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ABSTRACT CD46 is a receptor for human herpesvirus 6A (HHV-6A) and is in some cells
also important for infection with HHV-6B. CD46 has several isoforms of which the most
commonly expressed can be distinguished by expression of a BC domain or a C domain
in a serine-threonine-proline-rich (STP) extracellular region. Using a SupT1 CD46 CRISPR-
Cas9 knockout model system reconstituted with specific CD46 isoforms, we demon-
strated that HHV-6A infection was more efficient when BC isoforms were expressed as
opposed to C isoforms, measured by higher levels of intracellular viral transcripts and re-
covery of more progeny virus. Although the B domain contains several O-glycosylations,
mutations of Ser and Thr residues did not prevent infection with HHV-6A. The HHV-6A
infection was blocked by inhibitors of clathrin-mediated endocytosis. In contrast, infection
with HHV-6B was preferentially promoted by C isoforms mediating fusion-from-without,
and this infection was less affected by inhibitors of clathrin-mediated endocytosis. Taken
together, HHV-6A preferred BC isoforms, mediating endocytosis, whereas HHV-6B preferred
C isoforms, mediating fusion-from-without. This demonstrates that the STP region of
CD46 is important for regulating the mode of infection in SupT1 cells and suggests an
epigenetic regulation of the host susceptibility to HHV-6A and HHV-6B infection.

IMPORTANCE CD46 is the receptor used by human herpesvirus 6A (HHV-6A) during
infection of T cells, but it is also involved in infection of certain T cells by HHV-6B.
The gene for CD46 allows expression of several variants of CD46, known as isoforms,
but whether the isoforms matter for infection of T cells is unknown. We used a
genetic approach to delete CD46 from T cells and reconstituted them with separate
isoforms to study them individually. We expressed the isoforms known as BC and C,
which are distinguished by the potential inclusion of a B domain in the CD46 mole-
cule. We demonstrate that HHV-6A prefers the BC isoform to infect T cells, and this
occurs predominantly by clathrin-mediated endocytosis. In contrast, HHV-6B prefers
the C isoform and infects predominantly by fusion-from-without. Thus, CD46 iso-
forms may affect susceptibility of T cells to infection with HHV-6A and HHV-6B.
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Human herpesviruses (HHVs) enter the host cell by different entry mechanisms (1).
HHV-6A and HHV-6B belong to two separate species within the Betaherpesvirinae

subfamily. Although both of them may infect T cells, their mechanisms of infection are
poorly understood. HHV-6A has been described to enter by endocytosis, using lipid
raft-dependent entry or fusion-from-without (FFWO) (2–4). The entry mechanism of
HHV-6B is less studied, but it has been described to enter by FFWO in certain cell lines
(e.g., SupT1 and MT4 cells) (2, 5, 6).

The complement regulating protein CD46 is the receptor for HHV-6A and in some
cases for HHV-6B (6). Infection with HHV-6A requires binding to CD46 (reviewed in ref-
erence 7), is blocked by antibodies to CD46 (6), and is absent in human T cells lacking
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CD46 (8). In contrast, HHV-6B has significantly less avidity for CD46 and appears to use
alternative receptors, such as CD134 (9, 10), a molecule that is virtually absent on rest-
ing T cells but is upregulated upon activation. However, HHV-6B may also infect cells
lacking CD134, suggesting a greater promiscuity compared with HHV-6A infection (8,
11). Recent data demonstrate that other proteins, such as the tetraspanin protein CD9
(8), may modulate the infection by CD46, since both proteins together with b1-integ-
rins are members of a microdomain that affects membrane reorganization during viral
entry (12–14).

Intriguingly, CD46 is also a receptor for multiple other pathogens, including Neisseria
meningitidis, Neisseria gonorrhoeae, Streptococcus pyogenes, measles morbillivirus, and
certain species of mastadenovirus (15). The gene for CD46 is located on chromosome 1
in a cluster of complement regulators and has 14 exons that allow expression of several
CD46 isoforms. The first six exons encode a signal peptide and four short consensus
repeats (SCRs). The structure of SCR1 to SCR4 resembles a hockey stick with a linear
arrangement of SCR1 to SCR3 and a bend between SCR3 and SCR4, positioning SCR4 in
a kinked angle to the adjacent SCR domains (16). During infection, HHV-6A interacts
with SCR2 and SCR3 (17), but the precise motif has not been identified.

The following three exons encode a serine-threonine-proline-rich (STP) region
named by the letters A, B, and C according to the respective exons that contribute to
the domain. Usually, the A domain in STP is spliced out, whereas the C domain is main-
tained. The B domain may or may not be spliced out. The STP region contains several
predicted O-glycosylation sites. This region is speculated to confer interactions with
ligands or other membrane proteins. It may also serve as a linker, possibly in connec-
tion with the U domain between the STP and the transmembrane domain.

The last two exons encode cytoplasmic tails 1 and 2 (Cyt1 and Cyt2), one of which
is selected by alternative splicing. In general, the majority of protein isoforms share
less than 50% of their interactions and tend to behave more like distinct proteins than
minor variants of each other (18). Although different CD46 isoforms are expressed
simultaneously, it is often ignored how this may diversify the function of CD46. It has
been suggested that the two different cytoplasmic tails exert opposite functions in
controlling the immune system. It appears that Cyt1 regulates the interferon-g (IFN-g)
and interleukin 10 (IL-10) response (19, 20), and Cyt2 might function to subsequently
downregulate it. In agreement with this notion, the relative expression of Cyt2 is
increased following activation of T cells (21).

Atkinson’s group determined that predominantly four isoforms of CD46 are
expressed on the cell surface, named by their STP domains and cytoplasmic tail as BC1,
BC2, C1, and C2 (22). Although an individual’s expression pattern is similar in different
immune cells (23), splicing in certain tissues may generate isoforms that diverge from
the main pattern (24).

Whereas the splicing of Cyt tails may affect regulation of the immune system, it is
possible that the splicing of the extracellular STP domain affects ligand binding or
entry. Although all of the CD46-binding pathogens are dependent on one or more of
the four SCR, Neisseria spp. are also dependent on the STP domain (25). To address
whether the extracellular STP domain is important for HHV-6A or possibly HHV-6B
infection, we expressed CD46 isoforms in CRISPR-Cas9-edited T cells lacking CD46, spe-
cifically addressing a potential role of the B domain for infection by HHV-6A and HHV-
6B. We used a SupT1 cell line model, since CD46 is required for both HHV-6A and HHV-
6B infection of the SupT1 cell line (8).

