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Abstract

CTB-MPRgag_684, a translational fusion protein consisting of cholera toxin B subunit (CTB) and
residues 649-684 of gp41 membrane proximal region (MPR), is a candidate vaccine aimed at
blocking early steps of HIV-1 mucosal transmission. Bacterially produced CTB-MPRgag_gga Was
purified to homogeneity by two affinity chromatography steps. Similar to gp41 and derivatives
thereof, the MPR domain can specifically and reversibly self-associate. The affinities of the broadly-
neutralizing monoclonal Abs 4E10 and 2F5 to CTB-MPRg49_gg4 Were equivalent to their nanomolar
affinities toward an MPR peptide. The fusion protein’s affinity to GM1 ganglioside was comparable
to that of native CTB. Rabbits immunized with CTB-MPRgag_gg4 raised only a modest level of anti-
MPRgag_g34 Abs. However, a prime-boost immunization with CTB-MPRgag_gg4 and a second
MPRga9_634-based immunogen elicited a more productive anti-MPRg49_gg4 antibody response.
These Abs strongly blocked the epithelial transcytosis of a primary subtype B HIV-1 isolate in a
human tight epithelial model, expanding our previously reported results using a clade D virus. The
Abs recognized epitopes at the N-terminal portion of the MPR peptide, away from the 2F5 and 4E10
epitopes and were not effective in neutralizing infection of CD4+ cells. These results indicate distinct
vulnerabilities of two separate interactions of HIV-1 with human cells — Abs against the C-terminal
portion of the MPR can neutralize CD4+-dependent infection, while Abs targeting the MPR’s N-
terminal portion can effectively block galactosyl ceramide dependent transcytosis. We propose that
Abs induced by MPRg49_gg4-based immunogens may provide broad protective value independent
of infection neutralization.
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INTRODUCTION

The envelope proteins of HIV-1, gp41 and gp120, have been at the focus of intense research
since the discovery of the virus as the causal agent of AIDS, research that unraveled the
protein’s pivotal roles in viral transmission and infection. Consequently both proteins, gp120
in particular, became attractive as targets for various post-exposure and prophylactic
intervention strategies [1]. During the last couple of years, in light of major impasses in clinical
trials with several monomeric gp120-based vaccine candidates, gp41 has been gaining
increasing attention as a new vaccine target, with a principal focus upon its highly conserved
membrane proximal region (MPR) ectodomain, which contains the epitopes of the broadly
neutralizing monoclonal Abs (mAbs) 2F5 and 4E10. It was suggested that these epitopes are
linear [2-5] and several candidate vaccines were designed in the hope of inducing 2F5- or
4E10-like neutralizing Abs, but such efforts have been unsuccessful to date (reviewed in:

[6]).

More recently the gp41 MPR was shown to play a central role in proposed non-fusogenic
mechanisms of HIV-1 mucosal transmission such as transcytosis. Specifically, MPR binds to
the glycosphingolipid galactosylceramide (GalCer) and the heparan sulfate proteoglycan agrin
on the apical surface of epithelial cells, thereby triggering transcytosis of the virus towards the
serosal side [7,8]. In fact, MPR-specific Abs such as 2F5 or, importantly, secretory IgAs present
in mucosal secretions of highly exposed persistently negative individuals, were demonstrated
to efficiently block transcytosis [9-14]. The GalCer binding site was shown to encompass the
MPR residues 649-684 (MPRgag_gg4) [7]. Based on these findings, we have previously
constructed CTB-MPRg49_g84, @ translational fusion protein comprising the non-toxic mucosal
adjuvant cholera toxin B subunit (CTB) and MPRg4g_6g4, as a vaccine candidate aimed at
blocking the viral transmission pathway. The protein has been successfully shown to induce
transcytosis-blocking anti-MPR Abs (serum 1gG and secreted 1gA) in mice following a
heterologous route prime-boost immunization regimen [15,16].

Because mouse antisera are considered unreliable in neutralization studies it was important to
test the immunogenicity of CTB-MPRgag9_gg4 in @ second animal model, e.g. rabbits. To this
end, we established a purification procedure to isolate uniform CTB-MPRgsg9_gg4 pentamers
and analyzed the purified protein’s antigenic and functional domains. We then immunized
rabbits with the immunogen and examined the antiviral activities of MPRg49_gga-specific Abs
thus obtained.

MATERIAL AND METHODS

Expression in Escherichia coli and purification of CTB-MPRg49_634

CTB-MPRg49_654 Was expressed in E. coli and purified as previously described [16] with
modifications. Briefly, late log-phase bacteria (ODsgq9=0.8-1.0) were induced by adding 0.3
mM isopropyl-1-thio-L-D-galactopy-ranoside (IPTG) to the medium followed by a further 2-
h incubation period under growth conditions, after which the cells were harvested, resuspended
(PBS + 1 mM phenylmethylsulphonyl fluoride) and homogenized by a French press (2 x 18,000
psi). The insoluble pellet obtained following centrifugation (30,000 x g for 15 min) was
resuspended in TALON buffer (20 mM Tris, pH 8.0, 0.5 M NaCl) supplemented with 1.5%
(m/v) 3-[(3-Cholamidopropyl)di-methylammonio]-1-propanesulfonate (CHAPS, Pierce),
sonicated briefly, incubated on ice for 30 min with gentle agitation and centrifuged as described
above. The CHAPS-solubilized fraction containing CTB-MPRg49_gg4 Was filtered through a
0.45 um filter, and was applied to a cobalt-charged agarose resin (TALON, BD Clontech).
Purification generally followed manufacturer’s instructions, with the addition of 0.5% (m/v)
CHAPS in all solutions. The resin-bound CTB-MPRg49_gg4 Was then eluted with 150 mM
imidazole in TALON-CHAPS buffer and the eluate was directly applied to an immobilized D-
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galactose resin (PIERCE) equilibrated with galactose binding buffer (50 mM Tris, pH 8.0,
0.5% CHAPS, 0.2 M NaCl, 5 mM D-galactose). The column was washed with galactose
binding-buffer, then with galactose wash buffer (50 mM Tris, pH 8.0, 0.5% CHAPS, 0.5 M
NaCl, 20 mM D-galactose), and eluted with galactose elution buffer (20 mM Tris, pH 8.0,
0.5% CHAPS, 0.5 M NaCl, 1 M D-galactose). The eluate was extensively dialyzed against
PBS, pH 7.2, and the protein pellet formed under these conditions (see text) was collected by
brief centrifugation, further washed with PBS, and stored at —80°C until use.

