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Kaposi’s sarcoma-associated herpesvirus (KSHV) and its murine homolog, murine gammaherpesvirus 68
(MHV68), are lymphotropic viruses that establish latent infection in their host. Surprisingly, while B cells are
the main viral reservoir in vivo, B-cell lines are poorly permissive to infection by either MHV68 or KSHV. Here,
we report that most B-cell lines express very little to no cell surface heparan sulfate (HS), a glycosami-
noglycan that is essential for infection by these viruses. We found that Extl, a key enzyme in the
biosynthesis of HS, was expressed at a low level in these cells. Transfection of B-cell lines with Extl
restored high HS expression at the cell surface. Overexpression of Extl in murine A20 and M12 B-cell
lines increased MHV68 surface binding and enhanced the efficiency of infection. Finally, although it was
not sufficient to allow efficient infection, the expression of HS on BJAB cells promoted KSHV binding at
the cell surface. Thus, our results indicate that MHV68 and KSHYV cycles are blocked in B-cell lines at the

binding step due to a lack of surface HS.

One of the characteristics of gammaherpesviruses is their
tropism for B lymphocytes, where they establish latency (i.e.,
limited viral gene expression) and persist during the whole life
of their host. Kaposi’s sarcoma-associated herpesvirus (KSHV,
also known as human herpesvirus 8) is a gammaherpesvirus
associated with both lymphoid and nonlymphoid cell tumors in
humans, mostly in immunodeficient patients. KSHV is the
etiologic agent of Kaposi’s sarcoma, an AIDS-associated skin
cancer, as well as B-cell lymphoproliferative disorders such as
primary effusion lymphoma and Castleman disease (9, 10, 39).
Studies of KSHV are limited by the lack of cell lines able to
support productive infection as well as the strict restriction in
host range. Murine gammaherpesvirus 68 (MHV68) is phylo-
genetically related to KSHV (13, 48). MHV6S infects mice,
where it establishes latency mostly in B cells (15, 16, 42), and
has been associated with lymphoproliferative diseases in long-
term-infected mice (41) or immunodeficent mice (44). More-
over, unlike KSHV, MHV68 replicates efficiently in vitro in
different fibroblast and epithelial cell lines. Thus, MHV68 pro-
vides a small-animal model for the analysis of gammaherpes-
virus pathogenesis both in vitro and in vivo (37, 40, 47).

Researchers in the field have been puzzled by the fact that
while B cells are the main viral reservoir in vivo, B-cell lines are
mostly resistant to infection by KSHV and MHV6S. Even
though KSHV does not replicate efficiently in cell lines, it can
establish latent infection in a variety of adherent cell lines (4).
However, B-cell lines appear to be among the most resistant
cell lines (4, 8, 24, 35). Even more striking, whereas numerous
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cell lines are highly permissive for the MHV68 productive
cycle, B-cell lines are poorly infected. MHV68 viral transcript
(orf73) could be detected by reverse transcription (RT)-PCR
(17) or real-time RT-PCR (unpublished observations) after
infection of the A20 murine B-cell line. However, we were not
able to detect significant green fluorescent protein (GFP) ex-
pression after infection of A20 or M12 B-cell lines with an
MHV6S virus that encodes GFP under the control of a cyto-
megalovirus promoter (unpublished observations), indicating
that the level of infection was very low. So far, the B-cell line
systems available to study MHV6S8 pathogenesis are (i) an
MHV68-infected tumor cell line (S11) isolated from an in-
fected mouse (45) and (ii) a latently infected A20 cell line
obtained after infection with a recombinant MHV68 that en-
codes hygromycin and selection for hygromycin resistance (17).
Although these systems are of unquestionable value in deter-
mining the events involved in the maintenance of latency and
reactivation, they preclude the study of most early events, such
as viral entry. The reasons for the inability of KSHV and
MHVG6S to efficiently infect B-cell lines are not understood.
However, there are indications that, at least in the case of
KSHYV, there might be a block at the level of viral entry.
Indeed, B-lymphoma cell lines were resistant in KSHV glyco-
protein-mediated cell fusion and viral entry assays (24). More-
over, the transfection of the KSHV genome into B-lymphoma
BJAB cells led to the establishment of latency (11). These
studies suggest that B-cell lines might lack a major determinant
for KSHV entry.

