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gradual increase up to 15 ns and seems to be almost constant
after 20 ns. Plots of rmsd in Figure S1 were obtained from the
coordinates of main chain atoms of the whole HA. The N-
terminal domain of the HA1 subunit is so flexible that rmsd
values are considerably large. Hence, rmsd values were
calculated again with respect to the main chain atoms of only
the HA2 subunit with excluding the C-terminal region, aa 176—
222. The rmsd curves only for HA2 in Supplementary Figure
S2 also became constant after 20 ns for every model
Accordingly, protein conformations for the respective models
were judged to be equilibrated.

Principal component analysis (PCA) in Supplementary
Figure S3 indicates that the trajectory structures for the last 5
ns are in a single conformation for every model. The
equilibration of the simulation is also confirmed from these
PCA plots. In order to extract the plausible protein structure,
the averaged structure was obtained using 500 trajectory
structures from the last § ns of MD simulation. The rmsd
between each trajectory structure and the average structure was
calculated, and then one trajectory structure with the smallest
rmsd value was determined to be the plausible protein
structure. At a glance, there is no prominent difference
among the 4 models in terms of shape of the trimer,
conformation of the HAl and HA2 subunits, or position of
helices. Although no significant apparent change is seen in the
backbone of HA, there appears a notable difference in the
location of side chains. The differences in the side chain will be
responsible for the change in binding affinity and inhibitory
activity of inhibitors.

Binding of an Inhibitor to HA. By means of docking
simulation, an inhibitor, stachyflin, was bound to the HAs,
using the respective plausible protein structures obtained by
MD calculations. In the wild-type HA, stachyflin was bound
near Aspl09 of the HA2 subunit (Figure 2). Hydrophobic
interactions were observed between the B ring of stachyflin and
Phe37 of HAI, between the C ring of stachyflin and Phel10 of
HA2, and between the D ring and Leull3. Hydrogen bonds
were formed between the O atom on the D ring of stachyflin
and the amino group of Asnll4 in HA2 and between the O
atom on the E ring and the amino group of Asnl17.

In mutant 2, stachyflin was bound to a location similar to that
of the wild-type (Supplementary Figure S4c), while the docking
simulation showed binding of stachyflin at the central space
among three helices of the HA2 trimer in mutants 1 and 3
(Figures S4b and d). Judging from the binding affinity
evaluated by ASP score function (Supplementary Table S2),
the binding of stachyflin to the wild-type HA is the most stable.
All of the mutants showed notable decrease in binding affinity
compared to that of the wild-type.

An amino acid mutation of KSIR in HA2 commonly
appeared in the three mutants, suggesting that KS1R was the
primary mutation for drug resistance. Other mutations, K121E
and V176I, will enhance the resistance. All of these amino
mutations are, however, distant from the stachyflin binding site.
Our MD simulation clearly indicated that inner helices of HA2
subunit were rotated (Figure 3a). One of the three inner
helices, chain D in nomenclature in PDB 1RDS, was rotated by
10.8° in mutant 1 and by 15.0° in mutant 2 compared to the
wild-type (Figure 3b). The amino group on the side chain of
LysS1 makes a strong hydrogen bond with the hydroxy group
of Thr107 of HA2 (Figure 3c). Arg is also a positively charged
amino acid residue, but the length of the side chain is longer
than that of Lys. When Lys is converted into Arg, the side chain
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Figure 2. (a) Complex structure of stachyflin and hemagglutinin
obtained by the ligand docking simulation. (b) Binding site of
stachyflin viewed in a plane perpendicular to the helices of the HA2
subunit. (c) Binding mode of stachyflin, shown in a magnified view of
the area indicated by a red frame in panel a. Stachyflin is bound to the
space between two helices of HA2 subunit, making strong interaction
with side chains of Asp109, Phell0, and Leull3. The interaction
distances are in

of the residue at codon 51 expands and pushes T107. The side
chain of Thrl07 serves as a lever to rotate the helix. The
position of the side chain of Asp109 is largely deviated from
that of the wild-type because of the closeness to Thrl07.
Lysl121 has a strong interaction with the carboxy group of
Asp18 of the HA1 subunit. When Lys is converted into Glu in
the K121E mutation, the side chain of Glul21 and Aspl8 of
HA1 causes repulsion to increase the distance between them.
This repulsion assists the helix rotation, and the deviation of
Leull3 and Asnll4 from the wild-type will be enhanced
because of the closeness to Glul2l. To monitor the helix
rotation, the angle between the line connecting the Ca and Cf
atoms of Aspl09 on the inner helix chain D and the line
connecting the Aspl09 Ca atom on chain D and the Phell0
Ca atom on another inner helix chain B was measured through
the simulation as shown in Supplementary Figure S5. A
significant angle change was observed after 10 ns for every
model. The distances between the N{ atom of Lys51 (or C{ in
KS1R) of HA2 and the Oy atom of Thr107 of HA2 and also
between the N¢ atom of Lys121 (or C6 in K121E) of HA2 and
Cy of Aspl8 of HAl were monitored as shown in
Supplementary Figure S6. Because HA is a trimer and there
exist three HAl and three HA2 subunits in the calculation
models, three combinations of those interatomic distances were
measured through the simulation. The distance plots in Figure
S6 indicate that the interaction between the residues at codon
51 and codon 107 is quite stable in the wild-type HA. In
contrast, some of these distances occasionally increased in the
mutants. The distance between the residues at codon 121 of
HA2 and at codon 18 of HAIl ceaselessly fluctuated in all
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Figure 3. (a) Superposition of the hemagglutinin structures of mutants
on that of the wild-type. The wild type is colored green and mutants 1,
2, and 3 are colored cyan, magenta, yellow, respectively. The binding
area of stachyflin to the wild-type HA is shown in a mesh
representation. There is no significant change in positions of helices.
However, the amino acid mutations cause rotation of helices. The
rotation angle is estimated from the position of Cf atom of Asp109, as
shown in panel b. Thr107 in HA2 subunit and Asp18 in HA1 subunit
are deeply involved in the helix rotation induced by KS1R and K121E
mutations, respectively, as shown in panel c. Two illustrations on the
left side are depicted around the planes perpendicular to the helices
and containing Thrl07 or Lysl2l, respectively. The planes are
indicated by blue and red frames in the right side illustration in panel c.

models. A strong interaction was, however, established at least
for one combination of Lys121 and Aspl18 in the wild-type.

The helix rotation pointed out above is the reason for the
decrease in inhibitory activity of stachyflin to the resistant
mutants. In the mutants, the side chains of Asp109 and Leul13
are displaced and occupy the space that stachyflin was bound to
in the wild-type HA. The side chains of Phe110 and Asn114 are
also displaced and move away from the stachyflin binding site
as shown in Supplementary Figure S7. Therefore, stachyflin
would not be bound to HA stably any more. The helix rotation
in mutant 3 is small. This is naturally understood because the
influence of V1761 mutation in the HA1 subunit is slight. This
finding suggests that some degree of flexibility is favorable to
HA inhibitors for releasing the strain due to the helix rotation.
Therefore, compounds bearing acomplicated heteroring
structure are disadvantageous. Instead, a single bond con-
nection of separated ring domains can be a good chemical
frame to maintain structural flexibility.

Conformational change accompanying helix rotation has
been reported for other kinds of transmembrane proteins. For
example, an X-ray crystallographic analysis of the human f2
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adrenergic G-protein-coupled receptor'® suggested that a
rotational motion was observed for one of the transmembrane
helices owing to the binding of a ligand for the receptor. An
electron paramagnetic resonance measurement' and a
computational analysis16 indicated that light adsorption
induced a conformational change of retinal chromophore in
sensory rhodopsin and this conformational change caused the
rotation of transmembrane helix TM1 to lead signal trans-
duction of the sensory protein.

Search for Active Compounds. The natural product
stachyflin possesses a unique pentacyclo structure in which each
ring is labeled as A, B, C, D, and E, respectively. Rings AB are
composed of a naphthol skeleton, and rings DE are composed
of an indol frame. Ring C bears a pyran structure and connects
rings AB and rings DE. Rings ABC are fused in cis-form, and
the oxygen of pyran is bonded to the carbon at the junction of
rings AB. Furthermore, stachyflin contains $ chiral centers, in
which all of the chiral carbons are located on rings AB.
Therefore, the naphtol moiety and its connection to pyran
make the chemical structure of stachyflin highly complicated. A
hydroxy group and carbonyl oxygen are bound to the indol
ring, which characterizes the electrostatic property of stachyflin.
The hydroxy group of naphthol is another factor to characterize
the polar feature of this natural product.

Eight chemical compounds were selected by an in silico
screening using the pharmacophore of stachyflin (Table 1). All
of the selected compounds were produced by organic synthesis
and are available by purchase. The molecular weights of these
compounds range from 304 to 341. Compound 1 bears two
ester bonds and a benzofuran moiety corresponding to rings C
and D of stachyflin in superimposition. Compound 2 bears a
thieno-pyrimidine, which corresponds to rings D and E of
stachyflin and a phenyl-cyclopentane corresponding to rings A
and B. Two benzene rings are connected via a dichloromethyl-
carbonyl group in compound 3. Methylbenzoic acid methyl-
ester in compound 4 corresponds to rings D and E, and
dimethyl-diazolane is connected by a sulfonyloxy group.
Thieno-pyrimidine in compound § corresponds to rings D
and E, and another thiophene corresponds to ring A. The
molecular weight of compound 6 is the largest among the
selected compounds, and methylester-benzene corresponds to
rings D and E and pyridyl-triazole corresponds to rings A and
B. Compound 7 bears a seven-membered ring containing two
nitrogen atoms. Hydroxybenzene in compound 8 corresponds
to ring B of stachyflin.

Assay for Antiviral Activity. The 8 selected compounds
were tested in an influenza virus cell culture assay (Table 1).
Compounds 4 and § were found to have significant antiviral
activity (ECgo < 5 uM). Although compound 2 was the most
highly potent with an ECgy of 3 M, compound 2 exhibited
significant cytotoxicity at a concentration of 6 yM, measured by
an MTT assay with MDCK cells. Since compounds 4 and §
showed no noticeable cytotoxicity, these two compounds were
chosen as the structural core in the next step for organic
synthesis.

The binding modes of compounds 4 and 5 to the wild-type
HA were predicted by performing docking simulation. The
most probable docking structures are shown in Figure 4a and b,
which were determined from the score ranking for 50 docking
poses. The two compounds are bound to almost the same
position as stachyflin is. That is, these compounds are located
not in the central space of HA2 trimer but at a position in the
middle of two helices of the HA2 subunit. The calculated
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Table 1. Structures and Inhibitory Activities of the Chemical Compounds Obtained through an in Silico Screening
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“Stachyflin is depicted in green stick representation, while compounds are blue.

binding affinities of these two compounds in ASP score are
lower than that of stachyflin (TSupplementary able S2) but
higher than that in the cases of stachyflin bound to the three
kinds of mutants.

