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Fig. 6. WNV-specific IgG ELISA endpoint titers in mice immunized with VLPs. (A)
Mice were immunized as in Table 1 and total IgG antibody titers in sera were deter-
mined by ELISA on plates coated with formalin-inactivated WNV. IgG titers in mice
survived WNV infection were also shown. The cutoff values were calculated from
the 0.D. values of the PBS (—)-injected mouse sera. The results show the means and
standard deviations. (B) Titers of IgG1 and IgG2a subclasses in mice immunized with
270ng of VLPs were determined as in (A).

the three types of VLPs as in immunization experiments and were
challenged at the age of 6 weeks with 103 pfu of WNV. Fig. 7B shows
that a high dose (90 ng) of the VLP antigens rendered mice protec-
tive against WNV and mice vaccinated with Eq-VLPs, F-VLPs and
S-VLPs survived 100% without detectable clinical signs. In order to
examine whether F-VLPs and S-VLPs are different in their ability to
develop protectiveimmunity, low doses (3 and 0.3 ng) of F-VLPs and
S-VLPs were inoculated into groups of six mice. These mice were
challenged with 103 pfu of WNV and observed daily for 2 weeks
(Fig. 7C). Five out of six (83%) mice immunized with 3 ng of F-VLPs
were survived from the lethal dose of WNV infection. In contrast to
F-VLPs, the same dose of S-VLPs saved only one (17%) mouse. Mice
receiving a much lower dose (0.3 ng) of F-VLPs and S-VLPs similarly
showed the clinical course of infection and died 100%, although all
the mice survived with 0.3 ng of inactivated WNV. These results
suggest that F-VLPs are superior to S-VLPs in immunogenicity and
protective efficacy against WNV as well.

4. Discussion

We have successfully established CHO #22.6S cells that contin-
uously express the WNV prM-E gene and stably produce WNV VLPs
in serum-free cultures. In this study, two distinct types of VLPs were
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Fig. 7. Protective efficacy of VLPs against lethal WNV challenge. (A) Naive C3H/HeN
mice (6-week old) were intraperitoneally infected with 1, 10", 10? and 10® pfu of the
WNV NY-99 strain and observed for 14 days. (B) Groups of C3H/HeN mice (4-week
old) were vaccinated twice with a high dose (90 ng) of VLPs and intraperitoneally
challenged with 10° pfu of WNV at 1 week post-vaccination. (C) Mice were vacci-
nated with low doses (3 and 0.3 ng) of VLPs and challenged with WNV as in (B). The
number of mice in each group is shown in the parentheses of each graph.

found to be secreted from the established cells; larger (40-50 nm
in diameter) F-VLPs and smaller (20-30nm in diameter) S-VLPs,
which could be separated by velocity sedimentation. So far, two
distinct size classes of flaviviral VLPs were only observed by the
expression of the tick-borne encephalitis virus (TBEV) prM-E gene
in transfected COS-1 cells [33]. Previous studies on the flavivirus
morphogenesis argued that packaging of the viral RNA into a core
composed of the C proteins was a prerequisite to form particles in
the virion sizes [34]. However, our F-VLPs of WNV and their large
RSPs of TBEV are similar in size to the original whole viruses without
the C proteins. Both large VLPs and RSPs were distinguished from
small ones by velocity sedimentation in gradients prepared with
lower concentrations of sucrose, and were fractionated at similar
migration rates. The mature M proteins were a major component
of the large VLP/RSP particles, when generated from the wild-type
prM-E genes of WNV and TBEV. However, RSPs with the immature
prM protein were produced in a large size from a TBEV prM-E gene
derivative by a mutation at the furin cleavage site. On the other
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hand, S-VLPs and small RSPs have similar appearances to prM/M-E
VLPs of other flaviviruses [10-12]. It is known that flavivirus-
infected cells produce not only infectious virus particles but smaller
noninfectious particles called slowly sedimenting hemagglutinin
(SHA). SHAs are separated from the virions by sucrose gradient
centrifugation and show similar sedimenting profiles to prM/M-E
VLPs [15,35]. Taken together, F-VLPs and S-VLPs may be analogous
to infectious virions and SHAs, respectively.

Interestingly, the processed mature M and unprocessed imma-
ture prM proteins were major and minor, respectively, in larger
F-VLPs; reversely in smaller S-VLPs, however, the M and prM pro-
teins were minor and major, respectively (Fig. 5E). This result may
suggest some effects of proteolytic processing of prM into M on
VLP sizes. The prM and E proteins of flaviviruses are thought to
associate into heterodimers, to assemble into immature particles
and to bud into the lumen of the ER in small SHA or VLP size.
During traffic through the secretory pathway, a significant por-
tion of prM is cleaved by host furin protease in the trans-Golgi
to form the M protein. Recent X-ray crystallography of the E pro-
teins and cryo-electron microscopy of the flavivirus particles have
proposed a model where trimeric prM/E heterodimers form pro-
genitor particles and processing of prM into M allows to generate E
homodimers in association with mature M and to form infectious
viruses with diameters of about 50 nm [7,8]. Similarly to the model,
the prM cleavage of smaller VLPs in the Golgi might induce the
conformational rearrangement of the prM/E heterodimers to the E
homodimers associated with processed M and make the small par-
ticles appear larger, although prM-unprocessed particles preserve
small VLP size. In addition, several papers suggest the processing
effects. The disruption of cellular furin protease or the improper
digestion by host signalase decreases viral infectivity and increases
the production of small, noninfectious SHAs [36,37]. The propor-
tion of the immature prM proteins to total prM/M proteins is high
in SHAs and that of the mature M proteins is high in the whole
virions [35].

Glycosylation of the structural proteins is a constitutive factor
that affects flavivirus assembly [9]. Thus, the ratios of large and
small VLPs are possibly regulated by the modification with sugar
chains. The sizes of our VLPs are, however, unlikely to depend on
the glycosylation status, since the E proteins of WNV VLPs were
resistant to Endo Hy digestion as WNV virions. In case of TBEV
RSPs, on the other hand, the E glycoproteins of the larger par-
ticles were slightly more sensitive to Endo Hy glycosidase than
those of the smaller particles [33]. Although subtle differences in
the structural environment of the sugar chains are discussed for
TBEV RSPs, subtle delays in the processing of the prM-E polypro-
tein may happen to our F- and S-VLPs in intracellular transport
pathways and alter the relative release rate of large and small
VLPs.

If the processed M and unprocessed prM proteins could dif-
ferentially modulate the organization of the E proteins on large
and small VLPs, it is possible that F- and S-VLPs are different in
their antigenic forms. Thus, it is important to address antibody
responses induced with F-VLPs and S-VLPs. Our results show that
F-VLPs were superior to other forms of VLPs. NTAD titers against
WNYV increased with immunizing doses of F-VLPs. However, small
S-VLPs and shrunken Eg-VLPs induced lower levels of NTAbs at
higher immunizing doses. Furthermore, IgG2a-dominant antibody
responses were induced by F-VLPs and the whole virion-derived
antigens, such as formalin-inactivated and infectious viruses, but
not by S-VLPs and Eg-VLPs. These data are consistent with the previ-
ous studies revealing that the recombinant TBEV antigens forming
subviral particles and the attenuated replicons could induce high
NTAD titers with IgG2a dominance [38-40]. Therefore, the E pro-
teins of F-VLPs appear to be rearranged upon prM cleavage to more
immunogenic conformations.

In contrast to F-VLPs, S-VLPs were a poorer immunogen. Levels
of IgG antibodies were low and not dominant to the IgG2a sub-
class. NTAD titers unexpectedly decreased with increasing S-VLP
dose. The S-VLP preparation contained a considerable amount of
CHO-S-derived cellular debris. Therefore, a possibility is that the
contaminating cellular proteins from CHO lines expressing prM-E
may be cross-reactive and inhibit immunogenic stimulus on B-
cell clones at high doses of the S-VLP preparation. However, the
shrunken Eg-VLP preparation in which the cellular microsomal
vesicles or debris were rather a low amount, induced antibody
responses as the S-VLP preparation did in terms of NTADb titers and
the IgG subclass distribution. Furthermore, S-VLPs were observed
as clearly distinct particles from F-VLPs in both size and appear-
ance. Therefore, differences in the morphological forms between
F-VLPs and S-VLPs are likely to reflect their immunogenicity to
induce protective antibody responses.

All types of our VLPs, however, completely protected mice
against WNV infection when a sufficient dose (90ng per ani-
mal) was used for immunization. The critical roles of antibodies
have been described to protect against WNV-induced mortality
[17,18] and the high dose (90ng) of VLPs all induced substan-
tial levels of NTADb titers. In contrast, a low dose (3 ng) of F-VLPs
showed apparently higher protective efficacy against WNV than
S-VLPs. In addition to NTAbs, F-VLPs possessed antigenicity favor-
able to IgG2a-dominant antibody responses, which are promoted
by T-helper 1 lymphocytes that are responsible for inducing cell-
mediated immune responses [38,39,41]. Besides NTADs, cytotoxic
T-lymphocyte responses are also known to have an important
function in flavivirus clearance [42]. Thus, the different morpho-
logical forms of VLPs appear to affect the host defense against WNV
pathogenesis and large F-VLPs are able to induce better protective
immunity than small S-VLPs.

In summary, we have succeeded in separating immunogenic F-
VLPs from S-VLPs and host cell-derived impurities, and suggested
that large F-VLPs produced in serum-free cultures of #22.6S cell
clones are a promising candidate as a second-generation WNV vac-
cine. To accomplish it, the optimization of sucrose density gradient
centrifugation was needed for purification of the large, mature F-
VLPs without shrinkage of the particles. The procedures described
here would be applicable for other flavivirus VLPs as well as the
viral replicon particles and attenuated virions [20-23] to refining
their immunogenicity as flavivirus vaccines.
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Recently, remarkable success has attended the clinical treat-
ment of HIV-infected and AIDS patients, with ‘highly active anti-
retroviral therapy (HAART)'". This approach involves a combination
of two or three agents from two categories: reverse transcriptase
inhibitors and protease inhibitors." In addition, the molecular
mechanism involved in HIV-entry and -fusion into host cells has
been described in detail.? The complex interactions of surface pro-
teins on cellular and viral membranes, which are designated as a
dynamic supramolecular mechanism of HIV entry, are reported
to be crucial to the viral infection. In a first step, an HIV envelope
protein, gp120 interacts with a cell surface protein, CD4, leading
to a conformational change in gp120 followed by subsequent bind-
ing of gp120 to a co-receptor CCR5° or CXCR4.* CCR5 and CXCR4
are the major co-receptors for the entry of macrophage-tropic
(R5-) and T cell line-tropic (X4-) HIV-1, respectively. The interac-
tion of gp120 with CCR5 or CXCR4 triggers entry of another enve-
lope protein, gp41 to the cell membrane and formation of a gp41
trimer-of-hairpins structure, which causes fusion of HIV/cell-mem-
branes and completes the infection.

Informed by this mechanism, a fusion inhibitor, enfuvirtide (fuz-
eon, Trimers & Roche)® and a CCR5 antagonist, maraviroc (Pfizer)® in
addition to an integrase inhibitor, raltegravir (Merck)’ have been
used clinically. However, serious problems with chemotherapy still
persist, including the emergence of viral strains with multi-drug
resistance (MDR), considerable adverse effects and high costs. Con-
sequently, development of novel drugs possessing mechanisms of
action different from those of the above inhibitors is currently re-
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0960-894X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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quired. We have previously developed selective CXCR4 antagonists®
and fusion inhibitors.® Furthermore, N-(4-Bromophenyl)-N-
(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (1) and N-(4-chloro-
phenyl)-N'-(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (2) were
previously found using chemical library screening to inhibit syncy-
tium formation by other researchers.'® 1 and 2 bind to gp120 with
binding affinities of Ky = 2.2 pM and 3.7 uM, respectively, blocking
the interaction of gp120 with CD4 in the first step of an HIV-1 entry.
Thus, in the present study we focus on the development of CD4 mim-
ics that can block the interaction between gp120 and CD4. We have
investigated the effect of CD4 mimics on conformational changes of
gp120 and on their use in combination use with a CXCR4 antagonist.

