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against Tat variants.
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(Bacl(ground: The Tat OYI vaccine might reduce HIV-1-infected cells due to neutralizing antibodies targeting extracellular
Results: MIMOOX is a peptide designed to mimic a three-dimensional epitope of Tat OYI-inducing neutralizing antibodies

Conclusion: There is a highly conserved surface on Tat variants that the Tat OYI vaccine helps to recognize.
Significance: The Tat OYI vaccine could be an alternative to antiretroviral therapy.
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Extracellular Tat is suspected to protect HIV-1-infected cells
from cellular immunity. Seropositive patients are unable to pro-
duce neutralizing antibodies against Tat, and Tat is still secreted
under antiviral treatment. In mice, the Tat OYI vaccine candi-
date generates neutralizing antibodies such as the mAb 7G12. A
peptide called MIMOOX was designed from fragments of Tat
OYI identified as the possible binding site for mAb 7G12.
MIMOOX was chemically synthesized, and its structure was sta-
bilized with a disulfide bridge. Circular dichroism spectra
showed that MIMOOX had mainly 8 turns but no « helix as Tat
OYI. MIMOOX was recognized by mAb 7G12 in ELISA only in
reduced conditions. Moreover, a competitive recognition assay
with mAb 7G12 between MIMOOX and Tat variants showed
that MIMOOX mimics a highly conserved surface in Tat vari-
ants. Rat immunizations with MIMOOX induce antibodies rec-
ognizing Tat variants from the main HIV-1 subtypes and con-
firm the Tat OYI vaccine approach.

Tat is a potential target for the development of a vaccine (1).
Tat is a short protein (average 101 residues) expressed in the
early stages of infection that was first described as a trans-acti-
vator of HIV-1 genes (2). However, another interesting prop-
erty of Tat is its extracellular role and its high level of secretion
from HIV-1-infected cells, suggesting that this viral protein
plays a major role in the capacity of HIV-1 to evade immune
response in infected patients (3). Extracellular Tat crosses the
membrane of a diversity of uninfected bystander cells such as
cytotoxic T lymphocytes to trigger apoptosis (4). Moreover, it
was reported that antiretroviral treatments (ART)?> do not
block the secretion of Tat even for HIV-1-infected patients with
an undetectable viremia, which may explain why cellular
immunity is ineffective against HIV-1-infected cells (5).

Serological studies show that only half of the HIV-infected
patients have antibodies against Tat either in Africa (6) or
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Europe (5). A serological survey for one year shows that Tat
antibodies can disappear and/or appear with blood samplings
carried out every three months in a same patient (5). Up to 40%
diversity is observed between Tat variant amino acid sequences
from the five main HIV-1 subtypes or clades (1). Human anti-
Tat antibodies recognized mainly variable regions of the pro-
tein and do not have a cross-clade capacity (5, 6). Moreover,
anti-Tat antibodies appear to have no impact on disease pro-
gression since patients with or without anti-Tat antibodies pro-
gress to AIDS without ART (7). For patients under ART with or
without an undetectable viremia, antibodies against Tat have
no effect on the level of CD4 or CD8 T cells (5).