Synthesis of Analogue Compounds. Compound 4 bears
a structural core of vanillic acid. Based on the vanillic acid
methylester core, 22 derivatives from compound 4 were
synthesized as shown in Table 2, where the functional group
at the fourth position of the benzoic acid was modulated. A
highly potent compound (9) was found in the analogues in
which methylsulfonyl was connected to the fourth position.
The incorporation of benzyl or methylphenyl (10, 12) showed
no inhibitory activity, while moderate activity was observed in
case of phenyl only (11). This means that a small chemical
group is favorable for the substitute connecting via the
sulfonyloxy group. Conversion of the sulfonyl group into an
ester bond (13—15) resulted in complete loss of compound
potency, regardless of the size of the substitutes connected to
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the ester. Substitution of the sulfonyl group by an alkyl chain
(16—20) resulted in loss of inhibitory activity. Only compound
18 in which the sulfonyl group was substituted by benzyl
showed slight inhibitory activity. Then the effect of addition of
functional groups to the benzyl (21-28) was surveyed.
Compound 22 containing an oxybenzyl group at the para-
position of the benzyl exhibited high compound potency. The
inhibitory activity was maintained with the addition of methoxy
or trifluoromethyl at the para-position, while the incorporation
of other kinds of functional groups (23—25) or the addition of
trifluoromethyl at the ortho- or meta-position (27, 28) resulted
in loss of inhibitory activity. Conversion of the sulfonyloxy
group into an amino group (29, 30) was tested. None of the
derivatives showed noticeable increase in compound potency.
Compound $ bears a heteroring core of thieno-pyrimidine,
and a dimethyl-aminyl-thienyl group is connected to the
heteroring via amine. Keeping the heteroring core, 9 derivatives
from compound S were synthesized as shown in Table 3. The
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Figure 4. Hit chemicals found through in silico screening: (a)
compound 4 and (b) compound 5. Top: chemical structure. Middle:
binding site of the compound predicted by the docking simulation.
Bottom: binding position of the compound viewed from the direction
of subunit HAL.

introduction of benzyl via amine group (31) resulted in an
increase in inhibitory activity. In contrast, conversion into
dimethylamine (32, 33) resulted in loss of compound potency.
Interestingly, while conversion into methyl-piperazine (34)
resulted in a decrease in inhibitory activity, its hydrochloride
salt (35) exhibited a high compound potency. Phenyl-
piperazine (36) also exhibited a considerably high inhibitory
activity. The conversion of thiophene of compound $ into
benzene (37) exhibited a high compound potency, while its
chiral analogue (38) showed no inhibitory activity. This chiral-
selective compound potency was confirmed by substitution of a
Boc protection group (39) for the dimethylamine of compound
37.

Actions of Active Compounds for Blocking HA. Fusion
of the membrane is an essential process in the entry of
influenza virus into the host cell. HA mediates this process
through two functions in the early stage of the viral life cycle."”
One is anchoring at sialylated glycoprotein receptors on the cell
membrane surface. The other is the low-pH induced conforma-
tional change that initiates the exposure of a fusion peptide, a
bydrophobic N-terminal segment buried in the HA trimer
interface, to be inserted into the endosomal membrane.

in is assumed to block this fusogenic process of
13 Indeed, in the predicted binding structure shown in
Figure 2, stachyflin is combined with HA with the formation of
two strong hydrogen bonds and three strong aromatic ring-
involved hydrophobic interactions.

Several other compounds blocking the fusogenic activity of
HA have been identified."®* ** An active compound'® bears a
naphthoquinone skeleton, which is commonly seen in
stachyflin as rings AB. Another compound'® contains a
quinolizin moiety connected to a benzamide skeleton, and a
one-step virus growth experiment indicated that this compound
mainly inhibited virus proliferation at the early stage of the
replication cycle. Therefore, a quinoline skeleton is one of the
effective chemical cores for binding to HA. A compound

Stach
HA!
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containing piperadine connected to trifluoro-methylbenzoyl
also showed high inhibitory activity for influenza virus
replication.”’ Ligand docking calculation suggested that this
compound was bound to a site near Phell0 of the HA2
subunit, which is almost identical to the binding site of
stachyflin obtained in this work as shown in Figure 2. A
compound analogue to podocarpic acid was identified as an
inhibitor of type A viruses®' and showed a high inhibitory
activity especially for Kawasaki strain but was not so sensitive to
WSN strain. In contrast, some recently identified blockers are
targeted at another domain of HA.**** Some peptides
mimicking sialic acid were shown to inhibit the entry of viruses
into host cells, attached to the receptor-binding site of HA.>
Synthesized macromolecules containing three sialyllactoses
linked with trisphenol or trisaniline were reported to inhibit
viral replication, combined with the receptor-binding site of
HA Recently, an HA inhibitor bearing a benzenesulfonamide
core was identified through structural modifications of a
salicylamide derivative.”® It is interesting to note that the
chemical structure of this agent resembles that of compound 9
in Table 2 to some extent.

In most of the active compounds, susceptibility varies among
strains of influenza viruses and the inhibitory activity is
drastically decreased due to the acquirement of resistant
mutation. Our MD simulation demonstrated that the rotation
of helices is the reason for the reduction of compound potency.
Due to the increase in performance of computers and the
development of calculation methodology, several computa-
tional analyses have recently been carried out.*™*?* Quantum
mechanical calculations using the fragment molecular orbital
method were used to investigate the role of key amino acid
residues in recognizing sialoglycoproteins on the host cell
surface’® or in combining with neutralizing monoclonal
antibodies.”” Huge MD simulations were performed to examine
the interaction between HA and sialoglycans®® and clarify the
reason for mutations at the receptor-recognizing site.”” MD
simulations were also employed to evaluate the binding free
energy® and to interpret the difference in receptor specificity.>*
A computational approach was further demonstrated to be
quite helpful for desi%ning protein peptides that strongly inhibit
the function of HA.>

Pharmaceutical Properties of Hit Chemicals. Since
stachyflin exhibits a highly potent anti-influenza activity for the
wild-type WSN strain and is a challenging synthetic target due
to its unique alkaloid structure, two research groups have so far
attempted total synthesis of stachyflin. The first total synthesis
of racemic (+)-stachyflin was reported by Taishi et al,'' in
which the characteristic structure of 3 heterorings was built one
by one in 29 steps. The first enantioselective total synthesis of
(+)-stachyflin was recently achieved by Watanabe et al,*
utilizing an acid-induced domino epoxide-opening, rearrange-
ment, cyclization reaction.>* These synthetic studies suggest the
possibility for producing stachyflin analogues and encourage
the development of stachyflin-based antiviral agents. The
complexity in synthesis is, however, disadvantageous from the
viewpoint of productivity in manufacturing. Carey and co-
workers analyzed the reactions used for the preparation of drug
candidate molecules, surveying 128 compounds produced in
the departments of process chemistry of three major
pharmaceutical companies. According to their analysis, the
average number of chemical steps for synthesizing one
candidate is 8.1. Compounds containing a chiral center account
for about half of the 128 molecules. Therefore, the structural
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Table 2. Structures and Inhibitory Activities of the Synthesized Analogues to Compound 4, Which Bears a Vanillic Acid Core®
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Compound X R Temp. (°C)  Time (h) Yield (%)  ECsp (uM)
9 0SO,Me it 3 71 0.9
10 oH 0S0,CH,Ph rt 3 75 >10
1 0SO.Ph it 6 81 7.0
12 0S0,p-MeCgHy it 6 82 >10
13 OCOMe rt 3 35 >10
14 OH OCOCH,C! rt 3 66 >10
15 OCOPh reflux 3 80 >10
16 0’\(37 reflux 24 93 >10
17 o OCH,t-Bu reflux 72 21 >10
18 H  ocH.Ph it 8 81 83
19 OCH,CH,Ph reflux 24 70 >10
20 OCH,(CH,),Ph reflux 24 91 >10
21 OCHp-MeOCgH, t 12 72 8.1
22 OCH,p-BnOCgH, it 12 83 2.5
23 OCHzp-N0205H4 rt 12 67 >10
24 OCH,p-FCgH, rt 12 88 >10
25 OH  OCH,2,3,4,5,6-F<Cq it 12 82 >10
26 OCHp-CF3CgHy rt 12 79 8.2
27 OCH,0-CF3CgHy4 rt 12 76 >10
28 OCHom-CF3CgHy4 rt 12 68 >10
29 NHCH,Ph 54 85
30 NH2  N(CHoPh), t 12 27 >10

“Condition: (a) K,CO;, R-Cl, CH,CN, temp, time, 21—93%.

core of stachyflin would not be suitable for scale-up synthesis in
terms of the number of synthetic steps and the number of chiral
centers. In this study, we provided two scaffolds exhibiting
antiviral activity. Most of the compounds shown in Tables 2
and 3 were synthesized within 3 steps, except for compounds
37-39. Compounds 37—39 include chiral centers, and the
synthesis of these compounds was achieved at most within 8
steps. Accordingly, the proposed scaffolds are feasible for
diverse modulation of functional groups and then ones of the
chemical bases for the development of HA inhibitors.

A requirement of antiviral drugs in clinical use is inhibitory
activity for a broad range of viral strains. We tested the potency
of several compounds synthesized in this study using A/
Vietnam/1194/2004 (HSN1) strain,>® which causes severe
pathological conditions for humans and is one of the viruses
attracting keen concern for the threat of a pandemic. A cell-
based antiviral assay indicated that compounds 31 and 39 were
effective for this HSN1 type virus with ICy, values of 0.2 and
5.2 uM, respectively. This suggests that the scaffolds found in
this study will maintain compound potency over different types
of influenza viruses.

Plan of the Design of Potent Agents. In the in silico
screening carried out in this study, 4 features, i.e., hydrophobic
region, hydrogen-bond donor, hydrogen-bond acceptor, and
aromatic ring, were monitored for pharmacophore. Hit
chemical compound 4 is compatible with stachyflin in the
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three features of aromatic ring, hydrophobic region, and
hydrogen-bond acceptor. Hit chemical compound § is
compatible in all four features. All of the 8 selected compounds
are compatible with stachyflin at least in two features, aromatic
ring and hydrogen-bond acceptor. That is, these two features
are commonly observed in pharmacophores of all selected
compounds. This suggests that aromatic ring and hydrogen-
bond acceptor are indispensable for inhibitors analogous to
stachyflin. From the viewpoint of compatibility in the
pharmacophore, compound $ is the most advantageous for
an HA inhibitor. In the binding modes of compounds 4 and §
to the wild-type HA shown in Figure 3, compound 4 generated
three hydrogen bonds with HA. In contrast, one hydrogen
bond was observed between compound § and HA. The binding
position of compound § is considerably close to that of
stachyflin. These findings in binding mode suggest that the
shape complementarity between compound § and the binding
site in HA is high, while electrostatic complementarity is more
significant in the binding of compound 4.