RESULTS
Establishment of T-cell lines with stable expression of individual CD46 isoforms. In

the present study, we used the previously described CD46 knockout SupT1 cell line,
named SupT1DCD46 (8), as a background for the generation of various stable cell lines express-
ing specific CD46 isoforms, denoted SupT1BC1, SupT1BC2, SupT1C1, and SupT1C2 (Fig. 1A). We
succeeded in isolating cell lines displaying very similar surface levels of CD46: SupT1BC1.1,
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SupT1BC2.2, and SupT1C1.2 (Fig. 1B and C). Stable CD46 expression was verified on a regular
basis using flow cytometry. Of note, despite several attempts, we were unable to obtain a
SupT1C2 cell line expressing CD46 at a level comparable to the other cell lines (Fig. 1B and C).

HHV-6AGS and HHV-6BZ29 employ separate CD46 isoforms for infection. To
investigate whether the CD46 isoforms were equal in mediating infection by HHV-6AGS

and HHV-6BZ29, we infected the CD46-expressing cells and quantified the level of U81 and
U23 viral transcripts 24 h postinfection (hpi) by real-time PCR analyses (Fig. 2A and B). U81
and U23 have previously been described as immediate early (IE) and late (L) genes and
belonging to groups 2 and 4, respectively, of a total of 6 groups that classify the genes
according to their kinetic expression (26).

Noticeably, despite a similar CD46 surface expression, the level of viral infection
depended on the individual isoform. HHV-6AGS infection was found to be promoted in cell
lines expressing BC isoforms, whereas the C1 isoform promoted HHV-6BZ29 infection. When
comparing cells with similar CD46 surface expression, a 1.7-fold increase was demonstrated
in the U23 mRNA level upon HHV-6AGS infection of BC1-expressing cells compared with C1-
expressing cells (95% CI, 1.23 to 2.32; P = 0.029) (Fig. 2A), whereas a 3.5-fold increase was
demonstrated in the U23 mRNA level of HHV-6BZ29 in C1-expressing cells compared with
BC1-expressing cells (95% CI, 2.63 to 4.69; P = 0.008) (Fig. 2B). Similar data were obtained
using U81 as a measure of infection.

For the subsequent experiments, we used SupT1BC1.1, SupT1BC2.2, and SupT1C1.2 that
all had comparable levels of CD46 expression. To investigate the role of the CD46 STP
B domain for binding of HHV-6AGS, we used the viral glycoprotein gp60/110 as a mea-
sure of viral binding to the cell. SupT1C1 cells displayed 32 and 35% less gp60/110

FIG 1 Generation of stable SupT1 cell lines expressing separate CD46 isoforms. (A) Graphical illustration
showing the organization of the mRNA for the four most commonly expressed CD46 isoforms and an
illustration of the model system established. The figure was created with Biorender.com software. (B) Flow
cytometry analysis illustrating the surface expression of CD46 on the separate SupT1 cell lines. The separate
names (BC1.1/BC1.2) represent the separate cell lines isolated after transduction with different amounts of the
respective lentivirus preparation. The cell lines BC1.1, BC2.2, and C1.2 express a similar CD46 surface level. The
histogram for SupT1DCD46 is included for comparison (shown in gray). (C) Bar graph of the median fluorescence
intensity (MFI) of CD46-PE in isoform-expressing SupT1 cell lines. The data show independent experiments with
the mean 6 standard error of the mean (SEM) indicated. SCR, short consensus repeat; STP, serine-threonine-
proline-rich region; Wt, wild type; TM, transmembrane.
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adsorption at 2 and 4 hpi, respectively, compared with SupT1BC1 cells. (Fig. 2C). The
observed increase in binding of HHV-6AGS to the SupT1BC1 cells could not be explained
by an increase in CD46 expression, and therefore the data indicate that the B domain
is important for the receptor binding of HHV-6AGS.

In order to assess infection after binding, we investigated the level of the IE viral
transcript U86 at various early time points upon infection with HHV-6AGS (Fig. 2D). The
level of U86 transcript was increased in both SupT1BC1 and SupT1BC2 compared with
the SupT1C1 cell line. The levels of U86 mRNA determined in SupT1BC1 were on average
2.7- and 2.4-fold higher at 6 and 8 hpi, respectively, compared with the SupT1C1 cell
line. At 4 hpi, the level of U86 mRNA was barely detectable for SupT1C1-infected cells,
whereas both SupT1BC1 and SupT1BC2 displayed levels clearly above the detection limit
(Fig. 2D). These results strongly suggest a role for the B domain in the infection process
of HHV-6AGS.

The CD46 isoform B domain differentially affects infection with HHV-6AGS and
HHV-6BZ29. Human cells express more than one CD46 isoform. Since our data indicate
an HHV-6AGS preference for the BC1 isoform, whereas HHV-6BZ29 preferred the C1 iso-
form, we speculated that coexpressing a less or more favorable CD46 isoform would
modulate the efficiency of infection. To address this, we generated a stable SupT1 cell
line, expressing both the C1 and the BC1 isoforms of CD46, named SupT1C1/BC1, with a
CD46 surface expression level comparable with the previously established SupT1BC1 and
SupT1C1 cell lines (Fig. 3A and B). The SupT1wt displayed C1 and C2 expression of about
30% of total CD46 mRNA each, whereas the mRNA level of the BC1 and BC2 isoforms
corresponded to approximately 20% each (Fig. 3C). In the SupT1C1/BC1, the amount of
mRNA was found to be approximately 40% BC1 and 60% C1 (Fig. 3D). Infection with
HHV-6AGS and HHV-6BZ29 demonstrated that the SupT1C1/BC1 cell line displayed HHV-6AGS