Tat is divided into six different regions: region I (residues
1-21) isa proline-rich region and has a conserved Trp'’; region
II (residues 22—-37) has seven well conserved cysteines; region
III (residues 38 —48) has a conserved Phe®® and the conserved
sequence **LGISYG; region IV (residues 49-59) is rich in
basic residues and has the rather well conserved sequence
PRKKRRQRRRPP; region V (residues 60 —72) is the glutamine-
rich region and has the highest rate of sequence variation; and
region VI constitutes the C terminus of Tat (1). The basic
region (IV) appear to be the most important functional region
of Tat because it is essential to cross the cell membrane and to
bind on the trans-activating region an hairpin structure at the
5'-end of the viral mRNA, but it is not recognized by sera from
HIV-1-infected patients due to sequence homology with
human proteins such as protamine (1). However, regions III
and V are important because they play a role of hinge for region
IV (8). The presence of a disulfide bridge in region II was pro-
posed (9), but the transactivation activity with full Tat protein
requires free cysteines (1). There is a controversy regarding Tat
structure with studies showing that Tat has a folding (10-14)
and studies showing that Tat is a naturally unfolded protein
(15-16). Tat NMR studies on full size Tat variants with the
biological activity show that Trp'' and Phe®*® constitute an
hydrophobic core with other aliphatic residues from other
regions, whereas most of regions II, III, IV, and VI are exposed
to the solvent with B turns constituting the main secondary
structure (1). In the blood of HIV-1-infected patients, Tat vari-
ants are naturally folded proteins (17).
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Different approaches to obtain a vaccine against Tat were
developed but were unable to prevent viral rebound after ART
cessation in phase II clinical trial (18 —27). We plan to test in a
phase II clinical trial a vaccine using the Tat OYI variant (1).
The base of this approach was the study of an HIV-1-infected
cohort of 23 patients who resisted to HIV-1 infection in Gabon
(28). HIV-1 OYI was isolated from one of these Gabonese
patients, and Tat OYT has specific mutations never observed in
other Tat variants (29). Experiments on rabbits immunized
with Tat OYI show a production of antibodies recognizing not
only Tat OYI but also Tat variants from the five major HIV-1
subtypes (30). Furthermore, a Tat OYI vaccine protected
macaques from heterologous mucosal SHIV challenge with
SHIV-infected cells no longer detectable two months after
SHIV challenge (31). Tat OYI lost its capacity to induce cross-
clade antibodies once it is denatured, showing that a three-
dimensional epitope is probably involved to induce cross-clade
antibodies (30). The rational of the Tat OYI vaccine is that
specific mutations would transform a highly conserved surface
in Tat variants in a three-dimensional epitope triggering the
production of neutralizing antibodies recognizing all Tat vari-
ants. Mouse immunization with Tat OYI made it possible to
obtain a cross-clade neutralizing mAb, called 7G12, thereby
confirming the rational of the Tat OYI vaccine (32). mAb 7G12
cannot recognize unfolded Tat OYI (32). It is worth noting that
all other mAbs obtained after immunizing mice with distinct
Tat variants or Tat-derived peptides are not able to recognize
and neutralize different Tat variants (33-37).

The purpose of the present study was to identify the Tat OYI
three-dimensional epitope recognized by mAb 7G12. From
fragments of a Tat OYI sequence gathered on a same spot of Tat
OYI surface and suspected to be the possible binding site of
mAb 7G12. A molecular modeling of a peptide of 56 residues
called MIMOOX? was designed to mimic the Tat OYI three-
dimensional epitope recognized by mAb 7G12. MIMOOX was
synthesized and successfully purified. Circular dichroism spec-
tra show that MIMOOX has mainly B8 turn secondary struc-
tures and no « helix as Tat OYL In contrast to Tat OY],
MIMOOX fails to stimulate reporter gene expression in Hela
P4 cells. mAb 7G12 is able to recognize MIMOOX in ELISA.
MIMOOX has a disulfide bridge that does not exist in Tat vari-
ants. mAb 7G12 cannot recognize MIMOOX without the
disulfide bridge. Rat immunizations with MIMOOX induce
antibodies able to recognize Tat OYI and Tat variants from the
five main HIV-1 subtypes. This study confirms the rational of
the Tat OYI vaccination with the identification of a highly con-
served surface in Tat variants essential for its activity, which is
recognized by the mAb 7G12.

EXPERIMENTAL PROCEDURES

Tat OYI and MIMOOX Molecular Modeling—Molecular
modeling was carried out with the Insight II package, including
Biopolymer, Discover, and Homology (Accelrys, San Diego,

3 The main abbreviations used are MIMO and MIMOOX, which correspond to
a same peptide of 56 residues with the sequence described in the legend
to Fig. 1. MIMOOX is the oxidized form of MIMO, which means that there is
a disulfide in MIMOOX but not in MIMO.
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CA). The Tat OYI model was obtained from molecular model-
ing using sequence homologies with the Tat ELINMR structure
(13). The consistent valence force field was used to determine
the internal energies, using van der Waals energy to monitor
each step of the modeling. The pH was set up at 7. Energy
minimization was performed with steepest descent and conju-
gate gradient algorithms with a maximum derivative of 0.001
kcal/A in the final steps. Dynamic steps were performed at 300
K for 1.1 ps.