Methylester of compound 4 corresponds to carbonyl oxygen
on ring E of stachyflin, and methoxy corresponds to the
hydroxy group bound to ring D. It should be noted that rings
DE of stachyflin compose a large flat region and that the vanillic
acid core of compound 4 mimics the flat region and the
distribution of polar atoms. Diazolane of compound 4 is
compatible with ring A of stachyflin, and amine on the
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Table 3. Structures and Inhibitory Activities of the
Synthesized Analogues to Compound 5, Which Bears a
Thieno-pyrimidine Core®
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“Condition: (b) amine, NaOH, THF, reflux, 6 h.

diazolane corresponds to the hydroxy group bound to ring A.
Compound 9 in Table 2, in which diazolane is replaced by
methoxy, shows a considerably high inhibitory activity.
Therefore, a polar group at the position of the diazolane is
not necessarily required to maintain compound potency.
Sulfur and nitrogen atoms of thieno-pyrimidine moiety of
compound 5§ mimic the charge distribution of rings DE. It is
notable that thieno-pyrimidine also composes a large flat
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region. Another thiophene and dimethylamine are compatible
with rings A and B of stachyflin, respectively. The high
inhibitory activity of compound 35 in Table 3 suggests that
thiophene is not necessarily required to maintain compound
potency. This finding provides a sound explanation for the high
inhibitory activity of compound 9. Accordingly, the region of
ring A of stachyflin is not so important for inhibitory activity.
Instead, the flat region at rings DE and the charge distribution
on the flat region are essential for compound potency.

Compound 9 and 35 were docked to the wild-type HA and
the three mutants in the same manner as stachyflin was. The
predicted binding structures in Supplementary Figure S8
indicate that the binding site of compound 9 changed among
the models. In contrast, compound 35 was bound to almost the
same location among all models. The thieno-pyrimidine moiety
is positioned near D109. This position is, however, different
from that of stachyflin. The sizes of compounds 9 and 3$ are
small compared to stachyflin and compounds 4 and S. Hence
this smallness may be a reason for the incompatibility of the
binding mode. To produce potent compounds appropriately
fitted to the domain between inner helices of HA, compounds
9 and 35 should be converted with retention of the vanillic acid
core and/or the thieno-pyrimidine moiety and with attachment
of some chemical group containing a chiral center at the
opposite side to cling to the helix round surface.

B METHODS

Molecular Dynamics Simulation. Information on the structural
difference between the wild-type HA and the mutants is essential for
clarifying the reason why some amino acid mutations in HA diminish
the inhibitory activity of stachyflin. The initial structure of the wild-
type HA of WSN strain was constructed by homology modeling using
Modeler ver. 9.4.%” The multiple-alignment technique was employed,
where the X-ray crystal structures of A/Puerto Rico/8/1934 HIN1
with PDB codes 1RVZ and 1RU7*® and A/Brevig Mission/1/1918
HIN1 with code IRD8* were selected for references in modeling.
Homology modeling was also performed to build the initial structures
for variants; KS1R and K121E mutations were introduced in the HA2
subunit in mutant 1, V1761 in HAl and KS1R, K121E in HA2 in
mutant 2, and V1761 in HA1 and K51R in HA2 in mutant 3. A lipid
bilayer of 100 A X 100 A was generated by using an in-house software
GLYMM implemented in VMD ver. 1.8*° for the purpose of
embedding the C-terminal side of HA2 subunit into the lipid
membrane mimicking the viral envelope. The composition of lipid
molecules in the membrane was set to be as compatible as possible
with the composition of lipid molecules in the influenza viral envelope,
as shown in Supplementary Table 1. Judging from the prediction
results with UniProtKB,* amino residues 186—206 were assumed to
be the transmembrane region embedded in the viral envelope. It is
natural to consider that an @ helix structure is formed in the
transmembrane region. However, there is no experimental ground for
the formation of an ¢ helix in this region. Accordingly, this region was
set to have no secondary structure, that is, to be in a strand form in the
initial structure of the present simulations. In our preliminary
calculation without embedding the C-terminal side of HA2 subunit
into the lipid membrane, each helix in HA2 gradually changed its
conformation to separate itself from other helices. HA trimer was
converted from a closed shape to an open one with the progress of
simulation. The motion of the C-terminal region of HA2 was large in
the preliminary calculation, which seemed to be a cause of structural
instability and became a trigger for the drastic conformational change.
That is, the helices of the HA trimer cannot maintain the closed form
unless the C-terminal side of HA?2 is embedded in the lipid membrane.
Hence, calculation models in this work included the membrane
mimicking the viral envelope and the transmembrane region of HA.
TIP3P water molecules and ions to neutralize the calculation cell were
generated to solvate the complex of HA and lipid membrane, making a
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periodic boundary box of 100 A X 100 A X 250 A in which the top and
bottom parts of HA were set apart from the boundary by more than 10
A (Figure 1c). Consequently, the total number of atoms was about
259,300 in each model.

MD simulations were carried out for every model using NAMD ver,
262 Initially, energy minimization was executed for 1,000,000 steps
with the conjugate gradient method. Next, the temperature of the
model system was elevated up to 310 K. Then 30 ns equilibrating
simulation was performed in the NTP ensemble condition to obtain
the equilibrated structures of the wild-type HA and the three kinds of
mutants. Nonbonded interaction terms were computed with a cutoff
distance of 12 A, where a switching distance of 10 A was applied to
make the nonbonded interaction zero at the cutoff distance smoothly.
A periodic boundary condition was applied to all directions of the
calculation cell, and the particle mesh Ewald method was employed to
comgute the long-distanice nonbonded interaction. CHARMM27 force
field” was adopted for all atoms.

Docking Simulation. The binding modes of stachyflin to the wild-
type HA and its mutants were predicted by docking simulation using
GOLD ver. 4** The equilibrated structure obtained from the MD
simulation was utilized as a plausible protein structure of HA in the
wild-type and three mutants. Binding score was also calculated to
evaluate the difference in binding affinity due to the mutations. A
preliminary docking calculation was executed to search for the docking
area within 30 A from Phel10 of the HA2 subunit. Since an adequate
docking space was found inside the area and stachyflin was positioned
near Aspl09 in the binding mode ranking first, recalculation of
stachyflin docking was performed with the search area set within 10 A
from Asp109 of HA?2 subunit. Fifty binding poses were generated and
the binding affinities of those binding poses were estimated by GOLD
score function. On the basis of the ranking in the estimated GOLD
score, the most probable binding pose was selected. The binding
affinity for the selected binding pose was re-estimated using ASP score
function. This two-step approach, ie., determination of the binding
pose with GOLD score and subsequent estimation of binding affinity
with ASP score, was reported to successfully provide reliable
prediction in docking of low-molecular-weight ligands to an enzyme
or receptor.“é’w

In Silico Screening. A search for compounds bearing chemical
features similar to those of stachyflin was made by an in silico
pharmacophore screening. A chemical database was provided by
Namiki Co. Ltd., in which about 3 million synthesized compounds are
listed and all of the compounds are available by purchase. First,
conformations of every compound were generated by using OMEGA
module of OpenEye software.*® Totally, more than 200 million
chemical conformations were generated. Second, the pharmacophore
of stachyflin was extracted for setting queries, in which hydrogen-bond
donor and acceptor, aromatic ring, and hydrophobic region appeared
to be key features. Third, chemical screening was carried out from the
viewpoint of structural similarity to stachyflin using ROCS module of
OpenEye.** A total of 5094 compounds were extracted from the
Namiki database under the condition of the Tanimoto coefficient
being more than 0.75. Fourth, more condensed selection of chemicals
from the 5094 compounds was performed using EON module* from
the viewpoint of similarity in charge distribution. The compounds
without structural flexibility were excluded. Consequently, 8 chemical
compounds were selected as candidates for purchase.

Synthesis of Analogue Compounds. Two series of derivatives
were synthesized in this work. One is an analogue containing a vanillic
acid skeleton, and the other is one bearing thieno-pyrimidine.
Compound 9, 3-methoxy-4-[(methyl-sulfonyl)oxy]-benzoic acid me-
thoxy-ester, is a typical derivative of the former series. A mixture of
vanillic acid methyl (1.0 g, 549 mmol), KCO; (1.13 g, 8.24 mmol),
and acetonitrile (30 mL) was cooled in an ice bath under Ar
atmosphere. Methane-sulfonyl chloride (0.51 mL, 6.59 mmol) was
slowly added to the mixture, and then the solution was mechanically
stirred for 3 h at RT. The reaction mixture was filtered with Celite, and
the solvent was removed in vacuo. The resulting product was extracted
with a solution of EtOAc (30 mL) and 1 M aqueous HC! (30 mL).
The aqueous layer was treated with EtOAc (20 mL) two times, and
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the combined organic layer was washed with brine, dried over MgSO,,
and concentrated in vacuo. The product was purified by thin-layer
chromatography with hexane/EtOAc in a ratio of 3:1. The solid
obtained was resuspended with a solution of hexane and EtOAc, and
recrystallization produced the final compound as a white solid (1.01 g,
yield 71%).

A typical derivative of the latter series is compound 35, 4-(4-methyl-
1-pyperazinyl)-thieno{2,3-d]pyrimidine hydrochloride salt. 4-Chloro-
thieno[2,3-d]pyrimidine (200 mg, 1.17 mmol) was solvated with THF
(15 mL). After addition of 1-methyl-pyperazine (0.26 mL, 2.34 mmol)
and NaOH (0.94 g, 2.34 mmol), the mixture was heated under reflux
for 6 h. The solvent was removed in vacuo, and the reaction mixture
was treated with a solution of EtOAc (20 mL) and distilled H,0 (15
mL). The product was extracted with EtOAc two times, and the
organic layer was washed with brine and dried over Na,SO, The
solvent was evaporated in vacuo, and the resulting product was purified
by two-dimensional thin-layer chromatography with hexane/EtOAc in
ratios of 3:1 and 1:1. A brown solid of (phenyl pyperazinyl)-theino-
pyrimidine was obtained in a yield of 54% (148 mg). The solid
obtained was resuspended in a solution of toluene (20 mL) and 1 M
aqueous HCI (0.6 mL) and heated under reflux for 1 h. The reaction
solution was cooled to RT, and filtration gave the final compound as a
brownish solid (127 mg, yield 45%).

Antiviral Assay. Compound potency was tested by an influenza
virus cell culture assay with measurement of the quantity of viral RNA
using real-time polymerase chain reaction (RT-PCR). Test com-
pounds were mixed with minimum essential medium (MEM)
containing bovine serum albumin (BSA). To prepare a virus-
containing compound-mixed medium, 100 units of 50% tissue culture
infective dose (TCIDS0) of influenza virus A/Perto Rico/8/34 strain
(PR8) was suspended in 100 uL of the MEM-BSA containing test
compounds and 10 pug/mL of acetylated trypsin. Madin-Darby canine
kidney (MDCK) cells were loaded in a 96-well plate. The cells were
washed with phosphate-buffered saline (PBS), followed by 0.5—1 h
incubation with compound-mixed medium. The virus-containing
compound-mixed medjum was also incubated for 0.5—1 h. After
incubation, MDCK cells in the compound-mixed medium without
viruses were transferred to the compound-mixed medium with viruses.
Then the cells were incubated for 1 h at 37 °C in 100 pL of the virus-
containing compound-mixed medium (100 TCIDSO0 influenza virus,
10 pg/mL acetylated trypsin, and test compound at several
concentrations). MDCK cells were washed with compound-mixed
medium without viruses and incubated in the compound-mixed,
acetylated trypsin-containing medium without influenza virus for 24 h.
Culture supernatants of MDCK cells were collected after the
incubation, and RNA was extracted from the supernatants. The
amount of viral RNA was measured by the RT-PCR method. The
measurement was compared to that of the control that was performed
in a similar manner without any test compound. The compound
concentration to suppress viral proliferation to 50% (ECs,) was
estimated from the comparison.

