17-AAG and MG 132 combination therapy for HCV

Figure 3. MG132 and 17-AAG inhibition of HCV RNA replication in HCV replicon cells
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(A) Cytotoxic effects of 17-AAG and MG132, singly or in combination, on NNC#2 cells, shown as the percentage reduction of the number of viable celis assessed by MTS
assay. Data are means 5o of triplicate experiments. (B) Inhibition of hepatitis C virus (HCV) replication by 17-AAG and MG 132, singly or in combination, in NNC#2 cells
Measurement of HCV replication by real-time reverse transcriptase PCR. Data are means +sp of triplicate experiments. (C) Effect of 17-AAG and MG132 on the expression
of core, non-structural protein 3 (NS3) and the proteasome a-subunit 7 (PSMA7) protein. The core, NS3 and PSMA7 protein were analysed by western blotting after
treatment of NNC#2 cells with various concentrations of 17-AAG or MG132, alone or in combination. B-Actin was used as a lysate control.

with various concentrations of 17-AAG or MG132
alone, and 17-AAG plus MG132 at day 2. Treatment
with 17-AAG alone increased the expression of PSMA?7,
but did not reduce core protein expression. By contrast,
treatment with MG132 alone reduced the expres-
sion of PSMA7, but not the core protein (Figure 3C),
whereas expression of NS3 was reduced by treatment
with 17-AAG or MG132 alone, and 17-AAG plus
MG132. This result was consistent with our previous
findings that NS3 levels were reduced in NNC#2 cells
treated with 17-AAG for 3 days, but that core protein
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Table 1. Combination index and dose reduction in inhibition
of hepatitis C virus RNA replication by combining 17-AAG
with MG132

IC, nM
Drug Alone In combination Fold dose reduction®
17-AAG 082 0.33 252
MG132 021 0.01 21.00

The combination index for 17-AAG and MG132 was 0.42. *Dose reduction is the
50% inhibitory concentration {IC,)) of the drug in combination. Each sample was
tested in triplicate and the mean values are presented
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was detected for up to 6 days [15]. Other researchers,
however, have reported that MG132 blocks the degra-
dation of HCV core protein [31]. Interestingly, com-
bined treatment with MG132 and 17-AAG reduced
the expression of both the core and PSMA7 proteins
in NNC#2 cells (Figure 3C). These results suggest that
MG132 and 17-AAG are potent anti-HCV agents, and
are more effective in combination therapy than as sin-
gle monotherapeutic agents.

Discussion

HCV is a major cause of chronic liver disease. The
results of the present study indicate that the individual
effects of the Hsp90 inhibitor 17-AAG on HCV repli-
con cells and the synergistic action of the proteasome
inhibitor MG132 might account for the improved
clinical response to combination therapy. We previ-
ously reported a new and effective strategy for inhibit-
ing HCV replication using 17-AAG to inhibit Hsp90
[15]. The mechanism by which 17-AAG so effectively
suppresses HCV replication is the destabilization of
NS3, which disrupts the Hsp90 chaperone complex.
A previous study demonstrated that HCV NS3 degra-
dation is greatly increased by treatment of HCV sub-
genomic replicon #50-1 cells with 17-AAG, but this
degradation is completely blocked in the presence of
the proteasome inhibitor MG132 [15]. By contrast, in
the present study we used HCV full-length replicon
NNC#2 cells in place of HCV subgenomic replicon
#50-1 cells used in previous studies [15]. The resulting
17-AAG treatment reduced NS3 levels, but MG132
treatment of NNC#2 cells did not block the degrada-
tion of HCV NS3 (Figure 1D). This blocking efficiency
significantly influenced the different activities of the
virus IRES (that is, HCV IRES and EMCV IRES)
[25-28]. In our assays, when Huh-7 cells exposed
to MG132 were transfected with pHCV IRES luc or
pEMCYV IRES luc, HCV IRES activity was inhibited,
but EMCV IRES was not (Figure 2B). Apcher et al.
[29] reported that HCV IRES-mediated translation
can be induced by PSMA7. The proteasome inhibitor
MG132 inhibits PSMA7 activity. These findings dem-
onstrate that HCV IRES activity is also reduced by
MG132. By contrast, degradation of NS3 by 17-AAG
is dependent on the proteasome system [15].

The present study demonstrated that NNC#2 cells
containing a full HCV genome replicon treated with
17-AAG or MG132 for 3 days did not show dose-
dependent cytotoxicity (Figure 3A), but 10 pM
MG132 was cytotoxic (data not shown). As shown
in the present study, the IC, values were 0.82 nM
for 17-AAG and 0.21 nM for MG132 (Table 1 and
Figure 3B). These data provide evidence that a dual
treatment strategy with 17-AAG and MG132 inhibits
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HCV replication. The combination of 5 nM 17-AAG
and 1 nM MG132 suppressed HCV RNA replication
by 90% in NNC#2 HCV replicon cells (Figure 3B).
The two drugs, 17-AAG and MG132, had synergistic
inhibitory effects on HCV replicon (Table 1). Impor-
tantly, the combined use of these different groups of
inhibitors showed strong synergistic inhibitory effects
on HCV replication, indicating that combining these
inhibitors might be a useful and efficient strategy for
anti-HCV chemotherapy.

Given the absence of a single effective and proven
antiviral agent against HCV, the combination of
17-AAG with agents that possess potential antiviral
effects will continue to dominate novel therapeutic
approaches. The present study demonstrated a strong
synergistic effect of 17-AAG and MG132 on intrac-
ellular HCV replication, and these effects are attrib-
utable to the direct and specific inhibition of viral
replication. Our results indicate that antiviral treat-
ment with 17-AAG might be improved by combin-
ing 17-AAG with MG132, and that this combination
therapy might be a feasible strategy for the treatment
of HCV infection. Modifications of these inhibitors
might also result in the development of more effective
antiviral compounds.
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Anti-HIV peptides with inhibitory activity against HIV-1 integrase (IN) have been found in overlapping
peptide libraries derived from HIV-1 gene products. In a strand transfer assay using IN, inhibitory active
peptides with certain sequential motifs related to Vpr- and Env-derived peptides were found. The addition
of an octa-arginyl group to the inhibitory peptides caused a remarkable inhibition of the strand transfer and
3’-end-processing reactions catalyzed by IN and significant inhibition against HIV replication.

Introduction

Many antiretroviral drugs are currently available to treat
human immunodeficiency virus type 1 (HIV-1) infection. Viral
enzymes such as reverse transcriptase (RT?), protease and
integrase (IN), gp41, and coreceptors are the main targets for
antiretroviral drugs that are under development. Because of the
emergence of viral strains with multidrug resistance (MDR),
however, new anti-HIV-1 drugs operating with different in-
hibitory mechanisms are required. Following the success of
raltegravir, IN has emerged as a prime target. IN is an essential
enzyme for the stable infection of host cells because it catalyzes
the insertion of viral DNA inside the preintegration complex
(PIC) into the genome of host cells in two successive reactions,
designated as strand transfer and 3’-end-processing. It is
assumed that the enzymatic activities of IN have to be negatively
regulated in the PIC during its transfer from the cytoplasm to
the nucleus. Otherwise, premature activation of IN can lead to
the autointegration into the viral DNA itself, resulting in an
aborted infection. We speculate that the virus, rather than the
host cells, must encode a mechanism to prevent autointegra-
tion. The PIC contains in association with the viral nucleic
acid, viral proteins such as RT, IN, capsids (p24°* and p7™°),
matrix (p17M%), p6 and Vpr, cellular proteins HMG I (Y),
and the barrier to autointegration factor (BAF).' ™ It is likely
that, due to their spatial proximity in the PIC, these proteins
physically and functionally interact with each other. For
instance, it is already known that RT activity inhibited by
Vpr,” and that RT and IN inhibit each other.>™® Vpr also
inhibits IN through its C-terminal domain.>'° Because these
studies suggest that PIC components regulate each other’s

*To whom correspondence should be addressed. Phone: +81-3-5280-
8036. Fax: +81-3-5280-8039. E-mail: tamamura.mr@tmd.ac.jp.

“Abbreviations: HIV, human immunodeficiency virus; IN, integrase;
RT, reverse transcriptase; MDR, multidrug resistance; PIC, preintegra-
tion complex; BAF, barrier to autointegration factor; Rg, octa-arginyl.
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function, we have attempted to obtain potent inhibitory lead
compounds from a peptide fragment library derived from
HIV-1 gene products, an approach which has been successful
in finding a peptide IN inhibitor from LEDGF, a cellular IN
binding protein.'!

In this paper, we describe the screening of an overlapping
peptide library derived from HIV-1 proteins, the identifica-
tion of certain peptide motifs with inhibitory activity against
HIV-1IN, and the evaluation of effective inhibition of HIV-1
replication in cells using the identified peptide inhibitors
possessing cell membrane permeability.

Results and Discussion

An overlapping peptide library spanning HIV-1 SF2 Gag,
Pol, Vpr, Tat, Rev, Vpu, Env, and Nef, provided by Dr.
Iwamoto of the Institute of Medical Science at the University
of Tokyo (Supporting Information, SI, Figure 2A), was
screened with a strand transfer assay'” in search of peptide
pools with inhibitory activity against HIV-1 IN. The library
consists of 658 peptide fragments derived from the HIV-1 gene
products. Each peptide is composed of 10—17 amino acid
residues with overlapping regions of 1—7 amino acid residues.
Sixteen peptide pools containing between 16 and 65 peptides
were used for the first screening at the final concentration of
5.0 uM for each peptide (SI Figure 2B ). This initial screening
gave the results shown in Figure 1. Both Vpr and Env4 pools
showed remarkable inhibition of IN strand transfer activity,
and consequently a second screening was performed using the
individual peptides contained in the Vpr and Env4 pools. A
group of consecutive overlapping peptides in the Vpr pool
(groups 13—15) and groups 4—6 and 20—21 in the Env4 pool
were found to possess IN inhibitory activity (Figure 2). We
focused on Vprl5 and Env4-4 peptides because they showed
inhibitory activity against IN strand transfer reaction in a
dose-dependent manner (Figure 3). The ICs, values of Vprl5

pubs.acs.org/jmc
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Figure 1. Inhibition of the IN strand transfer activity by peptide
pools. Inhibition of the IN strand transfer activity was strongly
inhibited by Env4 and Vpr pools (arrows). The y-axis represents the
IN strand transfer activity relative to the solvent control (DMSO).
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Figure 2. Identification of IN inhibitory peptides in the Vpr (A)
and Env4 (B) pools based on the strand transfer activity of IN. The
consecutive overlapping peptides display the inhibition of the strand
transfer activity of IN (arrows). The y-axis represents the IN strand
transfer activity relative to the solvent control (DMSO). The con-
centration of each peptide was 5 uM. The common sequences of
individual peptides derived from Vpr and Env4 pools with anti-IN
activity are underlined.

and Env4-4 were estimated at 5.5 and 1.9 uM, respectively.
These peptides did not show any significant inhibitory activity
against HIV-1 RT, suggesting that they might inhibit IN
strand transfer reaction selectively.