SDS-PAGE and immuno-blotting

SDS-PAGE and non-denaturing PAGE were conducted as previously described [16]. After
electrophoresis, gels were stained, or proteins were electro-transferred to a poly (vinylidene
difluoride) membrane. Blots were probed with either goat anti-CTB antiserum (1:10,000, List
Biological Laboratories, Campbell, CA) followed by horseradish peroxidase (HRP)-
conjugated rabbit anti-goat (1:20,000, Sigma), or by human mAb 2F5 (100 ng/mL) followed
by HRP-conjugated goat anti-human (1:10,000, Calbiochem) Abs. Abs were detected using
chemiluminscence (Santa Cruz).

Amino acid sequence analysis and mass spectrometry

The N-terminal sequence of recombinant CTB-MPRg49_gg4 Was determined using a Procise
492 Protein Sequencer (Applied Biosystems), whereas molecular mass of the protein was
analyzed by matrix assisted laser desorption/ionization time-of-flight mass spectrometry
(Voyager-DE STR, MALDI-TOF mass spectrometer, Applied Biosystems).

Immunization

ELISA

Three female New Zealand White rabbits were subcutaneously immunized with 25 pg of CTB-
MPRg49_6384 cOnjugated with liposome (pre-Liposome Formulation 2, Sigma) at week 0, 1 and
3, and boosted with 100 pg of the immunogen at week 7. Serum 1gG levels were determined
by ELISA as described above, using peroxidase-conjugated anti-rabbit 1gG (Santa Cruz). For
prime-boost experiments, three additional rabbits were primed with MPRg49_gg3 peptide
chemically linked to keyhole limpet hemocyanin (KLH, Pierce Biotechnology) which was
conjugated with Freund’s complete adjuvant (87.5 ug per rabbit as KLH basis) at week 0, and
then boosted with 25 ug of CTB-MPRgag_gg4 COnjugated with liposome at week 19 and 36.

In all ELISA analyses, 96 well polystyrene plates (ScreenMates, Matrix Technologies) were
coated with 50 puL/well of samples dissolved in coating buffer (15 mM Na,COg3, 19 mM
NaHCO3, 3 mM NaNs, pH 9.6), incubated for 1h at 37°C, and then blocked with 5% non-fat
dry milk in PBS, pH 7.2, containing 0.05% (v/v) Tween-20 (PBST) for 1h at room temperature.
Samples to analyze, and primary and HRP-conjugated secondary Abs were diluted in 1% non-
fat dry milk in PBST, and incubated on plates for 1h at 37°C (50 puL/well). Specific binding
was then detected with Sigma FAST OPD (ophenylenediamine dihydrochloride) substrate
(Sigma) and quantitated by reading the absorbance at 490nm using a plate reader (SpectraMax
340PC, Molecular Devices). For the assays based on streptavidin-biotin interaction, bovine
serum albumin (Sigma) was used in place of non-fat dry milk for blocking and sample
preparation to maximize assay sensitivity.

To determine the apparent affinities of 2F5 and 4E10 mAbs to the MPR in various contexts,
plates were coated with 5 pg/mL of streptavidin (Calbiochem) or 2 pg/mL of GM1 ganglioside
(monosialoganglioside GM1, Sigma), which were then overlaid with the indicated
concentrations of biotinylated peptides or CTB-MPRgag_gg4 (respectively). The mAbs (0.5
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ng/mL) then reacted with the captured antigens, followed by detection with HRP-conjugated
anti-human IgG (Calbiochem) at a 1:2000 dilution.

To compare the apparent affinities of CTB and CTB-MPRgag9_g34 to GM1 ganglioside, 96-
plates were coated with 2 pg/mL GM1 gangliosides (Sigma), overlaid with a solution of
biotinylated CTB (0.2 uM, List Biological Lab) and CTB (List Biological Lab) or CTB-
MPRga9_6g4 (concentration range 0-2 uM). ELISA was developed using streptavidin-HRP
(Calbiochem) and Sigma FAST OPD, and A490 was measured.

For rough epitope mapping, plates were coated with streptavidin as above. Then, one of four
biotinylated peptides, MPRg49_684, MPRgag_g62 (N-terminus), MPRgsg_g77 (cOre) or
MPRg71_684 (C-terminus) was added to the wells. The peptides were added at a concentration
of 1 uM. After incubation at 37°C for 1h, 2-fold serially diluted 1gG samples starting at 10
ng/mL (purified from immunized rabbit sera using Protein A, Pierce) were added to the wells.
After 1hr incubation at 37°C, the plates were washed and HRP-conjugated goat anti-rabbit 1gG
(Santa Cruz) was added to the wells at 1:3000 dilution and developed as above.

Binding parameters

Data obtained through competition experiments were fitted by nonlinear regression using
GraphPad Prism 4.0 in order to obtain Kd or IC50 (respectively). Synthetic peptides were
synthesized on a PerSeptive Biosystems 9050 synthesizer at Arizona State University’s Protein
Chemistry Laboratory.

Co-precipitation assay

Biotinylated MPRg49_gg4 peptide (300 uM in PBS, pH 7.4) was mixed with equal volumes of
either CTB-MPRgag_gg4 OF native CTB (4 uM in PBS, pH 7.4, containing 0.5% CHAPS) and
then dialyzed (10 KD cut-off membrane) against PBS overnight at 4 °C to remove the detergent.
Samples were then collected from the dialysis tube and centrifuged at 12,000 x g for 10 min.
Supernatant was carefully removed, and the pellets were washed 2 x with PBS and analyzed
by SDS-PAGE and Western blotting using anti-CTB or 2F5 as described above.