RNA Extraction and RT-PCR. To monitor the efficiency of RNA
purification, uninfected VeroE6 cells were mixed in the ISOGEN
reagent as a source of 18S rRNA for normalization. Supernatants from
MDCK cell culture medium were mixed with ISOGEN reagent and
RNA was purified according to the manufacturer’s protocol. For
quantification of PR8 HA RNA, real-time RT-PCR was performed
using the primers and the probe with the sequences of PR8-HA-F: 5"
GGCAAATGGAAATCTAATAGCACC-3', PR8-HA-R: §’-
TGATGCTTTTGAGGTGATGA-3, and PR8-HA-probe: 5-FAM-
TCGCACTGAGTAGAGGCTTTGGGTCC-TAMRA-3". For moni-
toring efficiency of RNA purification, 185 rRNA was quantified using
the primers and the probe with the sequences of 18S-F: 5-
GTAACCCGTTGAACCCCATT-3, 185-R: S“CCATCCAATCGG-
TAGTAGCG-3’, and 18S-probe: 5-FAM-TGCGTTGAT-
TAAGTCCCTGCCCTTTGTA-TAMRA-3". The intensity of fluo-
rescence emitted from the probe was detected by the ABI-7700
sequence detector system (Applied Biosystems).
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Entry of Human T-Cell Leukemia Virus Type 1 Is Augmented by
Heparin Sulfate Proteoglycans Bearing Short Heparin-Like Structures
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Three molecules have been identified as the main cellular factors required for binding and entry of human T-cell leukemia virus
type 1 (HTLV-1): glucose transporter 1 (GLUT1), heparan sulfate (HS), and neuropilin 1 (NRP-1). However, the precise mecha-
nism of HTLV-1 cell tropism has yet to be elucidated. Here, we examined the susceptibilities of various human cell lines to
HTLV-1 by using vesicular stomatitis virus pseudotypes bearing HTLV-1 envelope proteins. We found that the cellular suscepti-
bility to HTLV-1 infection did not correlate with the expression of GLUT1, HS, or NRP-1 alone. To investigate whether other
cellular factors were responsible for HTLV-1 susceptibility, we conducted expression cloning. We identified two HS proteogly-
can core proteins, syndecan 1 and syndecan 2, as molecules responsible for susceptibility to HTLV-1. We found that treatment of
syndecan 1-transduced cells (expressing increased HS) with heparinase, a heparin-degradative enzyme, reduced HTLV-1 suscep-
tibility without affecting the expression levels of HS chains. To further elucidate these results, we characterized the expression of
HS chains in terms of the mass, number, and length of HS in several syndecan 1-transduced cell clones as well as human cell
lines. We found a significant correlation between HTLV-1 susceptibility and the number of HS chains with short chain lengths.
Our findings suggest that a combination of the number and the length of HS chains containing heparin-like regions is a critical

factor which affects the cell tropism of HTLV-1.

uman T-cell leukemia virus type 1 (HTLV-1) is the causative
‘agent of adult T-cell leukemia (16, 49) and HTLV-1-
associated myelopathy, also known as tropical spastic paraparesis
(10, 24, 45). Previous investigations revealed that HTLV-1 infects
not only human T lymphocytes and central nervous system cells
but also cells of other tissues (6, 17, 21, 34, 51, 69). To date, glucose
transporter 1 (GLUT1), neuropilin-1 (NRP-1}, and heparan sul-
fate proteoglycans (HSPGs) have been implicated as being in-
volved in HTLV-1 infection (reviewed in reference 12). The ex-
pression of GLUT1, which is responsible for viral binding and
fusion mediated by the gp46 surface envelope (Env) protein (3, 26,
39), is ubiquitous, and it is also known that various cells express
HSPGs. Although these findings might be able to explain the
broad host cell range of HTLV-1, they are not sufficient to explain
the variance of HTLV-1 cell tropism.

It was previously reported that HTLV-1 spreads from cell to
cell via virological synapses (22, 38); however, recent studies by
Pais-Correia and colleagues showed that the HTLV-1 virions re-
taining extracellular structures are important for HTLV-1 cell
transmission (46). That study implied that the viral particle me-
diates HTLV-1 transmission and suggested the importance of the
interaction between viral particles and the target cell surface. In
this study, we investigated the susceptibilities of various human
cell lines to cell-free HTLV-1 infection using highly infectious
vesicular stomatitis virus (VSV) pseudotypes harboring the Env
protein of HTLV-1. These pseudotype viruses express green fluo-
rescent protein (GFP) in infected cells. We observed a >1,000-
fold difference in the susceptibilities of these pseudotypes among
the human cell lines. Interestingly, the levels of GLUT1 expression
on the cell surface and the amount of cell surface heparan sulfate
(HS) chains did not reflect susceptibility to HTLV-1 in human cell
lines. In addition, the expression of NRP-1 mRNA also did not
reflect susceptibility to HTLV-1. From these data, we suspected

0022-538X/12/$12.00 Journal of Virology p. 2959-2969

the existence of an unknown factor that affects the interaction
between these three molecules and the viral particles and causes
the differences in cell tropism of the HTLV-1 particle. Therefore,
we used an expression cloning method to investigate potential
candidates and found that two HS proteoglycan (HSPG) core pro-
teins, syndecan 1 and 2 (SDC1 and SDC2), play a significant role
in cellular susceptibility to HTLV-1.

MATERIALS AND METHODS

Cell lines. The human T-cell line Molt-4 clone 8 (29), the HTLV-1-
positive but HTLV-1 Env-negative T-cell line C8166 (53), the HTLV-1-
producing T-cell lines C91/PL (50) and MT-2 (41), and K562 cells trans-
duced with the CD4 gene and ecotropic murine leukemia virus receptor
gene (K562/CD4/ecoR; referred to here as K4R cells) (58) were all main-
tained in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS). The human astrocytoma cell line U251MG (2), the human glioma
cell line NP-2 (58), the feline kidney fibroblast cell line S+L-CCC clone
8C (8), 8C cell lines persistently infected with the strains 2M (cosmopol-
itan strain) (18) and MELS5 (Melanesian strain) (11) of HTLV-I (8C/
HTLV-1, and 8C/HTLV-1ygs) (19, 20), and a fetal lamb kidney cell
line that was persistently infected with bovine leukemia virus (BLV), FLK
(67), were all maintained in Eagle’s minimum essential medium (MEM)
supplemented with 10% FBS. The human osteosarcoma-derived cell line
HOS (40), the human colon cancer cell line HT-29 (55), the human renal
epithelial cell line expressing adenovirus Ela and SV40 large T antigen,
293T (14, 47), and the retrovirus-packaging cell lines Plat-E (42) and
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Phoenix-A (31) (kindly provided by T. Kitamura [Institute of Medical
Science, The University of Tokyo, Tokyo, Japan] and G. Nolan {Stanford
University, Stanford, CA], respectively) were maintained in Dulbecco’s
modified MEM supplemented with 10% FBS.

Preparation of VSVAG*-G and VSVAG* pseudotypes. In this study,
we used VSVAG* pseudotypes bearing the VSV-G protein and BLV Env
[VSVAG*(HTLV-155), VSVAG*(HTLV-1,,,), and VSVAG*(BLV)] as
the controls for VSVAG* pseudotypes bearing HTLV-1 Env. Both of these
viruses infect various mammalian cell lines similarly to HTLV-1, although
their cellular receptors have yet to be identified. BLV and HTLV are ~50%
similar at the nucleotide level and share many common features; however,
BLV is known to use a different cellular receptor (59).

Recombinant VSV, VSVAG*-G, was kindly provided by M. A. Whitt
(University of Tennessee, Memphis, TN) (62). VSVAG*-G was inocu-
lated into 293T cells that had been transfected with an expression plasmid
of VSV G protein, pCAGGS/VSVG. Culture supernatants containing
newly propagated VSVAG*-G were harvested after incubation for 24 to 30
h at 37°C. 8C/HTLV-1yg; 5, 8C/HTLV-1,,,, or FLK cells were plated on
100-mm plates and inoculated 1 day later with VSVAG*-G at a multiplic-
ity of infection of 5 to 10 (when titrated on 8C cells) for 1 to 2 h at 37°C.
The cells were washed with medium, and then medium supplemented
with 2% FBS and 50 mM HEPES (pH 7.1) was added. Culture superna-
tants containing propagated VSVAG* pseudotypes bearing HTLV-1 Env
[VSVAG*(HTLV-1)] or BLV Env [VSVAG*(BLV)] were harvested after
18 to 24 h of incubation at 33°C in a CO, incubator. Culture supernatant
containing the VSVAG*-G or VSVAG* pseudotype was clarified by low-
speed centrifugation, and aliquots of the supernatant were stored at
—80°C until use.

Prior to inoculation, VSVAG*(HTLV-1) and VSVAG*(BLV) samples
were incubated with ~2 to 10% anti-VSV serum, which was obtained
from a goat that had been repeatedly immunized with VSV, for 20 min at
30°C to completely neutralize the remaining VSVAG*-G. After 20 to 30 h
of inoculation, the number of GFP-expressing cells was counted under a
fluorescence microscope. Because of the absence of secondary infection by
descendant VSVAG* pseudotypes, the number of GFP-positive cells was
the same as the number of infectious units (IUs) of VSVAG* pseudotypes.
The viral susceptibility of each cell was evaluated by the IUs obtained by
inoculation with 1 ml VSVAG* pseudotype. Serum (0.2%) from an
HTLV-1-infected healthy carrier or a rat anti-gp46 monoclonal antibody
(MAD), LAT-27 (a generous gift from Y. Tanaka, Ryukyu University,
Nichihara, Okinawa, Japan) (15, 63), was used to neutralize VSVAG*(HTLV-
1). Anti-BLV serum (~0.5 to 1%) from leukemic cattle was used to neutralize
VSVAG*(BLV). Neutralizations of VSVAG*(HTLV-1) and VSVAG*(BLV)
by antisera and MAbs were carried out simultaneously with an anti-VSV
serum treatment step; i.e., pseudotype viruses were treated with anti-VSV
serum in the presence or absence of anti-HTLV-I (or BLV) serum for 20 min
at 30°C. Formation of each pseudotype was confirmed by an almost complete
neutralization using specific antisera or MAbs against each virus.