The overlapping peptides of Vpr13-15 and Env4-4-6 have the
vommon hexapeptide sequences LQQLLF and IFIMIV, res-
pectively. The LQQLLF sequence covers positions 64—69 of
Vpr, which is a part of the second helix of Vpr. The IFIMIV
sequence corresponds to positions 684—689 of gp160, which is a
part of the transmembrane domain of TM/gp41. These hexa-
peptides are thought to be critical to inhibition of IN activity. It
was recently reported’ that similar peptides derived from Vpr
inhibit IN with ICs values of 1—16 4M, which is consistent with
our data. In this report,” the peptide motif was found to be 15
amino acid residues spanning LQQLLF from the overlapping
Vpr peptide library. In our study, more precise mapping of
inhibitory motif in Vpr peptides was achieved by identifying the
shorter effective peptide motif. We focused on the Vpr-derived
peptide, LQQLLF (Vpr-1) to develop potent inhibitory pep-
tides. However, the expression of inhibitory activity against IN

Suzuki et al.
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Figure 3. Concentration-dependent inhibition of IN strand trans-
fer activities by Vprl5 (O) and Env4—4 (@) peptides. The y-axis
represents the IN strand transfer activity relative to the solvent
control (DMSO).

in vivo by only hexapeptides might be difficult because these
hexapeptides penetrate the plasma membrane very poorly and
to achieve antiviral activity, it is essential that they penetrate the
cell membrane. To that effect, an octa-arginyl (Rg) group'? was
fused to the Vpr-derived peptides (Table 1). Rg is a cell mem-
brane permeable motif and its fusion with parent peptides
successfully generates bioactive peptides without significant
adverse effects or cytotoxicity.*”'® In addition, the Rg-fusion
could increase the solubility of Vpr-derived peptides which have
a relatively hydrophobic character.

The inhibitory activity of Vpr-1 and Vpr-1-4 Rg peptides
against IN was evaluated based on the strand transfer and 3'-
end-processing reactions in vitro (Table 1)."*?° Vpr-1 did not
show strong inhibition of either IN activity, but the ICsy of
Vpr-1 Ry toward the strand transfer reaction of IN was 10-fold
lower than that of Vpr-1 lacking the Rg group. This indicates
that the positive charges derived from the Rg group might
enhance the inhibitory activity of the Vpr-1 peptide. Because
we were concerned that the strong positive charges close to the
LQQLLF motif might interfere with the inhibitory activity, the
6 amino acid sequence (—IHFRIG—) was inserted as a spacer
between LQQLLF and Rg (Vpr-3 Rg). The IHFRIG sequence
was used to reconstitute the natural Vpr. The ICs, values of
Vpr-2 Ry for the strand transfer and 3'-end-processing activities
of IN were 0.70 and 0.83 uM, respectively, while Vpr-3 Rg
showed potent IN inhibitory activities of 4.0 and 8.0 nM against
the strand transfer and 3'-end- processing activities, respectively.
This result indicates the additional importance of the IHFRIG
sequence for inhibitory activities against IN. The increased IN
inhibitory activities might be achieved presumably by the
synergistic effect of the LQQLLF motif, the IHFRIG sequence,
and the Rg group. Vpr-4 Ry, in which the EAIIRI sequence was
attached to further reconstitute the Vpr helix 2, showed inhibi-
tory activities similar to those of Vpr-3 Rg, suggesting that
reconstitution of helix 2 of Vpr is not necessary for efficient IN
inhibition. Vpr-3 Rg and Vpr-4 Rg, with ICsy > 0.5 ,uM,21 were
less potent inhibitors of RT-associated RNase H activity,
indicating that these peptides can selectively inhibit IN. These
results suggest that Vpr-derived peptides are novel and distinct
from any other IN inhibitors reported to date.

For rapid assessment of the antiviral effect of Vpr-derived
peptides, we established an MT-4 Luc system in which MT-4
cells were stably transduced with the firefly luciferase expres-
sion cassette by a murine leukemia viral vector (SI Figure 3).
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Table 1. Sequences of Vpr-Derived Peptides and Their ICso Values toward the Strand Transfer and 3'-End Processing Reactions of IN

1Cso (uM)
sequence strand transfer 3'-end processing
Vpr-1 LQQLLF 68+ 1.0 >100
Vpr-1 Rg Ac-LQQLLF -RRRRRRRR-NH, 6.1+1.1 >11
Vpr-2 Rg Ac-IHFRIG-RRRRRRRR-NH, 0.70 £ 0.06 0.83 £ 0.07
Vpr-3 Rg Ac-LQQLLF IHFRIG-RRRRRRRR-NH, 0.004 +0.0001 0.008 £ 0.001
Vpr-4 Rg Ac-EAIIRI LQQLLF IHFRIG-RRRRRRRR-NH, 0.005 +0.002 0.006 £ 0.006
- T ‘ (4) 7,0001 _ ®)
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Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1
in the presence of various concentrations of Vpr-derived peptides:
Vpr-1(®), Vpr-1 R (O), Vpr-2 Rg (), Vpr-3 Rg (O), Vpr-4 Rg (M).

MT-4 Luc cells constitutively express high levels of luciferase
which are significantly reduced by HIV-1 infection due to their
high susceptibility to cell death upon HIV-1 infection. Protec-
tion of MT-4 Luc cells from HIV-1-induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of Vpr-derived peptides can be evaluated by a decrease of
luciferase signals in these MT-4 Luc systems. Vpr-2 Rg, which
is a weak IN inhibitor, showed no significant anti-HIV-1 activity
below concentrations of 20 uM, suggesting that its moderate
ICs level in vitro is not sufficient to suppress HIV-1 replication
in tissue culture and that the Rg group is not significantly
cytotoxic (Figure 4). Vpr-1 did not show any inhibitory effects
against HIV-1 replication; however, Vpr-1 Rg displayed a weak
antiviral effect at a concentration of 20 uM and both Vpr-3 Rg
and Vpr-4 Rg showed significant inhibitory effects against
HIV-1 replication. The Rg peptide did not show significant
anti-HIV activity (ICso > 50 uM, data not shown). These
results suggest that the addition of the Rg group enables Vpr-
derived peptides to enter the cytoplasm and access IN, with the
result that HIV-1 replication could be effectively inhibited.
Because Vpr-3 Rg was less cytotoxic than Vpr-4 Rg, the inhi-
bitory activities of Vpr-3 Rg were further investigated. Two
replication assay systems, R5-tropic HIV-1;g_csr on NP2-CD4-
CCRS5 cells and X4-tropic HIV-1xp, on MT-4 cells, were
utilized. NP2-CD4-CCRS5 cells were infected with HIV-1;r_csp
in the presence of various concentrations of Vpr-3 Rg. On day 4
postinfection, the culture supernatant was collected and the
concentration of viral p24 antigen was measured by an ELISA
assay. The p24 levels decreased in a dose-dependent manner
with increasing the concentration of Vpr-3 Rg; 50% inhibition
of p24 expression was obtained with approximately 0.8 uM of
Vpr-3 Ry (Figure 5A). This concentration was approximately
10-fold lower than the concentration of Vpr-3 Rg known to be
cytotoxic (Figure 4). Second, MT-4 cells were infected with
HIV-1yxg: and the replication kinetics was monitored in the

at 0.5 uM. Absence of Vpr-3 Rg (O).

presence of 0.5 uM Vpr-3 Rg. The degree of replication of HIV-
lyxg Was quite low in the presence of Vpr-3 Rg, while replica-
tion of HIV-1gxgp, was robust in the absence of Vpr-3 Rg
(Figure 5B), suggesting that Vpr-3 Rg strongly suppresses the
replication of HIV-1 in cells. To examine whether the HIV-1
replication was blocked through the inhibition of IN activity,
quantitative real-time PCR was performed. If IN is inhibited,
the efficiency of viral genome integration should be decreased
while the reverse transcription of viral genome should not be
affected. Accordingly, NP2-CD4-CXCR4 cells were infected
with HIV-1yxg, in the presence or absence of 0.5 uM Vpr-3 Rg.
Genomic DNA was extracted on day 2 postinfection, and the
viral DNA was quantified at the various steps of viral entry
phase. The level of “strong stop DNA”, representing the total
genome of infected virus in Vpr-3 Rg-treated cells, was similar
(139.7%) to that in DMSO-treated control cells and the level of
viral DNA generated at the late stage of reverse transcription in
Vpr-3 Rg-treated cells was slightly decreased (84.4%) compared
to control cells. This small decline can probably be attributed to
the weak anti-RNase H activity of Vpr-3 Rg. On the other hand,
a drastic decrease of Alu-LTR products was observed in Vpr-3
Rg-treated cells (15.8%), indicating an inhibition of integrated
viral genome. Concomitantly, the double LTR products, repre-
senting the end-joined viral genome catalyzed by host cellular
enzymes, were increased by a factor of 8 (779.8%). These results
strongly suggest that Vpr-3 Ry blocks viral infection by inhibi-
ting IN activity in cells, consistent with our in vitro observations.
Judging by these results, Vpr-derived peptides with the Rg group
are potent IN inhibitors that suppress HIV-1 replication in vivo.