and HHV-6BZ29 U86 mRNA levels between those determined for SupT1BC1 and SupT1C1

FIG 2 BC-expressing isoforms favor human herpesvirus 6A (HHV-6AGS) infection, and C1-expressing isoforms favor HHV-6BZ29
infection. (A, B) The isoform-expressing SupT1 cell lines were incubated with HHV-6AGS or HHV-6BZ29 for 24 h, and the infection
was assessed by real-time PCR analysis of the level of viral transcripts U81 and U23 at 24 h postinfection (hpi). The data
represent 22DDCT (fold change) from individual experiments presented as means 6 SEM, with normalization to SupT1BC1.1.
*, P , 0.05; **, P , 0.01 (Mann-Whitney test). (C) Flow cytometry analysis of viral gp60/110 adsorption to the cell surface,
determined at 2 and 4 hpi following infection with HHV-6AGS. The data represent the mean fluorescence intensity (MFI) values
for cells treated with 0.1% sodium azide 30 min prior to incubation with virus, shown as percentages of the SupT1BC1 cell line.
The histograms are representative for the respective CD46 expression, verifying a similar expression level on SupT1BC1.1 and
SupT1C1.2 prior to infection. (D) Real-time PCR analysis of the level of viral transcript U86 at the indicated time points. The results
are shown as 22DCT, from one representative of three independent experiments.
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(Fig. 3E and F), which is in line with our previous findings and thus supports the notion
that HHV-6A prefers BC1 over C1 and HHV-6B prefers C1 over BC1.

The B domain of CD46 affects the production of progeny virus. We wondered
whether the observed difference in the CD46 isoform dependency during early infec-
tion would translate to different amounts of viral particles being produced. To investi-
gate this, supernatants from SupT1BC1 and SupT1C1 were collected at various time
points after infection with HHV-6AGS and HHV-6BZ29, respectively, and analyzed for the
amount of viral DNA (Fig. 4). The level of viral DNA correlated with the results of mRNA
transcripts, displaying HHV-6AGS preference for the BC1 and HHV-6BZ29 preference for
the C1 isoform. At 96 hpi, the HHV-6AGS infection of SupT1BC1 cells gave rise to a 3.4-
fold increase in viral U7 DNA compared with the SupT1C1 cell line (Fig. 4A). Likewise,
the HHV-6BZ29 infection of SupT1C1 cells gave rise to a 6.9-fold increase in viral U7 DNA
at 96 hpi compared with the U7 level measured in the supernatant of the SupT1BC1 cell
line (Fig. 4C). Quantification of the DNA level of U81 and U86 gave similar results, as
observed for U7 DNA (Fig. 4B and D). All experiments showed the same trend, with
BC1 favoring HHV-6AGS infection and C1 favoring HHV-6BZ29 infection. Taken together,
the data support the previous findings and demonstrate that the production of prog-
eny viral particles for both HHV-6AGS and HHV-6BZ29 is influenced by the isoform of
CD46.

FIG 3 Coexpression of BC1 and C1 affects the susceptibility of HHV-6A and HHV-6B. (A) Flow
cytometry analysis of CD46 surface expression with representative histograms for the separate cell
lines prior to infection. (B) CD46-PE median fluorescence intensity (MFI). Real-time PCR analysis of the
separate CD46 isoforms in (C) SupT1wt and (D) SupT1C1/BC1, shown as percentages of the total CD46
mRNA expression level from one representative experiment. (E, F) The level of HHV-6AGS and HHV-
6BZ29 infection at 7 hpi, characterized by analysis of the relative expression of IE transcript U86. The
data represent the fold change (i.e., 22DDCT) relative to the SupT1BC1, presented as the means 6 SEM
of three independent experiments.
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O-Glycosylations within the B domain are not required for HHV-6AGS infection.
The presence of a B domain increases the molecular mass by approximately 8 kDa (Fig.
5A) (27). The B domain is O-glycosylated (22), which might influence HHV-6AGS binding
and entry. To investigate the impact of O-glycosylation, we mutated putative glycosy-
lation sites in the B domain to alanine residues, generating six mutated variants of BC1
(i.e., STP mutants m1 to m6) (Fig. 5B). The CD46 glycosylation level of the separate cell
lines was characterized by Western blotting analyses showing distinct differences in
the migration patterns of the individual STP mutants (Fig. 5C). Notably, SupT1m2,
SupT1m3, and SupT1m6 displayed a reduction in the molecular mass compared with
SupT1BC1, thus indicating that at least one of the threonines T288, T291, and T292 was
glycosylated (Fig. 5C). In contrast, the migration of CD46 from cells of SupT1m1,
SupT1m4, and SupT1m5 resembled SupT1BC1, indicating that the targeted serines in
these variants (S287, S289, S290, S294, S297, S298, and S300) did not constitute glyco-
sylation sites in SupT1 cells. Flow cytometry analysis demonstrated an increased CD46
expression level for the SupT1m1-m5 cell lines and a somewhat reduced CD46 expres-
sion level in the SupT1m6 cells compared with SupT1BC1 (Fig. 5D). Nevertheless, HHV-
6AGS infection of the cell lines as measured by U81 and U86 viral transcripts at 8 hpi
(Fig. 5E) resulted in similar levels of infection. Since the STP mutants displayed various
CD46 expression levels, we cannot exclude a minor contributing role for the targeted
glycosylation sites in mediating entry of HHV-6AGS. Our data do show, however, that
the targeted glycosylation sites are dispensable for HHV-6AGS infection.

The entry mechanisms of HHV-6A and HHV-6B are affected by CD46 isoforms.
The preference for separate isoforms during the early steps of infection suggested the
possibility that HHV-6AGS and HHV-6BZ29 may enter cells by separate mechanisms. In

FIG 4 The presence of the B domain leads to higher level of HHV-6A DNA, whereas its exclusion
promotes production of HHV-6B. SupT1BC1.1 and SupT1C1.2 cell lines were infected with HHV-6AGS (A,
B) or HHV-6BZ29 (C, D) for 24, 48, 72, and 96 h. The nucleic acids were purified from the collected
supernatants and analyzed by real-time PCR. (A, C) Bar charts with individual measurements
illustrating the increase of U7 DNA over time, represented as fold change (i.e., 22DDCT), normalized to
the mean Ct value for HHV-6AGS- and HHV-6BZ29-infected SupT1BC1 cells at 24 hpi, respectively. The
bars represent the means 6 SEM. (B, D) Fold change of U7, U81, and U86 (i.e., 22DDCT). The Ct values
of the separate time points are normalized to the respective value obtained for SupT1C1 for HHV-6AGS-
infected cells (i.e., 22DCT(BC1/C1) - DCT(C1)) or SupT1BC1 for HHV-6BZ29-infected cells (i.e., 22DCT(BC1/C1) 2 DCT(BC1)).
The graphs represents the mean values 6 SEM of three independent experiments, except data for
HHV-6AGS-infected cells at 24 h, which consist of two independent experiments.
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order to assess this possibility, the cellular uptake of virus by clathrin-mediated endo-
cytosis was inhibited using three different endocytosis inhibitors targeting the internal-
ization in distinctive ways (Fig. 6A).