Initially, molecular modeling of compound 2 docked into gp120
was carried out using docking simulations performed by the Flex-
SIS module of SYBYL 7.1 (Tripos, St. Louis) (Fig. 1).!' The atomic
coordinates of the crystal structure of gp120 with soluble CD4
(sCD4) were retrieved from Protein Data Bank (PDB) (entry 1RZ])
(Fig. 1a) and it was observed that Phe** and Arg>® of the CD4 have
multiple contacts with Asp®®8, Glu®’® and Trp*?” of gp120, which
are all conserved residues. An inspection of the environment of
compound 2 docked in gp120 revealed the presence of a large cav-
ity around the p-position of the phenyl ring of compound 2, which
could interact with the viral surface protein gp120 (Fig. 1b and c).
Several analogs of 2 with substituents on the phenyl ring were
therefore synthesized.

All compounds except 12 were synthesized by previously
published methods (Scheme 1).!%'213 Aniline derivatives (3) were
coupled with ethyl oxalyl chloride to yield the corresponding ethyl
oxalamates 4. Saponification of the above oxalamates to the
corresponding free acids and the subsequent coupling with 4-ami-
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gp120+3CD4

Figure 1. (a) The crystal structure of gp120 with soluble CD4 (sCD4) retrieved from
the PDB (entry 1RZ]); (b) docking structure of compound 2 and gp120; (c) a focused
figure of (b) shown by space-filling model.

Bt 'og s &

3 5-9 {see Table 1)

Scheme 1. Reagents and conditions: (i) ethyl oxalyl chloride, Et5N; (ii) 1 M NaOH;
4-amino-2,2,6,6-tetramethylpiperidine, 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride, 1-hydroxybenzotriazole, EtsN.

no-2,2,6,6-tetramethylpiperidine using 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide hydrochloride (EDC) and 1-hydroxybenzotri-
azole (HOBt) yielded compounds 5-9. In the case of compound 12,
whose amide bond is not stable during the reaction of the saponifica-
tion of the corresponding oxalamates, an alternative synthetic
scheme was used (Scheme 2).!4 The reaction of p-nitroaniline (10)
with oxalyl chloride gave the corresponding oxoacetamide 11, which
was subsequently coupled with 4-amino-2,2,6,6-tetramethylpiperi-
dine to yield the desired compound 12.

/

AT al¥one e

412 (sec Table 1)

Scheme 2. Reagents and conditions: (i) oxalyl chloride, Et3N; (ii) 4-amino-2,2,6,6-
tetramethylpiperidine, Et3N.

The anti-HIV activity of the synthetic compounds was evaluated
against various viral strains including both laboratory and primary
isolates (Table 1). ICso values were determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method’® as the concentrations of the compounds which conferred
50% protection against HIV-1-induced cytopathogenicity in PM1/
CCR5 cells. Cytotoxicity of the compounds based on the viability
of mock-infected PM1/CCR5 cells was also evaluated using the
MTT method. CCso values were determined as the concentrations
achieving 50% reduction of the viability of mock-infected cells.
Compounds 1 and 2 showed potent anti-HIV activity against labo-
ratory isolates, IIIB (X4, Sub B) and 89.6 (dual, Sub B) strains, and
compound 2 also possessed potent activity against a primary iso-
late, an fTOI strain (R5, Sub B). All of the ICsy values were between
4 pM and 10 pM. Compound 1 was not tested against primary iso-
lates. The potencies of compounds 1 and 2 are comparable to the
reported binding affinities for gp120 (Kq=2.2 and 3.7 pM, respec-
tively).!” Several of the new analogs of compounds 1 and 2 showed
significant anti-HIV activity. Compound 5, which has a phenyl
group in place of the p-chlorophenyl group of compound 2, did
not show significant anti-HIV activity at concentrations below
100 uM against all strains tested except for an fTOI strain (R5,
Sub B). This result suggests that a substituent at the p-position of
the phenyl ring is critical for potent activity. Compound 6, which
has a fluorine atom at the p-position of the phenyl ring, showed
moderate anti-HIV activity against laboratory isolates, IIIB (X4,
Sub B) and 89.6 (dual, Sub B) strains (ICso = 61 and 81 puM, respec-
tively), but, at concentrations below 100 pM, failed to show signif-
icant anti-HIV activity against a primary isolate, a KYAG strain (R5,
Sub B). Among halogen atoms, fluorine is less suitable than bro-
mine or chlorine as a substituent at the p-position of the phenyl
ring, as evidenced by compound 6, which is 8-15-fold less potent
than compounds 1 and 2 against IIIB (X4, Sub B) and 89.6 (dual,
Sub B) strains. Compound 7, which has a methyl group at the p-po-
sition of the phenyl ring, showed relatively more potent activity
against IIIB (X4, Sub B) and 89.6 (dual, Sub B) strains (ICsp =23
and 41 pM, respectively) than compound 6. Compound 7 also
showed significant anti-HIV activity against primary isolates, fTOI
(R5, Sub B) and KYAG (R5, Sub B) strains (ICsp=16 and 51 puM,
respectively). Compound 8, with a methoxy group at the p-position
of the phenyl ring, did not show significant anti-HIV activity
against all strains tested until a concentration of 100 pM was
reached. In the biological assays, derivatives having electron-with-
drawing substituents such as bromine, chlorine and fluorine at the
p-position of the phenyl ring are relatively potent, whereas deriv-
atives having electron-donating groups such as methoxy at this po-
sition are not potent. Furthermore, the steric effect of a substituent
at the p-position of the phenyl ring appears to be critical to anti-
HIV activity. The sum of Hammett constants (o) of benzoic acid
substituents'® shown in Table 1 can be used to evaluate the elec-
tron-withdrawing or -donating effect of the substituents on the
aromatic ring. The Taft E, values'®®'” were used as steric
parameters for substituents at the p-position of the phenyl ring.
The order of potency found for the halogen-containing derivatives
in anti-HIV activity against laboratory isolates, IIIB (X4, Sub B) and
89.6 (dual, Sub B), is: compound 1 (R =Br) (¢ =0.23, E;= —1.16), 2
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Table 1

Hammett constants (¢) and steric effects (Es) of substituted aromatic rings and anti-HIV activity and cytotoxicity of synthetic compounds
Compd R? a° ES* ICs0® (UM) CCso® (UM)

Lab. isolates Primary isolates
11IB (X4) 89.6 (dual) fTOI (R5) KYAG (R5)

1 Br 0.23 -1.16 4 9 ND ND 150
2 cl 0.23 -0.97 8 10 5 >30 170
5 H 0 0 >100 >100 81 >100 350
6 F 0.06 -0.46 61 81 ND >100 320
7 CH; -0.17 -1.24 23 41 16 51 210
8 OCH3 -0.27 —0.55 >100 >100 ND >100 340
9 CF; 0.54 -2.40 ND 27 ND ND 72
12 NO, 0.78 -1.77¢ ND 42 ND ND 230
sCD4 0.010 0.021 0.0044 ND ND

? See Schemes 1 and 2.
¢ =Hammett constant of a substitutent on a benzoic acid derivative.'®
E. = steric effect of a substituent at the para position on the aromatic ring.'5*!”

o o n T

Values are means of at least three experiments (ND = not determined).

(R=Cl) (6=0.23, E;=—-0.97), 6 (R=F) (6=0.06, E;= —0.46) and 5
(R=H) (6 =0, Es=0). This is the order of substituents’ electron-
withdrawing ability and also of their size. Methyl (og=-0.17,
E;=—1.24) is an electron-donating group, but is almost as bulky
as a bromine atom. Thus, the p-methyl derivative 7 has relatively
potent anti-HIV activity against laboratory isolates, IIIB (X4, Sub
B) and 89.6 (dual, Sub B), higher than that of compound 6 (R=F)
but lower than that of compound 1 (R = Br) or 2 (R = Cl). The elec-
tron-donating ability of a methoxy group is stronger (¢ = —0.27),
but the bulk size is smaller (E;=—0.55), than that of a methyl
group. Thus, the p-methoxy derivative 8 has no significant anti-
HIV activity against all strains tested at concentrations below
100 uM. Two derivatives containing bulkier and more potent elec-
tron-withdrawing substituents such as trifluoromethyl (R = CFs)
(0 =0.54, Es= —2.40) and nitro (R=NO,) (6 =0.78, E;=-1.77) at
the p-position of the phenyl ring were evaluated. Compounds 9
(R=CF3) and 12 (R=NO;) showed significant anti-HIV activity
against an 89.6 (dual, Sub B) strain. These are less potent than com-
pounds 1 and 2 and this is perhaps due to the excessive size of the
substituents at the p-position. This suggests that a certain level of
the bulk size and a potent electron-withdrawing ability of the sub-
stituents are preferable for anti-HIV activity. It is estimated that a
cavity around the p-position of the phenyl ring of CD4 mimicking
compounds would be optimally filled by bromine (E;=—1.16) or
a methyl group (E;=—1.24) at p-position, and that an electron-
deficient aromatic ring might interact tightly with a negatively
charged group such as carboxy of Glu*”°. In isothermal titration
calorimetry (ITC) experiments reported elsewhere,'® compound
5 (R=H) does not have significant affinity for gp120, and com-
pound 6 (R = F) has less potent affinity for gp120 than compound
2, consistent with the present data. In all but one of the com-
pounds, no significant cytotoxicity was detected (CCso >150 puM,
Table 1), the exception being compound 9 (R = CF3) (CCsp = 72 puM).
Compounds 7 and 12 have relatively low cytotoxicities, compared
to compounds 1 and 2.

Fluorescence activated cell sorting (FACS) analysis was per-
formed’® to investigate whether these synthetic compounds inter-
act with gp120 inducing the conformational change necessary for
the approach of an anti-envelope antibody or a co-receptor to
the gp120. The profile of binding of an anti-envelope CD4-induced
monoclonal antibody, 4C11, to the Env-expressing cell surface (an
R5-HIV-1 strain, JR-FL,-infected PM1 cells) pretreated with the
above CD4 mimic analogs was examined. Comparison of the bind-
ing of 4C11 to the cell surface was measured in terms of the mean
fluorescence intensity (MFI), and is shown in Figure 2. Pretreat-
ment of the Env-expressing cells with compound 2 (MFI = 38.42)

The average value of —1.01 and —2.52, which are E; values of the NO, group, —1.77, was used.

produced a remarkable increase in binding affinity for 4C11, simi-
lar to that observed in pretreatment with sCD4 (MFI = 37.90). This
is consistent with the results in the previous paper'® where it was
reported that compound 2 enhances the binding of gp120 to the
17b monoclonal antibody which recognizes the co-receptor bind-
ing site of gp120. Env-expressing cells, which were not pretreated
with sCD4 or a CD4 mimic compound, did not show significant
binding affinity for 4C11 (Fig. 2, blank). The increase in binding
affinity for monoclonal antibodies may be due to conformational
changes in gp120, which were caused by the interaction of sCD4
or a CD4 mimic with gp120. It is hypothesized that such conforma-
tional changes involve the exposure of the co-receptor binding site
of gp120 (the V3 loop), which is hidden internally, since the bind-
ing of gp120 to 17b is enhanced. Compound 5, which failed to
show significant anti-HIV activity, and compounds 7, 9 and 12,
which had significant anti-HIV activity, were assessed in the FACS
analysis. The profile of the binding of 4C11 to the Env-expressing
cell surface pretreated with compound 5 (MFI = 14.34) was similar
to that of the blank (MFI = 11.24), suggesting that compound 5 of-
fers no significant enhancement of binding affinity for 4C11. This
result is compatible with the anti-HIV activity of compound 5.
The profile of the binding of 4C11 to the Env-expressing cell sur-
face pretreated with compound 7 (MFI = 38.33) was entirely simi-
lar to that of compound 2 used as a pretreatment. Pretreatment of
the cell surface with compounds 9 and 12 (MFI = 29.09 and 30.01,
respectively) produced a slightly lower enhancement of binding
affinity for 4C11, compared to those of compounds 2 and 7 as pre-
treatments. However, in the ITC experiments reported else-
where,’® compound 9 (R=CFs;) has a high affinity for gp120,
comparable to that of compound 2, but compound 12 (R = NO;)
does not have significant affinity for gp120, indicating that these
are not consistent with the current FACS studies, possibly due to
the difference in the assay systems. Although the anti-HIV activity
of 7 is weaker than that of compound 2, the level of compound 7
inducing an enhancement of binding affinity of gp120 for 4C11 is
comparable to that of compound 2. The concentration of com-
pounds used in the FACS analysis was 100 uM, much beyond the
ICs5o values of compounds 2 and 7. A concentration of 100 uM
would be also sufficient for the expression of anti-HIV activity
caused by compounds 2 and 7.

