 24 h postinfection are presented as means and standard errors of four
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in the brain was analyzed 3 weeks after injection. Statistical analyses were performed using Student’s t test (¥, P =< 0.05; **, P = 0.01).

nent of the immune response and the presence of infiltrating lym-
phocytes in the brain of infected mice.

To study whether HHV-6A could induce any neuropathology,
we performed immunohistofluorescence analyses on brain sec-
tions. CD46 transgenic and wild-type mice were injected i.c. with
10° TCIDs, of purified HHV-6A. Three weeks after infection,
mice were perfused and brains were analyzed for the presence of
CD3" Tlymphocytes, CD19™" B lymphocytes (Fig. 5), and F4/80"
macrophages (data not shown). CD3" infiltrates were regularly
found, mostly in periventricular areas, in infected CD46 transgenic
mice, as shown in Fig. 5A to C, but they were absent or detected at a
very low frequency in infected wild-type and noninfected mice (Fig.
5D to G). Additionally, CD3 signal was quantified using Image]J soft-
ware on images from the right lateral ventricle region and was found
to be significantly increased in the HHV-6A-infected CD46 trans-
genic group compared to the wild-type and noninfected control
groups (Fig. 5H). Similar results were obtained with images from the
left lateral ventricle area (not shown), indicating that infiltration is
notrestricted to the side of injection. CD19™ infiltrate was found only
occasionally in CD46 transgenic infected mice (Fig. 5F). Although
F4/80" cells were more frequent in the brain of infected CD46 trans-
genic mice, F4/80 staining was observed in both infected and nonin-
fected brains (data not shown), probably due to the presence of acti-
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vated resident microglial cells which also express F4/80. These results
suggested that HHV-6A infection results in lymphocyte infiltration
in the brain and encouraged us to further investigate the mechanisms
which may be involved in that recruitment.

Modulation of chemokine secretion in murine primary
brain glial cells. As chemokines play a critical role in the recruit-
ment of inflammatory cells, we next analyzed whether HHV-6A
infection could modulate the production of different chemokines
in primary murine brain glial cell cultures. Cells were infected
with HHV-6A and analyzed initially for the production of two
chemokines, CCL2 and CCL5, known for their chemoattractant
properties on monocytes/macrophages and lymphocytes and
their involvement in neuroinflammatory processes. HHV-6A in-
fection of primary brain cultures resulted in an important increase
of both CCL2 and CCL5 mRNA production at 24 h p.i. (Fig. 6A).
Interestingly, UV-irradiated virus increased the chemokine pro-
duction as well, although to a lesser extent than infectious virus. In
addition, HHV-6A did not require IFN type I signaling to induce
CCLS5 production, as demonstrated in primary cultures derived
from IFNARKO mice (data not shown). To obtain a more global
view of chemokines affected by HHV-6A infection in brain cells,
we performed an analysis of the production of 40 different cyto-
kines using a Proteome Profiler array (Fig. 6B). This approach
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three independent experiments are plotted (¥, P = 0.05; Mann-Whitney test).

allowed us to confirm the secretion of CCL2 and CCL5 at the
protein level in the supernatant of primary brain cultures 48 h p.i.
and also revealed the production of other chemokines, including
CXCL10 and CXCLI. Finally, we analyzed the production of
CCL5 mRNA in HHV-6A-infected murine brains (Fig. 6C). Three
weeks after i.c. injection, the level of CCL5 transcripts was signif-
icantly increased in the brains of CD46 transgenic mice compared
to that of noninfected controls. Some increase in CCL5 expression
was observed in infected wild-type mice compared to control
mice, although the difference was not significant. Contrary to
what was observed in vitro, no statistical difference was observed
between infected wild-type and CD46 transgenic mice, potentially
due to the kinetic of infection. CCL5 was analyzed at 3 weeks p.i. to
avoid any bias related to i.c. injection. However, this could be too
late to observe differences between wild-type and CD46 mice in
vivo, as the highest increase of CCL5 expression was seen at early
time points in vitro. Altogether, these results suggest that HHV-6A
infection induces the production of a panel of chemokines and
that the mechanisms of this induction involve both infectious and
noninfectious components present in UV-inactivated HHV-6
particles.