Molecular cloning and sequencing of cDNA responsible for in-
creased HTLV-1 susceptibility. Poly(A) " RNA was extracted from the
highly HTLV-1-susceptible U251MG cells using a FastTrack kit (Invitro-
gen, Carlsbad, CA). The RNA was then used to synthesize a cDNA library
using the SuperScript Choice system for cDNA synthesis (Invitrogen).
This cDNA library was cloned into the retroviral vector pMXpuro (44)
according to the protocol of Kitamura and colleagues (32). The resultant
expression ¢cDNA library, pMXpuro/U251MG-cDNA, was then trans-
fected into Plat-E cells (2 X 10° cells in a 60-mm culture plate) using the
Fugene6 transfection reagent (Roche, Indianapolis, IN). Thirty-four
hours after transfection, the culture supernatant containing the retroviral
library was harvested and then inoculated into 1 X 10° K4R cells in the
presence of Polybrene (10 ug/ml).

Genomic DNA extracted from isolated cell clones that showed an in-
creased susceptibility to VSVAG*(HTLV-1,g; s) compared with parental
K4R cells was subjected to PCR to recover the introduced cDNAs. The
following PCR primers were used, which were derived from the pMXpuro
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vector sequences flanking the inserted cDNAs: 5'-GGACCATCCTCTAG
ACTGCCGGATCCCAGTGTG-3’ and 5'-ATACTTCTGCCTGCTGGG
GAGCCTGGGGAC-3'. PCR was performed using LA Tag polymerase
(Takara Shuzo Co., Ltd., Ohtsu, Shiga, Japan) under the following condi-
tions: 1 cycle at 94°C for 2 min, then 35 cycles at 98°C for 20 s and 68°C for
5 min, and one final cycle at 68°C for 5 min. PCR-amplified fragments
were purified using a Geneclean II kit (Bio 101, Inc., La Jolla, CA) and then
cloned into the pCR2.1 TA vector (Invitrogen). The resultant plasmids were
sequenced using a dye primer and a DNA sequencer SQ5050 (Hitachi, Tokyo,
Japan). The cloned sequences were analyzed for identity and similarity to
other known sequences using the on-line BLAST program (28).

Reverse transcriptase PCR and real-time PCR. SDC1, SDC2, SDC3,
SDC4, glypican 1 (GPC1), and NRP-1 mRNAs were detected by reverse
transcription-PCR (RT-PCR). Total RNA was extracted from 293T,
C8166, HOS, K4R, Molt-4, and U251MG cells using an RNA extraction
kit (Isogen; Nippongene Co., Ltd., Tokyo, Japan) according to the man-
ufacturer’s protocol. For each sample, 4 g of total RNA was subjected to
an RT reaction using the SuperScript III first-strand synthesis system for
RT-PCR (Invitrogen) according to the manufacturer’s protocol. First-
strand cDNA was then diluted to 50 ul using Tris-EDTA buffer (pH 8.0),
and 1 ul was used as the template for PCR.

The relative NRP-1 mRNA levels were quantified in duplicate by
quantitative PCR (qPCR) in the Mx3000P real-time PCR system (Agilent
Technologies, CA) with brilliant SYBR green QPCR Master Mix (Agilent
Technologies-Stratagene, CA), according to the manufacturer’s instruc-
tions. gPCR mixtures were preincubated at 95°C for 10 min, followed by
40 cycles of PCR at 95°C for 30 s, 50°C for 305, and 72°C for 30's, using the
specific primer pair NRP-1/sense (5'-CCCGCACCTCATTCCTACATC-
3'; positions 1946 to 1966) and NRP-1/antisense (5'-CATTCATCCACC
AAGTTCCCG-3'; positions 2311 to 2331) (GenBank accession no.
NM_003873.5). The NRP-1 mRNA level in each cell line was normalized
to human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
using a predesigned Perfect real-time primer set for GAPDH (primer set
identification HA031578; Takara Shuzo) and reported as the change
(fold) compared with that from K4R cell data using the comparative
quantitation analysis MxPro QPCR software available with Mx3000P.

PCR was performed with each specific primer pair to amplify the cor-
responding sequence. The codes and sequences of the PCR primers for the
SDC1, SDC2, SDC3, SDC4, GPC1, and GLUT1 genes areas follows:
SDCl1/sense, 5'-GGTCCGGGCAGCATGAGGCGCGCGGCGCTC-3"
(positions 288 to 317), and SDCl/antisense, 5'-CGCATGGCTCCCGCG
TCAGGCATAGAATTC-3’ (positions 1218 to 1247) (GenBank accession
no. NM_002997); SDC2/sense, 5'-ATGCGGCGCGCGTGGATCCTGCT
CACCTT-3' (positions 619 to 647), and SDC2/antisense, 5'-TTACGCA
TAAAACTCCTTAGTAGGTGCCT-T-3" (positions 1195 to 1224)
(GenBank accession no. NM_002998); SDC3/sense, 5'-CCGCCATGAA
GCCGGGGCCGCCGCACCGTG-3’ (positions 50 to 79), and SDC3/an-
tisense, 5'-CACTAGGCATAGAACTCCTCCTGCTTGTCA-3' (posi-
tions 1356 to 1385) (GenBank accession no. AF248634); SDC4/sense, 5'-
ATGGCCCCCGCCCGTCTGTTCGCGCTGCT-3' (positions 27 to 55),
and SDC4/antisense, 5'-TCACGCGTAGAACTCATTGGTGGGGGCTT
T-3’ (positions 594 to 623) (GenBank accession no. XM_009530); GPC1/
sense, 5-ATGGAGCTCCGGGCCCGAGGCTGGTGGCTG-3" (posi-
tions 222 to 251), and GPCl/antisense, 5'-TTACCGCCACCGGGGCCT
GGCTACTGTAAG-3' (positions 1869 to 1898) (GenBank accession no.
NM_002081). The initiation codons (ATG) and termination codons
(TCA, TTA, and CTA, corresponding to TGA, TAA, and TAG, respec-
tively, in the sense frame) are underlined. PCR was performed using LA
Tag polymerase (Takara Shuzo) as follows: 1 cycle at 94°C for 1.5 min; 35
cycles of 98°C for 20 s, 50°C for 20 s, and 68°C for 3 to 5 min; and a final
extension at 68°C for 3 to 5 min. As a control for confirming the integrity
and amount of mRNA in each sample, a GAPDH mRNA was amplified
with a primer set (GAPDH-F, 5'-TGAAGGTCGGAGTCAACGGATTTG
GT-3', and GAPDH-R, 5'-CATGTGGGCCATGAGGTCCACCAC-3")
(GenBank accession no. M17851).
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Establishment of cells expressing SDC1, SDC2, SDC3, SDC4, or
GPCI1. The complete open reading frame (ORF) sequences of the human
SDC1, SDC2, SDC3, SDC4, and GPC1 genes were obtained by PCR am-
plification of DNA samples from the pMXpuro/U251MG cDNA library
or U251MG cDNA as a template. PCR products were cloned into the
retroviral expression vector plasmid pMXpuro or pCXbsr (1). K4R cells
were inoculated with retrovirus vector produced by Plat-E or by
Phoenix-A cells transfected with the pMXpuro or pCXbsr plasmid con-
taining the ORF sequence for the SDC1, SDC2, SDC3, SDC4, or GPC1
gene. The cells transduced with these vectors were selected by culture in
medium containing puromycin at 1 pg/ml or blasticidin S at 10 ug/ml for
1 to 2 weeks. The cell lines thus established were named K4R/SDC1, K4R/
SDC2, K4R/SDC3, K4R/SDC4, and K4R/GPCl, respectively. Cell lines
transduced with pMXpuro or pCXbsr vector alone, namely, K4R/pMX
and K4R/pCX, were established as controls. K4R/SDC1 cell clones were
obtained by limiting dilution, and clonal cells were assessed for their sus-
ceptibilities to VSVAG*(HTLV-1).

Detection of cell-free HTLV-1 infection. Cell-free HTLV-1 produced
by 8C/HTLV-1cells was prepared as described previously (15, 63). Target
cells (10° cells/300 pl) were inoculated with 100 ul of cell-free HTLV-1,
which had been treated for 10 min with or without anti-HTLV-I serum
(19%) on ice, and then incubated for 24 h at 37°C in a CO, incubator.
DNAs of target cells were isolated using a Wizard DNA purification kit
(Promega, Madison, WI) and dissolved in 50 ul of Tris-EDTA buffer, and
2 pl was used as the template for gPCR as described above. gPCR was
carried out to quantify the HTLV-1 proviral DNA synthesis level using the
HTLV-1 pX-specific primers designated pX-F (5'-CCCACTTCCCAGGG
TTTGGACAGAG-3'; positions 7325 to 7349) and pX-R (5'-CTGTAGA
GCTGAGCCGATAACGCG-3'; positions 7504 to 7577) (GenBank acces-
sion no. J02029), giving an amplified fragment which was a 203-bp
sequence of HTLV-1 pX. qPCR mixtures were preincubated at 95°C for 10
min, followed by 40 to 50 cycles of 95°C for 30's, 65°C for 30's, and 72°C for
30 s. As a control for confirming the integrity and amount of DNA in each
sample, a human B-globin gene was amplified with a primer set (PCO3,
5’-ACACAACTGTGTTCACTAGC-3', and PCO4, 5'-CAACTTCATCC
ACGTTCACC-3") (52). B-Globin gene amplifications were performed at
an annealing temperature of 55°C, and all other conditions were the same
as described above.

Syncytium assay. To investigate the effect of HSPG for syncytium
formation, HTLV-1 producing MT-2 cells were cocultured with target
cells. Molt-4 cells were used as a positive control T-cell line. Two days
after, cells were fixed with 2.5% paraformaldehyde, and the number of
syncytia (more than two cell diameters) was counted.

Treatment of cells with heparitinase Iand heparinase. Heparitinase [
and heparinase (Seikagaku Kogyo, Tokyo, Japan) were serially diluted
with phosphate-buffered saline (PBS). Serially diluted heparitinase I and
heparinase were diluted 10-fold with Opti-MEM I reduced-serum me-
dium (Gibco BRL). Cells were incubated with diluted heparitinase I- or
PBS-containing Opti-MEM at 37°C for 1 h.