An effect on the use of compound 2 combined with another entry
inhibitor was investigated. Analysis of the synergistic effects of anti-
HIV agents was performed according to the median effect principle
using the CalcuSyn version 2 computer program'® to estimate ICsq
values of compounds in different combinations. Combination indi-
ces (CI) were estimated from the data evaluated using the MTT assay
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Figure 2. JR-FL (R5, Sub B) chronically infected PM1 cells were preincubated with 100 uM of a CD4 mimic or sCD4 (11 nM) for 15 min, and then incubated with an anti-HIV-1
mAb, 4C11, at 4 °C for 15 min. The cells were washed with PBS, and fluorescein isothiocyanate (FITC)-conjugated goat anti-human IgG antibody was used for antibody-
staining. Flow cytometry data for the binding of 4C11 (green lines) to the Env-expressing cell surface in the presence of sCD4 or a CD4 mimic are shown among gated PM1
cells along with a control antibody (anti-human CD19: black lines). Data are representative of the results from a minimum of two independent experiments. The number at
the top of each graph shows the mean fluorescence intensity (MFI) of the antibody 4C11.

Table 2
Combination indices (CI) for compound 2 or sCD4 and a CXCR4 antagonist, T140,
against an HIV I1IB strain

Combination HIV strain CI values at different IC*

ICso 1G5 1Coo
2+T140 B 0.786 0.713 0.655
sCD4 + T140 [11B 0.705 0.528 0.400

¢ The multiple-drug effect analysis reported by Chou et al. was used to analyze
the effects of combinational uses of compounds.'® CI <0.9: synergy, 0.9 < CI<1.1:
additivity, CI >1.1: antagonism.

(Table 2)."> Compound 2 showed a highly remarkable synergistic
anti-HIV activity with a co-receptor CXCR4 antagonist, T140,%
against an X4-HIV-1 strain, IIIB at various IC values (ICsq, IC75 and
ICq0). However, sCD4 exhibited a higher synergistic effect (lower CI
values) with T140 (Table 2). The interaction of sCD4 or a CD4 mimic
with gp120 would expose the co-receptor-binding site of gp120, and
the co-receptor CXCR4 could then easily approach gp120. Thus, an
inhibitory effect of a CXCR4 antagonist would be meaningful, and a
significant synergistic effect might also be brought about by a com-
bination of sCD4 or a CD4 mimic and T140.

In summary, a series of CD4 mimic compounds were synthe-
sized and evaluated for their anti-HIV activity. Several compounds
showed significant anti-HIV activity with relatively low cytotoxic-
ity. SAR studies showed that a certain level of size and electron-
withdrawing ability of the substituents at the p-position of the
phenyl ring are suitable for potent anti-HIV activity. In addition,
the treatment of Env-expressing cells with several CD4 mimicking
compounds causes a conformational change, exposing the co-
receptor-binding site of gp120 externally. Thus, a CD4 mimic
exhibited a remarkable synergistic effect with a co-receptor antag-
onist. These compounds are essential probes directed to the dy-
namic supramolecular mechanism of HIV entry, and important
leads for the cocktail therapy of AIDS.

Acknowledgments
This work was supported by Mitsui Life Social Welfare Founda-

tion, Grant-in-Aid for Scientific Research from the Ministry of Edu-
cation, Culture, Sports, Science, and Technology of Japan, and

341

Health and Labour Sciences Research Grants from Japanese Minis-
try of Health, Labor, and Welfare.

References and notes

1. Mitsuya, H.; Erickson, J. In Textbook of AIDS Medicine; Merigan, T. C., Bartlett, J.
G., Bolognesi, D., Eds.; Williams & Wilkins: Baltimore, 1999; pp 751-780.

. Chan, D. C; Kim, P. S. Cell 1998, 93, 681.

. (a) Alkhatib, G.; Combadiere, C.; Broder, C. C.; Feng, Y.; Kennedy, P. E.; Murphy,
P. M.; Berger, E. A. Science 1996, 272, 1955; (b) Choe, H.; Farzan, M.; Sun, Y.;
Sullivan, N.; Rollins, B.; Ponath, P. D.; Wu, L; Mackay, C. R.; LaRosa, G.;
Newman, W.; Gerard, N.; Gerard, C.; Sodroski, J. Cell 1996, 85, 1135; (c) Deng, H.
K.; Liu, R.; Ellmeier, W.; Choe, S.; Unutmaz, D.; Burkhart, M.; Marzio, P. D.;
Marmon, S.; Sutton, R. E.; Hill, C. M.; Davis, C. B.; Peiper, S. C; Schall, T. J.;
Littman, D. R.; Landau, N. R. Nature 1996, 381, 661; (d) Doranz, B. J.; Rucker, ].;
Yi, Y. ].; Smyth, R. J.; Samson, M.; Peiper, S. C.; Parmentier, M.; Collman, R. G.;
Doms, R. W. Cell 1996, 85, 1149; (e) Dragic, T.; Litwin, V.; Allaway, G. P.; Martin,
S. R.; Huang, Y.; Nagashima, K. A.; Cayanan, C.; Maddon, P. J.; Koup, R. A.;
Moore, J. P.; Paxton, W. A. Nature 1996, 381, 667.

4. Feng,Y.; Broder, C. C.; Kennedy, P. E.; Berger, E. A. Science 1996, 272, 872.

5. Wild, C. T.; Greenwell, T. K.; Matthews, T. J. AIDS Res. Hum. Retroviruses 1993, 9,

1051.

6. (a) Dorr, P.; Westby, M.; Dobbs, S.; Griffin, P.; Irvine, B.; Macartney, M.; Mori, J.;
Rickett, G.; Smith-Burchnell, C.; Napier, C.; Webster, R.; Armour, D.; Price, D.;
Stammen, B.; Wood, A.; Perros, M. Antimicrob. Agents Chemother. 2005, 49,
4721; (b) Price, D. A.; Armour, D.; De Groot, M.; Leishman, D.; Napier, C.; Perros,
M.; Stammen, B. L.; Wood, A. Bioorg. Med. Chem. Lett. 2006, 16, 4633.

7. (a) Cahn, P.; Sued, O. Lancet 2007, 369, 1235; (b) Grinsztejn, B.; Nguyen, B.-Y.;
Katlama, C; Gatell, J. M.; Lazzarin, A.; Vittecoq, D.; Gonzalez, C. J.; Chen, J.;
Harvey, C. M.; Isaacs, R. D. Lancet 2007, 369, 1261.

8. (a) Tamamura, H.; Xu, Y.; Hattori, T.; Zhang, X.; Arakaki, R.; Kanbara, K.;
Omagari, A.; Otaka, A.; Ibuka, T.; Yamamoto, N.; Nakashima, H.; Fujii, N.
Biochem. Biophys. Res. Commun. 1998, 253, 877; (b) Fujii, N.; Oishi, S.;
Hiramatsu, K.; Araki, T., Ueda, S.; Tamamura, H.; Otaka, A.; Kusano, S.;
Terakubo, S.; Nakashima, H.; Broach, ]. A,; Trent, ]. O.; Wang, Z.; Peiper, S. C.
Angew. Chem., Int. Ed. 2003, 42, 3251; (c) Tanaka, T.; Nomura, W.; Narumi, T.;
Esaka, A.; Oishi, S.; Ohashi, N.; Itotani, K.; Evans, B. J.; Wang, Z.; Peiper, S. C.;
Fujii, N.; Tamamura, H. Org. Biomol. Chem. 2009, 7, 3805.

9. Otaka, A.; Nakamura, M.; Nameki, D.; Kodama, E.; Uchiyama, S.; Nakamura, S.;

Nakano, H.; Tamamura, H.; Kobayashi, Y.; Matsuoka, M.; Fuijii, N. Angew. Chem.,

Int. Ed. 2002, 41, 2937.

(a) Zhao, Q.; Ma, L; Jiang, S.; Lu, H.; Liu, S.; He, Y.; Strick, N.; Neamati, N.;

Debnath, A. K. Virology 2005, 339, 213; (b) Schén, A.; Madani, N.; Klein, J. C.;

Hubicki, A.; Ng, D.; Yang, X.; Smith, A. B., IlI; Sodroski, J.; Freire, E. Biochemistry

2006, 45, 10973; (c) Madani, N.; Schén, A.; Princiotto, A. M.; Lalonde, J. M.;

Courter, J. R.; Soeta, T.; Ng, D.; Wang, L.; Brower, E. T.; Xiang, S.-H.; Do Kwon, Y.;

Huang, C.-C.; Wyatt, R.; Kwong, P. D.; Freire, E.; Smith, A. B., IlI; Sodroski, ].

Structure 2008, 16, 1689; (d) Haim, H.; Si, Z.; Madani, N.; Wang, L.; Courter, ].

R.; Princiotto, A.; Kassa, A.; DeGrace, M.; McGee-Estrada, K.; Mefford, M.;

Gabuzda, D.; Smith, A. B., III; Sodroski, ]. ProS Pathogens 2009, 5, 1.

The structure of compound 2 was built in Sybyl and minimized with the

MMFF94 force field and partial charges. (see: Halgren, T. A. J. Comput. Chem,

1996, 17, 490.) Docking was then performed using FlexSIS through its SYBYL

w N

10.

11.



358

Y. Yamada et al./Bioorg. Med. Chem. Lett. 20 (2010) 354-358

module, into the crystal structure of gp120 (PDB, entry 1RZJ). The binding site
was defined as residues Val?>®, Asp®®®, Glu*"°, Ser®”, lle*?*, Trp*?’, Val**° and
Val*”%, and included residues located within a radius 4.4 A. The ligand was
considered to be flexible, and all other options were set to their default values.
Figures were generated with ViewerLite version 5.0 (Accelrys Inc., San Diego,
CA).

For example, the synthesis of compound 7: To a solution of ethyl oxalyl chloride
(0.400 mL, 3.48 mmol) in THF (20mL) were added triethylamine (EtsN)
(0.480 mL, 3.48 mmol) and p-toluidine (373 mg, 3.48 mmol) with stirring at
0°C. The reaction mixture was allowed to warm to room temperature, and
then stirred for 6 h. After removal by filtration of the resulting salts, the filtrate
was concentrated under reduced pressure. The residue was extracted with
EtOAc (50 mL), and the extract was washed successively with brine (20 mL),
1 M HCI (20 mL x 2), brine (20 mL), saturated NaHCO; (20 mL x 2) and brine
(20 mL x 3), then dried over MgSO,4. Concentration under reduced pressure
gave the crude ethyl oxalamate, which was used without further purification.
To a solution of the crude ethyl oxalamate (640 mg, 3.09 mmol) in THF (30 mL)
were added aqueous 1M NaOH (3.40 mL, 3.40 mmol), water (50 mL) and
MeOH (20 mL) with stirring at 0 °C. The reaction mixture was allowed to warm
to room temperature, and then stirred for 20 h. After the addition of aqueous
1 M HCI (5 mL), MeOH and THF were evaporated under reduced pressure. The
residue was acidified to pH 2 with 1M HCl, and extracted with EtOAc
(50 mL x 2). The combined organic layer was washed with brine (20 mL x 3),
and dried over MgS0,4. Concentration under reduced pressure gave the crude
acid, which was used for the next reaction without further purification. To a
solution of the above crude acid (514 mg, 2.87 mmol) in THF (10 mL) were
added 1-hydoxybenzotriazole (484 mg, 3.16 mmol), 4-amino-2,2,6,6-
tetramethylpiperidine (446 pL, 2.58 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (606 mg, 3.16 mmol) and
Et3N (0.439 mL, 3.16 mmol) with stirring at 0 °C. The reaction mixture was
allowed to warm to room temperature, and then stirred for 20 h. After
evaporation of THF, the residue was dissolved in CHCl; (50 mL). The mixture
was washed with saturated NaHCO; (20 mL x 2) and brine (20 mL x 3), and
dried over MgS0O,. Concentration under reduced pressure gave the crude
crystalline mass. The usual work-up followed by recrystallization from EtOAc-

13.
14.