HHV-6A-induced chemokine production requires TLR9 sig-
naling. HHV-6-induced chemokine upregulation was not depen-
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dent on the CD46 isoform expressed, as no difference was ob-
served in CCL5 or CCL2 synthesis in primary brain cultures from
CD46-cytl, CD46-cyt2, or CD46ge mice (data not shown). More-
over, engagement of CD46 using anti-CD46 antibody did not
modulate CCL5 expression (data not shown), indicating that
HHV-6A-induced chemokine activation does not require signal-
ing via CD46.

HHV-6B was previously shown to impair TLR signaling in
human dendritic cells (DCs) (59) and to induce the production of
IFN-A1 through toll-like receptor 9 (TLRY) in plasmacytoid DCs
(pDCs) (60), while HHV-6A could upregulate TLR9 expression in
CD4™ T lymphocytes (61). As murine astrocytes and microglia
express TLR9 (62—64), we next analyzed whether HHV-6A-in-
duced secretion of proinflammatory chemokines requires TLRY.
Primary murine brain cultures were treated with the TLR9 antag-
onist ligand ODN 2088 and infected with HHV-6A or UV-inacti-
vated HHV-6A (Fig. 7A). Treatment with TLR9 antagonist signif-
icantly decreased HHV-6A-induced as well as CpG (natural TLR9
ligand)-induced production of CCL5 and CXCL10. A decrease in
CCL2 production was also observed, although it was not as prom-
inent as that with the other two chemokines. Furthermore, the
ODN 2088 pretreatment did not affect lipopolysaccharide (LPS)-
induced chemokine increase, which requires the engagement of
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TLR4, demonstrating its specificity of action in this experimental
system.

Finally, to verify whether HHV-6A-induced stimulation of
TLR9Y is restricted to the murine system or is extended to the
human TLRY as well, we analyzed whether HHV-6 could inter-
act with human TLRY, using HEK cells stably expressing both
human TLR9 and the luciferase reporter gene, under the con-
trol of NF-«kB-inducible promoter. While purified HHV-6A
induced luciferase expression in a dose-dependent fashion, pu-
rified HHV-6B did not have any effect (Fig. 7B). Both infec-
tious and UV-treated HHV-6A were able to interact with TLRY,
although the effect of UV-treated HHV-6A was weaker, and
ODN 2088 inhibited the stimulatory effect (Fig. 7C). Alto-
gether, these results strongly suggest that HHV-6A but not
HHV-6B could interact with TLR9 and induce consecutively
proinflammatory chemokine responses.

DISCUSSION

A growing number of studies have linked HHV-6 infection to
different neurological diseases, such as multiple sclerosis, chronic
fatigue syndrome, and epilepsy (65, 66). However, host factors
that contribute to protective and pathological immune re-
sponses to HHV-6 remain undefined. Thus, the development
of small-animal models is of great interest for the study of
HHV-6 immunopathogenesis and the analysis of its involve-
ment in neuropathology. This report presents the first murine
model for HHV-6A-induced neuropathogenesis and highlights
significant differences between HHV-6A and HHV-6B infec-
tion. Our in vitro results with both murine lymphoid cell lines
and primary brain cell cultures suggest that CD46 expression
on murine cells can mediate HHV-6A entry in these cells, in
agreement with previous studies (14, 67). Although we did not
observe production of viral particles, de novo synthesis of sev-
eral viral transcripts was detected, including the U79 gene,
which is considered to be involved in viral DNA replication
(68). Thus, this finding suggests the start of a replication cycle
in murine cells after HHV-6A exposure. The expression of the
U94 gene, described as a latency-associated gene (69, 70), was
observed concomitantly with other early and late genes, which
is reminiscent of productive viral infection. However, the ab-
sence of consecutive DNA replication in the analyzed cell types
suggests abortive or nonproductive infection, possibly due to
either the presence of mouse-specific restriction factors or the
absence of some human intracellular factors needed for a pro-
ductive infection. Nevertheless, HHV-6 infection in human
cells is not always productive, and an absence of cytopathic
effects was reported when primary human astrocytes were in-
fected with cell-free virus (40). Therefore, the nonproductive
infection observed in these studies may be related to intrinsic
characteristics of the infected cell type or potential necessity for
prior virus adaptation to murine cells. Finally, when primary
murine brain cultures were overlaid with HHV-6A-infected
human lymphocytes continuously releasing large quantities of
virus, formation of syncytia and production of viral proteins
was observed in the murine astrocytes, similar to what has been
observed with human astrocytes in an analogous infection en-
vironment (40), suggesting permissiveness of murine neural
cells to HHV-6A infection when adequate conditions are pro-
vided.