Pull-down assay

CTB-MPRg49_gg4 OF native CTB at a concentration of 0.6 uM in PBS were mixed with 40
uM of biotinylated MPRg49_gg4 peptide in a volume of 1 mL and incubated overnight at 4 °C.
CTB-MPRgg_gg4 Stays soluble under these conditions. Samples were then centrifuged at
17,000x g for 10 min to remove any precipitate. Streptavidin-conjugated beads (PIERCE) were
then added and allowed to form complexes with biotinylated MPRg49_gg4 for 1 h at room
temperature. Beads were thoroughly washed with PBS containing 0.05% (v/v) Tween-20 and
analyzed by SDS-PAGE and immuno- blotting using anti-CTB or 2F5 as described above.

Hemagglutination assay

A 10% suspension of washed sheep erythrocytes (Innovative Research) was fixed with an equal
volume of 0.5% (v/v) glutaraldehyde solution in PBS. After incubation at 37 °C for 30 min,
the cells were spun down at 1,000x g for 1 min. The cells were then washed and resuspended
at a concentration of 5% in PBS. To remove residual aldehyde groups, 50 mM of glycine was
added and the pH was adjusted to 11. The cells were incubated at 4 °C overnight with gentle
shaking. The erythrocytes were then spun down and resuspended to 10% in 0.1N NaOH
solution containing 250 uM GM1 gangliosides. After 6 h incubation at 45 °C, the cells were
washed in PBS, and resuspended to 1% in PBS containing 3 g/L BSA and 1 g/L sodium azide.
Serial dilutions of CTB or CTB-MPRgag_gg4 in PBS were mixed with an equal volume of GM1
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ganglioside-coated erythrocytes in a 96-well round bottom plate and incubated overnight at 4
°C.

Hydropathy analyses

Peptide hydrophobicity was analyzed using the scale of Kyte and Doolittle [17], whereas
hydrophilicity was plotted using the algorithm of Hopp and Woods [18]
(www.expasy.ch/cgi-bin/protscale.pl). The average values of each seven-amino acid fragment
of peptides were plotted along the sequence.

Single-round pseudovirus infection reporter gene assay

The assay was conducted as described previously [19]. Clade B pseudotyped viruses were
produced in H9 (for MN) or 293T cells (for SF162.LS, WIT04160.33, REJO4541.67,
SC422661.8). Briefly, pseudovirus at a concentration equivalent to 200x tissue culture
infectious dose 50 (TCIDsgp) was mixed with purified 1gG samples and incubated for 1 h at 37°
C. The virus-serum mixture was then added to the plated TZM-bl cells, and cultured for
additional 48 h. Cells were lysed, and luciferase activity of each well was measured. The 50%
inhibitory concentration (ICsg) was calculated as the sample concentration that caused a 50%
reduction in relative luminescence units (RLU) compared to the virus control after subtraction
of luminescence in cell controls.

Peripheral blood mononuclear cell (PBMC) assay

The assay was conducted essentially as previously described [20]. Human PBMCs were
prepared from buffy coats provided by a local blood bank, using LSM Lymphocyte Separation
Medium (Cappel). Briefly, 0.1 mL culture medium containing HIV-1 at a concentration of
100x TCIDsgy was mixed in quadruplicate with 0.1 mL of serial twofold dilutions of 1gG
samples and incubated for 1 h at 37°C. The mixture was then incubated with 250,000 of
phytohemagglutinin-stimulated PBMC in 0.05 ml per well. After 3 days the cells were washed
extensively, and cultured for 1 additional day, at which time viral expression was assayed by
a commercially available p24 ELISA (Beckman-Coulter; Fullerton, CA). Neutralization was
defined as the percent reduction in the amount of p24 detected from wells treated with the test
samples as compared with control wells. For comparison purposes, the concentration of the
test agent required for 50, 90 and 100% neutralization was determined via linear regression
analysis using the SoftMax Pro software (Molecular Devices). Heat-inactivated, human
HIV-1-neutralizing plasma was used as a positive control [21,22].

Transcytosis assay

The assay was performed using human epithelial cell lines (intestinal carcinoma HT29 clone
19 or endometrial cell line HEC-1) and human peripheral blood mononuclear cells infected
with HIV-1 clade B R5 tropic 92BR029 (NIH AIDS Research and Reference Reagent Program)
as previously described [16,23]. Protein A-purified rabbit 1gG samples were dialyzed against
PRMI 1640 with 10% fetal calf serum, and tested. For analysis of the MPR reversion of the
neutralizing activity, samples were incubated overnight at 4°C with 50 ug/mL of biotinylated
MPRga9_634 peptide. The MPR-bound Abs were then removed by precipitation with
streptavidin sepharose. As a negative control, IgGs from untreated rabbits were used. Results
are expressed as percent of transcytosis observed with the corresponding samples obtained
from untreated control rabbits. Experiments were repeated at least twice for all conditions with
each of the two cell types and results shown reflect the mean of at least 4 repeats.

Statistical Analysis

Statistical analysis was conducted by using GraphPad Prism 4 software. The repeated-measures
ANOVA followed by Bonferroni’s multiple comparison test was used to compare the level of
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anti-MPR Abs to the one at Week 0 for immunized rabbits in Fig. 5A. A p-value < 0.05 was
taken as significant.

RESULTS

Purification of CTB-MPRgs9_gg4 €xpressed in E. coli

Immuno-blot analysis revealed two protein bands that were reactive to anti-CTB and 2F5 Abs
in cell extracts of IPTG-induced bacteria (Fig. LA-C). Of these, the major protein had an
apparent molecular mass that corresponded well to the calculated size of CTB-MPRgag9_634
(17.7 kDa) while the minor band had a higher apparent molecular mass (20 kDa), consistent
with that of unprocessed CTB-MPRgag_gg4 (i.€. retaining the pelB periplasm-targeting signal).
The E. coli signal peptidase is situated at the periplasmic face of the plasma membrane [24].
Therefore, the apparent processing of CTB-MPRgag9_gg4 Suggests that the fusion protein
accumulates within the periplasmic space. Based on a densitometric image analysis, the amount
of putatively processed CTB-MPRgag_g34 Was estimated to be approximately 8% of the total
E. coli protein. Incubation in the presence of the inducer for more than 2 h did not result in
higher levels of accumulation (data not shown).