Finally, in silico molecular docking simulations of Vpr-
derived peptides and HIV-1 IN were performed. The Vpr-
derived peptides are located in the second helix of Vpr and
were thus considered to have an a-helical conformation.?
Docking simulations of three peptides (Vprl3, Vprl4, and
Vprl5), using the predicted structure of the HIV-1IN dimer as
a template,” were performed by GOLD software to investi-
gate the binding mode of the peptides, the binding affinity of
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Figure 6. Predicted binding mode of Vprl5 to HIV-1 IN by
GOLD. An overall view of (a) the complex obtained by docking
Vprl5 with the HIV-1 IN dimer and (b) the closer view of the
complex. The predicted structure of full-length HIV-1 IN was used
asa template. Each HIV-1 IN monomer was shown as green or cyan
surface. The docked Vprl5 is shown as a cartoon. The yellow-
colored region is the LQQLLF motif. The GOLD score represent-
ing the docking complementarity is 69.83, indicating the high
binding affinity between Vprl5 and IN. The hydrogen-bond inter-
actions between HIV-1 IN and Vprl 5 were presented by LIGPLOT
software shown as blue dotted line (c).

the peptides being evaluated by GOLD Fitness score. The
predicted binding mode of Vprl5 to IN is shown in Figure 6.
Our results predict that the three Vpr-derived peptides interact
with the cleft between the amino-terminal domain and the
core domain of HIV-1 IN. This region is distinct from the
nucleic acid interacting surfaces, indicating that the Vpr-
derived peptides inhibit IN function in an allosteric manner.
A previous report provided a model in which a Vpr peptide
was bound to IN in a manner similar with our model® and,
interestingly, the peptides were bound to IN with an exterior
surface of Vpr. This earlier report that the full-length Vpr
inhibits IN'? strongly supports the predicted binding mode of
Vprl5. Five hydrogen-bond interactions between HIV-1 IN
and Vprl5 were identified by LIGPLOT analysis,”* which
invoked the following IN-Vpr amino acids: IN Thrl112-Vpr
GIn65, IN Ser56-Vpr GIn66, IN Asp207-Vpr Gln66, IN
Ser195-Vpr Arg73, and IN Gly189-Vpr His78. The number-
ing of Vpr amino acids is based on the Vpr full-length
coordinate, Figure 6. Additional hydrophobic contacts be-
tween IN and Vprl5 were found in which the following IN-
Vpr amino acid pairs are involved: IN Lys211-Vpr GIn66, IN
Prol109-Vpr Phe69, IN Arg262-Vpr His71, and IN Argl87-
Vpr GIn77. These data indicate that the GIn65, GIn66, and
Phe69 residues in Vpr-derived peptides play a major rolein the
interaction between IN and Vpr-derived peptides.

Conclusions

In summary, two peptide motifs, LQQLLF from Vpr and
IFIMIV from Env4, possessing inhibitory activity against

Suzuki et al.

HIV-1 IN, were identified through the screening of over-
lapping peptide library derived from HIV-1 gene products.
We initially speculate that HIV encodes a mechanism to prevent
autointegration in the PIC because integration activity must be
regulated until the virus infects cells. This speculation is sup-
ported by the finding that IN inhibitors exist in the viral PIC
components. Vpr-derived peptides with the Rg group showed
remarkable inhibitory activities against the strand transfer and
3'-end-processing reactions catalyzed by HIV-1 IN in vitro. In
addition, Vpr-3 Rg and Vpr-4 Rg were shown to inhibit HIV-1
replication with submicromolar ICs, values in cells using the
MT-4 Luc cell system. In the quantitative analysis of p24
antigen, 50% inhibition of HIV-1;r_csF replication was caused
by approximately 0.8 uM of Vpr-3 Rg, and the replication of
HIV-1gxg> was extensively suppressed in the long term by Vpr-3
Rg at 0.5 uM concentrations. Our finding suggest that these
peptides could serve as lead compounds for novel IN inhibitors.
Amino acid residues critical to the interaction of Vpr-derived
peptides with IN were identified by our in silico molecular
docking simulations, and suggests that more potent peptides®
or peptidomimetic IN inhibitors represent a novel avenue for
future small molecule inhibitors of IN and HIV integration.

Experimental Section

Peptide Synthesis. Vpr-derived peptides containing the Rg
group were synthesized by stepwise elongation techniques of
Fmoc-protected amino acids on NovaSyn TGR resin. Coupling
reactions were performed using 5.0 equiv of Fmoc-protected
amino acid, 5.0 equiv of diisopropylcarbodiimide, and 5.0 equiv
of 1-hydroxybenzotriazole monohydrate. Cleavage of peptides
from resin and side chain deprotection were carried out with 10
mL of TFA in the presence of 0.25 mL of m-cresol, 0.75 mL of
thioanisole, 0.75 mL of 1,2-ethanedithiol, and 0.1 mL of water
as scavenger by stirring for 1.5 h. After filtration of the depro-
tected peptides, the filtrate was concentrated under reduced
pressure, and crude peptides were precipitated in cooled diethyl-
ether. All crude peptides were purified by RP-HPLC and
identified by MALDI-TOFMS. Purities of all final compounds
were confirmed (>95% purity) by analytical HPLC. Detailed
data are provided in SI.

Enzyme Assays. The strand transfer assay for the first screen-
ing was performed as described previously.'? The IN strand
transfer and 3'-end-processing assays for peptide motif char-
acterizations were performed as described previously.'>?
RNase H activity was measured as described by Beutler et al.?!

Replication Assays. For HIV-1 replication assays, 1 x 10°
cells were incubated at room temperature for 30 min with an
HIV-1 containing culture supernatant (ca. 0.2—50 ng p24) and
then washed and incubated. Culture supernatants were collected
at different time points, and then the cells were passaged if
necessary. Levels of p24 antigen were measured using a Retro
TEK p24 antigen ELISA kit, according to the manufacture’s
protocol. Signals were detected using an ELx808 microplate
photometer.

For MT-4 Luc assays, MT-4 Luc cells (1 x 10° cells) grown in
96-well plates were infected with HIV-1xyg; (ca. 0.2—10 ng p24)
in the presence of varying concentrations of Vpr-3 Rg. At 6—7d
postinfection, cells were lysed and luciferase activity was mea-
sured using the Steady-Glo assay kits according to the manu-
facture’s protocol. Chemiluminescence was detected with a
Veritas luminometer.
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The lentiviral vector is a promising tool for human gene
therapy because of its ability to transduce genes into many
cell types. However, one of the technical problems asso-
ciated with the lentiviral vector is that lentiviral titers in
current production systems are relatively low compared with
the other viral vectors. In this study, we provide genetic
evidence that the attachment of heterologous myristoylation
(myr) signals on the amino-terminus of human immuno-
deficiency virus type 1 Pr55529 (Gag) can increase the viral
yield up to 10-fold, leading to the enhancement of gene
transduction in many cell lines. The myr signal Gag
constructs behaved similarly to the wild-type Gag in targeting

Keywords: lentiviral vector; gag; myristoylation

Introduction

The lentiviral vector is a powerful tool for transduction
of genes into many cell types, especially non-dividing
cells such as neurons, and is being used in clinical trials
of human gene therapies and other applications.’® The
use of lentiviral vectors has been made possible because
of advances in basic virology and because of a series of
modifications that have increased the safety of the
lentiviral vector. The commonly used third-generation
lentiviral vector is a Tat-independent four-plasmid
system composed of a gene transfer vector and three
trans-vectors expressing Rev, Env and Gag-pol. The gene
transfer vector is equipped with a self-inactivation LTR
system (SIN). Viruses are often pseudotyped by vesicular
stomatitis virus G (VSV-G). The human codon-optimized
gag-pol expression vector is used to increase viral yield.’

The application of the lentiviral vector to human gene
therapy was first approved for the treatment of human
immunodeficiency virus (HIV) infections in the early
2000s.". Since then, because of its potential advantages,
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fo detergent-resistant membrane compartments, Vps4-de-
pendence for viral budding, and virion morphology. However,
the myr signal Gag constructs showed improved oligomer-
ization efficiency as measured by bioluminescence reso-
nance energy transfer in living cells, contributing to increased
viral production and efficient activation of the viral protease
responsible for virion maturation. The genetically modified
Gag represents the next generation lentiviral vector, and
should contribute to the success of many lentiviral vector
applications.

Gene Therapy advance online publication, 22 April 2010;
doi:10.1038/gt.2010.61

the use of lentiviral vector has been expanding. A large
amount of lentiviral particle must be produced for
clinical trials. A technical improvement to increase
the viral titer obtained from a production system would
have a substantial effect on the cost of supporting a
clinical human gene therapy trial using the lentiviral
vector. The lentiviral vector titer in current production
systems is generally in the order of 10°-10° transducing
units per ml Although titer can be increased by
centrifugation, the production yield is not as high as
other viral vectors including the widely used adenoviral
vectors. The HIV-1-based lentiviral vector has been
engineered to reduce the risk of pathogenicity asso-
ciated with HIV-1 >°, which resulted in a decrease of the
viral titer.

Retroviral production and infectivity are regulated
by the amino-terminal matrix domain (p17*4 or MA) of
Pr555°¢ (Gag).'*'® The myristoylation (myr) signal in the
MA is critical for efficient viral production by aiding Gag
trafficking to the plasma membrane (PM). In a previous
study, we found that substitution of the HIV-1 Gag myr
with the phospholipase C-81 pleckstrin homology (PH)
domain increased the production of the third-generation
lentiviral vector in which the gag-pol is human codon-
optimized.” This prompted us to search for a PM-
targeting signal that could enhance viral production to a
greater extent than PH-Gag. Among the PM-targeting
signals, we discovered that the myr signal motifs of
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several heterologous proteins conferred such an effect.
We suggest that the resulting modified Gag-based
lentiviral vector can serve as a next generation lentiviral
vector system, and should contribute to diverse applica-
tions of the lentiviral vector.