13:

16.

n-hexane gave the title compound 7 (363 mg, 1.14 mmol, 39.8%) as colorless
crystals, mp = 176 °C; 6y (400 MHz; CDCl3) 1.07 (1H, m, NH), 1.16 (6H, s, CH3),
1.29 (6H, s, CHs), 1.44 (2H, m, CH,), 1.91 (1H, d, ] 3.7, CHH), 1.94 (1H, d, | 3.7,
CHH), 2.34 (3H, s, CH3), 4.25 (1H, m, CH), 7.17 (2H, d, ] 8.3, ArH), 7.33 (1H, m,
NH), 7.50 (2H, d, J 8.4, ArH), 9.18 (1H, s, NH); HRMS (FAB), m/z calcd for
CygH28N30; (MH)" 318.2182, found 318.2173.

McFarland, C.; Vicic, D. A.; Debnath, A. K. Synthesis 2006, 807.

The synthesis of compound 12: To a solution of Et;N (417 pL, 3.00 mmol) and 4-
nitroaniline (138 mg, 1.00 mmol) in THF (1.3 mL) was added oxalyl dichloride
(85.8 uL, 1.00 mmol) with stirring at 0 °C. After being stirred for 30 min at 0 °C,
Et3N (167 pL, 1.20 mmol) and 4-amino-2,2,6,6-tetramethylpiperidine (156 pL,
0.90 mmol) were added. The reaction mixture was stirred for 6 h at 0 °C. After
removal by filtration of the resulting salts, the filtrate was concentrated under
reduced pressure. The residue was dissolved in CHCl; (20 mL), and the mixture
was washed successively with brine (10 mL), saturated NaHCO; (10 mL x 2)
and brine (10 mL x 3), and dried over MgSO,. Concentration under reduced
pressure followed by flash chromatography over silica gel with CHCl;-MeOH
(9:1) gave 42.4 mg (0.122 mmol, 13.5%) of the title compound 12 as colorless
crystals, mp = 190 °C; éy (400 MHz; CDCl3) 1.09 (1H, m, NH), 1.17 (6H, s, CH3),
1.29 (6H, s, CH3), 1.43 (2H, m, CH,), 1.92 (1H, d, J 3.8, CHH), 1.95 (1H, d. ] 3.8,
CHH), 4.28 (1H, m, CH), 7.29 (1H, m, NH), 7.82 (2H, d,J 9.1, ArH), 8.28 (2H, d, ]
9.1, ArH), 9.55 (1H, s, NH); HRMS (FAB), m/z calcd for Cy7HsN404 (MH)"
349.1876, found 349.1871.

Yoshimura, K.; Shibata, J.; Kimura, T.; Honda, A.; Maeda, Y.; Koito, A;
Murakami, T.; Mitsuya, H.; Matsushita, S. AIDS 2006, 20, 2065.

(a) Chapman, N. B.; Shorter, |. Advances in Linear Free Energy Relationship;
Plenum Press: London, 1972; (b) Chapman, N. B.; Shorter, ]. Correlation Analysis
in Chemistry; Plenum Press: London, 1978; (c) Hansch, C.; Leo, A. J.; Hoekman,
D. Exploring QSAR, Hydrophobic, Electronic, and Steric Constants; American
Chemical Society: Washington, DC, 1995.

. Taft, R. W. In Steric Effects in Organic Chemistry; Newman, M. S., Ed.; John Wiley:

New York, 1956; p 556.

. (@) Chou, T. C.; Talalay, P. J. Biol. Chem. 1977, 252, 6438; (b) Chou, T. C.; Hayball,

M. P. CalcuSyn, 2nd ed.; Biosoft: Cambridge, UK, 1996.

— 342 —



Bioconjugate Chem. 2010, 21, 709-714 709

Remodeling of Dynamic Structures of HIV-1 Envelope Proteins Leads to
Synthetic Antigen Molecules Inducing Neutralizing Antibodies
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A synthetic antigen targeting membrane-fusion mechanism of HIV-1 has a newly designed template with C3-
symmetric linkers mimicking N36 trimeric form. The antiserum produced by immunization of the N36 trimeric
form antigen showed structural preference in binding to N36 trimer and stronger inhibitory activity against HIV-1
infection than the N36 monomer. Our results suggest an effective strategy of HIV vaccine design based on a
relationship to the native structure of proteins involved in HIV fusion mechanisms.

INTRODUCTION

Antibody-based therapy is one of the promising treatments
for AIDS. In recent years, AIDS antibodies have been produced
by immunization (/) and by de novo engineering of monoclonal
antibodies (mAb) with molecular evolution tactics such as phage
display (2). Despite enormous efforts, however, only a limited
number of highly and broadly HIV-neutralizing human mAbs
have been isolated and characterized. These antibodies include
gp4l Abs, 2F5 (3—6) and 4E10 (5—7), and gp120 Abs, 2G12
(8) and b12 (9). gp41 is a transmembrane envelope glycoprotein,
which is divided into an endodomain and an ectodomain by
the transmembrane region; the latter contains a hydrophobic
amino-terminal fusion peptide, followed by amino-terminal and
carboxy-terminal leucine/isoleucine heptad repeat domains with
helical structures (HR1 and HR2, respectively). In the membrane
fusion process of HIV-1, these subunits form a “pre-bundle”
complex. The HR1 and HR2 regions are termed the N-terminal
helix (N36) and C-terminal helix (C34), respectively. These
helices form a six-helical bundle consisting of a central parallel
trimeric coiled-coil of N36 surrounded by C34 in an antiparallel
hairpin fashion. In design of immunogens that elicit broadly
neutralizing antibodies, a useful strategy is to produce molecules
that mimic the natural trimer on the virion surface. Previous
studies show that these molecules could be proteins expressed
as a recombinant form or on the surface of particles such as
pseudovirions or proteoliposomes (/0—12). The X-ray crystal-
lographic study of gp41 shows that the distances between any
two residues at the N-terminus of N-region are almost equal at
approximately 10 A (Figure 1A). A chemically synthetic
template could be useful in connection with the design of a
peptidomimetic corresponding to the native structure of gp41.
To date, several gp4l mimetics have been synthesized as
inhibitors or antigens and subjected to inhibition or neutralization
assays (I3—16). However, the templates for assembly of these
helical peptides contain branched peptide linkers, which are not
exactly equivalent in length (/4). The N-terminal peptides
constrained by another threefold linker showed high affinity for

*To whom correspondence should be addressed. E-mail:
nomura.mr @tmd.ac.jp; tamamura.mr@tmd.ac.jp. phone: +81-3-5280-
8036, fax: +81-3-5280-8039.

T Tokyo Medical and Dental University.

* National Institute of Infectious Diseases.

10.1021/bc900502z

C-terminal peptides, although its biological advantages have not
been determined (/5). The mimicry can be estimated using the
broadly neutralizing mAbs; suitable mimetics will bind neutral-
izing mAbs efficiently, but they will bind non-neutralizing mAbs
poorly. In the present study, we designed and synthesized a
novel three-helical bundle mimetic, which corresponds to the
trimeric form of N36. We investigated whether mice immunized
with the equivalent trimeric form of N36 mimetic can produce
antibodies with stronger binding affinity for N36 trimer than
for N36 monomer. This approach demonstrates the possibility
of producing structure-specific antibodies by immunization of
synthetic antigens corresponding to the natural form of viral
proteins.

EXPERIMENTAL PROCEDURES

Conjugation of N36REGC and the Template to Pro-
duce triN36e. Compound 6 (100 geg, 0.174 umol) and N36REGC
(3.4 mg, 0.574 umol) were dissolved in a mixture of 300 uL of
200 mM acetate buffer (pH 5.2) and 300 4L of TFE under a
nitrogen atmosphere, then TCEP+HCI was added. The reaction
was stirred for 72 h at room temperature and monitored by
HPLC. The ligation product (triN36e) was separated as an HPL.C
peak and was characterized by ESI-TOF-MS, m/z calcd for
C590H1160N2260201$3 15933.1, found 15933.8. The puriﬁcation
was performed by reverse phase HPLC (YMC-Pack ODS-A
column, 10 x 250 mm). Elution was carried out with a 40—50%
linear gradient of acetonitrile (0.1% TFA) over 50 min. Purified
triN36e, obtained in 16% yield, was identified by ESI-TOF-
MS. The detailed synthesis of peptides is described in the
Supporting Information (SI).

CD Spectra. CD measurements were performed with a J-720
circular dichroism spectrolarimeter equipped with a thermoregu-
lator (JASCO). The wavelength dependence of molar ellipticity
[6] was monitored at 25 °C from 190 to 250 nm. Peptides were
dissolved in 20 mM acetate buffer (pH 4.0) containing 40%
MeOH (23, 24). The experimental helicity was calculated as
reported previously (17—19).

Immunization and Sample Collection. Six-week-old male
BALB/c mice were purchased from Sankyo Laboratory Service
Corp. (Tokyo, Japan) and maintained under specific pathogen-
free conditions in an animal facility. The experimental protocol
was approved by the ethical review committee of Tokyo Medical
and Dental University. Freund incomplete adjuvant and PBS

© 2010 American Chemical Society
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Figure 1. (A) Distances between hydrogen atoms for hydroxyl groups in N-terminal serine residues of N36 helices in trimeric form. The distances
were evaluated by PyMOL (21). (B) Cartoon presentation of each N36 derived peptide, N36REGC. (C) Design of a C3-symmetric template. The
amino acid residues are described in single letters. (D) Conjugated structure of trimeric N36 after thiazolidine ligation.

were purchased from Wako Pure Chemical Industries (Osaka,
Japan). DMSO (endotoxin free) was purchased from Sigma-
Aldrich (St. Louis, MO).

All mice were bled one week before immunization. One
hundred micrograms of antigen was dissolved in 1 uL of DMSO.
The solution was mixed with 50 L of PBS and 50 4L of Freund
incomplete adjuvant. The mixture was injected subcutaneously
under anesthesia on days 0, 14, 28, 42, and 58. Mice were bled
on days 21, 35, 49, and 65. Serum was separated by centrifuga-
tion (15 000 rpm) at 4 °C for 15 min and inactivated at 56 °C
for 30 min. Sera were stored at —80 °C before use.

Serum Titer ELISA. Tween-20 (polyoxyethylene (20)
sorbitan monolaurate) and hydrogen peroxide (30%) were
purchased from Wako. ABTS (2,2-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) diammonium salt) was purchased from
Sigma-Aldrich. Antimouse IgG (H+L)(goat)-HRP was pur-
chased from EMD Chemicals (San Diego, CA). Ninty-six-well
microplates were coated with 25 uL of a synthetic peptide at
10 ug/mL in PBS at 4 °C for overnight. The coated plates were
washed 10 times with deionized water and blocked with 150
uL of blocking buffer (0.02% PBST, PBS with 0.02% Tween
20, containing 5% skim milk) at 37 °C for 1 h. The plates were
washed with deionized water 10 times. Mice sera were diluted
in 0.02% PBST with 1% skim milk, and 50 4L of 2-fold serial
dilutions of sera from 1/200 to 1/102400 were added to the wells
and allowed to incubate at 37 °C for 2 h. The plates were washed
10 times with deionized water. Twenty-five microliters of HRP-
conjugated antimouse IgG, diluted 1:2000 in 0.02% PBST, was
added to each well. After 45 min incubation, the plates were
washed 10 times and 25 uL of HRP substrate, prepared by
dissolving 10 mg ABTS to 200 u4Lof HRP staining buffer—a
mixture of 0.5 M citrate buffer (pH 4.0, 1 mL), H,0, (3 xL),
and H,O (8.8 mL)—was added. After 30 min incubation, the
reaction was stopped by addition of 25 uL/well 0.5 M H,SO,,
and optical densities were measured at 405 nm.