Overall, the cell lines tolerated the inhibitors well within the short time of the
experiment. Only small variations in viability were observed for chloroquine-treated
HHV-6B-infected cells and dynasore-treated HHV-6A-infected SupT1Wt cells (Fig. 6B to
D, right column). To rule out that the inhibitors altered the level of CD46 during infec-
tion, the CD46 expression was examined at 2 and 4 h of treatment with 50 mM chloro-
quine, 50 mM dynasore, and 25 mM chlorpromazine. None of the inhibitors affected
CD46 expression at these time points (data not shown).

For HHV-6AGS-infected cells, all inhibitors led to a concentration-dependent reduc-
tion in the level of U86 mRNA transcripts in SupT1wt, SupT1BC1, and SupT1C1 7 hpi (Fig.
6B to D). In comparison, the presence of endocytosis inhibitors affected the HHV-6BZ29

infection differently (Fig. 6B to D). The viral gene expression in HHV-6BZ29-infected
SupT1C1 cells was not inhibited by the lower concentrations of chlorpromazine,
whereas it was increased by chloroquine treatment and inhibited by dynasore, how-
ever with diminishing effect at increasing concentrations. In contrast, viral gene
expression in HHV-6BZ29 infection of the SupT1BC1 cells was markedly affected by all
the inhibitors, displaying a concentration-dependent inhibition, most evident by chlor-
promazine treatment but also observed after chloroquine treatment.

These results are consistent with the interpretation that the entry mechanism
through BC1 occurs mainly by clathrin-mediated endocytosis, because all inhibitors
significantly affected this pathway for both HHV-6A and HHV-6B. In contrast, the C1-
mediated entry was less affected by these inhibitors during HHV-6B infection, suggest-
ing that C1 expression allows a different entry mechanism.

To further explore whether the preference for the C1-mediated entry was associ-
ated with a different entry mechanism, virus-induced FFWO was investigated. SupT1
cells were incubated with either CellTrace Violet (CTV) or CellTrace Far Red (CTR) and

FIG 5 O-Glycosylations in the B domain do not contribute to HHV-6AGS infection. (A) Schematic illustration of the CD46
isoforms BC1 and C1. The figure was created with Biorender.com software. (B) Illustration of the amino acid sequence of
the CD46 BC domain with indications of the putative O-glycosylation sites in bold. The STP mutants m1 to m6 are shown
with the separate alanine substitutions highlighted in blue. (C) Western blotting of cell lysates from SupT1BC1 (BC1) and
STP mutants m1 to m6. GAPDH is used as a loading control. (D) Flow cytometry analysis of CD46 surface expression on
m1 to m6. The graph represents the MFI values, shown as percentages of the SupT1BC1 (BC1) cell line, with the bars
indicating the means 6 SEM of three independent experiments. (E) HHV-6AGS infection at 8 hpi. The data represent fold
change in expression levels of U86 and U81 (i.e., 22DDCT) relative to the SupT1BC1 cell line, with the bars indicating the
means 6 SEM of three independent experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MW, molecular
weight.
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FIG 6 Entry via the BC isoform is inhibited more efficiently by clathrin-mediated endocytosis inhibitors than entry via the C1 isoform.
(A) Schematic illustration summarizing clathrin-mediated endocytosis of virus leading to cell entry or lysosomal degradation. Some of
the cellular effects of chloroquine, dynasore, and chlorpromazine are illustrated. The figure was created with Biorender.com software.
(B to D) The CD46 isoform-specific SupT1 cell lines SupT1wt, SupT1BC1 (BC1.1), and SupT1C1 (C1.2) were treated with the indicated

(Continued on next page)
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mixed with either HHV-6AGS or HHV-6BZ29. Double-positive cells (CTV/CTR) were quanti-
fied by flow cytometry at 2, 4, and 6 hpi (Fig. 7). This demonstrated that HHV-6BZ29 but
not HHV-6AGS gave rise to FFWO in cells expressing the C1 isoform of CD46. Taken to-
gether, this suggested that when HHV-6BZ29 uses CD46 as a receptor for infection, it
preferentially infects by cell-cell fusion dependent on the C1 isoform.

DISCUSSION

The expression of several isoforms of a receptor for pathogens raises the question
of whether these isoforms are functionally different during infection. Earlier studies
evaluating measles virus-induced syncytium formation using a CD46-transfected CHO
cell model suggested that the C isoform provided better syncytium formation than the
BC isoform (27). The C isoform was also more efficient in mediating measles virus-
induced fusion in transfected Ltk mouse cells, although BC isoforms bound more mea-
sles virus (28). The significance of the B domain for the binding of pathogens was also
observed for N. gonorrhoeae and N. meningitidis in CD46-transfected CHO cells (29).
HHV-6A has been suggested to cause FFWO with all tested isoforms in CHO cells, with

FIG 6 Legend (Continued)
endocytosis inhibitors prior to and during infection with HHV-6AGS and HHV-6BZ29. The bar graphs represent the level of U86 mRNA,
shown as percentages of U86 mRNA in untreated cell lines, 7 hpi. The cells were treated with chloroquine (B) (0 to 50 mM), dynasore
(C) (0 to 100 mM), and chlorpromazine (D) (0 to 25 mM). The viability of the cells is represented as percentages of living cells at the
various inhibitor concentrations at 7 hpi, measured by flow cytometry. All data are presented as means 6 SEM.