Results

We constructed HIV-1 Gag constructs (Figure 1a)
containing the following PM-targeting proteins or PM-
targeting signals fused to the Gag amino-terminus:
the transmembrane proteins CD4, CD8, CXCR4, HIV-1
Env, or the acylation signal motifs of lyn, Ga(12), Ga(13)
and Ga(16). This makes the original Gag myr signal
unable to function. For CD4 and CXCR4, the full-length
(FL) and cytoplasmic tail-deleted derivatives (DC) were
examined. The membrane protein mutants are expected
to traffic to the PM through the vesicular trafficking
pathway involving ER and Golgi apparatus. As lyn
encodes two overlapping acylation motifs, a myr
and palmitoylation (pal) motif, we generated three
Iyn-derived constructs bearing a myr signal only, a
pal signal only, or both signals (denoted myr¥", pal"”,
myr/pal¥"). In the lyn myr signal constructs, the position
of the myristoyl group is —22 amino acids upstream
from the original Gag context (denoted wild type, WT,
hereafter). The gag and env sequences were human
codon-optimized. The start codon and myr signal of Gag
were destroyed by the M1L and G2A mutations to avoid
internal translational initiation that could influence
the experimental results.” The myr signal-defective
Gag construct G2A was used as a negative control.
PH-gag was used as a positive control that showed
enhanced viral production.'* The Ga(12), Ga(13) and
Gua(16) constructs have one, two and three pal attach-
ment sites, respectively. All the constructs were fused to
green fluorescent protein (GFP), and expression was
verified by western blot and immunoprecipitation
analyses (Figure 1b).

A confocal microscopic analysis revealed that the
majority of Gag-GFP was targeted to the PM, but some
Gag-GFP was distributed in the cytoplasm with a fine
vesicular pattern in 293FT cells (Figure 1c, WT). G2A-
GFP showed a homogenous cytoplasmic distribution
(Figure 1c). PH-Gag-GFP showed a distribution pattern
similar to the WT (Figure 1c). These data are consistent
with our previous findings.'* The membrane protein Gag
constructs mostly accumulated in the perinuclear region
and only some of the protein was targeted to the PM,
as verified by flow cytometric analysis using antibodies
recognizing the extracellular domain of CD4, CD8
or CXCR4 (exemplified by the CXCR4™ mutant in
Figure 1c, and data not shown). The myr/pal®” construct
showed a phenotype similar to WT with fine vesicular
staining close to the nucleus (Figure 1c). The myr¥”
construct showed a PM-targeting phenotype similar to
WT (Figure 1c). The pal¥” construct was distributed
evenly in the cytoplasm similar to G2A (Figure 1c). The
Go constructs were distributed predominantly in the
cytoplasm with vesicular staining patterns, and less
evidently at the PM (exemplified by the Ga(16) construct
in Figure 1c).

To evaluate the efficiency of virus-like particle (VLP)
production, we measured the GFP fluorescence intensity

Gene Therapy

of culture supernatants containing VLP relative to the
cell fraction (Figure 1d). PH-gag showed a significant
enhancement of VLP production (229.0%, Figure 1d)
compared with Gag-GFP, and the G2A construct
produced almost no VLP, consistent with previous
findings."* Membrane protein mutants produced
little VLP (0.8-41.6% relative to Gag-GFP), presumably
because they were inefficiently transported to the
PM as evidenced by the confocal microscopy analysis
(Figure 1c). Among the membrane protein mutants,
CXCR4™-gag-GFP showed the best VLP production
efficiency (41.6% relative to Gag-GFP). Interestingly,
deleting the cytoplasmic tail of CXCR4 led to a drastic
loss of VLP production (0.8% relative to Gag-GFP),
suggesting that the cytoplasmic tail of CXCR4 somehow
contributes to VLP production. Myr/pal?"-gag-GFP
showed significantly greater VLP production than the
WT (229.4%, P<0.05, Student’s t-test). Myr'*"-gag-GFP
produced slightly more VLP than the WT (131.5%).
Pal¥"-gag-GFP showed a weak VLP production ability
(14.1%), possibly because the pal signal did not function
effectively, or the palmitoyl group did not function
as a PM-targeting motif in the given protein context.
The Ga(12)- and Ga(13)-gag-GFP constructs, containing
one or two pal motifs, respectively, showed 7.0 and 7.3%
VLP production efficiencies, compared with the WT. The
Guo(16)-gag-GFP construct, containing three pal motifs,
was able to produce VLP (28.8%) more effectively than
the other Go constructs, suggesting that the pal group
serves as a weak PM-targeting motif and that the motifs
function additively. The two- to threefold enhancement
of VLP production by PH- and myr/pal*"-gag-GFP was
verified by western blot analysis examining the VLP
fraction (data not shown). Overall, the GFP fluorescence-
based VLP production assays were consistent with the
microscopy observations indicating that the constructs
that were able to target Gag to the PM were competent
in VLP production (Figure 1c). These data indicate
that the Gag constructs carrying Iyn myr/pal or myr
signals support VLP production more efficiently than
the WT. Thus, we examined the infectivity of the
lentiviral vectors produced by Gag with heterologous
myr signals.

We constructed gag-pol derivatives bearing the
myr/pal®* or myr*" sequences, and additional myr
signal constructs carrying the myr signal of HIV-1 or
MLV MA (myr™~'- or myr™V-gag-pol, Figure 1a). These
constructs were generated to examine whether any
heterologous myr signal can function to enhance VLP
production similar to the effect of the Iyn acylation
signal. In myr™V~"- or myr™-Y-gag-pol, the position of the
myristoyl group is —22 amino acids upstream from the
original Gag context, which is similar to the same
position as myr/pal¥" and myr®” mutants (Figure 1a).
The expression of the gag-pol derivatives was verified by
western blot analysis in which Pr55%°¢ and its cleaved
products by viral protease including MA-CA and p24<4
were detected (Figure 2a). These mutants produced VLP
in the culture supernatant as verified by western blot
analysis (Figure 2b). Using these gag-pol expression
plasmids, in combination with the luciferase-encoding
gene transfer plasmid and expression plasmids for Rev
and VSV-G, we produced a lentiviral vector in 293FT
cells. The viral production efficiencies were assessed by
measuring the amount of viral capsid antigen p24<*
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Gag MGARASVL..
G2A MAARASVL..
PH~gag (PLC delta 1 aa 1~175)~PRAE FTLAARASVL..
CD4Flegag {CD4 aa 1-458)~E FTLAARASVL..
CD4%-gag {(CD4 aa 1-424)-FE FTLAARASVIL..
CXCR4tL-gag (CXCR4 aa 1-352)-EISSSSFE FTLAARASVL..
CXCR4™-gag (CXCR4 aa 1-308)-ISSSSFE FTLAARASVL..
CD8~-gag {(CD8 aa 1-235)-IDLELKL RILQSSSSFE FTLAARASVL..
Env-gag (Env aa 1-869)-D PATGLRSRAE FTLAARASVL..
myr/paliri-gag MQQIKSKRKD NLNDDERRAE FTLAARASVL..
myriy.gag MGAIKSKRKD NLNDDERRAE FTLAARASVL..
palirs-gag MACIKSKRKD NLNDDERRAE FTLAARASVL..
Galpha{l2}-gag M5 GVVRTLSRCL LPAEAGRRAE FTLAARASVI..
Galpha(13)~gag MAD FLPSRSVCFP GCVLTNRRAE FTLAARASVL..
Galpha{16)-gag MARSL RWRCCPWCLT EDEKAARRAE FTLAARASVL..
myr#V-logag MGARASVLSG GELDRWRRAE FTLAARASVL.
myr'¥-gag MGQTVTTPLS LTLGHWRRAE FTLAARASVL..
£
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Figure 1 The production of VLPs by genetic modification of the PM-targeting signal of Gag. (a) The mutants used in this study. The myr site
is marked with a dot, the palmitoylation site with an underline. The Gag translational initiation site and the myr target residues were mutated
to leucine and alanine to minimize internal translational initiation and myr. (b) The verification of protein expression of Gag-GFP derivatives
in 293FT cells by western blot analysis using anti-FLAG antibody. All the constructs carry the FLAG epitope at the C-terminus of Gag.
The CXCR4™-Gag-GFP showed a low efficiency of detection, thus the immunoprecipitation was performed before immunoblotting (triangle).
(c) The distribution of Gag-GFP derivatives in 293FT cells examined by confocal microscopy. WT represents the Gag-GFP, and the membrane-
targeting signals are shown at the top of each panel. The bar represents 10 pm, magnification x 630. (d) VLP production efficiency of
Gag-GFP derivatives measured by the GFP fluorescence in the VLP fraction divided by that of the cell fraction. The average and s.d. of the
indicated number of independent experiments are shown. The VLP production efficiency relative to Gag-GFP is shown as a percentage at
the right. Asterisks indicate the statistical significance compared with WT by two-tailed Student’s t-test (P <0.05).
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Figure 2 Lentiviral vector production and infectivity of myr signal mutants. (a) Verification of protein expression and VLP production of
gag-pol derivatives in 293FT cells by western blot analysis using anti-p24“* antibody. The upper panel shows the analysis of cell lysate
equivalent to 1~2x10° cells (Cell). The lower panel shows the viral particles collected from the culture supernatant (Sup). Pr55&
(~55kDa), the proteolytic cleavage intermediate of Pr555* (MA-CA, ~40kDa) and the complete proteolytic cleavage product p24<4
(~24 kDa) are indicated by arrowheads. PH-Gag has a higher molecular weight precursor and intermediate because of the PH domain of
23 kDa attached to the MA domain. (b) The transduction efficiency of the luciferase gene into various cell types. The 293FT, M8166 and BJAB
cells were tested for luciferase gene transduction by the myr signal derivative lentivirus vectors. The x axis represents relative light emission.
The average * s.d. of luciferase activity assay in quadricate (293FT) or in triplicate (M8166 and BJAB) was shown. A representative data from
three independent experiments is shown.
in the culture supernatant by enzyme-linked immuno-  Table 1 Summary of viral production and infectivity of myr
sorbent assay (ELISA). Enhancement of virus production  signal Gag mutants
by the PH, myr/pal®” and myr*" constructs was ] . ] . .
observed (4.1-, 6.3- and 10.5-fold increase in production, Viral production Luciferase transduction”  Ratio
respectively, relative to the WT, Table 1). These data are
consistent with the western blot analysis in which the =~ WT LU0 fn =17) LOE0.0 (=15} 0
ci ; PH 41409 (n=17)* 6.3+1.8 (n=15)* 15
levels of p24<* are decreased from the cell fraction and myr/pal*  63+18 (n=17)* 104£27 (n=15)* 17
increased in the VLP fraction for PH and myr signal = myyin 105+34 (n=13)* 92+32 (n=11)* 09
mutants (Figure 2a). The magnitude of viral production ~ myr#v- 62+1.9 (n=12)* 57+15 (n=10* 0.9
enhancement was augmented in the gag-pol context — myr“™" 61111 (n=12)* 7.6+27 (n=10)* 12
compared with the Gag-GFP context. This is explained
by the efficiency of Gag cleavage in the virion as  Abbreviations: HIV-1, human immunodeficiency virus type 1; MLV,
described below. Viral production by the myrHIV—l_ or murine leukemia virus; myr, myristoylation; pal, palmitoylation;
myr™MV-gag-pol constructs also increased (6.2- or 6.1-fold, ~ PH, pleckstrin homology; WT, wild type. ,
respectively, Table 1), suggesting that any heterologous The average + s.e.m. of the p24“* concentration relative to WT from
peciivery, > U SUgg 5 ny 8¢ the indicated number of independent experiments.
myr signal can increase the production of lentiviral *The averagets.e.m. of transduced luciferase activity relative
vector. to WT from the indicated number of independent experiments.
Luciferase gene transduction by lentiviral vectors  <The luciferase transduction divided by viral production.
produced using the modified Gag-pol was assessed in Asterisks indicate a statistically significant difference compared to
293FT cells. The gene transduction efficiencies of gag-pol ~ the WT by two-tailed Student’s paired t-test (*P < 0.05, **P< 0.0).
constructs were 6.1- to 10.9-fold greater than the WT
(Figure 2b and Table 1). The luciferase activity decreased
on treatment of the cells with the reverse transcriptase = compared with WT) largely agrees with the level of
inhibitor nevirapine, suggesting that the luciferase = augmentation of luciferase activity (5.7- to 10.4-fold,
activity indeed represents lentiviral gene transduction  Table 1). The myr/pal®" mutant showed a higher
(data not shown). The increase in viral production by  ratio (1.7) of luciferase transduction efficiency relative
the heterologous myr signal constructs (4.3- to 7.8-fold  to viral production than the other myr signal mutants,
Gene Therapy