Virus Preparation. The pNL4-3 construct (8 ug) was
transfected into 293T cells by Lipofectamine LTX (Invitrogen,

Carlsbad, CA) followed by changing medium at 12 h after
transfection. At 48 h after changing medium, the supernatant
was collected, passed through a 0.45 um filter, and stored at
—80 °C as HIV-1y;4-3 strain before use. For titration, MT-4
cells were infected with serially 3-fold diluted virus from 1/10
to 1/196830, and cultured for 7 days. HIV-1 p24 levels in
supernatants were measured, and then the titer of virus solution
was calculated.

Anti-HIV Assay. Virus was prepared as described above
except that the transfection of pNL4-3 was performed by the
calcium phosphate method. Anti-HIV-1 activity was determined
on the basis of protection against HIV-1-induced cytopathoge-
nicity in MT-4 cells. Various concentrations of AZT, N36RE,
and triN36e (The starting concentrations are 100, 10, and 1 M,
respectively) were added to HIV-1-infected MT-4 cells (MOI
= 0.01) by 2-fold serial dilution and placed in wells of a flat-
bottomed microtiter plate (2.0 x 10* cells/well). After 5 days’
incubation at 37 °C in a CO, incubator, the number of viable
cells was determined using the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) method (ECs). Cytotox-
icity of compounds was determined on the basis of viability of
mock-infected cells using the MTT method (CCsy). Each
experiment was performed three times independently.

Neutralizing Assay. MT4-cells (1 x 10° cells/100 uL) were
incubated in 100 L medium containing 10 uL sera from
immunized or preimmunized mice for 1 h at 37 °C, then
pretreated MT-4 cells were infected with HIV-1y14-3 (MOI =
0.05). At 3 days after infection, cells were collected by
centrifuge at 4000 rpm for 10 min at 4 °C. After discarding
supernatant, pellets were lysed with 30 uL of lysis buffer (50
mM Tris+HCI (pH 7.5), 150 mM NaCl, 1% NP-40), then 30
uL of 2 x SDS buffer (125 mM Tris+HCI (pH 6.8), 4% SDS,
20% glycerol, 10% 2-ME, 0.004% BPB) were added and boiled
for 10 min. The samples (5 uL) were subjected to SDS-page to
perform Western blotting. The HIV-1 gag p24 was detected by
using Western lightning ECL kit (PerkinElmer, MA) according
to manufacturer’s instruction after treatment of HIV-1 p24
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Scheme 1. Synthesis of the Equivalently Branched Template 6

EDCI-HCI, HOBtH,0 0
N

N/{\/COZH)S EtsN, DMF .
1

HaN OBn

«p-toluenesulfonate
a) Pd/C, H, (1 atm), MeOH

2
0O o
b) EDCIHCI, DMAP, DMF H 0o 3
HO™N 5,67% 7Q
s 97~

o

NH

0
~ o).

N
H
3, 70%

a) 80% TFA aq.
b) NalO,, H,O/MeOH (1:3)  © 0 o

o))

H 6, 42%

antibody (2C2; 1:2000 dilution) (20) and anti- mouse IgG
(H+L)-HRP (Millipore, MA). The band intensity of p24 was
calculated with post/pre-immunized samples by using ImageJ
image analyzing software.

RESULTS AND DISCUSSION

The N-region of gp41 is known to be an aggregation site
involving a trimeric coiled-coil conformation. In design of an
N36-derived peptide (N36RE), the triplet repeat of arginine and
glutamic acid was fused to the N-terminus to increase the
solubility in buffer solution (Figure 1B). In order to form a triple
helix corresponding precisely to the gp41 prefusion form, we
designed the novel C3-symmetric template depicted in Figure
1C. This designed template linker has three branches of equal
length and possesses the hydrophilic structure and ligation site
for coupling with N36RE. The template was synthesized from
the commercially available 3-[bis(2-carboxyethyl)amino]pro-
panoic acid 1 as shown in Scheme 1. Coupling of 1 with
B-alanine benzyl ester 2 gave the corresponding triamide 3 in
77% yield. Cleavage of three benzyl esters by hydrogenation
and coupling with solketal 4 produced the corresponding triester
5. Deprotection of the acetonides with aqueous 80% TFA

(Fomptaa~y O Mows, A we)
B
u o}

°

O,N-Acyl!
migration
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followed by oxidative cleavage of diol group led to the desired
template 6. This approach uses thiazolidine ligation for chemose-
lective coupling of Cys-containing unprotected N36RE
(N36REGC) with a three-armed aldehyde scaffold producing
triN36e (Figure 1D). Thiazolidine ligation is a peptide segment
coupling strategy which does not require side chain protecting
groups (22—26). The reaction consists of three steps: (i) aldehyde
introduction, in which a masked glycolaldehyde ester is linked to
the carboxyl terminus of an unprotected peptide by reverse
proteolysis; (i) ring formation, in which the unmasked aldehyde
reacts at acidic pH with the o-amino group of an N-terminal
cysteine residue of the second unprotected peptide forming a
thiazolidine ring; and (iii) rearrangement at higher pH in which
O-acyl ester linkage is converted to an N-acyl amide linkage
forming a peptide bond with a pseudoproline structure (Figure 2).

Circular dichroism (CD) spectra of triN36e and N36RE,
which is a monomer form without N-terminal Cys-Gly residues,
are shown in Figure 3A. The peptides were dissolved in 20 mM
acetate buffer with 40% MeOH, pH4.0, suitable for measure-
ment of CD spectra of membrane proteins (27, 28). Both spectra
display double minima at 208 and 222 nm and showed high
molar ellipticity as absolute values (Table 1). The results indicate
that these peptides form a highly structured a-helix and that
the helical content of the trimer triN36e is higher than that of
the monomer N36RE. Furthermore, to assess the interaction of
triN36e with C34, CD spectra of the peptide mixture with C34-
derived peptide, C34RE, were measured (Figure 3B,C). The
spectrum of triN36e and C34RE mixture showed high molecular
ellipticity as an absolute value comparable with that of triN36e
alone. This supports the conclusion that C34RE interacts with
tri36e and thereby induces a higher helical form as shown
previously (29).

Mice were immunized with these synthetic gp41 mimetics
and antibody production was successfully induced (the detailed
titer increase in 5 weeks’ immunization is given in the
Supporting Information). Two out of three mice showed
induction of antibodies against either antigen (N36RE or
triN36e). Antibody titers and selectivity of antisera isolated from
mice immunized with N36RE or triN36e were evaluated by
serum titer ELISA against coated synthetic antigens. The most
active antiserum for each antigen was utilized for the evaluation
of binding activity by ELISA (Figure 4). The N36RE-induced
antibody showed approximately 5 times higher affinity for
N36RE than for triN36e, as 50% bound serum dilutions are
3.88 x 107 and 2.14 x 107% to N36RE and triN36e,
respectively. It is noteworthy that the triN36e-induced antibody
showed approximately 30 times higher preference in binding
affinity for triN36e antigen than for N36RE (serum dilutions at
50% bound are 3.83 x 1073 to N36RE and 1.33 x 107 to
triN36e). Although this evaluation was not determined with
purified mAbs, it is clear that the antibodies produced exploit a
structural preference for antigens. The mechanism of induction

HS
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m@ Template 0\/§’N :
(o] o}
“ Cyclization

Figure 2. Reaction mechanisms of thiazolidine ligation utilized for assembly of N36RE helices on the template.
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Figure 4. Serum titers of antibodies produced by N36 monomer and conformationally constrained N36 trimeric antigen. The titers were evaluated
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Figure 5. Determination of neutralization activity of the antibodies produced by immunization of peptidomimetic antigens. (A) Results of p24
assay to evaluate inhibition for HIV-1 infection by produced antibodies. Preimmunization sera were used as control. Experiments were duplicated.
(B) Average % inhibition of p24 production calculated from the band intensities in panel (A).

of structure-specific antibody is still not clear, but the results
could suggest the efficacy of producing antibodies with structural
specificity and that the synthesis of structure-involving antigens
is an effective strategy when higher specificity is required.
Neutralizing activity of sera against HIV-1 infection was
assessed by p24 assays utilizing antisera from two mice that
showed antibody production for each antigen (Figure 5). Sera

Table 1. Differences of a-Helicities between N36RE and triN36e
Calculated from CD Spectra in Figure *

[0]222 [61220/[ 61208 a-helicity
N36RE —30957 0.87 13%
triN36e —38 998 0.96 95%
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Table 2. ECsy and CCs, Values Calculated from Inhibition Assays
of Peptidomimetics

AZT triN36e N36RE
ECso (uM)® 0.047 0.49 1.4
CCsp (uM)? >50 >1 >10

“ECsp values are based on the inhibition of HIV-induced
cytopathogenicity in MT-4 cells. ”CCs, values are based on the
reduction of the viability of MT-4 cells. All data are the mean values
for at least three experiments.

from mice immunized with the same antigen showed similar
inhibitory activity against viral infection (12.5% and 14.8% for
N36RE, 40.3% and 52.1% for triN36e). A trend was observed
that the sera from triN36e immunization shows higher inhibition
than those from N36RE immunization. This suggests that the
synthetic antigen corresponding to the N36 trimeric form induces
antibody with neutralization activity superior to that of the
monomer peptide antigen and implies a restricted response of
B-cells upon immunization to the trimeric form of N36RE. In
order to assess the compatibility of induced antibodies in HIV-1
entry inhibition, the HIV-1 inhibitory activities of peptidomi-
metics (N36RE and triN36e) have been evaluated by viral
infection and cytotoxicity assays. A C-terminal region peptide
known as Enfuvirtide (T20, Roche/Trimeris) has been used
clinically as a fusion inhibitor, and its success indicates that
gp41-derived peptides might be potent inhibitors, useful against
HIV-1 infection (30). In the development of anti-HIV peptides,
several mimetics such as Enfuvirtide, CD4 binding site of gp120
(31), and protein-nucleic acid interactions (32), which disrupt
protein—protein interactions, have been produced. As indicated
in Table 2, N36 and triN36e showed modest inhibitory activity
as reported in previous studies (33—35). The potency of triN36e
was three times higher than that of N36RE indicating that the
active structure of monomer N36RE is a trimeric form.
Cytotoxicity of the antigens was not observed at concentrations
of 1 uM of triN36e and 10 uM of N36RE.

CONCLUSIONS

In summary, a mimic of HIV-1 gp41-N36 designed as a new
vaccine has been synthesized utilizing a novel template with
three branched linkers of equal lengths. Thiazolidine-forming
ligation attached the esteraldehyde of three-branched template
with N-terminal cysteine of peptides in an aqueous medium.
The resulting peptide antigen successfully induces antibodies
with neutralization activity against HIV-1 infection. It is of
special interest that the antibody produced acquires structural
preference to antigen, which showed 30 times higher binding
affinity for trimer than for monomer. This indicates the
effectiveness of the design based on the structural dynamics of
HIV-1 fusion mechanism of an antigen which could elicit
neutralizing antibodies. In a design based on the N36 region of
gp41, the exposed timing of epitopes is limited during HIV-1
entry (36), and carbohydrates, which could make accession of
antibodies to epitopes difficult, are not associated with the amino
acid residues of the native protein. These two advantages could
further enhance the potential of a vaccine design based on the
N36 region. During preparation of the manuscript, a new HIV
vaccine strategy was reported by Burton’s group (37). The report
describes the importance of antibody recognition for the trimer
form of surface protein. The trimer-specific antibodies indicate
broad and potent neutralization. The gp41 trimer-form specific
antibody produced in this study could also obtain the corre-
sponding properties. The elucidation of antibody-producing
mechanisms and epitope recognition mode of antibodies in
antiserum during HIV-1 entry will be addressed in future studies.
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N-(4-Chlorophenyl)-N'-(2,2,6,6-tetramethyl-piperidin-4-yl)-oxalamide (NBD-556) is a low-molecular-weight
compound that reportedly blocks the interaction between human immunodeficiency virus type 1 (HIV-1) gp120
and its receptor CD4. We investigated whether the enhancement of binding of anti-gp120 monoclonal anti-
bodies (MAbs) toward envelope (Env) protein with NBD-556 are similar to those of soluble CD4 (sCD4) by
comparing the binding profiles of the individual MAbs to Env-expressing cell surfaces. In flow cytometric
analyses, the binding profiles of anti-CD4-induced epitope (CD4i) MAbs toward NBD-556-pretreated Env-
expressing cell surfaces were similar to the binding profiles toward sCD4-pretreated cell surfaces. To inves-
tigate the binding position of NBD-556 on gp120, we induced HIV-1 variants that were resistant to NBD-556
and sCD4 in vitro. At passage 21 in the presence of 50 pM NBD-556, two amino acid substitutions (S375N in
C3 and A433T in C4) were identified. On the other hand, in the selection with sCD4, seven mutations (E211G,
P212L, V255E, N280K, S375N, G380R, and G431E) appeared during the passages. The profiles of the muta-
tions after the selections with NBD-556 and sCD4 were very similar in their three-dimensional positions.
Moreover, combinations of NBD-556 with anti-gp120 MAbs showed highly synergistic interactions against
HIV-1. We further found that after enhancing the neutralizing activity by adding NBD-556, the contempora-
neous virus became highly sensitive to antibodies in the patient’s plasma. These findings suggest that small

compounds such as NBDs may enhance the neutralizing activities of CD4i and anti-V3 antibodies in vivo.