We had previously used metal affinity chromatography to purify CTB-MPRg4g_gg4 [16]. While
this protocol yielded sufficient purity (>99%), the resultant protein preparation consisted of
both correctly assembled pentameric CTB-MPRg49_gg4 and misfolded, mostly monomeric
fusion protein. To overcome this limitation, we developed an improved purification method.
Interestingly, the majority of expressed CTB-MPRgag_gg4 Was found in the insoluble fraction
after disrupting cells in PBS, despite the apparent successful localization within the periplasmic
space (Fig. 1A). Previously, we used sub-denaturing concentrations of urea to solubilize CTB-
MPRgag9_gg4. However, we found that the zwitterionic detergent CHAPS can solubilize the
putatively processed protein more efficiently than urea (Fig. LA-C, lane 5). Following
solubilization with CHAPS, CTB-MPRg4g9_gg4 Was purified by in-tandem affinity
chromatography: first, cobalt affinity TALON resin was used to specifically enrich the
histidine-tagged fusion protein; second, an immobilized galactose resin was used to selectively
bind pentameric CTB-MPRgag_gg4 [25,26]. We found that TALON resin is advantageous over
conventional nickel resins because the former requires less imidazole (150 mM vs 1 M were
needed) to elute the histidine-tagged CTB-MPRgag_gg4, allowing the TALON eluate to be
directly applied onto the following galactose affinity resin without any additional treatments
such as dialysis or desalting. As shown in Fig. 1A, the resultant CTB-MPRg49_gg4 purified
with this procedure appears virtually pure on a SDS-PAGE gel. Electrophoresis under non-
denaturing conditions showed that a majority of the metal affinity-purified CTB-
MPRga9_gg4 Was organized into pentamers, and a trace amount of monomers in the metal
affinity fraction had been successfully eliminated by the subsequent galactose affinity
purification step, yielding substantially uniform pentamers (Fig. 1D). The molecular mass of
the purified protein was determined by mass-spectrometry to be 17,745 Da, corresponding well
(0.021% deviation) with the predicted molecular mass, 17,749 Da, of the pelB-cleaved form
(Fig. 1E). Generation of the mature N-terminus was further confirmed by N-terminal
sequencing, revealing that the 22 amino-acid pelB signal-peptide was successfully cleaved.
Using this protocol we were able to consistently obtain more than 0.5 mg of pure CTB-
MPRgag_gg84 from 1 liter of culture representing a typical yield of 50%.

Affinity of the broadly neutralizing gp41 mAbs to CTB-MPRg49_g34.

Both the gp41-specific mAbs 2F5 and 4E10 are broadly neutralizing. Of the two, however,

2F5 rarely neutralizes clade C viruses, the most common in Sub-Saharan Africa [27-29]. We
have previously demonstrated that CTB-MPRg49_gg4 Can be recognized by 2F5 [16]. Because
the protein also harbors the 4E10 epitope, it was imperative to demonstrate the binding of 4E10,
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and further assess the relative affinities of the two mAbs to the fusion protein as compared to
the free peptide. To this end, we have used a modified ELISA assay employing, as controls,
two synthetic N-terminally biotinylated peptides: bMPRg49_gg3 (biotin-SQT
QQEKNEQELLELDK-WASLWNWFDITNWLWYIK) and bMPRgsg_g77 (biotin-
ELLELDKWASLWNWEFDIT), a shorter MPR peptide consisting of core epitopes of the two
mADbs. In order to increase the potential for the peptides to interact with the immunoglobulin,
we used streptavidin pre-adsorbed to the plates to capture the peptides. CTB-MPRgag9_gg4 Was
captured by GM1 gangliosides. In comparing the free peptide with the fusion proteins we took
into account the molar concentration of the MPR moiety (i.e. 5 molecules of peptide are
equivalent to 1 pentameric CTB-MPRg49_gg4). About the same number of MPR moieties per
well were bound as evident by the roughly equal ODg4gq readings at saturation for all ligand/
Ab combinations (except 4E10 and bMPRgs9_g77,Fig. 2). As shown in Fig. 2 and calculated
in Table 1, the analysis revealed that both 2F5 and 4E10 recognized CTB-MPRg49_g84, With
low nano-molar affinities comparable to those of synthetic MPRg49_gg3 (2.0 nM vs 1.7 nM for
2F5, and 2.6 nM vs 6.9 nM for 4E10, respectively), indicating that the fusion protein in its
receptor-binding form presents antigenically competent MPR. Interestingly, 4E10 exhibited
substantially lower affinity to MPRgsg_g77 than those to MPRgag_gg3 0r CTB-MPRg49_683
(Kg= ~50 nM) although the MPRgsg_g77 Sequence spans the reported epitope for this mAb
[2]. This suggests that additional residues of the MPR may coordinate the binding of 4E10
[5,30].

Specific molecular associations of CTB-MPRgs9_634

We found that at concentrations >1 uM, CTB-MPRg49_gs4 gradually forms precipitate upon
removal of the detergent by dialysis against PBS at pH 7.2. This is in sharp contrast to native
CTB, which was completely soluble in the same buffer at greater than 30 uM. The precipitation
of CTB-MPRg49_634 appeared to be pH dependent; in higher pH solutions, solubility of CTB-
MPR was greater, with complete solubilization obtained at pH 10 and higher. Since the only
difference between the fusion protein and its native counterpart lies in the 35 amino-acid long
MPRgag9_gg4, We surmised that it is this gp41-derived peptide that is responsible for the relative
lower solubility of CTB-MPRgsg9_gg4 as compared to its native counterpart. The reduced
solubility could be a result of increased hydrophobicity of the fusion protein, or specific
association between the MPRg49_gg4 domains. Indeed, the corresponding region of gp41l is
generally rich in hydrophobic residues especially within its C-terminal region, even outside of
the transmembrane domain (see below, Kyte & Doolittle plot in Fig. 7A). It should be noted,
however, that free MPRg49_g84 peptide is soluble even at 3 mM in PBS at pH7.4 (data not
shown). Meanwhile, studies have shown that gp41-derived peptides have a tendency to
reversibly associate into high order multimers [31-42]. In order to definitively distinguish
between the two explanations, we incubated synthetic bBMPRg49_gg3 peptides with either
CHAPS-solubilized CTB-MPRgag9_gg4 Or with CTB, removed the detergent by extensive
dialysis, and subjected the resulting precipitate to SDS-PAGE and immuno-blot analyses (Fig.
3A). While CTB-MPRg49_gg4 CO-precipitated with the peptide, native CTB did not, indicating
that the free peptide associates specifically with its fused counterpart. CTB-MPRg49_gg4 did
not co-precipitate with a shorter MPR peptide, bMPRgs59_g77 (data not shown). To further
demonstrate the specific association among the MPRg49_gg4 domains, a pull-down assay was
performed. CTB-MPRgag_gg4 (Soluble without detergent at the applied 0.6 uM concentration)
or CTB were incubated with the biotinylated-peptide, which allowed for binding \ streptavidin-
conjugated beads through the biotin moiety on the peptide prior to centrifugation and SDS-
PAGE/immunoblot analyses. As shown in Fig. 3B, the assay demonstrated that CTB-
MPRg49_gs4, but not native CTB, was co-fractionated with the streptavidin-bMPRg49_gg3
complex. Taken together, these results strongly argue in favor of the hypothesis that, like gp41
and its derivatives, the MPRgag_gg4 domains of the fusion protein are capable of specific
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interactions with either the free peptide or with each other, leading to the formation of higher-
order multimers of CTB-MPRg4g9_gg4 With diminished solubility.