— 286 —



suggesting that the infectivity of the myr/pal¥" virus
particles is slightly improved (Table 1). Luciferase gene
transduction by myr signal constructs was also observed
in the B lymphoid cell line BJAB and T lymphoid cell line
MB8166, similar to 293FT cells (Figure 2b). Gene transduc-
tion of GFP by myr signal gag-pol constructs was
comparable to transduction of the luciferase gene
(data not shown). Collectively, these results indicate
that extending the amino-terminus of Gag with a
heterologous myr signal enhances infectious lentiviral
production.

We analyzed the molecular mechanisms by which
viral production was improved by the amino-terminal
Gag modifications. We examined (i) the oligomerization
efficiency, (ii) the Vps4-dependence of viral budding,
(iii) Gag targeting to the Triton X-100-insoluble lipid
(detergent-resistant membrane, DRM) fraction and
(iv) the morphology of the virion. First, the oligomeriza-
tion efficiency was measured using a bioluminescent
resonance energy transfer (BRET) assay (Figure 3a). The
293FT cells were co-transfected with plasmids expressing
Gag derivatives fused to GFP or renilla luciferase (Rluc),
and the GFP fluorescence activated by the Rluc-emitted
light was measured in living cells. This BRET signal
should represent the self-oligomerization efficiency of
Gag derivatives in vivo. The GFP-Rluc fusion protein
should yield the best BRET efficiency, and was thus used
as the positive control. Rluc alone should not yield any
BRET signal, and thus was used as a negative control. We
focused on the derivatives that showed enhanced viral
production. The BRET levels of all the tested mutants
were significantly increased compared with the WT
Gag (Figure 3a). These data imply that the assembly of
the myr signal Gag constructs is more efficient than the
WT. It is conceivable that the enhanced VLP production
of myr signal Gag constructs is, in part, because of
improved assembly efficiency. Efficient Gag assembly
should also assist the Gag-pol assembly. The Gag-pol
assembly leads to the activation of a viral protease that
cleaves Gag to make the virus infectious. Provided that
the myr signal Gag mutants can efficiently activate the
viral protease, we expected that the Gag processing of
myr signal Gag constructs should be more efficient than
the WT. Virions were collected by centrifugation and
processed for western blotting using the anti-p24<4
monoclonal antibody (mAb). Anti-p24“* mAb binds to
Pr55%°¢ and its cleaved products including MA-CA
and p24<#. The p24<* signal relative to the Pr55*¢ and
MA-CA represents the Gag processing efficacy. Com-
pared with cell lysates (Figure 2a), viral lysates showed
better Gag cleavage for all samples (Figure 3b). The WT
virions showed a substantial amount of Gag intermedi-
ates (Figure 3b). In contrast, only trace amounts of
intermediate were detected in the myr signal construct
virions (Figure 3b). It is possible that the enhanced Gag
processing is due to the increased Gag-pol to Gag ratio in
the virion produced by myr Gag mutants. We tested this
possibility by western blot analysis probing p24“* and
integrase (IN) at the same time. IN represents the Gag-pol
because IN is one of the proteolytic products generated
from Gag-pol. The signal intensities of IN (open arrow-
head, Figure 3b) relative to p24<# (filled arrowhead,
Figure 3b) for myr signal mutants were comparable to
WT, suggesting that enhanced Gag processing is not due
to the increased Gag-pol to Gag ratio in the virion
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Figure 3 The physical and functional properties of myr signal
derivatives of Gag. (a) Gag oligomerization examined by BRET
analysis. The GFP-Rluc fusion protein and Rluc alone were used as
positive and negative controls. The average *s.d. of BRET efficien-
cies relative to the controls obtained in the indicated number of
experiments are shown. All the gag mutants yielded significantly
higher BRET signals than that of WT as analyzed by two-tailed
Student’s t-test (P<0.01). (b) The Gag processing and the Gag to
Gag-pol ratio in the virion was tested by western blot analysis using
anti-p24“* and anti-IN monoclonal antibodies. Note that the
samples were loaded to yield similar p24<* signals to highlight
the differences in Gag cleavage efficiencies and Gag to Gag-pol
ratio. The virion was collected from the culture supernatant of cells
shown in Figure 2a. Pr55%°8, MA-CA, p24<* (filled) and IN (open)
are indicated by arrowheads.

produced by myr Gag constructs. Collectively, the results
suggest that the heterologous myr signals enable Gag to
assemble with a higher efficiency, leading to the
activation of protease to process Gag more efficiently in
the virion. This should account for the fact that the
magnitude of difference between WT and mutants in
VLP production was assessed greater by p24 ELISA
assay using gag-pol constructs than by GFP fluorescence-
based assay using Gag-GFP constructs.

Second, the Vps4-dependence of VLP budding was
examined. Vps4 drives HIV-1 budding.’> We measured
VLP production efficiencies by gag-pol derivatives in the
presence or absence of a dominant-negative Vps4. If VLP
budding is powered by a Vsp4-independent mechanism,
expression of dominant-negative Vps4 should not reduce
the VLP production efficiency. Viral gene expression was

o
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Figure 4 The effect of dominant-negative Vps4 (DnVps4) on virus
production by acylation signal Gag derivatives. DnVps4 expression
did not lower Gag expression in transiently transfected 293FT cells.
In contrast, the virus production by all the Gag constructs was
inhibited by DnVps4, similar to the WT.

not inhibited by dominant-negative Vps4 expression
as judged by p24<* levels (Figure 4). However, on ex-
pression of dominant-negative Vps4, viral production
decreased in all the mutants (the lower panel of Figure 4),
suggesting that the amino-terminal modification of Gag
does not alter the molecular mechanism of viral budding.

Third, DRM targeting was examined using membrane
floatation assays. Gag has previously been shown to
form higher order complexes and bud at DRM-contain-
ing regions.’®'” Increased viral production by myr signal
Gag constructs may be due to improved efficiency of
DRM targeting. In our experimental conditions, approxi-
mately 70% of Gag-GFP distributed to the DRM fractions
(Figure 5). In contrast, G2A-GFP distributed predomi-
nantly to the non-DRM fractions (Figure 5). These data
are consistent with the microscopy observations and
previous reports (Figure 1c and Lindwasser and Resh'®
and Ono and Freed'”'®). The myr signal derivatives
accumulated in the DRM fractions at levels similar to
the WT (Figure 5). These data suggest that enhanced
viral production is not due to enhanced DRM targeting
of Gag with amino-terminal modifications.

Finally, the morphology of the virion was analyzed
using TEM. We compared the morphology of the WT and
the myr'¥"-gag-pol virions. The morphology of budding
and mature virions of myr*"-gag-pol construct was
indistinguishable from the WT (Figure 6)."* In addition,
VSV-G was incorporated into the virion produced
by myr signal derivatives at levels similar to the WT
(data not shown). Similar observation was made for the
incorporation of HIV-1 Env onto the virion (data not
shown). The myr™¥~-'- and myr™"-Gag-GFP showed a
PM-targeting phenotype similar to the WT as judged by
confocal microscopy (data not shown). Taken together,
lentiviral vectors bearing amino-terminally engineered
Gag can produce virions with greater efficiencies than
the original lentiviral vector. This increase was primarily
attributed to the effects of the increased efficiency Gag
oligomerization.