FIG 7 The C1 isoform supports cell-cell fusion by infection with HHV-6BZ29 but not HHV-6AGS. SupT1
DCD46, SupT1BC1, and SupT1C1 cells were stained with

either CellTrace Violet (CTV) or CellTrace Far Red (CTR) before mixing of the separate cell lines in a 1:1 ratio and infection with HHV-6AGS and HHV-6BZ29,
respectively. After incubation for the indicated time, virus was removed by extensive washing, the cells were stained with the viability marker nIR, and the
cells were fixed and analyzed using flow cytometry analysis. (A) Frequency of the differently stained populations obtained 6 h postinfection of the separate
cell lines (one representative experiment). The populations shown represent living cells (gated using the viability marker nIR), without doublets (gated
based on FSC-H versus FSC-A and SSC-H versus SSC-A). Cell-cell fusion is represented by the frequency of CTR1/CTV1 cells, presented in the upper right
of the separate graphs. (B) Percentage of the CTR1/CTV1 cells obtained upon incubation with HHV-6AGS and HHV-6BZ29 for the indicated time. The data
represent the mean percentages 6 SEM of sample values after subtraction of the representative mock, i.e., % sample 2 % mock, from three independent
experiments.
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C and BC isoforms supporting FFWO more efficiently than A, B, or ABC isoforms (2).
Although in vitro studies have shown that HHV-6AGS binds CD46 with significantly
higher affinity than does HHV-6BHST (9), these studies do not account for a potential
impact of CD46 isoforms on the cell surface. Previous observations from our laboratory
suggested that cell lines with higher relative expression of the C isoforms were better
infected with HHV-6BPL1 than cell lines with low relative expression of the C isoforms
(11). These studies strongly support the idea that CD46 contributes in an isoform-de-
pendent manner to host cell susceptibility of HHV-6A and HHV-6B infections and possi-
bly other pathogens as well.

In this study, we have demonstrated that HHV-6AGS preferentially uses the BC iso-
form in a T-cell model system, whereas HHV-6BZ29 preferentially uses the C isoform.
The exclusion of the B domain correlated with increased HHV-6BZ29 infection by cell-
cell fusion. To address the clathrin-mediated endocytosis pathway, we used the follow-
ing inhibitors: chloroquine, dynasore, and chlorpromazine.

Chloroquine treatment resulted in enhanced transcription of HHV-6B mRNA in
SupT1C1 (Fig. 6A). This paradoxical effect of chloroquine has previously been observed
during other viral infections (30–35). Chloroquine treatment has previously been dem-
onstrated to increase the infectivity of HIV by enhancing pH-independent fusion (32),
supporting the idea that the increase in infectivity of HHV-6BZ29 is facilitated by an
increase in fusion at the plasma membrane.

Dynasore on the other hand was shown to change the HHV-6B gene expression in
the opposite manner. Dynasore inhibits both clathrin and caveolin-dependent endocy-
tosis by blocking the GTPase activity of dynamin (36, 37). Dynasore also affects dyna-
min-independent mechanisms, as it has been described to disperse the organization of
lipid rafts, possibly by remodulating actin filaments and decreasing plasma membrane
cholesterol (38). In particular, the latter effect may also affect cell-cell fusion, and even
the lowest level of dynasore had an impact on infection by both viruses, although the
effect was most pronounced on HHV-6AGS. For C isoforms, the level of HHV-6BZ29 viral
transcripts appeared to increase at dynasore concentrations greater than 50 mM, which
might be ascribed to off-target effects of dynasore.

The third inhibitor, chlorpromazine, has been described not to affect clathrin-inde-
pendent virus entry mechanisms (39–42). The almost complete resistance toward
chlorpromazine treatment and the increase in cell-cell fusion of HHV-6BZ29-infected
SupT1C1 cells compared with SupT1BC1 cells (Fig. 6 and 7) further support that C iso-
forms are capable of promoting another entry mechanism compared with BC isoforms.
Thus, the differences between HHV-6AGS and HHV-6BZ29 infection suggest separate
entry mechanisms.

The results acquired with the inhibitors together with the FFWO assay (Fig. 7) sup-
port that C isoforms are capable of promoting another entry mechanism compared
with BC isoforms. Structural analyses may help explain how distinctive entry mecha-
nisms are supported by different CD46 isoforms. Simulated models of the predomi-
nantly expressed isoforms suggest that the 15 amino acids in the B domain make up
two b strands. The exclusion of the B domain creates greater flexibility of CD46, which
is speculated to create favorable conditions for triggering pH-independent membrane
fusion or FFWO (43). A proposed model for infection with HHV-6A and HHV-6B is pre-
sented in Fig. 8.

Our data also demonstrated that O-linked glycosylations in the STP region were not
required for infection by HHV-6AGS. The predicted structure of SCR1-4 suggests a linear
conformation of SCR1-3, followed by a bent arrangement of SCR4 (16). HHV-6A binds
to SCR2 and SCR3, and the B domain may be critical for maintaining the proper struc-
tural conformation of CD46 upon HHV-6A binding, or it may simply be required to
ensure the spatial distance of SCR2 and SCR3 from the membrane, to enable proper
HHV-6A binding.

Viruses are capable of exploiting abundant cellular mechanisms to enhance survival
and infection of specific host cells. The expression pattern of CD46 isoforms has been
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proposed to be inheritable (44). Some individuals express primarily BC isoforms, others
have equal amounts of BC and C isoforms, and approximately 6% of individuals mainly
express the C isoforms (24, 44). Tissue-specific regulation of the expression pattern has
also been demonstrated in the brain, kidney, salivary glands, and memory/effector T
cells (23, 24, 45). By showing different entry mechanisms dependent on the expression
of isoforms, our results suggest that the CD46 isoform phenotype matters for the sus-
ceptibility toward HHV-6A infection, and potentially HHV-6B infection in certain cells.
We did not observe any significant difference between the two intracytoplasmic
domains for HHV-6A and HHV-6B infectivity, a result that is in accordance with in vivo
studies in transgenic CD46-expressing mice (46). However, the intracytoplasmic
domains do exhibit distinctive signaling capacities in primary CD41 T cells, which is
not supported by our cell system, and the Cyt1 domain is associated with the induction
of autophagocytosis (47). These are factors that might influence virus infections in
other cells or in vivo. Compared with other nonhuman cell systems, our human T-cell
model system provides an advantage over other commonly used systems, since the
infection may be influenced by other molecules and complexes not present in nonhu-
man cells (8). Nevertheless, we should caution that extrapolating these results to pri-
mary T cells, brain cells, and in vivo infections would require further studies.