Thus, the MPRgag_gg4 domain of the fusion protein appears to retain much of its biochemical
identity. Our next goal was to determine if this is also true for the CTB fusion partner.
Previously, we demonstrated that CTB-MPR can bind to GM1 gangliosides, like native CTB.
However, because GM1-binding is considered to be crucial for mucosal targeting of the fusion
protein, it is important to determine the GM1-binding affinities of CTB-MPRg49_gg4 as
compared to CTB in order to evaluate whether the C-terminal fusion of the MPRg4g_gg4 peptide
to CTB has compromised its GM1 binding potency. To this end, we performed a
hemagglutination assay using GM1-coated sheep red blood cells (Fig. 4A). Both CTB-
MPRgag9_634 and CTB exhibited clear hemagglutination activity starting at low nanomolar
concentrations. This hemagglutination was a GM1-specific event because neither of the tested
proteins showed such an effect on untreated cells (data not shown). Interestingly, however, we
reproducibly observed that the concentration of CTB-MPR required for hemagglutination
initiated was 2—4 fold lower than that of CTB. This may be explained by the self-association
of MPR domains, as demonstrated above, bringing about inter-molecular bridging of CTB-
MPRgag_634, Which in turn resulted in the augmention of the hemagglutination effect provided
by GM1-binding of the CTB domain. To assay the affinity of CTB-MPR to GM1 more directly,
we performed a competitive GM1-ELISA. We included a detergent in the assay to avoid the
self-association among the MPR domains that may affect the apparent GM1 affinities. As
shown in Fig. 4B, CTB-MPRg49_6g4 bound to GM1 ganglioside in a concentration-dependent
manner with low-nanomolar affinity (ICsg = 9.6 nM), which was essentially comparable to
that of CTB (ICsg = 12.6 nM). These results demonstrate that the C-terminal MPR domains of
the fusion protein do not interfere with the GM1-binding activity of the CTB domain and
substantiate the notion that the MPRg49_gg4 domains are free to interact.

Antiviral effects of rabbit anti-MPRg49_gg4 Abs

Previously, we immunized mice with CTB-MPRga9_gg4 Using heterologous route prime-boost
regimen, which successfully induced robust mucosal and serum anti-MPR Abs with strong
transcytosis-blocking activity directed against NDK, a clade D HIV-1 primary isolate [15,
16]. In this report, we turned to test the immunogenicity of the fusion protein in rabbits as a
second animal model. Rabbits were able to elicit anti-MPR serum IgGs with an average
endpoint titer of ~200 after three subcutaneous immunizations (Fig. 5A). Interestingly,
subsequent booster immunizations with CTB-MPRgag_gga did not result in further
augmentation of the anti-MPR Ab response (Fig. 5A), although anti-CTB Abs continued to
increase with endpoint titers exceeding 100,000 (data not shown). These contrasting responses
to the carrier in comparison to the hapten led us to postulate that the immunodominance of the
former may be responsible. To examine this possibility, we immunized rabbits with a synthetic
MPRg49_633 peptide that was chemically conjugated to key-hole limpet hemocyanin
(KLH:MPRg49_6g83) and subsequently boosted them with CTB-MPRg4g9_gg4. Compared with a
modest anti-MPR response in rabbits primed with the KLH:MPRg49_gg3 COnjugate, the animals
developed a more productive anti-MPR response following boosting with CTB-MPRg49_634
(Fig. 5B). Similarly, rabbits that were primed with CTB-MPRgs9_gg4 and then boosted with
KLH:MPRgag_gg3 also exhibited a sustained and enhanced anti-MPR response (data not
shown). Therefore, the use of the two MPR-based immunogens in sequence (prime-boost
regimen) yielded a stronger anti-MPR serum IgG response than CTB-MPRgag_gg4 alone.
Interestingly, in a separate experiment, rabbits developed very limited mucosal anti-MPR IgA
response following intranasal immunization or combination of intranasal and systemic
(subcutaneous) immunizations in sharp contrast to our previously reported results in mice
(Matoba and Mor, unpublished results).
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The different quantitative outcome in mice and rabbits of the immunization raised the question
of whether the two species are also different in the type of Abs elicited by the immunogens.
We therefore tested serum-1gG enriched preparation obtained from the immunized rabbits (two
animals that showed higher anti-MPRg49_gg3 1gG levels, i.e. No. 1 and 2 in Fig. 5B for antiviral
activities. Transcytosis-blocking effects on a clade B R5 tropic virus (primary isolate 92BR029
from the NIH repository) were tested in the human tight epithelial model. As shown in Fig. 6,
antibody samples effectively inhibited the transcytotic process, while the 1gG sample from a
control untreated rabbit did not (91-98% inhibition). Transcytosis-blocking effect was anti-
MPR Abs specific, as depletion of these Abs by biotinylated-MPR peptide conjugated with
streptavidin beads partially reversed the effect. The partial nature of the reversal, also observed
inour earlier reports, could be due to the possibility that the polyclonal 19G preparation contains
Abs directed at conformational epitopes present on the virus and not on the biotinylated-MPR
peptide in solution.