Discussion

In this study, we have provided evidence that genetic
modification of the structural protein Gag can improve
the virion production efficiency of the HIV-1-based
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Figure 5 The targeting of Gag-GFP derivatives to the DRM
fraction examined by a membrane floatation assay. G2A construct
distributed to the non-DRM fractions (lanes 8-10), and WT Gag was
targeted to the DRM (lanes 2-3). Other mutants distributed to the
DRM fractions similar to WT Gag. All the derivatives were probed
with anti-FLAG antibody.

WwT myr>"
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Figure 6 The morphology of virions produced from 293FT cells
transiently transfected with gag-pol (WT, left) or myr*"-gag-pol
(right) expression vector. The upper panels show viral budding at
the cell periphery, and the lower panels show the morphology of
virions found in the extracellular space. The bar represents 100 nm,
magnification x 50 000.

lentiviral vector up to 10-fold. Our technology will
provide an improved lentiviral vector for human gene
therapy applications, which require large-scale viral
vector preparation. Historically, efforts to improve the
lentiviral vector have not involved the modification
of the structural protein Gag.” Our strategy is unique in
this regard. Our viral vector can be defined as a next
generation lentiviral vector. This approach may also
be worth testing for murine leukemia virus (MLV)-
based vectors because the function of the MLV Gag
is dependent on amino-terminal myr sites, similar to
HIV Gag.
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Our genetic approach revealed that amino-terminal
modifications that re-position the myristoyl group
attachment site on Gag can alter the late phases of the
HIV-1 life cycle. Gag traffics to the PM efficiently, and the
myristoyl group is critical for this process.'”” The
myristoyl group attached to Gag is in equilibrium
between exposed and folded ‘hidden’ conformations.>
The PM targeting of Gag depends primarily on myristoyl
group exposure. It is possible that re-positioning of the
myristoyl group on Gag may slightly shift the structural
equilibrium toward the exposed conformation, which
facilitates PM targeting by Gag. However, myr signal
Gag mutants did not show higher DRM-targeting
efficiencies than WT (Figure 5). We performed the
membrane floatation assay without Triton X-100 and
found that the myr signal Gag mutants and WT
distributed to the membrane fraction at similar efficien-
cies (data not shown). These data may suggest that the
myristoyl group exposure model is unlikely. However,
these data may not necessarily negate the myristoyl
group exposure model because it is possible that the
steady-state levels of Gag association with DRM could be
saturable. Alternative hypothesis is that the re-positioning
of myristoyl group may stabilize the Gag-PM association
or Gag-Gag interaction, both of which should lead to an
increased viral production.

Membrane proteins do not serve as an ideal PM-
targeting motif for improvement of the lentiviral vector.
The substitution of myr signal with membrane proteins
appears to be less favorable because the PM-targeting
efficiency of the membrane protein constructs was
not high enough to produce VLP, probably because
Gag starts to assemble on the ER membrane and bud
into intracellular membrane compartments. This prema-
ture assembly may block the efficient ER exit of the
membrane protein-Gag derivatives. In 293FT cells tran-
siently transfected with plasmids expressing membrane
Gag mutants, high electron density signals on the
intracellular membranes and PM, representing assembled
membrane protein-Gag mutants, were observed (data
not shown). In addition, intracellular VLP formation
was observed in intracellular membrane compartments
surrounding the nucleus (data not shown). These observa-
tions were consistent with the confocal microscopy data,
and suggest that the membrane protein-Gag constructs are
assembly-competent. Interestingly, the morphology of the
intracellular virion of CXCR4"-gag-pol was similar to late
domain-defective HIV-1 particles. These data may imply
that the membrane protein-Gag derivatives are not fully
competent in VLP formation and/or release.

Considering our data, HIV-1 could have evolved to be
able to produce more virus particles than it does now.
However, such a virus was not selected in nature. This is
presumably because the increased viral production may
not confer a strong selective advantage for HIV-1 to
spread in human population. It is possible that such
a virus may kill the host, resulting in the loss of
opportunity to be transmitted to a new host. Alterna-
tively, such a virus may be more immunogenic, thus
have selective disadvantage in the host. Conversely, it is
possible that HIV-1 has already evolved to bud from its
natural target cells, namely CD4-positive T lymphocytes
or macrophages. If this is the case, our experimental
observation might be only applied to the lentiviral vector
production in 293FT cells.
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Our next generation lentiviral vector should contri-
bute to an increase in lentiviral vector applications, as a
tool both for molecular biology research and for human
gene therapy. The safety concerns involving Gag amino-
terminal modification should be critically examined
to use the modified lentiviral vector in clinical trials
because the effect of amino-terminal modification of Gag
on the lentiviral life cycle is unpredictable. The amino-
terminal modification of Gag may alter the chromosomal
integration site preference of the lentiviral vector
genome. A genome-wide survey to determine the
cellular genomic loci in which the Gag-modified lenti-
viral vector preferentially inserts its genome, compared
with the original viral vector, should be conducted.
In addition, it may be important to measure the
frequency of insertional oncogenesis using small animal
models. It is also possible that the fidelity of reverse
transcription could be affected by the Gag amino-
terminal modification. If the accuracy of reverse tran-
scription drops, the therapeutic effect of the modified
lentiviral vector might be affected. These issues should
be addressed before the modified lentiviral vector is
applied to human gene therapy.

We may be able to further improve the lentiviral vector
using systematic modifications of Gag, but such an
approach has yet to be examined. For example, the
positioning the myr attachment site in all the myr signal
Gag derivatives tested in this study was —22 amino acids
relative to the original position. A better myristol group-
positioning site or other PM-targeting signals to boost
viral production and infectivity could be identified by
performing an exhaustive systematic modification study.

Materials and methods

Plasmids

The codon optimized HIV-1 gag was amplified by PCR
from pSyn HIV-1 gag-pol*' using the following primers:
HIV-1 gag forward 5-ACCGGTCTCGAGCCACCAT
GGGCGCCAGGGCCAGCGTGCTGAGC-3, HIV-1 gag
reverse 5-TCATTGGATCCGGTCGTCATCGTCTTTGT
AGTCTTGTGACGAGGGGTCGTTGCCAAAG-3'. The
PCR fragment was cloned into pCR4 Blunt TOPO
(Invitrogen, Tokyo, Japan), digested with Xhol-BamHI,
and the resulting fragment was cloned into the Xhol-
BamHI sites of pEGFP-N2 (Clontech, Palo Alto, CA,
USA), generating pGag-GFP. A FLAG epitope tag was
encoded at the carboxy-terminus of Gag. The LA-gag has
been described previously.’ The SnaBI-Sacll fragment
from pLA-gag-pol was cloned into the SnaBI-Sacl sites of
pSyn HIV-1 gag-pol, generating the pLA-gag-GFP.

The CD4 FL or DC was amplified from CD4
complementary DNA** using the following primers: FL
and DC forward 5-GGATCCCGGGCCACCATGAACCG
GGGAGTCCCTTTTAGGC-3/, FL reverse 5-GAATT
CAATGGGGCTACATGTCTTCTGAAACCGG-3, and DC
reverse 5-GAATTCGTGCCGGCACCTGACACAGAAG
AAGATGCC-3'. The PCR fragments were cloned into
pCR4 Blunt TOPO (Invitrogen), digested with BamHI-
EcoRI, and the resulting fragments were cloned into
the BgIIIEcoRI sites of pEGFP-N2, generating pCD4™/P¢-
GFP. The SnaBI-EcoRI fragments from pCD4"-/P<-GFP
were cloned into the corresponding sites of pLA-gag-
GFP, generating pCD4™-/P<-gag-GFP.

~
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The full-length human CD8 ORF was amplified by
reverse transcriptase-PCR using mRNA isolated from
peripheral blood mononuclear cell (PBMC) with follow-
ing primers: 5-GCTAGCATGGCCTTACCAGTGAC-
Fand 5'-AGATCTATGACGTATCTCGCCGAAAGGCT-
G-3'. An Nhel-BgIll fragment was cloned into the
corresponding sites of pEGFP-N1 (Clontech), generating
pEGFPN1hCD8. The SnaBI-Sall fragment from
pEGFPN1hCD8 was cloned into the SnaBI-Xhol site of
pCXCR4"-gng-GFP, generating pCD8-gag-GFP.

The CXCR4 FL and DC were amplified from the
CXCR4 complementary DNA* using the following
primers: FL and DC forward 5-ACCGGTGCCACCATG
GAGGGGATCAGTATATACACTTCAG-3', FL reverse
5-AGATCTCGCTGGAGTGAAAACTTGAAGACTCAGA
CTC-3, and DC reverse 5-AGATCTTGGCTCCAAG
GAAAGCATAGAGGATGGG-3'. The Agel-Bglll frag-
ments of the PCR products were cloned into Agel-BglIl
sites of pEGFP-C2, generating pCXCR4™/P<-GFP. The
SnaBI-EcoRI fragments from pCXCR4™/P<-GFP were
cloned into the corresponding sites of pLA-gag-GFP,
generating pCXCR4™/P<-gag-GFP.

The following oligonucleotides were annealed and
cloned into the BsrGl site of pEGFP-N2 to generate
pEGFP-N2-FLAG: 5-GTACGACTACAAAGACGATGA
CGACTATAAGTAAGC-3" and 5-GGCCGCTTACTTA
TAGTCGTCATCGTCTTTGTAGTC-3'. HIV-1 Env was
amplified from pgpl60opt that encodes a codon-opti-
mized gp160 (obtained through the NIH AIDS Research
and Reference Reagent Program®’) using the following
primers: 5-GGAACTGGTTCGACATCACCAAGTGGCT
GTGG-3' and 5-GTTAACCCCGGGATCCAGCAGGGC
GGTCTCGAAGCCCTGGCGGATGCGGC-3'. The Bglll-
Xmal fragment of the PCR product was cloned into
pEGFP-N2 flag, generating pgpl160opt3fwd2revEGFPN2f.
The Ndel-5fil fragment from pgp160opt was cloned into

gp160opt3fwd2revEGFPN2f, generating pgp160optGFPf.
The Afel-Mfel fragment carrying gag-GFP was cloned into
the pgp1600ptGFPf, generating pEnv-gag-GFP.