Heparan sulfate (HS) is a sulfated polysaccharide that is
found on the surfaces of most cells as part of proteoglycans (6).
HS binds to numerous ligands, such as growth factors, cyto-
kines, and chemokines, as well as microorganisms. For many
viruses, binding to cell surface HS is a critical step in the
invasion of a cell (28). HS provides initial docking sites thought
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FIG. 1. B-cell lines were stained with the F58-10E4 anti-HS antibody (1:100) that recognizes only functional modified HS polymers (A) or with
the NAH46 antibody (1:100) (B), followed by a fluorochrome-conjugated anti-mouse IgM antibody. Non-B-cell lines are shown as a positive
control (mouse NIH 3T3 cells and human 293T cells). The shaded histograms correspond to staining with an isotope control (mouse IgMkappa,

TEPC183; Sigma).

to facilitate the subsequent interaction with a more-specific
receptor. In many cases, deficiency in HS expression dramati-
cally affects the efficiency of infection, as shown for several
herpesviruses (36), in particular KSHV (3, 7) and MHV68 (12,
23). Both of these viruses encode several glycoproteins that
interact with HS (1, 7, 19, 20, 49). The binding of KSHV to
different cell lines is inhibited by the enzymatic removal of HS
from the cell surface or by competition with soluble heparin (3,
7). CHO cells deficient for HS expression are resistant to
KSHYV binding or MHV68 infection (3, 12, 23).

Given the critical role of HS in KSHV and MHV68 entry, we
decided to examine the status of HS expression at the surfaces
of B-cell lines. Murine B-cell lines (A20, M12, Wehi) and
human B-cell lines (BJAB, Ramos, Raji) were surface stained
with F58-10E4 antibody (Seikagaku Corporation), the most
commonly used anti-HS antibody. As shown in Fig. 1A,
whereas control non-B cells (murine NIH 3T3 and human
293T) expressed high levels of HS, the signal was either very
low or undetectable in all the B-cell lines that we tested. HS is
synthesized by the stepwise addition of glucuronic acid (GlcA)
alternating with N-acetylglucosamine (GIcNAc) attached to a
proteoglycan core protein. The chains are subsequently mod-
ified through several reactions which transform the polymeric
heparan precursor to HS. In particular, 40 to 50% of the
polymer is subjected to N-deacetylation followed by N-sulfa-
tion of GIcNAc (14, 18, 22). The final and functional HS
product displays a domain-type arrangement of more- or less-
modified saccharide sequences, where the sulfated domains
are the main regions involved in ligand binding. The F58-10E4

antibody reacts with an epitope that includes N-sulfated glu-
cosamine residues on HS chains. Such residues are critical for
the reactivity of the F58-10E4 antibody; therefore, this anti-
body will not recognize the unmodified heparan precursor. On
the other hand, a newly available anti-HS antibody, NAH46
(Seikagaku Corporation), is specific for GIcNAc residues and
can thus recognize unmodified heparan precursors (as well as
HS, since the deacetylation modification is not complete along
the HS polymer). Using this antibody, we could detect a signal
at the surfaces of some of the B-cell lines, albeit at much lower
levels than those detected for non-B-cell lines (Fig. 1B). Since
HS refers to modified polymers, containing in particular N-
sulfated residues recognized by F58-10E4, we conclude that
B-cell lines are defective for HS expression. The low level of
expression detected using the NAH46 antibody could be due to
the presence of nonsulfated HS precursors or abnormally short
HS chains. This will be discussed elsewhere in this report.

A critical step in HS biosynthesis is the polymerization of
alternating GIcA and GIcNAc residues, catalyzed by the syn-
ergistic action of Extl and Ext2 enzymes (27, 29, 30). We
examined the level of Extl and Ext2 mRNAs in B-cell lines by
real-time RT-PCR and found that these cells expressed low
levels of Extl. In contrast, the closely related Ext2 mRNA was,
on average, expressed at higher levels, although it varied de-
pending on the cell line (Fig. 2A). We next transfected B-cell
lines with vectors encoding Extl and Ext2 (29), either sepa-
rately or together. Cells were transfected with a vector encod-
ing Extl fused to GFP (pExtl1-GFP), a vector encoding Ext2
fused to GFP (mExt2-GFP), or pExt1-GFP together with a
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FIG. 2. (A) RNA was extracted from B-cell lines or from non-B-cell lines (NIH 3T3 and 293T) as a control and subjected to RT- and real-time
PCR using primers specific for murine or human Ext1l and Ext2 cDNA. Results were normalized to the housekeeping gene GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase), and the comparative threshold cycle (C;) method was used for quantification. (B) A20, M12, and BJAB cells
were transfected with a vector encoding Ext1-GFP, in the presence or absence of Ext2. Samples transfected with a vector encoding Ext2-GFP were
included, as were cells transfected with a control vector expressing GFP only. After 24 h, cells were stained with the F58-10E4 anti-HS antibody
followed by a PE-conjugated secondary antibody. HS staining of the GFP-positive cells is shown (shaded histogram, mouse IgMkappa isotype

control).