Human immunodeficiency virus type 1 (HIV-1) replicates
continuously in the face of a strong antibody (Ab) response,
although Abs effectively control many viral infections (3). Neu-
tralizing Abs (NAbs) are directed against the HIV-1 envelope
(Env) protein, which is a heterodimer comprising an exten-
sively glycosylated CD4-binding subunit (gp120) and an asso-
ciated transmembrane protein (gp4l). Env proteins are
present on the virion surface as “spikes” composed of trimers
of three gp120-gp41 complexes (20, 21, 29). These spikes resist
neutralization through epitope occlusion within the oligomer,
extensive glycosylation, extension of variable loops from the
surface of the complex, and steric and conformational blocking
of receptor binding sites (16, 18, 20).

Ab access to conserved regions is further limited because
viral entry is a stepwise process involving conformational
changes that lead to only transient exposure of conserved do-
mains such as the coreceptor binding site (4, 5). However,
some early strains of HIV-1 appear to be highly susceptible to
neutralization by Abs (1, 10). For instance, subtype A HIV-1
envelopes from the early stage of infection exhibit a broad
range of neutralization sensitivities to both autologous and
heterologous plasma (1), suggesting that at least a subset of the
envelopes have some preserved and/or exposed neutralization
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epitopes. It is well known that the potential for neutralizing
properties of particular Abs is enhanced after binding of sol-
uble CD4 (sCD4), especially NAbs against CD4-induced
epitopes (CD4i Abs) (27) and some anti-V3 Abs (22). CD4i
Abs are detected in plasma samples from many patients at an
early stage of HIV-1 infection (9). Consequently, we hypoth-
esize that small compounds such as sCD4 can enhance the
neutralizing activities of CD4i Abs and some anti-V3 Abs not
only in vitro but also in vivo.

In a previous report, two low-molecular-weight compounds
that presumably interfere with viral entry of HIV-1 into cells
were described (35). These two N-phenyl-N'-(2,2,6,6-tetra-
methyl-piperidin-4-yl)-oxalamide analogs, NBD-556 and NBD-
557, comprise a novel class of HIV-1 entry inhibitors that block
the interaction between gpl120 and CD4. These compounds
were found to be equally potent inhibitors of both X4 and RS
viruses in CXCR4- and CCR5-expressing cell lines, respec-
tively (35). Schén et al. (25) also reported that NBD-556 binds
to gp120 in a process characterized by a large favorable change
in enthalpy that is partially compensated for by a large unfa-
vorable entropy change, representing a thermodynamic signa-
ture similar to that observed for binding of sCD4 to gp120. In
a recent study, Madani et al. (23) reported the following find-
ings: (i) NBD-556 binds within the Phe43 cavity, a highly con-
served and functionally important pocket formed as gp120
assumes the CD4-bound conformation; (ii) the NBD-556 phe-
nyl ring projects into the Phe43 cavity; (iii) the enhancement of
CD4-independent infection by NBD-556 requires the induc-
tion of conformational changes in gp120; and (iv) increased
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affinities of NBD-556 analogs toward gp120 improve the anti-
viral potency during infection of CD4-expressing cells. The
latter two studies demonstrated that low-molecular-weight
compounds such as NBDs can induce conformational changes
in the HIV-1 gp120 glycoprotein similar to those observed
upon sCD4 binding (23, 25). The authors of these studies
concluded that their data supported the importance of gp120
residues near the Phe43 cavity in binding to NBD-556 and lent
credence to the docked binding mode.

In the present study, we investigated the binding position of
NBD-556 on gp120 by inducing HIV-1 variants that were re-
sistant to NBD-556 by exposing HIV-1,;5 to increasing con-
centrations of the compound in vitro. We also induced sCD4-
resistant HIV-1;;;p variants and compared the profile of the
sCD4-resistant mutations to that of the NBD-556-resistant mu-
tations. We subsequently examined the virological properties
of pseudotyped HIV-1 clones carrying the NBD-556 and sCD4
resistance-associated env gene mutations. Our findings provide
a foundation for understanding the interaction of NBD-556
with the CD4-binding site of HIV-1 gp120. We also evaluated
the anti-HIV-1 interactions between plasma NAbs and NBD-
556 in vitro and considered the possibility of using the data as
a key to opening the shield covering the conserved epitopes
targeted by NAbs.

(This study was presented in part at the 15th Conference on
Retroviruses and Opportunistic Infection, Boston, MA, 3 to 6
February 2008 [Abstract 736].)

MATERIALS AND METHODS

Cells, culture conditions, and reagents. The CD4-positive T-cell line PM1 was
maintained in RPMI 1640 (Sigma, St. Louis, MO) supplemented with 10%
heat-inactivated fetal calf serum (FCS; HyClone Laboratories, Logan, UT), 50 U
of penicillin/ml, and 50 pg of streptomycin/ml. PM1/CCRS cells were generated
by standard retrovirus-mediated transduction of PM1 cells with pBABE-CCR5
provided by the National Institutes of Health AIDS Research and Preference
Reagent Program (NIH ARRRP) (24, 34). PM1/CCRS5 cells were maintained
in RPMI 1640 supplemented with 10% heat-inactivated FCS, 50 U of peni-
cillin/ml, 50 wg of streptomycin/ml, and 0.1 mg of G418 (Invitrogen, Carlsbad,
CA)/ml. The TZM-bl cell line was obtained from the NIH ARRRP and
maintained in Dulbecco modified Eagle medium (Sigma) supplemented with
10% FCS.

NBD-556 (molecular weight, 337.84) and YYA-004 (molecular weight,
303.4), which has the same structure as JRC-1-300 (23), were synthesized as
previously described (23, 25, 30). KD-247 (12), 3E4, and 0.5y (unpublished)
are anti-gp120-V3 monoclonal Abs (MAbs). 17b (27), 4C11, and 4E9C (un-
published) are MAbs against CD4-induced epitopes (CD4i Abs). 17b, 2G12
(a MAD against the gp120 glycan), and b12 (a MAD against the CD4-binding
site [CD4bs)] epitope) were provided by the NTH ARRRP. The 0.53 antibody
established in our laboratory is an anti-CD4bs MAb (unpublished results).
RPA-T4 (an anti-CD4 MADb) was purchased from BD Biosciences Pharmin-
gen (San Jose, CA). Recombinant human sCD4 was purchased from R&D
Systems, Inc. (Minneapolis, MN).

MADs 3E4, 0.5v, 0.58, 4C11, and 4E9C were human MAbs established from a
patient with long-term nonprogressive illness. B cells from the patient’s periph-
eral blood mononuclear cells (PBMC) were transformed by Epstein-Barr virus,
followed by cloning. Culture supernatant from an individual clone was screened
for reactivity to gp120sg, by enzyme-linked immunosorbent assay (ELISA). The
specificity of the antibodies was determined by gp120 capture ELISA and fluo-
rescence-activated cell sorting analysis of HIV-1;g p; -infected PM1 cells in the
presence or absence of sCD4. The binding specificity was further assessed by an
ELISA using peptides corresponding to the V3 sequence of various isolates.
Based on these binding data, we classified them as follows: V3 MAbs, 3E4 and
0.5y; CD4bs MADb, 0.58; and CD4i MAbs, 4C11 and 4E9C.

The laboratory-adapted HIV-1 strains HIV-1ggs, HIV-1p,, HIV-1gg6,
HIV-1;g.g1, and HIV-1yy, were propagated in phytohemagglutinin-activated
PBMC. These viruses were then passaged in PM1/CCRS5 cells, and the culture
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supernatants were stored at —150°C prior to use. R5 primary HIV-1 isolates
(HIV-1p, ;, HIV-1p, 5, HIV-1p, 5, and HIV-1p, 4) were isolated from four Japa-
nese patients in our laboratory. All patients were at a stage of chronic infection.
HIV-1p,;, HIV-1p, 3, and HIV-1p, 4 were isolated from drug-naive patients, and
HIV-1p, , was isolated from a drug-experienced patient and passaged in phyto-
hemagglutinin-activated PBMC. Infected PBMC were cocultured with PM1/
CCRS cells for 4 to 5 days, and the culture supernatants were stored at —150°C
until used. Nucleotide sequences of the gp120 from the four primary isolates
were deposited in the DNA Data Bank of Japan under accession numbers
ABS553911 to AB553914.

Susceptibility assay. The sensitivities of six laboratory-adapted viruses, four
primary isolates, and HIV-1j viruses passaged in the presence of sCD4 or
NBD-556 were determined by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay as previously described with minor modifications
(31). Briefly, PM1/CCRS cells (2 x 10° cells/well) were exposed to 100 times the
50% tissue culture infective dose (TCIDsq) of the viruses in the presence of
various concentrations of sCD4 or NBD-556 in 96-well round-bottom microcul-
ture plates, followed by incubation at 37°C for 7 days. After removal of 100 ul of
the medium, 10 pl of MTT solution (7.5 mg/ml) in phosphate-buffered saline
(PBS) was added to each well. The plate was then incubated at 37°C for 3 h.
Subsequently, the produced formazan crystals were dissolved by adding 100 pl of
acidified isopropanol containing 4% (vol/vol) Triton X-100 to each well. The
optical densities at a wavelength of 570 nm were measured in a microplate
reader. All assays were performed in duplicate or triplicate. We also determined
the concentration for 50% cytotoxicity (CCs) by using the MTT assay.

The sensitivities of the HIV-1p, 3 primary isolate to KD-247 (anti-V3 MADb),
4E9C (CD4i MAb), and autologous plasma IgG in the presence or absence of
NBD-556 were also determined by using the MTT assay. To exclude any influ-
ence of plasma factors, such as antiviral drugs, cytokines, and chemokines, on the
neutralization activities, we used IgG from the patient’s plasma, which was
purified using protein A-Sepharose (Affi-gel Protein A; Bio-Rad, Hercules, CA)
(19).

Flow cytometric analysis. HIV-1y;_p; chronically infected PM1 cells were
preincubated with or without sCD4 (0.5 pg/ml) and NBD-556 (1, 3, 10, 30, 90,
and 100 wM) for 15 min and then incubated with various anti-HIV-1 MAbs (17b,
4C11, KD-247, 3E4, and 0.5v) at 4°C for 30 min. The cells were washed with PBS,
and a fluorescein isothiocyanate-conjugated goat anti-human IgG Ab was used
for Ab detection. Flow cytometry was performed with a FACSCalibur flow
cytometer (BD Biosciences), and the data were analyzed by using the BD
CellQuest version 3.1 software (BD Biosciences).