Tat Variants and MIMO Synthesis—MIMO, Tat OYI pep-
tides, and Tat variants representative of the main HIV-1 sub-
types in the world (UG11RP (A), OYI(B), 96BW(C), ELI(D),
CRF_AE(AE)) were synthesized in solid phase Fmoc chemistry
and purified as described previously (14). Mass and purity were
analyzed by mass spectrometry using an Ettan matrix-assisted
laser desorption ionization time-of-flight apparatus (Amer-
sham Biosciences). Purity of the protein was up to 95%. After
lyophilization, biological activity of Tat variants was checked
by transactivation assays with HeLa P4 cells as described
previously (13). MIMO cysteine residues (Cys?*?, Cys>*/Cys”)
were oxidized to obtain a disulfide bridge in 100 mMm phosphate
buffer at pH 8.3 for 6 h and 30 min. A kinetic was done
to determine optimum MIMO oxidation. MIMO-oxidized,
named MIMOOX, was desalted in HPLC, and the main peak
was recovered. MIMO and MIMOOX outlines were compared
with HPLC analysis, and the oxidation (disulfide bridge forma-
tion) was controlled by alkylation assays using 85 mm iodoacet-
amide (Sigma). Alkylated proteins were compared in mass
spectrometry before and after oxidation.

CD—CD spectra were measured with a 100-um path length
from 260-178 nm at 10—70 °C on a JASCO J-810 spectropola-
rimeter. Data were collected at 0.5-nm intervals using a step
auto response procedure (JASCO). CD spectra were presented
as Ae per amide. Protein concentration was 1 mg/ml in 20 mm
phosphate buffer, pH 4.5, for MIMOOX and Tat OYI. The CD
data were analyzed with VARSELEC software to determine
the secondary structure content according to the method of
Manavalan and Johnson (38) using a set of 32 reference proteins
and an average of 4960 calculations.

Transactivation Activity—Transactivation was performed
with HIV LTR-transfected HeLa cells (HeLa-P4) and analyzed
by monitoring the production of B-gal as described previously
(13). Briefly, Hela-P4 cells were cultivated in DMEM with glu-
tamine supplemented with 10% (v/v) heat-inactivated fetal calf
serum and 50 units/ml neomycin. 2 X 10° cells/well were incu-
bated in 24-well plates (Falcon) in 400 ul of DMEM supple-
mented with 0.01% (w/v) protamine (Sigma-Aldrich) and 0.1%
(w/v) BSA (Sigma). Lyophilized Tat OYI, MIMOOX, and
MIMO were diluted in 100 mm phosphate buffer, pH 4.5 (5 um
final concentration) Volumes were completed to with 20 mm
Hepes buffer, 120 mm NaCl, pH 7.3 (0.5 uM final concentra-
tion). After 18 h at 37 °C, B-gal production was measured with a
B-gal ELISA kit (Roche Diagnostics). Background against BSA
was removed. The positive control was the amount of 3-gal in
presence of Tat OYI C22 and the negative control was the
amount of 3-gal without Tat OYI C22.

Dot Blot—MIMO, MIMOOX, denatured MIMO with urea,
denatured MIMOOX with urea, and DTT were spotted (50 ng)
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on nitrocellulose membranes. MIMO was denatured by heating
at 90 °C for 45 min in the presence of 3 M urea. MIMOOX was
denatured by heating at 90 °C for 45 min in presence of 3 M urea
and 20 mm DTT. Nitrocellulose membranes were incubated for
1 h with PBS supplemented with 5% milk and then overnight
with mAbs 7G12 (1 mg/ml) or 6E7 (0.1 mg/ml) at 1/500 and 1/5
in PBS with 0.5% milk at 4 °C, respectively. After washing steps,
HRP-conjugated anti-mouse (1/1000, GE Healthcare) were
added and incubated for 1 h at room temperature. After wash-
ing steps, spots were revealed with tetramethylbenzidine
(BIOFAX) as substrate.

Production of MIMOOX Antibodies—Five Wistar rats were
immunized by the intramuscular route in the lower back with
25 pg of MIMOOX bound on the surface of immunopotentiat-
ing reconstituted influenza virosomes (39) with the last free
cysteine in C-terminal. Rat immune systems were boosted with
the same preparation 4 and 8 weeks later. Rats were euthanized
and terminally bled on week 10. Serum was obtained after cen-
trifugation at 4500 rpm during 30 min at 4 °C and tested for
MIMOOX and Tat variant cross-recognition in ELISA.