Flow-cytometric analysis. To examine the cell surface expression of
GLUT1 and HSPG, 6 X 10° cells per sample were prepared for flow-
cytometric analysis. Adherent cells were detached from tissue culture
dishes using Versene (0.2% EDTA in PBS). The cells were then suspended
in 30 ul of PBS containing 3% bovine serum albumin (BSA) and 0.1%
sodium azide (PBS-BSA-NaN;) and incubated on ice for 30 to 40 min
with 1 pg of anti-GLUT1 mouse MAb, clone 202915 (R&D Systems), 2 ug
of anti-GLUT1 (N-20) goat polyclonal antibody (PAb) (Santa Cruz), 1.2
pg of anti-SDC1 core protein mouse MAD, clone B-B4 (Immunotech,
Marseille, France), or 0.3 ug of anti-HS mouse MAb clone F58-10E4
(Seikagaku Kogyo Co. Ltd., Tokyo, Japan). The cells were washed with
PBS containing 1% FBS and 0.1% sodium azide (PBS-FBS-NaNs,), sus-
pended in 30 to 40 ul of PBS-BSA-NaN, containing fluorescein isothio-
cyanate (FITC)-conjugated rabbit anti-mouse immunoglobulin (IgG) (1:
30; MBL, Nagoya, Japan) or FITC-conjugated rabbit anti-goat IgG (1:30;
ICN/Cappel, Costa Mesa, CA) secondary Ab, and incubated on ice for 30
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to 40 min. The cells were washed with PBS-FBS-NaN, and suspended in
300 to 600 ul of PBS containing 1% paraformaldehyde, and then flow-
cytometric analysis (FCM) was performed using a flow cytometer, model
Cyto ACE-100 (Jasco, Tokyo, Japan). As a control, the cells were treated with
the secondary Ab alone and were subjected to FCM. To detect the HS neo-
epitopes (AHS) generated at the terminal stubs of the HS by digestion with
heparitinase I, 1 X 10° to 2 X 10° cells were resuspended in 100 to 200 ] of
Opti-MEM reduced-serum medium (Gibco BRL) and incubated with hepa-
ritinase I (10 mU/ml) (Seikagaku Kogyo Co. Ltd.) for 1 hat 37°C. Six hundred
thousand cells were then washed with PBS, suspended in 30 ul of PBS-BSA-
NaN,, and stained with 0.3 ug of anti-A-HS mouse MAb, clone F69-3G10 (10
pg/ml) (Seikagaku Kogyo Co. Ltd.), as described above.

RESULTS

Preparation of VSV pseudotypes bearing HTLV-1 Env proteins.
VSVAG*-G, a recombinant VSV carrying a GFP reporter gene,
efficiently infected C8166 human T cells, as indicated by the GFP-
positive cells detected by fluorescence microscopy (Fig. 1A). This
infectivity was almost completely inhibited by the pretreatment of
VSVAG*-G with anti-VSV serum. VSVAG*-G was then inocu-
lated into 8C/HTLV-1,y, or 8C/HTLV-1,5; 5 cells to produce the
VSVAG* pseudotypes, VSVAG*(HTLV-1,,), or VSVAG*
(HTLV-1g5), respectively. VSVAG*(HTLV-1,,,) and VSVAG*
(HTLV-1,; 5) were capable of infecting approximately 20 to 30%
of C8166 human cells even after pretreatment with anti-VSV se-
rum (Fig. 1A), and the infectivity was drastically reduced by pre-
treatment of the pseudotypes with a MAb specific for the HTLV-1
Env gp46 (data not shown) or with 0.2% anti-HTLV-1 human
serum (Fig. 1A) but not with anti-BLV antisera (data not shown).
We also confirmed that VSVAG*-G infectivity was not signifi-
cantly affected by treatment with anti-HTLV-1 antisera or anti-
BLYV antisera (data not shown). As expected from viral interfer-
ence, VSVAG*(HTLV-1) was nearly undetectable in cell lines
expressing HTLV-1 Env (MT-2 and C91/PL) (Fig. 1B). These data
indicated that infectious pseudotypes bearing HTLV-1 Env could
be produced.

Susceptibilities of different human cell lines to HTLV-1
pseudotypes and their expression levels of GLUT1, NRP-1, and
cell surface HS chains. We investigated the susceptibility of sev-
eral human cell lines to the HTLV-1 pseudotype and VSVAG*-G,
including 293T, C8166, HOS, Molt-4, U251MG, and the CD4-
transduced K562 cell clone K4R. These cells were inoculated with
VSVAG*(HTLV-1,45;5) or VSVAG*G, and GFP expression was
monitored the next day (Fig. 1B). These cell lines varied in per-
missiveness to the HTLV-1 pseudotype. In particular, U251MG
cells were approximately 1,600-fold more susceptible than K4R
cells (Fig. 1B). This U251MG cell line has been shown to be highly
susceptible to HTLV-1 virions in a cell-free infection system (15).
In contrast, the susceptibility of U251MG cells to VSVAG*-G was
only 4-fold higher than that of K4R cells (Fig. 1B).

FCM revealed that the levels of cell surface GLUT1 expression
detected with anti-GLUT1 mouse MAD (r = 0.52, P = 0.29) and
anti-GLUT1 goat PAb (r = 0.01, P = 0.34) were not significantly
correlated with susceptibility to the HTLV-1 pseudotype among
these cell lines (Fig. 1C). Although we observed the highest reac-
tivity of anti-GLUT1 mouse MAbD to the U251MG cells and the
lowest reactivity to the K4R cells, Kinet et al. (30a) reported that
this MAD does not detect endogenous GLUT1 but rather interacts
with a cell surface protein which is associated with GLUT1 over-
expression in transformed cell lines. In addition, the cell surface
HS expression level, determined by FCM using the MAb F58-
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FIG 1 Susceptibility of cell lines to VSVAG* pseudotypes bearing the HTLV-1 Env protein. (A) C8166 cells were inoculated with VSVAG*-G in the absence (a)
or presence (b) of anti-VSV goat serum (1%). C8166 cells were also inoculated with VSVAG*(HTLV-1,z; 5) and VSVAG*(HTLV-1,,,) pseudotypes treated with
anti-VSV goat serum (5%), in the absence (c and e) or presence (d and f) of anti-HTLV-1 human serum (0.2%). One day after inoculation, the cells were observed
by fluorescence microscopy. (B) Titration of the VSVAG*(HTLV-1,z,; 5) and VSVAG*-G using various human cell lines. VSVAG*(HTLV-1,g; ;) treated with
anti-VSV goat serum (see Materials and Methods) and VSVAG*-G were serially diluted 10-fold, and cells were inoculated to determine the respective titers. Each
titer was calculated from the number of GFP-positive cells in endpoint dilutions. (C) Expression of GLUT1 and HS chains on the surface of various cell lines.
Expression of GLUT1 and HS chains in human cell lines was examined by FCM. Cells were stained with anti-GLUT1 mouse MAb 202915, anti-HS mouse MAb
F58-10E4, or anti-GLUT]1 goat PAb and then stained with an FITC-conjugated rabbit anti-mouse IgG or an FITC-conjugated rabbit anti-goat IgG secondary Ab.
Mean fluorescent intensities detected by the anti-GLUT1 MAD, the anti-GLUT1 PAb, and the anti-HS mouse MAD were determined by subtracting the MFI of
the negative controls (secondary Ab alone). (D) Relative mRNA expression levels of NRP-1 in various cell lines were measured by real-time RT-PCR and the
values were normalized to expression levels of GAPDH mRNA.
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10E4, which reacts with epitopes containing N-sulfated glucosa-
mine residues present in many types of HS (4, 65), did not signif-
icantly correlate with susceptibility to the HTLV-1 pseudotype
(Fig. 1C). Moreover, the mRNA expression levels of NRP-1 did
not correlate with the susceptibilities to the HTLV-1 pseudotype
in six different cell lines (r = 0.41, P = 0.42) (Fig. 1D). Thus, the
range in susceptibility to HTLV-1 among these cell lines could not
be explained by the respective expression levels of GLUT1, cell
surface HS, or NRP-1 independently. Although another explana-
tion in which the expression balance of GLUT-1, HS, and NRP-1
affects the HTLV-1 susceptibilities would be possible, we adopted
a working hypothesis that an unknown cellular factor may also be
involved.

Identification of molecules responsible for the increased sus-
ceptibility to HTLV-1 pseudotype. To investigate cellular factors
other than GLUT-1, HS, and NRP-1 affecting the HTLV-1 suscep-
tibility, we attempted to identify the responsible factor from
U251MG cells, which were permissive to the HTLV-1 pseudotype.
We generated a pMX vector-based retroviral expression cDNA
library from U251MG cells and transduced the library into K4R
cells, which were least HTLV-1 susceptible. ¢cDNA library-
expressing K4R cells were seeded into 96-well plates (20 to 40
cells/well), and cultured for 2 weeks. Cells were then screened for
their susceptibilities to VSVAG*(HTLV-1,;5). Eighty-three of
5,088 wells showed an increased frequency of GFP-positive cells in
the first round of screening and were then subjected to a second
round of screening. In that screening, two wells, designated w16
and w40, showed a >3-fold increase in GFP-positive cells com-
pared to other wells, and those cells were subsequently cloned.
Cell clones derived from each well, K4R/cDNA-w16-c and K4R/
cDNA-w40-c, demonstrated 40-fold-higher susceptibilities to the
HTLV-1 pseudotype than the parental K4R cells (Fig. 2A and B).

To identify the molecule(s) responsible for the increased sus-
ceptibility to the HTLV-1 pseudotype, genomic DNA was ex-
tracted from K4R/cDNA-w16-c and K4R/cDNA-w40-c and sub-
jected to PCR amplification using pMX vector-specific primers.
Two fragments of 1.3 and 2.0 kb were amplified from w16-c and
w40-c clones, respectively (Fig. 2C), and subsequently cloned into
a pCR2.1 vector to determine their nucleotide sequences. Con-
trary to our expectations, K4R/cDNA-w16-c contained a cDNA
corresponding to nt 49 to 1331 of the human SDC1 gene tran-
script variant 2 (GenBank accession no. NM_002997), and K4R/
cDNA-w40-c contained cDNA corresponding to nt 297 to 2312 of
the human SDC2 gene (GenBank accession no. NM_002998).

The SDC family core proteins have previously been reported to
exhibit cell type-specific distributions (5, 9, 30). In addition to
SDCs, cell surface HSPGs include GPC (5, 9, 30). We therefore
examined the expression levels of several cell surface HSPG core
protein mRNAs by RT-PCR and found that each cell line ex-
pressed different combinations of HSPG core protein mRNAs
(Fig. 2D). The U251MG cell line, which was most susceptible to
HTLV-1 pseudotype infection, expressed all four SDC core pro-
teins and GPC-1 mRNAs, whereas the K4R cells, which were least
susceptible, expressed only SDC1, SDC4, and GPC1 mRNAs.

To confirm whether the transduction of these HSPG core pro-
tein genes was responsible for the increased susceptibility to the
HTLV-1 pseudotype, we established K4R cells transduced with
SDC1, SDC2, SDC3, SDC4, and GPC1 cDNA, referred to as K4R/
SDC1, K4R/SDC2, K4R/SDC3, K4R/SDC4, and K4R/GPC1 cells,
respectively. We then examined their susceptibilities to HTLV-1
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pseudotypes. All of these transduced cells exhibited a >20-fold
increase in susceptibility to both VSVAG*(HTLV-1ygs) and
VSVAG*(HTLV-1,,,) pseudotypes compared to the transduced
control cells (K4R/pMX) (Fig. 2E). In contrast, susceptibilities of
these transduced cells to both VSVAG*-G and VSVAG*(BLV)
pseudotypes were within 2-fold of the transduction control cells
(K4R/pMX) (Fig. 2E).