Invivo, we observed long-term persistence of HHV-6A DNA in
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CD46 transgenic mice, which is in contrast to wild-type mice.
This strongly suggests that HHV-6A is able to infect murine
CNSina CD46-dependent manner and to establish a persistent
infection without being cleared by the immune system. Ab-
sence of detection of viral RNA or protein expression does not
contradict it, as the infection in the murine brain may be re-
stricted to some areas or cell types; thus, low levels of RNA
could be below the level of detection in the whole-brain ex-
tracts that we analyzed here. Moreover, only a few genes were
analyzed among the numerous HHV-6 genes which could be
expressed. Therefore, we cannot exclude that some other non-
tested RNA transcripts, potentially different from those known
to be associated with latency in human cells, are expressed
during HHV-6A infection in the murine brain and participate
in the persistence of HHV-6A. Viral RNA and proteins are very
rarely detected in the brain of healthy people harboring
HHV-6A DNA without HHV-6-related pathology (7, 8, 12,
71). In humans, HHV-6 infection of tissue in vivo seems to be
much less efficient than that in vitro. In the Rag2 ™/ “yc ™/~
murine model, in which mice were humanized with cord
blood-derived human hematopoietic stem cells, only HHV-6A
DNA and hardly detectable green fluorescent protein (GFP)
expression were observed in the blood (50). Likewise, asymp-
tomatic HHV-6 infection in our model goes along with the
absence of virally encoded transcripts and viral antigens. Other
models for HHV-6A infection developed in monkeys exhibited
very few clinical signs (45). The recent study by Leibovitch et al.
described neurological signs, including motor weakness and
sensory deficits (46). Although we did not observe any clear
limb weakness in mice, some mild neurological symptoms
might have been easily missed in this murine model.

IFN signaling was shown to be important in numerous neu-
rotropic viral infections, including measles (72), vesicular stoma-
titis virus (52), and henipavirus (53). Moreover, HHV-6A was
shown to be sensitive to IFN-I, contrary to HHV-6B, as it is unable
to block IFN-I signaling in infected cells (73). Surprisingly, the
susceptibility to HHV-6 infection was not increased in CD46
transgenic mice deficient in IFN-I receptor, suggesting that IFN-I
signaling does not play a critical role in the control of HHV-6A
infection in mice. It may be possible that an adaptive immune
system efficiently controls HHV-6 infection, along with the regu-
lar production of HHV-6-specific antibodies we have observed in
mice. As the absence of virus-specific humoral response was re-
lated to increased peripheral viral spreading in the marmoset
model (46) and HHV-6 reactivation is most often observed in
immunosuppressed people (9), we postulate that mice deficient in
components of the adaptive immune system are more susceptible
to HHV-6A infection.

The expression of proinflammatory chemokines is critical in
the generation of neuroinflammation, as they are key elements for
leukocyte recruitment and their passage through the blood-brain
barrier. CCL5 (RANTES) was shown to be induced by HHV-6A in
human astrocytes, endothelial cells, and tonsilar cells (40-42).
Our results in the mouse model are consistent with these data, as
HHV-6A also strongly upregulated CCL5 in primary brain cul-
tures as well as other proinflammatory chemokines, including
CCL2, CXCL10, and CXCL1. This suggests that the presence of
HHV-6A in the CNS, even in the absence of a productive infec-
tion, triggers the recruitment of several types of immune cells
expressing these receptors, such as neutrophils, monocytes/
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macrophages, and lymphocytes. Indeed, we observed the pres-
ence of infiltrating T and B lymphocytes in several CD46 trans-
genic mice, which further confirms the ability of HHV-6A to
induce leukocyte trafficking to the brain. Recently, Hashimo-
to’s thyroiditis has been shown to be associated with HHV-6A
infection (74), and it is possible that the abundant lymphocyte
infiltrates observed in this disease can be induced by HHV-6A-
stimulated chemokine production, leading to further trigger-
ing of the autoimmune response.