Antibody Affinity Determination by ELISA—Plates (96-wells)
were coated with MIMOOX (25 ng) and Tat (50 ng) or dena-
tured MIMOOX (25 ng) in 100 wl of 100 mm phosphate buffer,
pH 4. MIMOOX (0.25 pg/ml) was denatured by heating at
90 °C for 45 min in presence of 3 M urea, 20 mM DTT and then
diluted 10-fold with 100 mm cold phosphate buffer, pH 4.5. To
control urea/DTT effect, native MIMOOX was coated in pres-
ence to 0.3 M urea, 2 mMm DTT. Nonspecific signal was con-
trolled in coating native or denatured BSA with the same pro-
tocol. Following blocking with 2% skim milk and washing steps,
plates were incubated with 100 ul of week 10 rat serum (or
serum before rat immunizations) at dilution 1/20 or with 100 ul
of diluted mouse mAbs 7G12 (1 mg/ml) or with 6E7 (0.1
mg/ml) for 1 h at room temperature. These two mAbs were
previously characterized as a conformational and linear anti-
Tat antibody, respectively (5). After washing steps, 100 ul of
HRP-conjugated anti-rat or anti-mouse (1/1000, GE Health-
care) were added, and the plate was incubated for 1 h at room
temperature. After washing steps, 100 ul of ABTS substrate
(Roche Diagnostics) were added. The absorbance was mea-
sured at wavelength 405 nm 1 h later. An ELISA-based method
was used as described previously (40) for measurement associ-
ation rate constants of mAb 7G12 with MIMOOX in solution.

Competitive Recognition Assays between MIMOOX and
Tat Variants—Plates (96 wells) were coated with 25 ng of
MIMOOX (or Tat variants) in 100 ul of 100 mm phosphate
buffer, pH 4.5. Following blocking with 5% skim milk and wash-
ing steps, plates were incubated with 100 ul of mAb7G12 in an
equimolar amount relative to coated protein mixed with differ-
ent dilutions of native or denatured Tat OYI (or MIMOOX) for
20 min at room temperature. Because DTT could not be used,
MIMO denatured by heating at 90 °C for 45 min in the presence
of 3 M urea and diluted 10-fold was used as “denatured
MIMOOX.” Assays with native proteins were performed in the
presence of 0.3 M urea. Nonspecific signal was controlled on
coating BSA. The other steps of the protocol were done as
described above, but the absorbance was measured 30 min
later.
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Statistical Analysis—Statistical differences were analyzed
with a Mann-Whitney test. A p value < 0.05 was considered
significant.

RESULTS

Molecular Modeling of Tat OYI—From the atomic coordi-
nates of the Tat ELI two-dimensional NMR structure (13), a Tat
OYI model was built using the Insight II software. The Tat ELI
coordinates were directly used to build the model when a strict
sequence homology of three residues or more was observed,
whereas only the Ca coordinate was used in case of a partial
homology. Due to sequence homology between the two
sequences, no loop research was necessary to build the Tat OYI
model. Once atomic coordinates for all Tat OYI atoms were
attributed, the Tat OYI model was optimized with energy min-
imization algorithms associated to a dynamic at 300 K. An anal-
ysis of the dynamic trajectory determined the lowest energy
wheel corresponding to the most probable folding. A final step
of minimization made possible to obtain a Tat OYI model (Fig.
1A) with a van der Waals energy similar to the Tat ELI two-
dimensional NMR structure.

Molecular Modeling of MIMOOX—A highly conserved sur-
face on Tat variants involves highly conserved amino acids on
Tat variants. The most conserved sequence in Tat variants cor-
responds to segments 44 and 50 located in region III. Fig. 1
shows that region Il in yellow is surrounded by short sequences
of region I in red, region III in green, and region VI in blue. The
amino acid glutamate at position 100 (presents only in Tat OYT)
could play an important role because it displays a charge in this
conserved surface that might transform this surface in an
epitope only for Tat OYI (1). Therefore, three 3 turns involving
sequences (‘MEPV*, **GISYGRKK"", and three residues of the
C terminus (*’PED'")) gathered on the same surface of Tat
OYI (Fig. 1A) were identified as the possible binding site of mAb
7G12. To validate this hypothesis, a linear peptide called
MIMO was designed to reproduce a surface similar to the Tat
OYI surface where the following sequences are gathered:
'MEPV*, *GISYGRKK®", and °PED'"). It was necessary to
use other Tat OYI amino acid residues that are not exposed but
play a structural role to obtain the appropriate structure.
Therefore, three peptides corresponding to the Tat OYI
sequences 1-21, 38 -54, and 91-101 were used to reproduce
the Tat OYI three-dimensional epitope (Fig. 1, Band C). MIMO
has 56 residues, including four glycines and three cysteines, that
are not found in Tat OYT sequence. There is no disulfide bridge
in Tat variants, and the highly conserved cysteines, which are
found exclusively in the cysteine-rich region from positions 22
to 37, must be free for Tat transactivation activity (1). The role
of the disulfide bridge in MIMO is to block the conformation of
the three Tat OYI sequences as it is in Tat OYI. The role of the
four glycines is to make the disulfide bridge possible . Energy
minimization was performed on MIMO without the disulfide
bridge, and no change was observed in the conformation. It was
still possible to create the disulfide bridge after energy minimi-
zation, which was the goal of modeling. MIMO with the disul-
fide bridge was called MIMOOX.
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FIGURE 1. Tat OYl and MIMOOX molecular modeling. Tat OYI (A, C) is divided into six regions: region | (residues 1-21) is depicted in red, region Il (cysteine-rich
region, residues 22-37) in orange, region Ill (residues 38-48) in yellow, region IV (basic region, residues 49-59) in green, region V (residues 60-72) in light blue,
region VI (residues 73-101) in blue. MIMOOX (B and C) comprises the N-terminal region (red), followed by the inverted sequence of the C terminus (blue) and
then region Ill (yellow), and a part of the arginine-rich region (green). Glycines serve as a linker between the three Tat regions are in purple. Two of the three
cysteines create a disulfide bridge that is essential to have a three-dimensional epitope in the MIMO equivalent to the three-dimensional epitope in Tat OYI.