In sharp contrast, the same antibody samples did not neutralize HIV-1 infection in the single-
round pseudovirus infectivity assay (Table 2), or in a neutralization assay using human PBMCs
(Table 3). These results reveal that although the MPR is targeted by the mAbs 2F5 and 4E10
as well as by the polyclonal Abs raised in our experiments, they exhibit different antiviral
activities. This raises the possibility that the transcytosis blocking Abs bind to different epitopes
within the MPR peptide. To test this possibility we examined the reactivity of the rabbit Abs
with three overlapping fragment peptides of MPR, i.e. MPRg4g9_g52, MPRg59_677 and
MPRg71-684 (Fig. 7). The results revealed that the majority of the anti-MPR IgGs target the
hydrophilic N-terminal region of MPR. This is consistent with the prediction by the Hopp-
Woods analysis that the N-terminal region is more “antigenic” than the C-terminal region
[18,43-45], while a marginal level of the 1gGs were shown to recognize the hydrophobic C-
terminal portion of the MPR that spans the 2F5 and 4E10 epitopes (Fig. 7). Thus, the region
of the MPR critical for neutralization of CD4-dependent infection by Ab binding is
demonstrated to be distinct from the region bound by non-neutralizing Abs elicited by CTB-
MPRgag_634 that effectively block GalCer-dependent transcytosis: the former recognized
epitopes concentrated close to the C-terminus of the MPR, while the latter Abs were
preferentially reactive to the N-terminal half of the MPR. (This is in agreement with the
structure of the MPR peptide as studied by NMR. See Coutant J, Yu HF, Alfsen A, Bomsel
M, Toma F, and Curmi P. Structural flexibility of HIV gp41-membrane proximal region P1
peptide at physiological pH. XX11"¥ International Conference on Magnetic Resonance in
Biological Systems (ICMRBS), Gottingen, Germany, August 2006).

DISCUSSION

The transmembrane envelope protein gp41 constitutes one of the most attractive targets in
countermeasures to HIV-1 because of its pivotal roles in mucosal transmission and CD4+ cell
infection. Our vaccine development strategy centers on the MPR of gp41 due to the pivotal
role that the region plays in both membrane fusion and transcytosis processes [6,7]. We
previously described the construction of a mucosally-targeted immunogen, CTB-
MPRga9_gg4, and demonstrated its ability to induce transcytosis-blocking anti-MPR serum and
mucosal Abs in mice. Here we describe detailed biochemical characterization of both the
immunogen and the Abs induced in a second animal model, rabbits. Our results indicate that
the MPRg49_gg4 moiety of the fusion protein can interact specifically with its counterparts on
other CTB-MPRg49_g84 molecules or the free MPR peptide, leading to creation of large
assemblies. We further show that CTB-MPRgag_gg4 is immunogenic in rabbits and that the
elicited Abs mostly recognize the N-terminal portion of the 35-amino acid peptide, away from
the previously described epitopes of the neutralizing mAbs 2F5 and 4E10. While the rabbit
Abs did not effectively inhibit infection of CD4+ cells in a pseudovirus assay or in a human
PBMC neutralization assay, they exhibited effective transcytosis-blocking activity against a
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B-clade HIV-1 primary isolate (in addition to the previously reported effects against a D-clade
virus [15,16]).

In this study, we used a bacterial expression system and directed the recombinant protein to
the periplasmic space to ensure proper processing, folding and pentamer assembly of CTB.
While the majority of the recombinant protein was correctly localized (evident by the removal
of the periplasmic targeting signal peptide), it was nonetheless insoluble and was recovered in
the cell debris pellet following homogenization and fractionation. Although we cannot
completely exclude the possibility that the protein was simply aggregated in inclusion bodies,
the following evidence prompted us to hypothesize that the individual CTB-MPRgag_gg4
pentamers associate, rather than aggregate, into insoluble supramolecular complexes: 1) the
protein could readily be made soluble by raising the pH to ~10 and using mild detergents (e.g.
CHAPS, as used here, and n-dodecyl-B-D-maltoside, data not shown), and 2) substantial
portion of the thus-solubilized protein was found to be correctly assembled into GM1-binding
pentamers, an unlikely scenario if the protein was aggregated in inclusion bodies (Fig. 4A,B).
Previous studies have shown that gp41 forms trimers, and its fragments also tend to associate
into oligomers that are often less soluble at physiological pH [31-42]. We have substantiated
our hypothesis that the association of CTB-MPRga9_gg4 into large complexes was a result of
specific intra- as well as inter-molecule interactions among the MPR domains by demonstrating
that CTB-MPRgag_gg4 could reversibly be taken in and out of solution and could be selectively
co-precipitated with free MPR peptide (Fig. 3A). Moreover, a pull down assay confirmed these
findings (Fig. 3B). Although at this point it is unclear how many MPR domains associate with
each other (two, three, as in the viral envelope, or more), our findings lead us to propose, that
the MPR domains of CTB-MPRgag_g34 retain some of the conformational properties of the
corresponding region within the context of native gp41. This may be a key factor in the success
of this immunogen in inducing cross-clade transcytosis-blocking Abs (B sequence, effective
against B and D clade viruses) in two animal models as demonstrated here and in our previous
work.

Of interest is the fact that MPRgag_gg3 failed to form a complex with MPRggg_g77 in co-
precipitation and pull-down assays (data not shown). This suggests that the short fragment of
MPR containing only 2F5 and 4E10 core epitopes (i.e. ELDKWA and NWFDIT) is not
sufficient for the oligomerization of MPR, which probably requires the upstream stretch of
amino acids contained in the N-terminal portion of the longer peptide. Interestingly, this region
maps to the C-terminal heptad repeat of gp41 or HR2, and N-terminal extension of MPR to
HR2 has been previously suggested to allow for oligomerization of MPR [31,46]. While the
structure of the gp120 envelope protein was elucidated at atomic resolution [47], detailed
structural data regarding gp41 in the pre-fusion state are scant especially for the intracellular,
transmembrane and MPR domains [6]. Short peptides corresponding to the linear epitopes of
2F5 and 4E10 were co-crystallized with their respective mAbs and show a bent a-helical
structure. However, as mentioned above, the structural features of the MPR are seemingly
affected by the length of this domain. Further studies are required to elucidate the factor(s)
involved in the oligomerization of MPR. Binding analyses with other gp41 constructs as well
as physiochemical structure analyses may provide more insights.