Taken together, this study provides novel insight into the biological function of
CD46 isoforms. Knowledge on the specific entry mechanisms of HHV-6A and HHV-6B is
crucial for our understanding of the pathogenesis and development of novel treat-
ment strategies. Importantly, our data suggest that the distinctive expression of CD46
isoforms modulates the entry mechanism of HHV-6A and HHV-6B. The intracellular
defense against an invading pathogen is likely to depend on the entry mechanism. For
example, the endosomal compartments contain Toll-like receptor 9, which may acti-
vate the immune response when sensing viral DNA. Whether or not HHV-6A and HHV-
6B induce different types of immune response by virtue of their entry mechanisms
remains to be determined.

MATERIALS ANDMETHODS
Cell lines, virus stock solutions, and infection. The human T-cell lymphoblast SupT1 cell line was

kindly provided by the National Institutes of Health (NIH) AIDS Reagent Program (Division of AIDS,
National Institute of Allergy and Infectious Diseases [NIAID], NIH, USA). The generation of CRISPR/Cas9
edited SupT1DCD46 is described by Schack et al. (8). The cell lines were maintained in RPMI 1640 (Sigma-
Aldrich, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich), 2 mM
GlutaMAX (Gibco, USA), 10 mM HEPES (Sigma-Aldrich), 100 U/mL penicillin, and 100 mg/mL streptomy-
cin (complete medium). The cells were split 1:4 in fresh media 2 or 3 times a week. All cells were cultured
at 37°C, 5% CO2. HHV-6AGS-infected HSB2 cells and HHV-6BZ29-infected SupT1 cells were kindly provided
by the HHV6 Foundation (48, 49). The HHV-6AGS and HHV-6BZ29 were propagated in HSB2 and SupT1 cell lines,
respectively, by supplying the infected cells with uninfected cells every 4 to 6 days. When the cytopathogenic
effect (CPE) indicated a good infection, the cell suspension was centrifuged at 300 � g for 8 min. The superna-
tant was collected and stored on ice, and the cells were subjected to three280°C freeze/thaw cycles to release
viral particles. The cells were again centrifuged at 300 � g for 8 min in 1 mL virus supernatant, and the col-
lected supernatants were pooled and spun at 3,200 � g for 1 h at 4°C, aliquoted, and stored at 280°C. HSB2
and SupT1 cells were infected with an aliquot of virus, and the viral titer was determined by a Reed-Muench
assay (50). The multiplicity of infection (MOI) was 0.002 to 0.004 for HHV-6AGS and 0.01 for HHV-6BZ29. In all
experiments, the cells were adjusted to 0.5 � 106 cells/mL the day prior to infection. On the day of the infec-
tion, 2� 106 cells/mL were incubated with virus stock solution.

Molecular cloning of CD46 isoforms. BC1, BC2, C1, and C2 isoforms were synthesized by GenScript
(GenBank accession number NM_172351, amino acids 56 to 1531; NM_153826, amino acids 56 to 1438;
NM_172352, amino acids 56 to 1486; and NM_172353, amino acids 56 to 1393). Using primers listed in
Table 1, PCR products were amplified from a pcDNA3.1(1) vector containing each isoform. An internal
ribosome entry site (IRES) element and a puromycin resistance gene (Puro) were similarly amplified from a
pPBT/CMV-IRES-Puro vector. Four different lentiviral vectors were constructed by combining overlapping PCR
products from BC1, BC2, C1, and C2 with IRES-Puro amplicons and a BamHI/XhoI-digested pCCL-WPS-PGK-
puro-WHV vector using NEBuilder HIFI DNA assembly cloning kit (New England Biolabs, USA). Both of the vec-
tors pCCL-WPS-PGK-puro-WHV and pPBT/CMV-IRES-Puro were kindly provided by J. Giehm Mikkelsen, Aarhus
University, Denmark (51). The plasmids were transformed and cloned in NEB 5-alpha Competent Escherichia
coli, and the sequences were verified by Sanger Sequencing (Eurofins Genomics, Germany).

Generation of STP mutants. Site-directed mutagenesis in the STP region of BC1 was performed
with an approach similar to the one described above using the generated pCCL-CD46BC1 vector as the
template and a BamHI/ApaI-digested pCCL-WPS-PGK-puro-WHV vector as backbone. The generated STP
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mutants were named m1 to m6 and encompassed the following mutations: m1: S287A, S289A, S290A,
and S294A; m2: T288A, T291A, and T292A; m3: S287A, T288A, S289A, S290A, T291A, T292A, and S294A;
m4: S294A, S297A, S298A, and S300A; m5: S297A, S298A, and S300A; and m6: S287A, T288A, S289A,
S290A, T291A, T292A, and S294A. The primers used are listed in Table 1.

Generation of SupT1 cell lines stably expressing CD46 isoforms. Lentiviral particles were pro-
duced by cotransfecting HEK293T cells with 1 mg pRSV-REV, 2 mg pMD.2G, 2 mg pMDLg/p-RRE, and 3 mg
pCCL-WPS-PGK-CD46-puro-WHV vector using FuGENE HD transfection reagent (Promega Corporation, USA).
At 24 h prior to transfection, 8 � 106 HEK293T cells were plated to approximately 40 to 50% confluence.
Transfection was done according to the manufacturer’s protocol, and the culture medium was collected at
48 and 72 h posttransfection. The collected medium was filtered through a 450-nm filter and concentrated
using 20% sucrose solution and 25,000 � g, 4°C, and 2 h ultracentrifugation. The lentiviral particles were
resuspended in phosphate-buffered saline (PBS) using three cycles of vortexing (15 s) and incubation at 0°C
(2 min), aliquoted, and stored at 280°C. SupT1DCD46 cells were adjusted to 0.5 � 106 cells/mL 24 h prior to
transduction. Real-time PCR on integrated lentiviral DNA was performed as previously described (52), with
some modifications. Our analysis was based on the use of Brilliant II SYBR green quantitative PCR (qPCR) mas-
ter mix (Agilent Technologies, USA), SupT1 cells and primers specific against the WPRE sequence in the lenti-
viral vector, and the albumin gene in cells (Table 1), allowing an estimation of the lentiviral titer. For the gen-
eration of stable cell lines, SupT1DCD46 cells at a concentration of 0.5 � 106 cells/mL were transduced with
different amounts of lentivirus in the presence of 25 mg/mL protamine sulfate (Sigma-Aldrich) in a 6-well
plate. 24 h postransduction, the cells were selected with 2 mg/mL puromycin (Gibco) for 14 days. The estab-
lished cell lines were analyzed using flow cytometry, allowing an evaluation of the CD46 expression and a
selection of cell lines with a similar CD46 expression level. The stability of CD46 expression was verified on a
regular basis and always before virus infection, using anti-CD46 antibody clone MEM-258 (Sigma-Aldrich), rec-
ognizing SCR4 as described below. To validate the results obtained with clone MEM-258, we also performed
analyses with anti-CD46 antibody clone M177 (Thermo Fisher Scientific, USA), recognizing SCR2 of CD46. In
order to produce a SupT1C1/BC1 cell line, SupT1C1.1 was transduced with different amounts of BC1 lentiviral
particles. The total expression of CD46 was analyzed using flow cytometry as described below, whereas the
distribution of the separate isoforms was analyzed using qPCR as previously described (23). Both flow cytom-
etry and qPCR were performed at the same time as the cells were infected with HHV-6AGS and HHV-6BZ29.