Synthesis and Characterization of MIMO and MIMOOX—
After chemical synthesis, purity and mass were controlled by
HPLC (Fig. 2A) and mass spectrometry (Fig. 2B). To verify oxi-
dation, MIMO and MIMOOX were compared by HPLC anal-
ysis (Fig. 24). A delay of 1 min was observed between the peak of
MIMO before and after oxidation, suggesting an increase of
hydrophobicity due to the disulfide bond. MIMO (before oxi-
dation) and MIMOOX were alkylated, and their mass was con-
trolled in mass spectrometry (Fig. 2B). Alkylated MIMO mass
showed an increase of 171 Da, corresponding to a covalent
binding following a nucleophile chemical reaction of the free
thiol groups of the three cysteines with iodoacetamide (Fig. 1B).
After oxidation, a mass increase of 57 Da only was observed,
corresponding to one alkylation. These results confirmed the
establishment of a disulfide bond between the cysteine at posi-
tion 22 and the C-terminal cysteines. CD spectra of MIMOOX
and Tat OYI were similar (Fig. 2C). According to the method of
Manavalan and Johnson (38), mostly B turn structures were
deduced from CD spectra analysis, but no « helix was found.
The transactivation activity of MIMOOX and MIMO was
tested with Tat OYI with a cysteine in position 22 as a positive
control and without Tat as a negative control. A basal level of
transactivation similar to the negative control was observed
with MIMOOX and MIMO (data not shown).

MIMOOX Is Recognized by the mAb 7G12—An ELISA-based
method was used to measure antigen/antibody association rate
constants in solution. Antigen and antibody were mixed and
aliquots were withdrawn at different time intervals to deter-
mine the amount of free antibodies. The disappearance of free
antibodies reflected the time course of the association reaction.
Affinity curves (Fig. 34) showed that MIMOOX is recognized
by mAb 7G12 with an affinity constant obtained for MIMOOX
(K, = 15.8 = 0.5 nM) twice lower compared with Tat OYI
(K = 7 £ 0.4 nm). In ELISA, this recognition was not longer
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observed with a reducing reagent (Fig. 3B). As a control,
another monoclonal antibody called mAb 6E7 was used (Fig.
3B). The mAb 6E7 recognized a linear epitope located in the N
terminus of Tat OYI whatever its folding (32). A Dot Blot
assay was performed to test mAbs 7G12 and 6E7 recognition
against denatured MIMO, native MIMOOX, and denatured
MIMOOX (Fig. 3C). The mAb 7G12 did not recognize dena-
tured MIMO or denatured MIMOOX, whereas mAb 6E7 was
able to recognize denatured MIMOOX. These results showed
that mAb 7G12 recognizes a conformation of MIMOOX and
not a sequence corresponding to a linear epitope as mAb 6E7.