Data analysis and evaluation of synergy. Analyses of the synergistic, additive,
and antagonistic effects of the antiviral agents were initially performed according
to the median effect principle using the CalcuSyn version 2 computer program
(6) to provide estimates of the 50% inhibitory concentration (ICsq) values of the
antiviral agents in combination. Combination indices (CIs) were estimated from
the data and reflected the nature of the interactions between KD-247 and sCD4
or NBD-556 and between NBD-556 and CD4i MAb 4Cl11 or anti-CD4bs MAb
0.53 against HIV-1;p gy or HIV-1j5 on PM1/CCRS cells as determined by the
MTT assay. A CI of <0.9 indicated synergy, a CI between 0.9 and 1.1 indicated
additivity, and a CI of >1.1 indicated antagonism. The CI value was directly
proportional to the amount of synergy for the combination regimen. For exam-
ple, values of <0.5 represented a high degree of synergy, while values of >1.5
represented significant antagonism. This approach has been widely used in anal-
yses of antiviral interactions and was chosen to allow comparability with pub-
lished literature.

Docking simulation. The structure for NBD-556 was built in SYBYL 7.1
(Tripos, St. Louis, MO) and minimized with the MMFF94 force field and partial
charges (15). Using FlexSIS through its SYBYL module, docking of NBD-556
was performed into the crystal structure of gp120 obtained from the Protein Data
Bank (PDB; entry 1RZJ). The binding site was defined as residues Val255,
Asp368, Glu370, Ser375, Ile424, Trp427, Val430, and Val475, including residues
located within a radius of 4.4 A. The structure of the ligand was treated flexibly,
and all other options were set to their default values. Figures were generated
using SwissPdb Viewer version 3.9 (SPdbViewer) (13) and ViewerLite version
5.0 (Accelrys, Inc., San Diego, CA). We also generated a simian immunodefi-
ciency virus (SIV) gp120 figure (PDB entry 2BF1) to compare the sites of the
mutations in HIV-1 gp120 using the same software programs.

Isolation of NBD-556- and sCD4-resistant mutants from HIV-1;yy in vitro. To
select NBD-556 and sCD4 escape viruses, HIV-1jg was treated with various
concentrations of NBD-556 or sCD4 and then infected into PM1/CCRS cells as
previously described with minor modifications (32). Viral replication was
monitored by observation of any cytopathic effects in PM1/CCRS5 cells. The
culture supernatants were harvested on day 7 and used to infect fresh PM1/

— 350 —

010¢e
‘G AINP ALISHIAINN OLOWVINNY 18 - DHO'INSY'IA WOH-4 A3AvOTINMOd



7560 YOSHIMURA ET AL.

oY

NBD-556

J. VIROL.

@““\f“ﬂ

YYA-004

FIG. 1. Structures of NBD-556 and YYA-004.

CCRS cells for the next round of culture in the presence of increasing
concentrations of NBD-556 or sCD4. When the viruses began to propagate in
the presence of NBD-556 or sCD4, the concentration was further increased.
After the viruses were passaged using up to 50 nM NBD-556 or 20 pg of
sCD4/ml in PMI1/CCRS cells, the resulting viruses, designated NBD-
556(20)14p, NBD-556(50)17p, and sCD4(20)5p, were recovered from the
passaged cell culture supernatants.

Proviral DNA extracts from cells cultured with several concentrations of NBD-
556 and sCD4 were subjected to PCR amplification using 7ag polymerase
(Takara, Shiga, Japan). The amplified products were cloned into pCR2.1 (In-
vitrogen), and the env regions in both the passaged and selected viruses were
sequenced by using an ABI Prism 3110 automated DNA sequencer (ABI, Foster
City, CA).

Construction of mutant Env expression vectors. Proviral DNA was extracted
from the passaged HIV-1y;p-infected PM1/CCRS cells by using a QlAamp DNA
blood minikit (Qiagen, Valencia, CA). For the construction of Env expression
vectors, we used pCXN2, which contains a chicken actin promoter. Briefly, we
amplified the passaged HIV-1,,5 gp160 regions using LA Taq (Takara) with the
primers ENVA (5'-GGCTTAGGCATCTCCTATGGCAGGAAGAA-3') and
ENVN (5'-CTGCCAATCAGGGAAGTAGCCTTGTGT-3'). The PCR prod-
ucts were inserted into pCR-XL-TOPO (Invitrogen). The EcoRI fragment of
pCR-XL-IIIB containing the entire env region was ligated into pCXN2 to
give pCXN-IIIBwt. pCXN-IIIB(S375N), pCXN-IIIB(V255E), and pCXN-
IIIB(A433T) were generated by site-directed mutagenesis using a QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) in accordance with the
manufacturer’s instructions with the primer pairs S375Nfw (5'-AAATTGTAAC
GCACAATTTTAATTGTGGAGG-3') and S375Nrv (5'-CCTCCACAATTAA
AATTGTGCGTTACAATTT-3'), V255Efw (5'-GAATTAGGCCAGTAGAAT
CAACTCAACTGCT-3') and V255Erv (5'-AGCAGTTGAGTTGATTCTACT
GGCCTAATTC-3"), and A433Tfw (5'-CAGGAAGTAGGAAAAACAATGTA
TGCCCCTC-3") and A433Trv (5'-GAGGGGCATACATTGTTTTTCCTACTT
CCTG-3'), respectively.

Pseudovirus preparation. Portions, 5 pg of pSG3AEnv and 0.5 pg of pRSV-
Rev (17), supplied by the NIH ARRRP, and a 4.5-ug portion of HIV-1yg
Env-expressing pCXN2 were cotransfected into 293T cells using the Effectene
transfection reagent (Qiagen). At 48 h after transfection, the pseudovirus-con-
taining supernatants were harvested, filtered through a 0.2-pm-pore-size filter,
and stored at —80°C. The pseudovirus activities were measured with a lumines-
cence assay using TZM-bl cells as previously described (28).

Single-round virus infection assay. A single-cycle infectivity assay was used to
measure the neutralization of HIV-1yp pseudoviruses as described previously
(26, 28). Briefly, NBD-556, YYA-004, sCD4, 2G12, b12, RPA-T4, or 4C11 at
various concentrations and a pseudovirus suspension corresponding to 100
TCIDs, were preincubated in the absence or presence of 1 uM NBD-556 for 15
min on ice. The virus-compound mixtures were added to TZM-bl cells, which had
been seeded in a 96-well plate (1.5 X 10* cells/well) on the previous day. The
cultures were incubated for 2 days at 37°C, washed with PBS, and lysed with lysis
solution (Galacto-Star mammalian reporter gene assay system; ABI). After
transfer of the cell lysates to luminometer plates, the B-galactosidase activity (in
relative light units) in each well was measured by using 50-fold-diluted Galacto-
Star substrate in a reaction buffer diluent (100 pl/well; ABI) in a TR717 micro-
plate luminometer (ABI). The reduction in infectivity was determined by com-
paring the relative light units in the presence or absence of each compound and
expressed as the percentage of neutralization. Each assay was repeated two to
three times.

RESULTS

Anti-HIV-1 activities of sCD4, NBD-556, and YYA-004 for
laboratory strains and primary HIV-1 isolates. Initially, we
determined the inhibitory activities of sCD4, NBD-556, and
YYA-004, which has a phenyl group instead of the p-chloro-
phenyl group of NBD-556 (Fig. 1), on the infection of PM1/
CCRS5 cells by different laboratory-adapted HIV-1 strains and
different HIV-1 primary isolates of subtype B, including both
X4 and RS viruses, by using a previously reported method (33).
sCD4 inhibited the laboratory-adapted HIV-1 strains HIV-
Lie, HIV-1gg 6, HIV-1g, , HIV-1gg, 65, HIV-1;5 1, and HIV-
lyy, with ICsys ranging from 0.26 to 6.1 wg/ml (Table 1).
NBD-556 inhibited the X4 virus HIV-1,;; and dualtropic virus
HIV-1g9 ¢ with ICss of 7.8 and 11.4 pM, respectively, but did
not inhibit the RS viruses HIV-1g,; , HIV-14g16,, HIV-1;5 1,
and HIV-1y,, with IC5ys of >30 pM. We also tested sCD4
and NBD-556 against the R5 primary isolates HIV-1;, ;, HIV-
1p o, HIV-1p, 5, and HIV-1;, ,. sCD4 effectively inhibited all of
the primary isolates at concentrations of 0.2 to 7.4 pg/ml. On
the other hand, NBD-556 inhibited two of the four primary

TABLE 1. Inhibitory activities of sCD4 and NBD-556 toward
infection by laboratory and primary strains of HIV-1

Mean IC5y* = SD

Virus Subtype  Cell sCD4  NBD-556 YYA-004
(ng/ml) (nM) (uM)
Laboratory-adapted
viruses
X4
HIV-1 B PMICCRS 026=017 78+26  >100
Dual
HIV-1454 B PMI/CCR5 087 %009 114=24  >100
RS
HIV-1p,;. B PMI/CCR5S 17%028  >30 >100
HIV-1gp15, B PMICCR5 36=064  >30 >100
V-1 rr B PM1/CCRS 3.6 £0.71 >30 >100
HIV-1yy, B PMI/CCRS 61x200  >30 >100
Primary isolates
R5
HIV-1p,, B PM1/CCRS 02=*0.04 3.6=*067 >100
HIV-1p,, B PM1/CCRS 1.6 =0.21 >30 >100
HIV-1,5 B PM1/CCR5 3.7+042 118x16 >100
HIV-1p.4 B PM1/CCRS 74 %130 >30 >100

2 PM1/CCRS cells (2 X 10°) were exposed to 100 TCIDs, of each virus and
then cultured in the presence of various concentrations of sCD4, NBD-556, or
YYA-004 as indicated. The ICs,s were determined by using the MTT assay on
day 7 of culture. All assays were conducted in duplicate, and the data shown
represent the means derived from the results of two to three independent
experiments. For NBD-556, CCs, = 140 pM; for YYA-004, CCs, = 350 pM.
(The CCsy is the concentration for 50% cytotoxicity.)
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FIG. 2. Comparisons of MAD binding to cell surface-expressed gp120 with sCD4 and NBD-556. HIV-1;x_g; chronically infected PM1 cells were
preincubated with or without NBD-556 (A, 1 to 90 pM; C, 100 pM) or sCD4 (C, 0.5 pg/ml), and uninfected PM1 cells were also preincubated
with or without NBD-556 (B, 100 M) for 15 min, and then incubated with various anti-HIV-1 MAbs (17b, 4C11, KD-247, 3E4, and 0.5v) at 4°C
for 30 min. The cells were washed, and a fluorescein isothiocyanate-conjugated anti-human IgG was used for detection. (A) Color lines show the
concentrations of NBD-556: green, 0 pM; pink, 1 uM; blue, 3 pM; orange, 10 wM; purple, 30 uM; and red, 90 pM. (B and C) Red line shows
no preincubated with NBD-556 or sCD4. Blue line shows preincubated with NBD-556 or sCD4. Black line shows using a control IgG MAb.

isolates, HIV-1,, , and HIV-1,, 5, with IC5s of 3.6 and 11.8
1M, respectively (Table 1). YYA-004 did not show significant
anti-HIV activity against any of the strains tested up to a
concentration of 100 pM. The in vitro cytotoxicities of NBD-
556 and YYA-004 toward PM1/CCRS cells used for the anti-
HIV-1 infectivity studies were determined by using the MTT
assay. The CCy, values of NBD-556 and YYA-004 toward
PM1/CCRS5 cells were 140 and 350 pM, respectively (Table 1).

Comparison of Ab binding to cell surface-expressed HIV-
1;g.rr. Env with NBD-556 and sCD4. To compare the effect of
NBD-556 with that of sCD4 with respect to the induction of
conformational change in the trimeric gp120, the binding
of CD4i MAbs (17b and 4C11) and anti-V3 MAbs (KD-247,
3E4, and 0.5v) to cell surface-expressed Env proteins on HIV-
1;r.p1, chronically infected PM1 cells was analyzed by fluores-
cence-activated cell sorting. Comparisons of the binding pro-
files of the Abs to the cell surfaces were carried out using the
mean fluorescence intensity (MFI). The binding of CD4i MAb
17b increased gradually as the amount of the CD4-mimicking
small compound NBD-556 increased from 0 to 90 pM (Fig.