Next we examined the susceptibilities of K4R/SDC1, K4R/
SDC2, K4R/SDC3, K4R/SDC4, and K4R/GPC1 cells to cell-free
wild-type HTLV-1. These cells were inoculated with HTLV-1,,,,
and the proviral DNA was detected 24 h postinfection by qPCR.
Consistent with the results obtained with HTLV-1 pseudotypes
(Fig. 2E), the susceptibility of K4R cells to cell-free HTLV-1 was
increased markedly by the transduction of HSPG core protein
genes (Fig. 2F).

Expression of HSPG core proteins in K4R cells induces cell
aggregation but does not increase cell fusion activity to HTLV-
1-producing MT-2 cells. We observed that K4R cells transduced
with HSPG core protein genes formed cell clumps, as shown in
Fig. 3A. These cellular aggregations were observed in all species of
SDCs and GPCl (data not shown), indicating that the expression
of HSPGs induced cell-cell adhesion. Similar to our observation,
HS-dependent cell-cell adhesion has been reported in B lymphoid
cell lines and cells transduced with SDC1 (36, 56, 60). To deter-
mine whether this increased cell-cell contact mediated by HSPG is
related to the fusion activity with an HTLV-1-producing cell line,
we conducted a syncytium assay as described in Materials and
Methods. We observed syncytia in the coculture of HTLV-1-
producing MT-2 cells with both K4R cells (Fig. 3B) and Molt-4 T
cells (data not shown). The cell fusion was effectively inhibited by
anti-HTLV-1 serum (Fig. 3C). The number of syncytia in the co-
culture of K4R/SDC1 with MT-2 cells was lower than that in the
coculture of MT-2 cells with parental K4R cells or vector-
transduced K4R cells (Fig. 3C). These findings indicate that the
increased cell-cell adhesion mediated by cell surface expression of
HSPGs does not contribute to membrane fusion between target
cells and HTLV-1-producing cells.

Reduced susceptibility to VSVAG*(HTLV-1) following
heparitinase I or heparinase treatment. K4R cells transduced
with HSPG core proteins (SDC1, SDC2, SDC3, SDC4, and GPC1)
showed increased cell surface expression of HS, as detected by an
anti-HS MAD, F58-10E4 (Fig. 4A). To evaluate the role of HS in
the increased susceptibility to the HTLV-1 pseudotype, the trans-
duced cells were treated with the HS-degradative enzyme hepariti-
nase I and the heparin-degradative enzyme heparinase. Almost all
of the HS chains detected by the MAb F58-10E4 on K4R/SDC1
cells were trimmed by heparitinase I treatment (Fig. 4B). The sus-
ceptibility of the heparitinase I-treated K4R/SDC1 cells was re-
duced to about one-tenth of that of the untreated cells (Fig. 4C).
Although the susceptibilities to the pseudotyped virus were simi-
larly reduced by heparinase treatment (Fig. 4C), most of the HS
chains detected by the MAb F58-10E4 remained on the K4R/
SDCI cells (Fig. 4B). These results indicate that HS chains, which
remained on the cell surface after heparinase treatment, did not
support HTLV-1 infection of K4R/SDC1 cells. In other words, the
reduced region of HS chains, which could not be detected by the
MAD F58-10E4, played a critical role in increasing the susceptibil-
ity to HTLV-1. Heparinase cleaves heparin or highly sulfated
heparin-like structural regions of HS chains at the alpha-
glucosaminide linkage to 2-O-sulfo-L-iduronic acid, in which
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positive cells inoculated with the VSVAG*(HTLV-1, 5). Parental K4R cells (a and b), K4R cells transduced with the U251MG cDNA library (K4R/cDNA cells)
(cand d), and two K4R/cDNA cell clones showing increased HTLV-1-susceptibility (K4R/cDNA-w16-c [e and f] and K4R/cDNA-w40-c cells [g and h]) were
inoculated with VSVAG*(HTLV-1,g, 5) treated with anti-VSV goat serum (final concentration of 10%) in the absence (a, ¢, e, and g) or presence (b, d, f, and h)
of anti-HTLV-I serum (final concentration of 0.2%). (B) Enhanced susceptibilities of two K4R/cDNA cell clones to VSVAG*(HTLV-1l,;5) infection.
VSVAGH*(HTLV-1yg1s) infectious titers of each cells calculated from the number of GFP-positive cells in endpoint dilutions are shown. (C) Detection of
introduced ¢cDNAs harbored in the K4R/cDNA-w16-c and K4R/cDNA-w40-c cells. Genomic DNA from K4R/cDNA-w16-c, K4R/cDNA-w40-c, and parental
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w16-¢; 2, K4R/cDNA-w40-c; 3, parental K4R; 4, pMXpuro plasmid DNA; M, molecular size marker (A DNA Hind III digest). (D) Expressions of SDCs and GPC1
in various human cell lines. Cellular RNA extracted from human cell lines for the expression of SDC1, SDC2, SDC3, SDC4, and GPC1 genes was amplified by
RT-PCR. GAPDH mRNA was amplified as a control. (E) Enhanced susceptibilities of K4R cells transduced with HSPG core protein genes to the HTLV-1
pseudotypes. Cells were inoculated with serially diluted VSVAG*(HTLV- 1,5 5), VSVAG*(HTLV-1,,,), and VSVAG*(BLV) pseudotypes treated with anti-VSV
goat serum (see Materials and Methods) or VSVAG*-G. Three independent experiments were done, and the data are from one representative experiment of the
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was amplified as a control. Three independent experiments were done, and the data are from one representative experiment of the three.
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FIG 3 Expression of HSPG core proteins induces cell aggregation but does not
increase cell fusion activity with HTLV-1-producing MT-2 cells. Cell surface
expression of HSPG core protein does not increase cell fusion activity when the
protein is incubated with HTLV-1-producing cells. The expression of HSPG
core protein (A) K4R cells transduced with the HSPG core protein gene fre-
quently showed cell clumps. Under normal culture conditions, K4R/SDC1
cells but not parental or vector-transduced K4R cells showed the formation of
aggregates. (B) Syncytium formation in K4R cells cocultured with MT-2 cells.
K4R cells (a), MT-2 cells (b), and cocultured K4R and MT-2 cells in the ab-
sence (c) or presence (d) of anti-HTLV-I serum (final concentration at 1%)
were fixed 4 days after coculture. (C) No augmentation of syncytium forma-
tion in K4R cells by overexpression of SDC1 was observed. The syncytium
assay was conducted by coculturing 2 X 10* target cells (K4R, K4R/pMX,
K4R/SDC1, and Molt-4 cells with MT-2 cells [5 X 10°] in a 96-well plate at
37°C for 2 days in the absence or presence of anti-HTLV-1 serum [final con-
centration, 0.5%]). The number of syncytia was counted as the number of
large cells whose diameter was greater than twice that of normal cells (1.5 = 0.5
pm). Two independent experiments were done, and the data are from one
representative experiment of the two.

2-deoxy-2-sulfoamino-(6-O-sulfo)-D-glucose participates (37).
Therefore, there are two possible explanations for this phenome-
non: (i) highly sulfated heparin-like structure regions of HS chains
digested by heparinase exist on only a few HS chains, or (ii) such
regions exist on only the terminal region of HS chains, which is
distant from the core protein. In support of the latter explanation,
it was recently reported that there are highly sulfated structures in
the distal ends of HS chains (61, 68). Thus, we posited that
HTLV-1 interacted with these heparinase-sensitive heparin-like
regions, which are located at the distal, nonreducing end of HS in
K4R/SDCI cells.
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not affect HTLV-1 pseudotype infection. (A) Cell surface HS chains in K4R
cells transduced with the SDC1, SDC2, SDC3, SDC4, or GPC1 core protein
gene were stained with F58-10E4, treated with FITC-conjugated anti-mouse
IgG, and analyzed by FCM. (B) Cell surface HS was examined by treating cells
with buffer, heparitinase I (10 mU/ml), or heparinase (20 mU/ml) were stained
with F58-10E4 and FITC-conjugated anti-mouse IgG and then analyzed by
FCM. (C) K4R/SDCI cells treated with heparitinase I or heparinase at the
indicated concentrations were seeded into 96-well plates (4 X 10* cells/
well) before inoculation with VSVAG*(HTLV-1,,,) or VSVAG*-G. One
day after inoculation, the GFP-positive cells were counted under a fluores-
cence microscope. Three independent experiments were done, and the data
are from one representative experiment of the three.

heparitinase { (mU/ml

Formula for expressing the relationship between cell surface
expression of HS and HTLV-1 susceptibility. To examine how
the expressed form of the HS chains influences the susceptibilities
of the cells to HTLV-1 infection, we established several K4R/SDC1
cell clones and examined their susceptibilities to HTLV-1 pseu-
dotypes in relation to HS chain contents. To define the contents of
the HS chains on the cells, the total amount and the number of HS
chains were detected separately by FCM using two different
MADbs, F58-10E4 and F69-3G10, respectively.

The total amount of expressed HS chains (the net level of HS
per cell) was assessed by using the MAb F58-10E4, which is expected
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TABLE 1 Susceptibility of K4R/SDC1 cell clones to the HTLV-1 pseudotype and their HS chain content

Infectious titer .
of pseudotype MFI determined by FCM MElLg 0 X
Expt® Clone virus (IU/ml) MFI o4 MFly6,0 MFI,5es/MFL5610 (MFI, g/ MFlLy540) 7!
1 K4R/SDC1 (parental) 310,000 18 204 0.088 2,312
3 K4R/SDC1 (parental) 170,000 53 256 0.207 1.237
1 Clone 1 640,000 29 362 0.080 4,519
2 Clone 1 560,000 28 401 0.070 5,743
4 Clone 1 180,000 78 227 0.344 661
1 Clone 2 300,000 39 429 0.091 4,719
3 Clone 2 81,000 48 135 0.356 380
1 Clone 3 480,000 21 396 0.053 7,467
3 Clone 3 180,000 39 226 0.173 1,310
3 Clone 4 62,000 37 251 0.147 1,703
4 Clone 4 170,000 72 401 0.180 2,233
2 Clone 5 350,000 25 322 0.078 4,147
3 Clone 5 270,000 69 258 0.267 965
4 Clone 5 120,000 59 159 0.371 428
I —0.562 0.650 —0.690 0.816
P 0.036 0.012 0.0062 0.00037

@ Experiments 1 to 4 were carried out with the same stock of VSVAG*(HTLV-1, ).
b Coefficient of correlation relative to the infectious titer of the HTLV-I pseudotype.