MIMOOX Competes with Tat Variants, Including Tat OYI on
mAb 7G12—Competitive recognition assays with mAb 7G12
between coated Tat OYI and soluble MIMOOX (or coated
MIMOOX and soluble Tat OYI) were carried out in ELISA (Fig.
4, A and B). mAb 7G12 was used in equimolar amounts regard-
ing coated proteins. Increasing MIMOOX concentration in
solution progressively decreased mAb binding for coated Tat
OYI (2 pmol) (Fig. 4A). For an equimolar ratio of 2 pmol (cor-
responding to 12.5 ng of MIMOOX), a decrease of 31% of the
signal was observed. This decrease was not observed with dena-
tured MIMOOX (Fig. 44). A higher decrease was observed
when MIMOOX was coated (25 ng, 4pmol) (Fig. 4B). In this
case, 65% of the signal was removed for 50 ng of Tat OYI in
solution corresponding to 4 pmol. A similar experiment was
carried out with Tat Ug 11 RP, Tat 96BW, Tat ELI, and Tat
CM240 representative of HIV-1 subtypes A, C, D, and E. Only
one concentration was used for coated and soluble proteins
corresponding to an equimolar amount of 2 pmol. A decrease
(mean of 29.8 = 2.1%) was observed for Tat variants signal
when MIMOOX was in solution (Fig. 4C). A higher decrease
(mean of 56.7 * 8.7%) was observed with Tat variants in solu-
tion and coated MIMOOX (Fig. 4D). These results were similar
to the competition assay between MIMOOX and Tat OYI
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FIGURE 2. Control of MIMOOX folding. A, oxidation of MIMOOX was verified in HPLC method between T = 0 h (dashed line) and T = 6 h (continuous line).
B, mass spectrometry after alkylation with iodoacetamide of MIMO (black), MIMOOX in oxidation conditions at T = 0 h (dashed lines) and at T = 6 h (gray). In
C, CD spectra of MIMOOX and Tat OYl were measured from 260 to 178 nm with a 50-mm path length in 20 mm phosphate buffer (pH 4.5). The same percentage
of secondary structures of MIMOOX and Tat OYI was determined from the CD data analysis with no « helix, 23% extended structure, 30% (3 turns, and 47% of
other structures. The absence of the o helixin MIMOOX is in accordance with a similar structure of the conserved surface of Tat variants that contain only S turn
secondary structure. Furthermore, MIMOOX having 56 residues, 30% S turns correspond to four 3 turns. This is compatible with the presence of at least B turns

in the MIMOOX structure. mAU, milliabsorbance units.

observed previously and were in agreement with similar Tat
variant K, values (32). The decrease of signal was not observed
with denatured MIMOOX or denatured Tat variants in solu-
tion (Fig. 4, C and D). These experiments showed a structural
homogeneity of MIMOOX with Tat variants and confirmed
that a conserved surface recognized by mAb 7G12 existed
among Tat variants.

Rat Immunization with MIMOOX Induces Cross-recognition
Antibodies—To assess whether MIMOOX could generate anti-
bodies able to recognize heterologous and homologous Tat
variants, rats were immunized with MIMOOX linked on the
surface of an immunopotentiating reconstituted influenza viro-
some (39, 41). The polyclonal anti-MIMOOX serum obtained
at week 10 was tested in ELISA against five Tat variants repre-
sentative of the main HIV-1 subtypes as described previously.
Fig. 5 shows that the anti-MIMOOX serum recognizes the
five Tat variants. Tat OYI was recognized as well as
MIMOOX. Serum dilution shows that Tat Eli is better rec-
ognized compared with the other Tat variants. A similar
result was observed with previously published anti-Tat OYI
polyclonal sera (31).

DISCUSSION

An effective therapeutic vaccine against AIDS should main-
tain an undetectable viremia without ART, but none have been
reported so far with or without Tat protein (42). SHIV Chal-
lenge carried out on macaques is certainly the best animal
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model to validate potential vaccine on human. To determine
whether a vaccine can be effective against HIV-1 infection in
humans and due to the high genetic diversity of HIV-1, a SHIV
challenge in macaques should be heterologous, which means
that the SHIV used should be a genetically distinct virus com-
pared with the recombinant HIV-1 strains, proteins, or pep-
tides used in the vaccine (43). It is therefore important to out-
line that the first successful protection against heterologous
SHIV challenges was obtained with Tat OYI (31). A second
successful heterologous SHIV challenge was reported with a
Tat variant closely related to Tat OYI mixed with other
active principles such as multimeric HIV-1 gp160 and SIV
Gag-Pol particles (44). Interestingly, it was shown recently,
using a biopanning strategy, that only anti-Tat neutralizing
antibody were present in completely or partially protected
macaques (45).