2A, the MFT increased from 68.36 to 320.73). As shown in Fig.
2C, the binding of both CD4i MAbs 17b and 4C11 increased
remarkably after pretreatment with 100 pM NBD-556 (the
MFIs increased from 43.3 to 201.57 and from 24.43 to 96.06,
respectively). Moreover, the binding of all of the anti-V3
MAbs—KD-247, 3E4, and 0.5y—was enhanced by pretreat-
ment with NBD-556 (the MFIs increased from 34.59 to 51.9,
from 22.97 to 39.07, and from 86.61 to 145.08, respectively).
sCD4 pretreatment of the Env-expressing cell surface also
caused remarkable enhancement of the binding for not only
the CD4i MAbs but also the three anti-V3 MAbs, similar to
pretreatment with NBD-556. These results indicate that the
CD4-mimicking compound NBD-556 can induce the confor-
mational changes in gp120 that are caused by binding of sCD4.

Highly synergistic interactions of KD-247 combined with
NBD-556. Both neutralizing anti-V3 MAb KD-247 and NBD-
556 block the viral entry process, especially at the stage of the
interaction between CD4 and gp120 (CD4-binding site). Each
of these agents binds to either the V3 loop or the CD4 cavity.
Furthermore, our previous observations suggested that neu-
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TABLE 2. Combination indices for KD-247, 4C11, or 0.58 and for
sCD4 or NBD-556 against HIV-1yp g and HIV-1;

CI values at different ICs*

Combination Virus
ICso IG5 ICqo
KD-247+sCD4 HIV-1;p ko 0.313 0.266 0.277
KD-247+NBD-556 HIV-1;5 51 0.174 0.043 0.011
4C11+NBD-556 HIV-1,5 0473 0.445 0.860
0.58+NBD-556 HIV-1p 47.8 20.1 8.56

“ The multiple-drug effect analysis of Chou et al. (6) was used to analyze the
effects of the drugs in combination. IC, inhibitory concentration. CI < 0.9,
synergy; CI = 0.9 to 1.1, additivity; CI > 1.1, antagonism. The data shown are
representative of two or three separate experiments.

tralizing MAb KD-247 selects escape variants with greater
sensitivities to sCD4 (33). Based on this notion, we examined
the synergy of this MAb with sCD4 or the CD4-mimicking
compound NBD-556 against wild-type HIV-1;5 ;. The mul-
tiple-drug effect analysis of Chou et al. (6) was used to analyze
the effects of combining KD-247 with sCD4 or NBD-556. As
shown in Table 2, all of the CI values for KD-247 with the two
CD4-gp120 interaction inhibitors (sCD4 and NBD-556) were
<0.5 against HIV-1,; ; at all of the inhibitory concentrations
tested. In particular, the CI values for the combinations of
KD-247 with NBD-556 were <0.1 for IC,5 and IC,,. These
results suggest that combinations of KD-247 with the CD4-
gp120 binding inhibitors sCD4 and NBD-556 produce very
highly synergistic effects. We further examined the synergy of
CD4i MAb 4C11 or anti-CD4bs MAb 0.58 with NBD-556
against wild-type HIV-1,;;5. The combination of 4C11 and
NBD-556 showed synergy against HIV-1;g for ICy, and IC.
As expected, the IC values for NBD-556 and anti-CD4 binding
site MAb, 0.53, which may compete with the CD4 mimetic for
the CD4-binding site, were >5 against HIV-1;;;5 at all of the
inhibitory concentrations tested. However, at lower concentra-
tions, additive effects were observed between NBD-556 and
anti-CD4bs MADb 0.58 (data not shown). These results indicate
that NBD-556 may bind within or near the epitope of the
anti-CD4bs MAD and then induce the conformational changes
in Env.

Selection of NBD-556 and sCD4 escape variants. To select
NBD-556- and sCD4-resistant HIV-1 variants in vitro, we ex-
posed PM1/CCRS5 cells to HIV-1;;5 and serially passaged the
viruses in the presence of increasing concentrations of NBD-
556 or sCD4. As a control, HIV-1,;;5 was passaged under the
same conditions without the antiviral agents to allow us to
monitor the spontaneous changes that occurred in the virus
during prolonged PM1/CCRS cell passages (designated the
passage control). The selected viruses were initially propagated
in the presence of 1 pM NBD-556 or 0.5 pg of sCD4/ml and,
during the course of the selection procedure, the concentra-
tions of the NBD-556 and sCD4 were increased to 50 uM and
20 pg/ml, respectively. At passages 14 and 17 for NBD-556 and
passage 5 for sCD4, the supernatants containing the viruses,
which were designated HIV-1ygp r(20y14ps HIV-1neDR(50)17p5
and HIV-1,cp4 rea0)sps TESPECtively, were harvested, and the
sensitivities of the viruses to NBD-556 and sCD4 were deter-
mined by the MTT assay (Table 3). The ICs,s for NBD-556
against HIV-1y5, HIV-1xpp r20y14p a0d HIV-1xpp gsoy17p
were 12, >30, and >30 pM, respectively. The ICyys of sCD4

J. VIROL.

TABLE 3. Inhibitory activities of NBD-556 and sCD4 toward
infection of HIV-1y escape variants from
NBD-556 and sCD4

ICso"
Virus
NBD-556 (1.M) sCD4 (pg/ml)
HIV-1yyg 12 0.52
HIV'INBD-R(zo)]Ap >30 5.7
HIV-1xgp.r(s0y17p >30 >10
HIV-1cpareopsp >30 >10

“PM1/CCRS cells (2 % 10%) were exposed to 100 TCIDs, of each passaged
virus and then cultured in the presence of various concentrations of sCD4 or
NBD-556. The ICsos were determined by using the MTT assay on day 7 of
culture. All assays were conducted in duplicate. The data shown are represen-
tative of two or three separate experiments.

against HIV-1;p and HIV-1,cpy rea0ysp Were 0.52 and >10
pg/ml, respectively. HIV-1ypp re0y4p HIV-1nBDoR(50)17p5
and HIV-1,cpy.r(20)sp Were also examined for their cross-re-
sistance with one another. Each resistant variant was found to
be cross-resistant to NBD-556 and sCD4 (Table 3). These
results indicate that the HIV-1;;5 virus acquired resistant phe-
notypes against NBD-556 and sCD4 during the distinct in vitro
selection processes.

Sequences of the envelope region of the NBD-556 and sCD4
mutants. To determine the genetic basis of the resistance in
the variant HIV-1; strains, the C1 to C4 region of the env
gene was amplified from genomic DNA extracted from the
infected cells and cloned, and the PCR-amplified products
were sequenced (Fig. 3). At passage 8 for 6 pM NBD-556, five
mutations (A281D, E370A, S375N, A433T, and A436T) were
observed. At passage 21 in the culture where HIV-1,;; was
propagating in the presence of 50 uM NBD-556, four amino
acid substitutions of Ser to Asn at position 375 (S375N, 11 of 11
clones) in C3, Ala to Lys at position 342 (A432K, 1 of 11 clones)
in C4, Ala to Thr at position 433 (A433T, 4 of 11 clones) in C4,
and Ala to Thr at position 436 (A436T, 1 of 11 clones) in C4 were
observed (Fig. 3A). These results did not contradict a previous
study in which gpl20 mutants (S375W, I424A, W427A, and
M475A) with changes in residues that contacted the Phe43 cavity
did not detectably bind NBD-556 by isothermal titration calorim-
etry (23). On the other hand, in the selection with sCD4, seven
mutations (E211G, P212L, V255E, N280K, S375N, G380R, and
G431E) appeared during the passages. At passage 5 in the culture
where HIV-1,5 was propagating in the presence of sCD4 (20
wg/ml), four substitutions of E211G (1 of 10 clones), V255E (5 of
10 clones), G380R (1 of 10 clones), and G431E (2 of 10 clones)
were detected for sCD4 at 20 pg/ml (Fig. 3B).

To compare the two mutation profiles obtained during the in
vitro selection with NBD-556 and sCD4, molecular modeling of
NBD-556 docked into gp120 was performed by docking simu-
lations using the FlexSIS module of SYBYL 7.1 (Fig. 4). The
atomic coordinates of the crystal structure of gp120 with sCD4
were retrieved from the PDB (entry 1RZJ). As shown in Fig.
4, almost all of the mutations lay along the inside of the CD4
cavity in the selection of NBD-556, with similar three-dimen-
sional positions to the mutations induced by sCD4. These
findings demonstrate that NBD-556 binds to the CD4 cavity or
in the vicinity of the CD4-binding site.
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FIG. 3. Alignment of the gp120 amino acid sequences from the indicated passages in the NBD-556 and sCD4 escape processes. The amino acid
sequences were deduced from the nucleotide sequences of the env-encoding regions of proviral DNA isolated from cells infected with the HIV-1y;5
variants selected in the presence of NBD-556 (A) or sCD4 (B) and the passage control. The amino acid sequences of the envelope proteins of the
baseline HIV-1;;5 are shown at the top as a reference. The identity of the sequences at the individual amino acid positions is indicated by dots.
The numbers of clones with the given amino acid substitutions among a total of 8 to 12 clones are listed. The number in parentheses denotes the
concentrations of NBD-556 or sCD4. The major mutations of NBD-556 and sCD4-resistant variants at final passage are boxed.

Sensitivities of [B-galactosidase reporter HIV strains
pseudotyped with the sCD4- and NBD-556-resistant envelope
mutations to NBD-556, sCD4, and MAbs. To confirm whether
the mutations were responsible for the reduced sensitivities to
NBD-556 and sCD4, a single-round replication assay was per-
formed. The B-galactosidase reporter viruses were pseudo-
typed with wild-type Env (HIV-1y) or Env singly mutated
with V255E in C2 (HIV-1y5,s5sg), S375N in C3 (HIV-1g3,5y),
and A433T in C4 (HIV-1,,357). The mutations that arose in
the absence of NBD-556 (the passage control) are not related
to resistance because the control passage did not show any
significant increase in ICs, (data not shown). With respect to
the mutations in the presence of NBD-556 three mutations,
S375N, V255E, and A433T were consistently and increasingly
observed during the process of selection. Additional mutations
in “escape variants” other than S375N, V255E, and A433T
were observed; however, these mutations were not consistently
detected in passages and did not accumulate during selection.
Thus, we considered the three mutations—S375N, V255E, and
A433T—related to the development of resistance to both
NBD-556 and sCD4, although some involvement of additional
mutations in the development of a resistant phenotype is un-
deniable. As shown in Fig. 5A, all of the mutant clones were

completely resistant to NBD-556 at concentrations of up to 20
pM. YYA-004 without the p-chlorophenyl group was unable to
inhibit infection of all of the clones tested (Fig. 5B). The clone
with V255E, which was induced by in vitro selection with sCD4,
was highly resistant to sCD4 compared to the wild-type virus
(114-fold-higher ICsy) (Fig. 5C). However, the other pseudo-
typed viruses, HIV-1¢5,5 and HIV-1 44551, were slightly resis-
tant compared to HIV-1y,r (4- and 2-fold-higher ICss, respec-
tively). We also examined the sensitivities of the pseudotyped
clones containing Env mutations to anti-gp120 glycan MAb
2G12, anti-CD4bs MAb b12, and anti-CD4 MAb RPA-T4 by a
single-round replication assay (Fig. 5D to F). All of the mutant
viruses showed almost the same neutralization sensitivities as
the wild-type virus to the 2G12, b12, and RPA-T4 MAbs.
These results indicate that the three mutations induced by in
vitro selection with NBD-556 and sCD4 were responsible for
the resistance to NBD-556, whereas the NBD-selected variants
containing S375N in C3 and A433T in C4 of gp120 had mod-
erately resistant phenotypes against sCD4, as shown by the
sensitivities of the NBD-556-passaged viruses to sCD4 deter-
mined by the multiround assay (Table 3).

To examine whether the resistance mutations affected the
sensitivity of a CD4i MADb against HIV-1, we determined the
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