Flow cytometry analysis. For flow cytometry analysis 0.3 to 0.5 � 106 cells were washed in PBS sup-
plemented with 2% FBS. The cells were incubated with 5ml CD46 antibody (Ab) conjugated with phycoerythrin
(PE) (MEM-258, Sigma-Aldrich) and 1:100 LIVE/DEAD fixable Near-IR (nIR) (Thermo Fisher Scientific) in PBS supple-
mented with 2% FBS in a total volume of 50ml for 30 min at 4°C. The cells were washed twice with PBS supple-
mented with 2% FBS, resuspended in 0.99% paraformaldehyde in PBS, and analyzed the same day on a
Novocyte flow cytometer (ACEA Bioscience, USA) or a Novocyte Quanteon flow cytometer (ACEA Bioscience).
The data were analyzed using FlowJo software, version 10. To determine the binding of virus, the cells were indi-
rectly stained with Ab against gp60/110. Briefly, the cells were incubated 30 min in complete medium containing
0.1% sodium azide to stop cellular uptake of virus. The cells were centrifuged and resuspended in HHV-6A con-
taining 0.1% sodium azide and incubated for 2 and 4 h. The cells were washed three times with PBS supple-
mented with 2% FBS and stained with either 5 ml mouse monoclonal gp60/110 Ab (Millipore, USA) or 5 ml iso-
type IgG2b Ab control (MOPC-141, Sigma-Aldrich) for 30 min at 4°C. All samples were stained with 0.6 ml goat
anti-mouse IgG1 secondary Ab conjugated with phycoerythrin (PE) (Thermo Fisher Scientific) and analyzed by
flow cytometry as described above.

FIG 8 Models of the primary mechanisms of infection by HHV-6A and HHV-6B in SupT1 cells. (A)
Interaction between HHV-6B and the SCR2 and SCR3 domains of CD46BC leads to endocytosis. Other
molecules participating in this process are not shown. (B) CD46C has greater flexibility in the STP
region and interacts with HHV-6B in closer proximity to the membrane. This may facilitate FFWO.
HHV-6B has low avidity for CD46, and a postulated coreceptor X is indicated on the figure. The exact
mechanisms for membrane fusion of HHV-6A and HHV-6B remain unknown.
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RNA purification and cDNA synthesis. Total RNA was isolated using Nucleospin RNA columns
(Macherey-Nagel, Germany) according to the manufacturer’s instructions. Infected cells were washed
three times in PBS prior to RNA isolation. The RNA was eluted using 30ml RNase-free water, and the total
amount of RNA in each sample was measured with a NanoDrop 1000 (Thermo Fisher Scientific). An
equal amount of total RNA for each experiment (500 to 1,000 ng) was used for cDNA synthesis using a
QuantiTect reverse transcription kit (Qiagen, Germany) according to the manufacturer’s protocol. The
cDNA was diluted 1:5 in RNase-free water before real-time PCR analysis.

DNA extraction from cell supernatant. The cells were incubated with virus stock solution at a con-
centration of 2 � 106 cells/mL for 4 h. Afterwards, the cells were washed twice in complete medium,
before resuspension in fresh medium and a following incubation at a concentration of 1 � 106 cells/mL
in a 48-well plate at 37°C, 5% CO2. The cells were pelleted at 400 � g for 8 min. DNA was extracted from
200 ml supernatant using high pure viral nucleic acid kit (Roche Diagnostics, Germany) according to the
manufacturer’s protocol. A standard curve was used to calculate the amount of DNA, and real-time PCR
analysis was performed as described below.

Real-time PCR. Real-time PCR analyses for expression of viral nucleic acids were performed using
PowerUp SYBR green master mix (Thermo Fisher Scientific) and a QuantStudio 5 real-time PCR system
(Applied Biosystems, USA). All primers were used at a final concentration of 500 nM. A list of primers is
included in Table 2. Viral RNA transcripts were normalized to human peptidylpropyl isomerase B (PPIB),
and statistical analyses were performed on DDCT values using the Mann-Whitney test and GraphPad
Prism version 8. All real-time PCR analyses were performed in technical triplicate. Determination of CD46
isoform expression was performed as previously described (23).

Cell lysis and Western blotting. For Western blotting, 2 � 106 cells were washed twice in cold PBS
and lysed according to the manufacturer’s protocol using 100 ml cell lysis buffer (product number 9803,
Cell Signaling Technology, USA) supplemented with 150ml stock solution of complete mini protease inhib-
itor diluted in lysis buffer (Roche Diagnostics, USA), 5 mM sodium fluoride (NaF), and 1 mM phenylmetha-
nesulfonyl fluoride (PMSF). The protein concentration in the collected supernatants was determined by the
Bradford method. The CD46 migration pattern was analyzed on a 10% Bis-Tris gel (Bio-Rad, USA) with XT
MOPS running buffer (Bio-Rad) according to the manufacturer’s protocol. The proteins were transferred to
a Trans-Blot Turbo 0.2 mm polyvinylidene difluoride (PVDF) membrane by the Trans-Blot Turbo Transfer
System (Bio-Rad) and blocked in 5% skimmed milk (Sigma-Aldrich) in Tris-buffered saline (TBS) with 0.1%
Tween 20 (Sigma-Aldrich) for 1 h. For detection, the membrane was incubated overnight with 1:5,000
mouse anti-CD46 antibody (clone EPR4014; Abcam, UK) at 4°C, followed by extensive washing in TBS with
0.1% Tween 20. The membrane was incubated with horseradish peroxidase (HRP)-conjugated polyclonal
rabbit anti-mouse IgG (1:2,000) (Dako, Denmark) for 1 h at 20°C before development using SuperSignal
West Pico PLUS chemiluminescent substrate (Thermo Fisher Scientific) and a ChemiDoc imaging system