The rational of the Tat OYI vaccine is that Tat OYI would
transform a highly conserved surface in Tat variants in a three-
dimensional epitope, triggering the production of neutralizing
antibodies recognizing all Tat variants (1). mAb 7G12 was char-
acterized previously as an antibody recognizing different Tat
variants showing that a highly conserved surface exists in all Tat
variants (32). This common surface required a conserved fold-
ing in Tat variants that plays an important role for Tat activity
(1). The most conserved sequence in Tat variants corresponds
to the segment between positions ~44 and 50 located in
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FIGURE 3. MIMOOX was recognized by the conformational mAb 7G12
able to cross-neutralize Tat variants. In A, the affinity curves (mean = S.D.,
n = 3)of mAb 7G12 with Tat OYI (black) and MIMOOX (gray) were measured in
ELISA. In B, the affinity curves (mean = S.D.,n = 3) of mAbs 7G12 and 6E7 with
native (dark gray) or denatured (light gray) MIMOOX were measured in ELISA.
Different dilutions of mAbs were used. In bar graphs, statistical significant
differences (p < 0.05) between the affinity of mAbs 7G12 with native and
denatured MIMOOX were indicated by an asterisk. In C, the recognition of
native or denatured MIMOOX by mAbs 7G12 and 6E7 in dot blot assay was
represented (n = 3).Lane 1, denatured MIMOOX; lane 2, denatured MIMOOX;
lane 3, native MIMOOX.

region III. This sequence constitutes a type 2 3 turn that is
observed in two-dimensional NMR studies of Tat variants
alone (10-13) or an x-ray diffraction study of Tat in a com-
plex with the human P-TEFb protein (14). The amino acid
glutamate at position 100 (presents only in Tat OYI) plays an
important role because it displays a charge in this conserved
surface that might transform this surface in an epitope only
for Tat OYI (1).

As mentioned, the Tat OYI vaccine approach suggests that a
common folding exists among Tat variants, but there is a con-
troversy regarding the existence of a folding in Tat variants (1).
A two-dimensional NMR study of a peptide corresponding to a
first exon of Tat(1-72) showed that no structure could be iden-
tified in this peptide and concluded that Tat variants were
natively unfolded proteins (15). A potential Tat activity was not
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tested with this peptide, and no viable HIV-1 strain consisting
of only the first exon of Tat has ever been observed in vivo.
Furthermore, the sequence used for this study does not corre-
spond to a viable HIV-1 strain, as the peptide contained a sup-
plemental 20 residues at the N terminus that are unrelated to
Tat (1). This study was in contradiction with three former two-
dimensional NMR studies that we published with Tat variants
having the transactivation activity in a cellular assay and show-
ing a conserved folding among Tat variants (11-13). However,
structural heterogeneities in Tat variants are observed, which
are localized mainly in region V, which can adopt an « helix or
a B turn conformation as a function of mutations (1). Further-
more, the broad peaks in NMR spectra indicate that Tat is a
flexible protein that can become a random coil as a function of
the buffer or pH used to solubilize Tat (17). The study with the
Fab against the N terminus of Tat bound to a Tat variant and
concluding that Tat was intrinsically disordered was carried out
in a Tat-denaturing buffer (16). It is important to note that
HIV-1-infected patients have antibodies that recognize only
structured Tat variants, which indicates that Tat variants are
naturally folded proteins in their blood (17). This study con-
firms also that there is a conserved folding because the mAb
7G12 is no longer able to recognize MIMOOX with a reducing
reagent (Fig. 3B).

Competitive assay between Tat variants and MIMOOX
regarding mAb 7G12 demonstrates the presence of a highly
conserved surface in Tat variants involving 15 amino acid resi-
dues from sequences in region I, III, IV, and VI (Fig. 1). This
study confirms the Tat OYI vaccine approach relying upon
the presence of this highly conserved surface in Tat variants
that is normally not recognized by the human immune system
but becomes a three-dimensional epitope in Tat OYI (1).
MIMOOX was a useful tool to identify this highly conserved
surface in Tat variants. MIMOOX could also be a valuable sur-
rogate antigen in immunoassays to screen neutralizing anti-
bodies in serum patients vaccinated with Tat OYI. However,
MIMOOX cannot replace Tat OYI yet in a vaccine candidate
because it has an affinity twice lower compared with Tat OYI
for mAb 7G12. Point mutation experiments could help to
obtain a real mimotope of Tat OYI using the scaffold of
MIMOOX. This step requires a long development. A serum
obtained after immunization cannot be tested directly for neu-
tralization because animal sera modify the production of 3-ga-
lactosidase in the neutralization test performed with HIV LTR-
transfected HeLa cells. Therefore, it will be necessary to
produce monoclonal antibodies against these MIMOOX deriv-
atives to test their capacity to be a mimotope able to replace Tat
OYlIin a vaccine.