Chemokine upregulation shown in this study could be
achieved with both infectious and inactivated HHV-6A, and
our results revealed a critical role for TLR9 in the induction of
chemokines. Murine as well as human TLR9 was indeed shown
to be expressed in microglial cells and astrocytes (62-64, 75,
76). Both of these cell types may be responsible for the increase
in chemokine secretion in mixed glial cultures. In the murine
system, chemokine activation requires both CD46 expression
on the surface and signaling through TLR9Y, which suggests that
CD46 mediates the capture and internalization of HHV-6A
viral particles, allowing access of viral DNA to the endosomal
compartment containing TLR9. Indeed, CD46 was shown to
efficiently internalize opsonized bacteria (77) and to transport
measles virus into the endosome/lysosome compartment for
efficient major histocompatibility complex class II-restricted
presentation in both human (78) and murine cells (79). Fur-
thermore, our results demonstrate that in addition to the mu-
rine TLR9, HHV-6A could stimulate human TLR9, underlin-
ing the significance of the murine model for studying this
aspect of HHV-6A pathogenesis. TLR9 was also shown to be an
essential modulator of an autoimmune process in an animal
model of multiple sclerosis (80). These results suggest the po-
tential of HHV-6A to induce neuroinflammation via TLR9 and
may have important clinical importance, as TLR9 inhibitors
could be used to decrease the production of proinflammatory
chemokines and restrain the CNS pathogenesis.

Although CD46 cytoplasmic tails cyt1 and cyt2 have significant
signaling functions (81-83) and were shown to exhibit opposite
roles in the control inflammatory response (18), we did not find
any difference in the susceptibility of CD46 cytl and cyt2 trans-
genic mice to HHV-6 infection or in chemokine production from
these transgenic lines. These results confirm a predominant role
for the CD46 ectodomain in the infection and are in agreement
with the available data (67, 84), excluding the importance of the
differential CD46 signaling in HHV-6A persistence in the brain.
However, in contrast to HHV-6A infection, CD46 expression did
not seem to play any role in the infection by HHV-6B, either in
vitro or in vivo, suggesting that CD46 alone could not allow
HHV-6B infection in murine cells. Furthermore, HHV-6B did not
trigger TRL9 signaling in this system, whereas it was shown to
induce IFN-A1 via binding to TLR9 in human pDCs (60). We
could postulate that, like in the murine cells, HHV-6B is not able
to enter human HEK cells despite CD46 expression and could not
reach the intracellular compartment where TLRY is located. This
suggests the presence of another receptor for HHV-6B on human
pDCs not expressed on HEK cells. Together with the results ob-
tained with the murine cells, these data cast serious doubts on the
role of CD46 in HHV-6B infection and support previous studies
suggesting differential roles for CD46 in HHV-6A and HHV-6B
entry (67, 85) and a probable role of the other recently discovered
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human cell membrane protein, CD134, as a specific HHV-6B en-
try receptor (28).

Altogether, our results suggest that HHV-6A infection in
CD46 transgenic mice can mimic some aspects of human brain
infection and help in better understanding virus-induced neu-
ropathogenesis. Our data support the existence of a relation-
ship between HHV-6A residence in the brain and neuroinflam-
matory processes and are in agreement with recent results
obtained with the marmoset model showing a link between
HHV-6A infection and neuropathology (46). Furthermore,
this study provides evidence for the long-term persistence of
HHV-6A DNA in the brain of infected mice. As HHV-6A was
showed to reside in the human brain as well (4-7), the CD46
transgenic murine model also could provide a useful tool to
study the mechanisms involved in HHV-6A persistence in the
CNS. The availability of a mouse model is of high interest in
this field, as it offers a number of genetic tools for the analysis
of the role of different host components in HHV-6 infection
and may open new perspectives in the study of antiviral im-
mune responses in the brain and of the host factors potentially
involved in virus-induced neuroinflammation.
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