TABLE 1 Cloning primersa

Target Oligonucleotides Sequence (59 to 39)
CD46 Forward GGGCCTTTCGACCTCTAGCGGGATCCATCTACCATTGTTGCGTCCCATATCTGG

Reverse TTACTTGTACGAAGCCACATTGCAATATTAGCTAAGC
IRES-Puro Forward CAATGTGGCTTCGTACAAGTAAAGCATAGCGGCCG

Reverse AGGTTGATTATCGGAATTCCCTCGAGGGGGATCTTCAGGCACCGGGCTTGCG
STP m1 Forward GGGCCTTTCGACCTCTAGCGGGATCCATCTACCATTGTTGCGTCCCATATCTGG

Reverse CTTTTGTAGTGGCAGCAGTCGCCACTTTAAGACACTTTGGAACTGG
IRES-Puro 1 Forward ACTGCTGCCACTACAAAAGCTCCAGCGTCCAGTGCCTCA

Reverse GAAGACAGGGCCAGGTTTCCGGGCCCTCACATTGCCAAAAGACG
STP m2 Forward GGGCCTTTCGACCTCTAGCGGGATCCATCTACCATTGTTGCGTCCCATATCTGG

Reverse TGCAGCGGAAGAAGCCGACACTTTAAGACACTTTGGAAC
IRES-Puro 2 Forward GTCGGCTTCTTCCGCTGCAAAATCTCCAGCGTCCAGT

Reverse GAAGACAGGGCCAGGTTTCCGGGCCCTCACATTGCCAAAAGACG
STP m3 Forward GGGCCTTTCGACCTCTAGCGGGATCCATCTACCATTGTTGCGTCCCATATCTGG

Reverse CTTTTGCAGCGGCAGCAGCCGCCACTTTAAGACACTTTGGAACTGG
IRES-Puro 3 Forward GCTGCTGCCGCTGCAAAAGCTCCAGCGTCCAGTGCCTCA

Reverse GAAGACAGGGCCAGGTTTCCGGGCCCTCACATTGCCAAAAGACG
STP m4 Forward GGGCCTTTCGACCTCTAGCGGGATCCATCTACCATTGTTGCGTCCCATATCTGG

Reverse GCGGCAGCGGCCGCTGGAGCTTTTGTAGTGGAAGAAGTCGAC
IRES-Puro 4 Forward CTCCAGCGGCCGCTGCCGCAGGTCCTAGGCCTACTTAC

Reverse GAAGACAGGGCCAGGTTTCCGGGCCCTCACATTGCCAAAAGACG
STP m5 Forward GGGCCTTTCGACCTCTAGCGGGATCCATCTACCATTGTTGCGTCCCATATCTGG

Reverse GCGGCAGCGGCCGCTGGAGATTTTGTAGTGG
IRES-Puro 5 Forward CTCCAGCGGCCGCTGCCGCAGGTCCTAGGCCTACTTAC

Reverse GAAGACAGGGCCAGGTTTCCGGGCCCTCACATTGCCAAAAGACG
STP m6 Forward GGGCCTTTCGACCTCTAGCGGGATCCATCTACCATTGTTGCGTCCCATATCTGG

Reverse GCGGCAGCGGCCGCTGGAGCTTTTGCAGCG
IRES-Puro 6 Forward CTCCAGCGGCCGCTGCCGCAGGTCCTAGGCCTACTTAC

Reverse GAAGACAGGGCCAGGTTTCCGGGCCCTCACATTGCCAAAAGACG
aIRES, internal ribosome entry site; STP, serine-threonine-proline-rich region.
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(Bio-Rad). The membrane was stripped and reincubated with rabbit anti-glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (1:1,000) (ab9485, Abcam) and an HRP-conjugated polyclonal swine anti-rabbit IgG
(1:2,000) (Dako).

Inhibition of clathrin-mediated endocytosis. One hour before infection, 2� 106 cells/mL were centri-
fuged (400 � g, 6 min) and resuspended in stock solutions of chloroquine (50 mM in water), dynasore
(10 mM in DMSO), chlorpromazine (10 mM in water) (inhibitors from Sigma-Aldrich), or complete medium
with or without DMSO control. The cells were centrifuged once more and incubated with virus supplemented
with inhibitors or control medium in a 48-well plate at 37°C and 5% CO2. Thus, the presence of inhibitors was
held constant before and during incubation with virus. After 8 h, 0.32� 106 cells were washed once with PBS,
stained with 1:100 dilution of nIR for 30 min at 4°C, washed again, resuspended in 0.99% paraformaldehyde
in PBS, and analyzed by flow cytometry. In a parallel experimental setup, the cells were washed three times in
PBS and used for purification of RNA and real-time PCR analysis of viral mRNA transcripts.

FFWO analysis. SupT1 cells were stained with either 5 mM CellTrace Violet (CTV) (Thermo Fisher
Scientific) or 1mM CellTrace Far Red (CTR) for 20 min, following the manufacturer’s instruction. Free stain
was removed by washing the cells for 5 min in culture medium with a volume 5 times the initial staining
volume. The cells were centrifuged (300 � g, 8 min) and resuspended in fresh culture medium. The CTV-
and CTR-stained cells were mixed 1:1, pelleted, and resuspended in complete medium, HHV-6AGS, or
HHV-6BZ29 stock solution. The cells were incubated in a 48-well plate for 2, 4, and 6 h. Following incuba-
tion, the cells were washed twice in PBS supplemented with 2% FCS and stained with nIR (1:100 dilu-
tion). The cells were washed once before fixation in 0.99% paraformaldehyde in PBS. The cells were ana-
lyzed on a Novocyte flow cytometer (ACEA Bioscience).

Data availability. The raw data will be made available upon request.
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