vector encoding Ext2 (mExt2). As a control, a vector encoding
GFP alone was used. Twenty-four hours after transfection,
cells were stained with the F58-10E4 anti-HS antibody fol-
lowed by a phycoerythrin (PE)-conjugated anti-immunoglobu-
lin M (IgM) antibody and analyzed by flow cytometry. As
shown in Fig. 2B, Extl-transfected cells expressed high levels
of HS (shown for A20, M12, and BJAB cells), whereas Ext2
alone had no effect on HS expression. Similar results were
obtained for the other two B-cell lines that we tested (Wehi
and Raji; data not shown). In most cases, the transfection of
Extl together with Ext2 (Extl+2) increased HS expression
compared to results for Extl alone, consistent with the coop-
erative function of these two enzymes (29). The NAH46 anti-
body also gave rise to a dramatic signal increase in Extl-
transfected cells (data not shown). Thus, the defect in HS
expression at the surfaces of B-cell lines can be overcome by
the overexpression of Extl.

Fibroblast and epithelial cell lines are readily susceptible to
MHV68S infection. MHVG68 critically depends on surface HS to
infect CHO cells (12, 23) as well as bone marrow-derived
dendritic cells (38). To test if the poor susceptibility of B-cell
lines to MHV68 infection is due to their defect in HS expres-
sion, we transfected A20 and M12 murine B cells with Ext1+2
to achieve a high level of surface HS. As a negative control,
cells were transfected with Ext2 alone. After 24 h, MHV68
surface binding was examined using MHV68 virions carrying
an enhanced GFP tag on the endogenous gM C terminus
(MHV68 gM-GFP) (21). Cells were incubated with the virus
for 90 min on ice and then washed and stained for surface HS.
Cells were fixed in paraformaldehyde and analyzed by flow
cytometry. As shown in Fig. 3A, there was a correlation be-
tween the GFP signal in A20 cells and the amount of HS at the
cell surface, indicating that the efficiency of viral binding was

dependent on HS expression. The same trend was observed for
M12 cells, albeit to a lesser extent. In both cases, the pretreat-
ment of Extl+2-transfected cells with heparinase III, an en-
zyme that cleaves HS at the cell surface, drastically decreased
the extent of GFP signal, to a level comparable to that seen for
Ext2-transfected cells. Altogether, our data indicate that
MHV68 binding on Extl-expressing cells is mediated by sur-
face HS.

We next asked whether the increased viral binding upon HS
expression was physiologically relevant and could promote vi-
ral entry. Twenty-four hours after transfection with Ext1+2 as
described above, or Ext2 alone as a negative control, A20 and
M12 cells were infected with an MHV68 that encodes GFP
under a cytomegalovirus promoter (MHV68-GFP). Unlike the
virus used in the previous experiment, the virions are not GFP
tagged; thus, GFP expression is strictly dependent on viral
access to the nucleus. Eighteen hours after infection, cells were
examined for HS and GFP expression by flow cytometry. Re-
sults of two representative experiments are shown for M12
cells (Fig. 3B and C), as is quantification from three indepen-
dent experiments (A20 and M12 cells) (Fig. 3D, left). GFP
expression could be detected for both A20 and M12 HS-pos-
itive cells, to a significantly higher level than that detected for
the HS-negative population. Importantly, cells treated with
heparinase did not support significant infection (Fig. 3C and
D). The quantification shown in Fig. 3D (left) was done by
determining the percentage of GFP-positive cells among the
HS-positive cells, or among the HS-negative cells, in samples
transfected with Ext1+2, with the assumption that HS expres-
sion was not modified between the time of infection and the
HS analysis 18 h later. However, we observed a significant
decrease in the percentage of HS-positive cells in A20-infected
samples (HS+; 6%) compared to that in the noninfected con-
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trol (HS+; 20%) (Fig. 3D, right), suggesting that infected cells
might have undergone HS downregulation. Thus, in the anal-
ysis of A20 infection, we are probably underestimating the
fraction of infected cells that were HS positive at the time of
infection. Surprisingly, however, the decrease in HS-positive
cells following MHV68 infection is greater than the percentage
of infected cells. It could be that MHV68 binding at the surface
(Fig. 3A) promotes viral endocytosis (and thus downregulation
of HS from the cell surface), with only a fraction of it leading
to efficient infection.