to trace the mass of HS chains (4), and the results were expressed as
the mean fluorescence intensity (MFI,gz,). Initially, we noticed that
the cell surface expression of HS in each clone and parental K4R/
SDC cells fluctuated depending on the test occasion (Table 1). Given
that HS expression has been reported to vary in Molt-4 cells in rela-
tion to the cell growth (27), the observed fluctuation of HS expression
in each clone might reflect the subtle differences in culture con-
ditions. We repeated the experiments at least twice for each
clone and found that the MFI,qg, of the K4R/SDC1 clones
moderately and negatively correlated with susceptibilities to
VSVAG*(HTLV-1,,,) (r = —0.562; P = 0.036) (Table 1).
Next, the number of HS chains was assessed by using MAb
F69-3G10, which specifically recognizes the HS neo-epitopes
(AHS) generated at the terminal stubs of HS in heparitinase
I-treated cells. Since HS chains are unbranched disaccharide poly-
mers, and heparitinase I cuts the a-N-acetyl-D-glucosaminidic
linkage in HS chains of HSPGs, one AHS epitope was generated at
the stub of each HS chain (43). Thus, F69-3G10 staining was the
representative of the number of HS chains expressed on the cell
surface. We observed a moderate correlation between the number
of HS chains deduced by MFI,,, on the heparitinase I-treated
K4R/SDC1 cell clones and the susceptibilities to VSVAG*(HTLV-
1om) (r = 0.650; P = 0.012) (Table 1). We assumed that the value
we calculated by dividing the total mass of HS chains expressed
(MFI,0g,) by the total number of HS chains (MFl;4,,) would
reflect the mean length of the HS chains on the cells. The value of
MFI, op/ MFL 5,0 in K4R/SDCI clones showed a significant nega-
tive correlation with the susceptibilities to VSVAG*(HTLV-1,,,)
(r = —0.690; P < 0.01) (Table 1), suggesting that short HS chains
might contribute to the more efficient entry of the HTLV-1 pseu-
dotype. Furthermore, an index for short HS chains could be de-
rived by the following formula: number of HS chains (MFl;5,,) X
reciprocal length of HS chains (MFI, g,/MFlL,5,,). The value of
MFlyg o X (MFI 0pe/MFlg,0) " in K4R/SDCI clones signifi-
cantly correlated with the susceptibility to the HTLV-1 pseu-
dotype (r = 0.816; P < 0.001) (Table 1 and Fig. 5A). Next, we
examined whether the susceptibility to the HTLV-1 pseudotype in
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8 different human cell lines correlated with the following param-
eters: number of SDCI molecules (MFIg,), amount of HS chains,
number of HS chains, mean length of HS chains, and short-HS-
chain index, deduced by the following formula: MFL,5,, X
(MFI 45 /MFLg,0) . We found that the values of MFIg,,
MFI,ogs, MFlLsG1 andMFI o,/ MFL g, for each cell line did not
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FIG 5 The linear relationship between the susceptibilities to HTLV-1 pseu-~
dotype infection and short HS chain index [MFI s X (HFI;o/MFl ye) 71,
(A) Susceptibilities of K4R/SDC1 parental cells and derived clones to the
VSVAG*(HTLV-1,,,) were plotted against short-HS-chain indexes (Table 1).
(B) Relative susceptibilities of human cell lines to the VSVAG*(HTLV-1 4z 5)
were plotted against short-HS-chain indexes (Table 2). The lines show corre-
lation.
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TABLE 2 Relative susceptibility of human cell lines to the HTLV-1 pseudotype and their HS chain content

Relative susceptibility .

to HTLV-1 MEFI determined by FCM MFL,o X
Cell line pseudotype® MEFI,, MFI 5, MFLg,o MFI, g/ MFLyc1 (MFI, g5/ MFLg,0) ™!
U251MG 1,600 150 6.5 152 0.043 3,554
293T 1,000 25 21 194 0.108 1792
C8166 370 210 38 180 0.211 853
HT-29 190 157 167 241 0.693 348
NP-2 130 28 77 153 0.503 304
HOS 53 26 28 78 0.359 217
Molt4 2.3 6 3 44 0.068 645
K4R 1.0 0.1 1.5 14 0.107 131
P 0.37 —0.24 0.41 —0.42 0.98
P 0.36 0.57 0.31 0.30 <<0.0001

“ Relative susceptibilities of cells to VSVAG*(HTLV-1 gy ).

b Coefficient of correlation relative to the relative susceptibility of the HTLV-I pseudotype.

significantly correlate with susceptibility to the HTLV-1 pseu-
dotype, whereas the value of MFL,5,0 X (MFI,ogs/MFlsg,0) " did
significantly correlate (r = 0.98, P < 0.0001) (Table 2 and Fig. 5B).
These results suggest that the amount of HS chains or the number
of HS chains alone did not determine the cellular susceptibility to
the HTLV-1 pseudotype.

DISCUSSION

In the present study, we first examined the susceptibilities of different
cell types by using highly infectious VSV pseudotypes harboring the
Env protein of HTLV-1 and found that there was no significant cor-
relation between the cellular susceptibility to HTLV-1 infection and
the expression of GLUT1, HS, or NRP-1, which have been identified
as the main cellular factors for binding and entry of HTLV-1 (13, 39,
48). To investigate whether other cellular factors were responsible for
HTLV-1 susceptibility, we carried out expression cloning to identify
cellular molecules that are associated with HTLV-1 susceptibility,
other than GLUT1, HSPG, and NRP-1. Consequently, the cell surface
HSPG core proteins SDC1 and SDC2 were identified as molecules
that are responsible for HTLV-1 susceptibility.

Enhanced susceptibilities of K562 cells transduced with HSPG
core genes were also previously observed in human immunodefi-
ciency virus type 1 and human papillomavirus type 11 (54, 57). In
these experiments, transduction of SDC1 is more effective in increas-
ing the susceptibility of cells to viral infection than that of GPC1, and
Shafti-Keramat and colleagues observed a correlation between HS
expression and the relative expression level of HSPGs (54, 57). Al-
though we observed an enhanced susceptibility of K4R cells trans-
duced with HSPG core genes to cell-free HTLV-1 infection, the cor-
relation between various expression levels of cell surface HS and
susceptibilities to HTLV-1 among other cell lines (Fig. 1C) remained
unclear. We believe that the discrepancy of the HTLV-1 cell tropism
may be explained in the context of HS expression, since there is con-
siderable variation in the structure of HS on the cell surface, including
differences in sugar components, patterns of sulfation and HS chain
length (7, 25, 33). As a clue to address this issue, we found that K4R/
SDC1 cells treated with the heparin-degradative enzyme heparinase
showed reduced HTLV-1 susceptibility without significantly altera-
tion of the expression of HS chains. This finding indicated that most
of the HS chains detected by MAb F58-10E4 were not responsible for
HTLV-1 susceptibility.

To investigate in-depth how HS expression affects HTLV-1 sus-
ceptibility, we established the K4R/SDCI1 clones expressing HS chains

March 2012 Volume 86 Number 6

at various levels and examined their susceptibilities to the HTLV-1
pseudotype. Our findings suggest that the number of HS chains, but
not their mass, is one of the factors affecting HTLV-1 susceptibility.
To clarify why the mass of HS chains did not affect the susceptibility
of HTLV-1 infection, we investigated the HS chain length as one of
the parameters reflecting the amount of HS. However, it was difficult
to accurately determine the HS chain length in various compositions
of HS chains; therefore, we calculated the value of the mean length of
HS chains by dividing the mass by the number of HS chains. This
value, represented by MFI, p,/MFL,5,, was negatively correlated
with the HTLV-1 susceptibility of each K4R/SDC1 cell clone. Next,
we considered that shorter HS chains might contribute to the effi-
ciency of HTLV-1 entry, and that the number of shorter HS chains
may be important for HTLV-1 susceptibility. The value obtained by
multiplying the number of HS chains (MFl,,,) by the inverse mean
length of HS chains (MFI, gp/MFl,4,,) significantly correlated with
the HTLV-1 susceptibility in not only K4R/SDC1 clones but also in
various human cell lines. This short-HS-chain index, given by
MFlL,0 X (MFL 05/ MFLyg, ), will increase when the cells express
larger numbers of shorter HS chains, whereas the value will decrease
when the cells express fewer and longer HS chains. This observation
indicates that human cell lines expressing not only larger numbers of
HS chains but also shorter lengths of HS chains were more susceptible
to HTLV-1 infection.

Although we determined only the relative length in this study, the
average length of HS chains has been reported to be between 50 and
200 disaccharide repeats, corresponding to 40 to 160 nm in length
(64). These HS chains are assumed to adopt extended structures
when they are in aqueous solution because their extensive sulfation
makes them hydrophilic (23). From this point of view, our findings
provide a possible model to explain the difference in HTLV-1 suscep-
tibility between cells expressing different-length HS chains. HTLV-1
particles may get closer to the target cell surface when they bind to
heparin-like regions in short HS chains (Fig. 6). In other words, the
high expression level of HS chains that are detected by the MAb F58-
10E4 impedes the entry of HTLV-1. Recently, Jastrebova and col-
leagues reported that contiguous sulfated domains were the most
abundant in the shortest HS chains and that short HS chains pro-
moted fibroblast growth factor 2 (FGF2) cellular signaling more effi-
ciently than longer HS chains by the formation of ternary complexes
(FGF2-HS-FGF receptor) (25). It has been reported that HSPGs and
NRP-1 function cooperatively during the initial binding of HTLV-1
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HS chains, such as NP-2 cells; (B) cell lines expressing shorter HS chains, such as U251MG cells.

to the cell surface (35) and that heparin induces the dimerization of
NRP-1 (66), increasing ligand binding to NRP-1. These shorter HS
chains might be able to produce receptor complexes (HTLV-1 Env-
HS-NRP-1-GLUT1) more efficiently than that of longer HS chains
by attracting the HTLV-1 particles to the target cell surface.

In this study, we observed that K4R cells expressing HSPGs
aggregated in cultures, suggesting that the cell surface expression
of HSPGs creates an environment to mediate the cell-to-cell trans-
mission of HTLV-1 particles trapped on the surface of HTLV-1
producing cells. Intriguingly, the increased cell-cell adhesion of
target cells induced by HSPGs does not augment membrane fu-
sion with HTLV-1-producing cells. These results suggest that cell
surface expression of HSPGs promotes the target cells to receive

the HTLV-1 particles without cell fusion. In fact, it has been re-

ported that HS chain expression decreases HTLV-1 Env-mediated
syncytium formation (48). Because fused cells are likely to die in
vitro, HSPGs may promote the survival of HTLV-1 infected cells.

In conclusion, our findings suggest that the interactions of
HTLV-1 with SDCs bearing short HS chains containing heparin-
like structures are important for efficient HTLV-1 infection. The
combination of cell surface HS chain structure and the number of
HS chains (the number of SDC core proteins) is one of the key
factors affecting the cell tropism of HTLV-1. Future experiments
are needed to correlate the differences in HS expression in target
cells of HTLV-1, such as primary T cells and cells in other target
tissues, with the cellular tropism of HTLV-1 in vivo. Nonetheless,
the findings obtained in this study may provide the basis for de-
veloping effective therapies against HTLV-I infection and an in-
dex for assessing the prognosis of disease associated with HTLV-1
infections.
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