GM1 ganglioside binding by CTB is considered to be crucial for its mucosal targeting and
immunogenicity [48,49]. It is evident from the hemagglutination assay and competitive GM1-
ELISA that CTB-MPRg49_g84 preserves CTB’s full capacity to bind GM1 gangliosides.
Moreover, we demonstrated that pentameric CTB-MPRg49_gg4 retains its antigenicity to mAbs
2F5 and 4E10. Nonetheless, the anti-MPR Ab response in rabbits was weaker than the mice
response we reported earlier [15,16], and unlike mice, could not be boosted by repeated
immunization with CTB-MPRg49_684 (Fig. 5A). Considering that priming immunization alone
resulted in high titers of Abs directed to the CTB domain and that these titers continued to rise
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following the booster immunization, it seems reasonable to speculate that the humoral response
to the MPR may have been overshadowed by the highly immunodominant CTB domain. The
poor response to MPR does not appear to be a result of immunological tolerance, since we
were able to recall a higher anti-MPR Ab response by a booster immunization with a second
immunogen carrying the same MPR hapten (i.e. priming with KLH:MPRg49_gg3, boosting with
CTB-MPRg49_6s4 (Fig. 5B). The species differences we observed could stem from the fact that
the nasal associated lymphoid tissue of rabbit is rather different than that of rodents [50].
Although clearly not a clinical option in itself, the use of KLH:MPR nonetheless demonstrates
that a prime boost approach of cross-immunization with different MPR-based immunogens
may be a viable option to obtain a robust anti-MPR antibody response.

Similar to their murine counterparts [15,16], rabbit anti-MPR Abs successfully inhibited HIV-1
transcytosis in a human tight epithelial model (Fig. 6). Notably, the transcytosis-blocking effect
was demonstrated for a CCR5 tropic, B clade primary isolate. This result confirms and expands
our previous reports that show similar effects on another primary isolate of a clade D virus.
Our results suggest that such anti-MPR Abs may be active against a broad spectrum of HIV-1
isolates, and this notion will be tested through comprehensive transcytosis assays.

The implied breadth of the antiviral activities of anti-MPR Abs that were elicited by our MPR-
based immunogens was anticipated given the sequence conservation of the MPR across
different HIV-1 subtypes, and the wide-ranging reactivity of the two gp41 neutralizing mAbs,
that can efficiently block both infection of CD4+ cells and transcytosis. However, the same
rabbit anti-MPR Abs that efficiently prevented transcytosis exhibited no neutralization of CD4-
dependent infection in either the PBMC neutralization assay or the surrogate pseudovirus
neutralization assay (Tables 2 and 3). These results clearly indicate that the inhibitory effects
of anti-MPR Abs involve distinct mechanisms in the case of transcytosis and infection. This
is congruent with these processes’ reliance on a common co-receptor (CCR5) but on distinct
primary receptors (GalCer and CD4, respectively) [51]. The epitope mapping of the
transcytosis-blocking anti-MPRg49_gg4 Abs, even at the low resolution presented here, at once
suggests a critical role of the N-terminal portion of MPRg49_gg4 in transcytosis (Fig. 7), and
also ascribes an important anti-viral function to Abs targeting this region previously simply
dismissed as “non-neutralizing, cluster-11-like” [6,52-54]. Furthermore, such Abs could act
synergistically with peptides targeted at cross-linking activation receptors on phagocytic
immune cells to effectively inhibit infection and replication of HIV in PBMC cultures (Eggink,
Hanson, Salas, Matoba, Mor and Hoober, unpublished). Therefore, our results may support the
important realization that Abs, with strong binding affinity to conserved regions of the HIV-1
envelope (thus capable of targeting virions to phagocytes [55,56]) may have a role to play in
stopping mucosal transmission and infection of target cells, even if they lack “neutralization”
capacity by themselves.
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CTB
Cholera toxin B subunit
GalCer
Galactosylceramide
HRP
Horseradish peroxidase
IPTG
Isopropyl-1-thio-L-D-galactopyranoside
KLH
Keyhole limpet hemocyanin
mAb
Monoclonal antibody
MPR
Membrane proximal region of gp41 (subscripted numbers refer to residue
numbers in gp160, and the preceding lower case b indicates biotin-labeled
peptides)
PBMC
Peripheral blood mononuclear cells
TCIDsg
Tissue culture infectious dose 50
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Expression and purification of CTB-MPRgsg9_gg4 in E. coli. A: SDS-PAGE analysis of CTB-
MPRgag9_gg4 purification steps. Lane 1: total E. coli proteins before induction; Lane 2: total E.
coli proteins after induction; Lane 3: soluble fraction after cell disruption; Lane 4: insoluble
fraction; Lane 5: CHAPS soluble fraction; Lane 6: cobalt affinity fraction; Lane 7: galactose
affinity fraction. B, C: Same samples were analyzed by Western blotting using anti-CTB (B)
and 2F5 (C). D: silver-stain of proteins resolved under a non-denaturing condition. Lane 1:
CHAPS soluble fraction; Lane 2: cobalt affinity fraction; Lane 3: galactose affinity fraction.
Arrows indicate the positions of monomer and pentamer of CTB-MPRg49_gg4- E: mass
spectrometry analysis of purified CTB-MPRgsg9_gg4-
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Analysis of mAbs 2F5 and 4E10 binding to MPR antigens. A: Schematic representation of