The PH domain of phospholipase C-61 from pGFP-PH
(generous gift from Dr Meyer’s group,*) was amplified
using following primers: forward 5- CGCTAGCACC
GGTGCCACCATGGACTCGGGCCGGGACTTCCTG-3’
and reverse 5'- CCTCGAGGCTGGATGTTGAGCTCCTT
CAGG-3'. The Nhel-Xhol fragment of the PCR product
was cloned into the corresponding sites of pLA-gag-GFP,
generating pPH-gag-GFP.

The following oligonucleotides were annealed and
inserted into the Nhel-Xhol sites of pLA-gag-GFP to
generate pmyr/pal¥*-gag-GFP, pmyr¥"-gag-GFP, ppal®*-
2ag-GFP, pGa (12)-gag-GFP, pGa (13)-gag-GFP, pGo. (16)-
gag-GFP, pmyr™-“-gag-GFP, pmyr™~'-gag-GFP: myr/
pal¥" forward 5- CTAGCGCCACCATGGGCTGCAT
CAAGTCCAAGCGGAAGGACAACTTGAACGACGAC
GAGCG-3' and myr/pal¥" reverse 5- TCGACGCTC
GTCGTCGTTCAAGTTGTCCTTCCGCTTGGACTTGAT
GCAGCCCATGGTGGCG-3'; myr"™ forward 5'- CTAGC
GCCACCATGGGCGCCATCAAGTCCAAGCGGAAGG
ACAACTTGAACGACGACGAGCG-3' and myr" re-
verse 5- TCGACGCTCGTCGTCGTTCAAGTTGTCCT
TCCGCTTGGACTTGATGGCGCCCATGGTGGCG-3';
pal™ forward 5'- CTAGCGCCACCATGGCATGTATTAA
ATCAAAAAGGAAAGACCg-3' and pal”" reverse 5'- TC
GACGGTCTTTCCTTTTTGATTTAATACATGCCATGGT
GGCG-3; Gu(12) forward 5'- CTAGCGCCACCATGT
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CCGGCGTGGTGCGGACCCTGTCCCGGTGCCTGCTG
CCCGCCGAAGCCGGCCG-3" and Ga(12) reverse 5'- TC
GACGGCCGGCTTCGGCGGGCAGCAGGCACCGGGA
CAGGGTCCGCACCACGCCGGACATGGTGGCG-3;
Go(13) forward 5'- CTAGCGCCACCATGGCCGACTTC
CTGCCCTCCCGGTCCGTGTGCTTCCCCGGCTGCGTG
CTGACCAACCG-3' and Go(13) reverse 5'- TCGACGG
TTGGTCAGCACGCAGCCGGGGAAGCACACGGACCG
GGAGGGCAGGAAGTCGGCCATGGTGGCG-3'; Ga(16)
forward 5'- CTAGCGCCACCATGGCCCGGTCCCTGCG
GTGGCGGTGCTGCCCCTGGTGCCTGACCGAGGACGA
GAAGGCCGCCCG-3" and Ga(16) reverse 5'- TCGAC
GGGCGGCCTTCTCGTCCTCGGTCAGGCACCAGGGGC
AGCACCGCCACCGCAGGGACCGGGCCATGGTGGC
G-3'; myr™V—! forward 5- CTAGCGCCACCATGGGCG
CCAGGGCCAGCGTGCTGAGCGGCGGCGAGCTGGAC
AGGTGGCG-3' and myr™~' reverse 5- TCGACGC
CACCTGTCCAGCTCGCCGCCGCTCAGCACGCTGGCC
CTGGCGCCCATGGTGGCG-3'; myrM™ forward 5'- CTA
GCGCCACCATGGGCCAGACTGTTACCACTCCCTTAAG
TTTGACCTTAGGTCACTGGCG-3" and myr™V reverse
5- TCGACGCCAGTGACCTAAGGTCAAACTTAAGGGA
GTGGTAACAGTCTGGCCCATGGTGGCG-3'. The Snaa-
BI-Sacll fragments from pmyr/pal¥"-gag-GFP, pmyr?"-
¢ag-GFP, pmyr™™-gag-GFP and pmyr™-'-gng-GFP
were cloned into the corresponding sites of pSyn HIV-1
gag-pol to generate pmyr/pal¥"-gag-pol, pmyr*"-gag-pol,
pmyrM-VY-gag-pol and pmyr™™V'-gag-pol, respectively.

The following linkers were inserted into the BamHI
site of the pGag-GFF, to generate the pHIV-1 gagf AB
linker: 5-GATCAAGGATCCACCGGTAGATCTGACCG
GTGGATCCTT-3' and 5-GATCAAGGATCCACCGGT
CAGATCTACCGGTGGATCCTT-3'. The firefly luciferase
open reading frame was amplified by PCR using
the following primers: 5'-ACCGGTCTCGAGGGCCAC
CATGGAAGACGCCAAAAACATAAAGAAAGG-3 and
5-GAATTCGGATCCTTACACGGCGATCTTTCCGCCCT
TCTTGGCC-3". The Agel-EcoRI fragment of the PCR
product was cloned into the BamHI site of the pHIV-1
gagf AB linker, producing pGag-fLuc. The Nhel-Xbal
fragment from phRL-CMV (Promega, Tokyo, Japan) was
inserted into the BamHI site of pGag-fLuc, generating
the pGag-Rluc II, using the following linkers: Nhel side,
5-GATCTGGTTACCCAATTG-3 and 5-CTAGCAATTG
GGTAACCA-3'; Xbal side, 5-CTAGCGAATTCA-3' and
5-GATCTGAATTCG-3'.

The Ndel-Sacll fragment from pPH-gag-GFP'* was
cloned into the corresponding sites of pGag-Rluc II,
generating pPH-gag-Rluc. The Apal-Hpal fragments from
pmyr/pal*”-gag-GFP,  pmyr*"-gag-GFP,  pmyr*-gag-
GFP and pmyr™—'-gang-GFP were cloned into the
corresponding sites of pGag-Rluc II, generating pmyr/
pal¥"-gag-Rluc, pmyr*"-gag-Rluc, pmyr™*“-gag-Rluc and
pmyr™V-'-gag-Rluc, respectively.

The Vps4dDN expression vector was the generous
gift of Dr H Gottlinger (University of Massachusetts).
Other plasmids including pLenti-luciferase, pVSV-G and
pRevpac have been described previously.'*

Cells and transfection

Cells were maintained in RPMI 1640 medium (Sigma,
St Louis, MA, USA) supplemented with 10% fetal bovine
serum (Japan Bioserum, Tokyo, Japan), 50 U ml™ peni-
cillin and 50 pg ml™ streptomycin (Invitrogen), at 37 °C
in a humidified 5% CO, atmosphere. Cells were
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transfected with Lipofectamine 2000 according to the
manufacturer’s protocol (Invitrogen).

Western blotting

Transfected 293FT cells were washed once with Dullbeco’s
phosphate-buffered saline (Sigma), centrifuged and
lysed in a buffer containing 0.31 M Tris-HCI (pH 6.8),
10% (w/v) sodium dodecyl sulfate, 50% (v/v) glycerol,
500 mM dithiothreitol and 0.25% (w/v) bromophenol
blue. Proteins were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidine difluoride membranes
(Millipore, Tokyo, Japan). Membranes were incubated
with primary antibodies including polyclonal anti-flag
(Rockland Immunochemicals, Gilbertsville, PA, USA),
anti-p24“* mAb clone 183-H12-5C (NIH AIDS Research
and Reference Reagent Program), anti-HIV-1 IN mAb
clone ab72007 (Abcam, Cambridge, MA, USA) or anti-
Bip mADb clone 40 (BD Biosciences, Tokyo, Japan),
followed by a horseradish peroxidase conjugated
secondary antibody (Envision, Dako, Tokyo, Japan).
Chemiluminescence was generated using Lumilight
(Roche, Tokyo, Japan) or Lumigen (GE Healthcare,
Tokyo, Japan). Signals were detected using an LAS-
3000 mini Lumino-Image analyzer operated by the LAS-
300 mini Image Reader software (ver.2.2, Fuji Film,
Tokyo, Japan). The brightness and contrast of the image
were adjusted using Adobe Photoshop (ver.7.0, Adobe,
Tokyo, Japan).

Confocal microscopy

Transfected 293FT cells were grown on slide glass in the
presence of Hoechst 33258 (Sigma) for 24 h, fixed (4%
formaldehyde), mounted and analyzed using confocal
fluorescence microscopy (LSM510 Meta 63 x NA 1.4 lens,
Carl Zeiss Microlmaging Inc., Tokyo, Japan). The bright-
ness and contrast of the image were adjusted using the
LSM image browser (Carl Zeiss).

VLP assay

Transfected 293FT cells were washed once with
phosphate-buffered saline, centrifuged and lysed in buffer
A (150 mM NaCl, 50 mM Tris-HCL (pH 8.0), 0.5% IGEPAL
CA-630) for 0.5-1 h on ice (cell fraction). The cell culture
medium was collected, passed through a 0.45 pm filter,
and VLP were pelleted by ultracentrifugation (541 k x g
for 1 h). The VLP pellet was lysed in buffer A for 0.5-1 h
(VLP fraction). The green fluorescent intensities of cell
and VLP fractions were quantified with a DTX880
Multimode Detector (excitation 485nm, emission
535 nm) (Beckman Coulter, Tokyo, Japan). The efficiency
of VLP production was calculated by dividing the green
fluorescent intensity of the VLP fraction by that of the cell
fraction.