While several studies found that BJAB cells are resistant to
KSHYV infection (4, 8, 35), Chandran et al. reported that these
cells could bind KSHV, and internalized viral particles were
detected by electron microscopy (3). Interestingly, in that
study, KSHV binding at the cell surface was blocked by hep-
arin, indicating a role for HS. These observations prompted us
to examine whether BJAB cells from the laboratory of B.
Chandran (referred here as BJAB.b cells) naturally expressed
HS, unlike the ones from the laboratory of L. Coscoy (Fig. 1
and 2). As shown in Fig. 4A, we found that BJAB.b cells
expressed a high level of HS, as detected by both F58-10E4 and
NAH46 anti-HS antibodies. We measured the level of Extl
and Ext2 mRNAs by real-time RT-PCR as before and found
that BJAB.D cells exhibited higher levels of both Ext1 and Ext2
mRNAs than those exhibited by HS-negative BJAB cells (Fig.
4B). We next examined the efficiency of KSHV binding at the
cell surface in the HS-negative and -positive BJAB cells.
BJAB.b cells were pretreated or not with heparinase III. HS
removal from the cell surface in the heparinase-treated sample
was verified by flow cytometry (data not shown). Cells were
incubated in the presence of KSHV for 90 min on ice and then
washed extensively and subjected to DNA extraction (DNeasy
kit; Qiagen). The presence of KSHV genome was detected by
real-time PCR. As shown in Fig. 4C, KSHV surface binding
was significantly higher in BJAB.b cells than in HS-negative
BJAB cells. Heparinase treatment inhibited KSHV binding on
BJAB.b cells, consistent with a previous report by Chandran et
al. (3). We then infected BJAB.b cells with KSHV and exam-
ined viral expression after 36 h. The latent protein Lana and
the lytic gene product orf59 were not detected by immunoflu-
orescence (data not shown). Real-time RT-PCR for the cor-
responding mRNAs was also negative at 24 to 36 h (data not
shown). An extremely low signal for orfS9 mRNA was ob-
served repeatedly for BJAB.b cells, but not HS-negative BJAB
cells, 8 h after infection (data not shown). However, the signal
was very close to background and was absent after 12 h, sug-
gesting a possible abortive infection. Alternatively, orf59
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FIG. 4. (A) BJAB.b cells were surface stained with anti-HS anti-
bodies (Ab) (shaded histograms, mouse IgMkappa isotype control).
(B) RNA was extracted from BJAB and BJAB.D cells and subjected to
RT- and real-time PCR using primers specific for human Extl and
Ext2 cDNA. Results were normalized using the housekeeping gene
GAPDH, and the comparative C, method was used for quantification.
Extl, P < 0.00003; Ext2, P = 0.019. (C) To measure KSHV surface
binding, BJAB or BJAB.b cells were incubated with the virus for 90
min on ice and subjected to DNA isolation and real-time PCR using
primers specific for the KSHV genome. Results were normalized using
the housekeeping gene GAPDH, and the comparative C; method was
used. Results are expressed as the increase (n-fold) over the signal
obtained with HS-negative BJAB cells incubated with KSHV (set at 1).

FIG. 3. (A) A20 and M12 cells were transfected with Ext1+2 or Ext2 alone. Twenty-four hours after transfection, a fraction of Ext1+2-
transfected cells were treated with heparinase III for 3 h (1 U/ml) at 37°C. Cells were then incubated on ice in the presence of MHV68 gM-GFP
at a multiplicity of infection of 5. After 90 min, cells were washed and stained with the NAH46 anti-HS antibody, followed by a PE-conjugated
secondary antibody. Cells were fixed and analyzed by flow cytometry. (B) Cells were transfected with Ext1+2 or Ext2 alone, as described for panel
A, and infected 24 h later with MHV68-GFP at a multiplicity of infection of 3. Eighteen hours after infection, the expression of GFP and HS
(NAH46 staining, as in panel A) was analyzed. (C) Cells were transfected as described above. A fraction of Ext1+2-transfected cells was treated
for 5 h with heparinase IIT (10 U/ml) before infection with MHV68-GFP. Heparinase was left in the medium during and after incubation with the
virus. Eighteen hours after infection, GFP expression was examined by flow cytometry. (D) Left, the percentage of GFP-positive cells in HS-low
or HS-high cells was determined in three independent experiments performed as for panel B. Dot plots were divided in quadrants as shown in panel
B. *, P = 0.03; #%, P < 0.0001. Right, A20 cells transiently transfected with Ext1+2 were infected with MHV68-GFP or were mock infected. After
18 h, cells were stained for HS expression as before. Ext2-transfected cells are shown as a control. HS+, percentage of HS-positive cells.
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mRNA detection at 8 h postinfection could come from mRNA
trapped in the virus particle.