-6

o D490

201

—
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MPRg49_633 and MPRg59_g77 Sequences. B, C: Binding of 2F5 (B) and 4E10 (C) to biotinylated
MPRgs59_677 (BMPRg59_677), biotinylated MPRg49_gg3 (BMPRgag_gg3) and CTB-
MPRgag_gg4. Streptavidin (for the synthetic biotinylated MPR peptides) or GM1 ganglioside
(for CTB fusion) were used to capture various concentrations of MPR antigens on plates, and
2F5 or 4E10 bound to the antigens were detected using HRP-conjugated anti-human secondary
Abs and OPD substrate.
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Analysis of specific association between the MPR domains of CTB-MPRgg_gg4 and
biotinylated MPRga9_gg3 peptide. A: Co-precipitation assay. CHAPS-solubilized CTB-
MPRgag_6g4 OF native CTB (4 uM each) were mixed with the peptide, which were subsequently
dialyzed to remove CHAPS. Precipitated fraction was analyzed by SDS-PAGE (lanes 1-3)
and Western blotting (lanes 4-9) using streptavidin or 2F5. Lanes 1, 4, 7: CTB-MPRg49_g84
alone, lanes 2, 5, 8: CTB-MPRgag_gg4 plus bMPRg49_gg3, lanes 3, 6, 9: CTB plus
bMPRg4g_gg3. B: Pull-down assay. CTB-MPRg4g_gg4 OF native CTB (0.6 uM each) in PBS,
pH7.4 (without detergent) were incubated with bMPRgag9_gg3. After capturing bMPRgag_g33
with streptavidin-conjugated beads, bead-associated fraction was analyzed by SDS-PAGE and
Western blotting using 2F5 or anti-CTB antiserum. Lanes 1, 4, 7: CTB plus bMPRg49_g53,
lanes 2, 5,8: CTB-MPRg49-g84 plus bMPRgag_gg3, lanes 3, 6, 9: CTB-MPRg49_gg4 alone.
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Fig. 4.

Comparison of affinities of CTB and CTB-MPRg49_gg4 to GM1 ganglioside. A:
Hemagglutination assay using sheep red blood cells coated with GM1 ganglioside. Note that
hemagglutinated cells are diffused whereas non-hemagglutinated cells sedimented in the wells.
Samples were analyzed in duplicate. B: Competitive GM1-ELISA using biotinylated CTB.
Biotinylated CTB was mixed with different concentrations of CTB or CTB-MPRg49_gg4, and
amount of GM1-bound biotinylated CTB was determined with HRP-conjugated streptavidin.
Inhibition constants (ICsq) were determined by non-linear regression analysis of data points at
different concentrations of competitor using Prism software. Each data point represents mean
+SE.,n=3.
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Fig. 5.

Immunization of rabbits with CTB-MPRg49_gg4. A: Serum anti-MPR IgG level of rabbits
immunized with CTB-MPRg49_gg4. TWenty-five micrograms of the protein conjugated with
liposome was subcutaneously given to rabbits at week 0, 1 and 3, and one hundred micrograms
at week 7 (indicated with arrows). Endpoint titers (defined as reciprocal of the largest dilution
giving OD>0.1 after subtracting the mean background value) were determined for Week 37,
which are 1,600, 800, and 400 for rabbits 1-3, respectively. Horizontal bars in grey color
represent the mean values of the three rabbits at each week time point. Asterisks next to the
bars indicate statistical significance as compared to Week 0 (*P < 0.05, **P <0.01). Statistical
evaluation was performed by repeated-measures ANOVA with the Bonferroni’s multiple
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comparison test using the GraphPad Prism 4 software. B: Serum anti-MPR IgG level of rabbits
immunized with KLH-conjugated with synthetic MPRg49_gg3 peptide (KLH:MPR) and CTB-
MPRgag_gg4. Three rabbits were subcutaneously primed with 87.5 ug of KLH:MPR at week
0, and subsequently boosted with 25 pg of CTB-MPRg49_gs4 at week 29 and 36. Bars represent
the average of the three immunized rabbits with S.E.M. Antibody levels of individual rabbits
are also shown with symbols.
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Transcytosis-blocking activity of rabbit serum anti-MPRg49_gg3 1gGs. 1gG samples at 10 and
50 pg/mL, or 50 pg/mL samples pre-treated with biotinylated MPRg49_gg3 peptide were
analyzed for transcytosis-blocking activity. 1gG samples were purified from two highly
responding rabbits (No. 1 and 2 rabbits in Fig. 5B) immunized with KLH:MPR and CTB-
MPRg4g9_gg4 Using Protein A beads. Percent transcytosis activity (mean = SEM) was calculated
by comparing to the rate of transcytosis obtained with an 1gG sample from untreated rabbit
(mean = SEM).
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Antigen-binding profile of anti-MPRg49_g83 1gGs. A: Schematic representation of fragment
MPR peptides used for epitope mapping. Hydropathy analysis based on Hopp & Woods plot
(black line) and Kyte & Doolittle plot (gray line) of MPRg49_gg4 Sequence is also shown. The
average values of each seven-amino acid fragment of MPRg49_gs4 are plotted along the
sequence. B: Epitope mapping anti-MPRgag_gg4 19Gs. Binding of anti-MPRg49_gg3 19Gs to
different MPR peptides were analyzed by ELISA. One micromolar of the biotin-labeled
peptides were captured with streptavidin coated on ELISA plates, which were incubated with
0.75 ng/mL of 1gGs. Average values of the two 1gG samples used in transcytosis assay,
analyzed in duplicate, are shown with standard error. The embedded table shows the average
of minimal detectable concentrations of IgG samples binding to each MPR peptide, and relative
binding activity of 1gG samples to fragment MPR peptides comparing with that to
MPRe49-683.
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Table 1

Apparent Affinities of 2F5 and 4E10 to MPR Antigens

Kd (nm)yL

Antigen 2F5 | 4E10
CTB-MPRgyg 454 | 20 | 26
bMPRg ez | 1.7 | 6.9
bMPRgsg ;7 | 55 | 44.3

Binding constants (Kd) were determined by non-linear regression analysis of specific binding using Prism software. bMPR: biotinylated MPR.
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Table 3
SF162 Neutralization Assay of Rabbit IgG in Human PBMC!
Sample? 1D503
Rabbit No 1 >120 pg/mL
Rabbit No 2 >220 pg/mL
Untreated control >90 pg/mL
HIV-1-neutralizing human plasma | 1:658 dilution

Phytohemagglutinin-stimulated PBMCs were incubated for 72 h at 37°C with 100 TCID5g HIV-1 premixed with each sample. After culturing in fresh
medium for additional 24 h, viral expression was assayed by determining p24 levels.

2IgG samples were purified from the corresponding number of rabbits in Fig. 5B or from an untreated control rabbit.

1D50 was defined as sample concentration (for IgG samples) or dilution (for human plasma positive control) that gave 50 percent reduction in the amount
of p24 detected from no-sample virus controls. Details are described in Materials and Methods.
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