Clinical trials with Tat OYI were begun in France in February
2013. The protocol is entitled “Evaluation on seropositive
patients of a synthetic vaccine targeting the HIV Tat protein”
with the acronym: “EVA TAT.” The protocol was declared in
the European Clinical trial database (EudraCT) under ID no.
2012-000374-36. The protocol received favorable advice from
an ethics committee (CPP SudMed 2) on November 9th, 2012
and an authorization from the French drug agency (Agence
Nationale de Sécurité du Médicament) on January 14th, 2013. It
is a phase I/II clinical trial to test the Tat OYI vaccine. It is a
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FIGURE 4. Competitive ELISA (mean = S.D.; n = 3) with mAb 7G12 between MIMOOX in solution and coated Tat OYI (A) or Tat in solution and coated MIMOOX
(B) are shown. Native (continuous line) and denatured (dashed line) form of proteins in solution were shown. In C, competitive ELISA (mean = S.D., n = 3) with
mAb 7G12 between different coated Tat variants and native (dark gray) or denatured (light gray) MIMOOX or coated MIMOOX and native (dark gray) or
denatured (light gray) Tat from different clades (D). Signal without competitor represented the 100% (black) for each Tat tested. These experiments were done
in triplicate. In bar graphs, statistical significant differences (p < 0.05) between the condition without competitor and with native competitor were indicated

by an asterisk.
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FIGURE 5. MIMOOX and Tat variants recognition by anti-MIMOOX serum
dilution. ELISA (n = 2) was performed with four dilutions of the anti-MIMOOX
rat serum with coated MIMOOX (black squares), Tat OYI (white squares), Tat
UGT1RP (white triangles), Tat 96BW (white circles), Tat Eli (black triangles), and
Tat CM240 (black circles). ELISA was performed also with a negative control
(white star) made of a pool of three peptides corresponding respectively to
regions 1, 3, and 6 of Tat OYI. The anti-MIMOOX serum recognizes the five Tat
variants and MIMOOX. Tat OYI was recognized as well as MIMOOX. Serum
dilution shows that Tat Eli is better recognized compared with the other Tat
variants. A similar result was observed with a previously published Tat OYI
immunization (14).

randomized double-blinded clinical trial with anonymous
syringes containing either the vaccine or placebo. Phase I/1la
will be carried out on four groups of 12 patients with an unde-
tectable viremia (inferior to 40 copies/ml) and a level of CD4
cells superior to 350/mma3 for at least one year. Three groups (1,
2, and 3) will have three injections at M0, M1, and M2 of a
solution containing 10, 33, and 100 ug, respectively, of the Tat
OYI vaccine. Group 4 will have three injections of a placebo
with no active principle. It will be proposed to all patients to
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stop their antiviral treatment for two months from M5 to M7.
The treatment interruption will make possible to evaluate the
optimal vaccine dose to evaluate the efficacy of the vaccine in a
phase IIb (27). This phase IIb will be carried out on 80 patients
divided in two groups (vaccine/placebo) who did not partici-
pate to the phase I/IIa. The efficacy of this therapeutic vaccine
could be considered if 30% of patients from the vaccine group
can maintain their viremia undetectable (inf 40 copies/ml) after
interruption of ART for two months. Result of phase IIa should
be available in January 2014.

Synthetic Tat OYI and MIMOOX could also be considered
as a new step in vaccine development because their diameters,
100 and 50 nm, respectively, are largely inferior to commer-
cially available vaccines with active principles that have diame-
ters in the range of um. These nanovaccines that contain a
three-dimensional epitope triggering neutralizing antibodies
will be safer because they will trigger an immune response with
a lower diversity of polyclonal antibodies. This should reduce
significantly the risk of autoimmune response of classical vac-
cine approach using an adjuvant such as Alum to increase the
diversity of polyclonal antibodies. The coast of production of
these nano vaccines is largely compensated by the easiness to
obtain germ free preparation with a double filtration with
0.2-um filters. Furthermore, the Tat OYI vaccine is stable in
solution for at least one month at 4 °C (data not shown). This
remarkable stability is essential for mass vaccination.
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