Altogether, our results show that B-cell lines are defective
for HS expression and, as a consequence, are resistant to
MHV68 and KSHV binding. We found that B-cell lines ex-
press a low level of Extl and, consequently, very little HS at
their surfaces. Interestingly, fibroblast cells with a hypomor-
phic gene trap mutation in Extl produce HS chains that are
short but have a normal sulfation pattern (50). This might
explain why we are able to detect a small signal using the
NAH46 antibody in some of the B-cell lines. Indeed, due to
their low Extl level, B-cell lines might produce short sulfated
HS chains, providing enough epitopes for detection with the
NAH46 antibody, but too few epitopes for detection with the
F58-10E4 antibody. Overexpression of Extl might cause HS
polymers to dramatically lengthen, resulting in a high signal
with both NAH46 and F58-10E4 antibodies. Alternatively, we
cannot completely exclude the possibility that B cells might
also have a defect in sulfation (explaining the absence of F58-
10E4 staining) and that overexpression of Ext1 overcomes that
defect. However, we think this is unlikely, since Presto et al.
showed that overexpression of Ext2, but not Extl, indirectly
increased HS sulfation (32).

We show that HS is critical for MHV68 binding and infec-
tion of A20 and M12 cells. To our knowledge, this is the first
evidence that HS is critical for infection of B cells by MHV68.
Some viral binding was detected in the HS-low A20 cells (Fig.
3A), probably due to the small endogenous level of HS, as
detected with the NAH46 antibody. This modest level of HS
expression probably explains the low level of infection that we
could detect by real-time RT-PCR (data not shown) and that
was also reported in a recent study (17). Transfection of syn-
decan 1, a carrier of HS, was used in an earlier study to
enhance A20 permissivity to MHV68 (5). In that context, over-
expression of the carrier protein probably leads to an increase
in the number of short HS chains presented at the cell surface
and thus might compensate for the lack of long HS polymers.
Likewise, overexpression of syndecan 1 in Raji cells increased
HS expression at the cell surface (26).

The efficiency of infection of HS-positive A20 and M12 cells
remains relatively low (Fig. 3B to D). Interestingly, a massive
viral binding could be detected in HS-positive A20 cells (Fig.
3A). However, these cells are infected to a lower extent than
M12 cells that do not bind virus as efficiently. Thus, the level of
infection does not strictly correlate with the amount of bound
virus, indicating that there are additional blocks downstream of
MHV68 binding to HS. It would be interesting to examine the
nature of the proteoglycan to which HS is attached to deter-
mine whether it is important for MHV68 entry.

Consistent with earlier reports (3), we found that BIAB cells
expressing HS (BJAB.b) could promote KSHV binding in an
HS-dependent manner, while HS-negative BJAB cells sup-
ported very little binding. However, we were not able to effec-
tively infect these HS-positive BJAB cells with KSHV. Inter-
estingly, the introduction of KSHV DNA into BJAB cells led
to infection (11). Altogether, this suggests that BJAB cells
might lack a specific KSHV surface receptor. Indeed, whereas
HS is required for the binding of numerous viruses to cell
surfaces, it is generally not sufficient to promote viral entry.
Alternatively, intracellular factors involved in the transport of

J. VIROL.

the nucleocapsid to the nuclear membrane, viral DNA delivery
into the nucleus, or DNA circularization might be missing in
BJAB cells.

Several KSHV surface receptors have been identified (2, 25,
34). A recent study reported that transfection of DC-SIGN
(dendritic cell-specific intercellular adhesion molecule 3-grab-
bing nonintegrin) into the Raji B-cell line could render these
cells susceptible to KSHV infection (33). It would be interest-
ing to determine if those Raji cells express HS, since variations
between cell lines from different laboratories have been ob-
served, both in HS expression (present study) and in receptor
expression, such as that of cystine transporter xCT (25, 33).

Our study provides evidence that both MHV68 and KSHV
require HS to infect cells of the B lineage in vitro. In contrast,
Epstein-Barr virus, a closely related human gammaherpesvi-
rus, does not appear to depend on HS for viral binding and
entry. Instead, primary attachment to B cells is mediated by
binding to complement receptor 2 (CD21) (31, 43). Impor-
tantly, the mechanism of B-cell infection in vivo by KSHV and
MHVG68 still remains to be elucidated, since naive B cells
express very little to no HS (46; unpublished data).
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