Infection with lentiviral vector

The 293FT cells grown in six-well plates were transfected
with gag-pol vector (1 pg), pLenti-luciferase (0.65 pg),
pVSV-G (0.4-0.8 pg) or pRevpac (0.05 pg) using Lipofta-
mine 2000, and replated into three wells of a six-well
plate at 4-6 h after transfection. At 48 h after transfection,
the cell culture medium was collected, passed through a
0.45 um filter (Millex-HV polyvinylidine difluoride;
Millipore), and mixed with dextran (final concentration
16.25 ug ml™'; DEAE-Dextran chloride, MW ~ 500 kDa;
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ICN Biomedicals Inc.,, Aurora, OH, USA). The 293FT
cells at 50% confluency in 24-well plates were exposed
to 800 ul of cell culture medium containing viruses.
At 4-6 h after infection, 293FT cells were split into 4 wells
of a 48-well plate. At 48 h after infection, the luciferase
activity was measured using the Steady-Glo Luciferase
Assay system (Promega). Luminescence was detected
using a Veritas Microplate Luminometer (Promega).

Enzyme-linked immunosorbent assay

A p24 ELISA was conducted according to the manufac-
turer’s protocol (Zeptometrics, Buffalo, NY, USA). To
measure cellular p24, transfected 293FT cells were
washed once with phosphate-buffered saline, lysed in
500 ul buffer A (described above) for 30 min, and
subjected

to the ELISA.

Bioluminescence resonance energy transfer

The basic protocol for the BRET assay has been described
previously.* Briefly, 293FT cells grown in a six-well plate
were transfected with 0.05-0.2 pg of expression plasmids
for Gag derivatives fused to the Rluc together with
1-2 ug of Gag derivatives fused to GFP. At 48 h after
transfection, cells were collected and incubated with the
Rluc substrate according to the manufacturer’s protocol,
with the exception that a 5- to 10-fold higher substrate
concentration was used (ViviRen Live Cell Substrate;
Promega). We measured BRET signals under the condi-
tions in which the GFP and Rluc expression levels were
almost similar among the tested samples. The fluorescent
and bioluminescent signals were measured using
a Tristar LB941 instrument (Berthold Technologies, Bad
Wildbad, Germany).

Membrane floatation assay

293FT cells were transfected with a gag expression vector
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. At 48 h after transfection, cells
were rinsed with ice-cold phosphate-buffered saline and
centrifuged at 600x g for 5min. Cell pellets were
resuspended in a buffer containing 10mM Tris-Cl
(pH 7.5), 4mM EDTA and protease inhibitor cocktail
(Sigma), and sonicated on ice. Cell lysates were
centrifuged at 370xg for 3min. A 120pl aliquot
of supernatant was mixed with 3.6 pl 5M NaCl (final
concentration =150 mM) and 120 pl of TNE-T (100 mm
Tris-Cl (pH 7.5), 600 mM NaCl, 16 mM EDTA and 0.5%
Triton X-100). These samples were placed on ice for
20 min. Subsequently, 200 pl of supernatant was mixed
with 1 ml of 85.5% (wt/vol) sucrose in TNE and placed
on the bottom of a centrifuge tube (Ultra Clear, Beckman
Coulter), overlayed with 2.8 ml 65% and 1.2ml 10%
(wt/vol) sucrose in TNE-T without Triton X-100 (TNE),
respectively. The gradient solution was centrifuged for
16 h at 148 862 x g at 4 °C in a BECKMAN SW55Ti rotor
and 10 fractions of 500 pl each were recovered from
top-to-bottom.

Transmission electron microscopy (TEM)

Transmission electron microscopy imaging was con-
ducted by Hanaichi Co Ltd (Okazaki, Japan). Transfected
293FT cells were removed culture medium, fixed
(2% glutaraldehyde, 2% osmium tetroxide), and imaged
by transmission electron microscopy (at 100 kV;

o
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JEOL JEM2000EX, Japan Electron Optics Laboratory Co.,
Ltd., Tokyo, Japan).
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Inhibition of HIV replication by a CD4-reactive Fab of an
IgM clone isolated from a healthy HIV-seronegative
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HIV replication is restricted by some anti-CD4 mouse mAb in vitro and in vivo. However, a
human monoclonal anti-CD4 Ab has not been isolated. We screened EBV-transformed
peripheral B cells from 12 adult donors for CD4-reactive Ab production followed by
functional reconstitution of Fab genes. Three independent IgM Fab clones reactive speci-
fically to CD4 were isolated from a healthy HIV-seronegative adult (~0.0013% of the
peripheral B cells). The germ line combinations for the Vi and V. genes were V;;3-33/.6,
Vy3-33/012, and Vy4-4/.12, respectively, accompanied by somatic hypermutations.
Genetic analysis revealed a preference for V-gene usage to develop CD4-reactive Ab.
Notably, one of the CD4-reactive clones, HO538-213, with an 1 x 107®M dissociation
constant (Kd) to recombinant human CD4, limited the replication of R5-tropic and
X4-tropic HIV-1 strains at 1-2.5 pg/mL in primary mononuclear cells. This is the first clonal
genetic analysis of human monoclonal CD4-reactive Ab. A mAb against CD4 isolated from
a healthy individual could be useful in the intervention of HIV/AIDS.

Key words: Autoimmunity - CD4-reactive Ab - IgM - Inhibition of HIV replication
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Introduction

CD4 is a T-cell marker that serves as a principal receptor for HIV.
CD4-reactive Ab are detected in HIV-infected individuals
(~13%) [1, 2] and HIV-exposed seronegative individuals
(34%) [3]. In addition, some healthy individuals are positive
for anti-CD4 Ab (~0.6%) [4]. Replication of multiple HIV clades
is blocked by mouse mAb against CD4 in vitro and in vivo [5-12].
Thus, it is possible that anti-CD4 Ab play a role in protecting
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individuals from HIV infection and delaying AIDS disease
progression. Similar arguments have been made for Ab against
CCRS5, a coreceptor for HIV [3, 10, 13]. Furthermore, some
clinical studies suggest that CD4-reactive Ab, including a
humanized mAb, has therapeutic potential against HIV infection
and AIDS progression [5, 8, 10, 12]. However, the development
and pathophysiological roles of self-recognizing Ab in healthy
individuals are still largely unknown, and a human mAb against
CD4 has not yet been isolated.

To gain insights into the genesis of auto-reactive Ab and to
characterize the nature of CD4-reactive auto-Ab, we conducted
experiments to isolate human monoclonal anti-CD4 Ab from PBMC
of 12 HIV-seronegative adult donors. We succeeded in isolating
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three independent IgM clones recognizing CD4 from a healthy
donor. Analysis of the V-region sequences of CD4-reactive Ab
revealed a preference for V gene usage to give rise to CD4-reactive
Ab. This is the first report describing CD4-reactive human mAb.

Results and discussion

Isolation of CD4-reactive IgM clones from a healthy
individual

PBMC were collected from 12 HIV-seronegative adult volunteers,
including two healthy and ten with autoimmune disorders, and
B-lymphoblastoid cell lines (B-LCL) were established by infecting
the cells with EBV (for experimental procedure, see Supporting
Information Fig. 1). B-LCL were propagated in oligoclonal pools. In
790 cultures from one healthy donor, we identified two cultures
positive for recombinant human CD4 (rhCD4) reactivity, HO538
and HO702, using ELISA (Fig. 1A). This donor may have a unique
Ab repertoire, as auto-reactive B-LCL cultures were identified
significantly more frequently in this donor than in the others
(Fig. 1A). The rhCD4 reactivity was specific, as no binding was
observed to 72 other viral, bacterial, and auto-Ag screened in
parallel (Supporting Information Fig. 2). We amplified the Ig genes
encoding the Fab regions by RT-PCR and cloned them into the
bacterial expression vector pFabl-His2 that produces Fab fragments
of an inserted set of Vi and V;, genes. We expected that some clones
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should reconstitute the CD4-reactive Fab present in the original
B-LCL cultures. After screening by ELISA, one CD4-reactive Fab
clone, HO538-213, was isolated from the HO538 culture, and two
independent clones, HO702-001 and HO702-016, were isolated
from the HO702 culture. These Fab clones originated from IgM, as
determined by the sequence analysis. The estimated efficiency of
peripheral B cells producing CD4-reactive Ab was ~0.0013%
(three clones/2.4 x 10° estimated screened B cells x 100 (%), given
that the B cells compose 10% of PBMC and that EBV immortaliza-
tion is 30% efficient on average) [14]. According to the ELISA data,
the Fab concentrations that yielded 50% maximal binding were
~8ug/mL for HO538-213, and ~1ug/mL for HO702-001 and
HO702-016 (Fig. 1B). Consistent with these data, the BIACORE
assay revealed that the dissociation constant (Kd) of HO538-213,
HO702-001, and HO702-016 to thCD4 was 6.5 x 1075, 7.7 x 107%,
and 2.7 x 10° M, respectively (Fig. 1C), which is relatively weak
compared with average Ab-Ag interactions (e.g. the Kd of mouse
mAb Leu-3a to thCD4 is 2.2 x 107 '°M).

Genetic analysis of CD4-reactive IgM clones

The Fab sequences were analyzed by the Kabat database (http://
www.ncbi.nlm.nih.gov/igblast/) in GenBank, as previously
described [15, 16]. The Ig gene family of each gene and the most
homologous germline are indicated (Fig. 2A). All the three clones
were of the IgM class and had a k-chain for V;. Comparison of the

A Number of Blood type
Rapor tested cultures oo Nuclear antigen i~glycolipid
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B # C 120 — Lew-3a
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3 %
o o
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Figure 1. Isolation and characterization of healthy human-derived CD4-reactive Ab. (A) Summary of the frequency of B-LCL cultures that reacted
with representative auto-Ag. The number of cultures positive for rhCD4 reactivity, HeLa cell nuclear staining, and blood type i-glycolipid are
shown. *p<0.05, compared with other donor groups, Fisher’s exact test. (B) CD4-binding kinetics of CD4-reactive IgM Fab. Serial dilutions of HO538-
213 (circles), HO702-001 (triangles), and HO702-016 (squares) were incubated in microtiter plates pre-coated with rhCD4. (C) Surface plasmon
resonance analysis of CD4-reactive IgM FAb HO702-001 (black), HO702-016 (dark gray), HO538-213 (bold), and mAb Leu-3a (gray) binding to
immobilized rhCD4. The concentration of Ab was 0.3 pg/mL, flow rate 20 uL/min, and reaction time 270s. RU, resonance units.
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