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The Ixodes scapularis salivary protein, salpl5, prevents
the association of HIV-1 gp120 and CD4
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Abstract

Ixodes scapularis salivary protein, Salpl5, inhibits CD4" T cell activation by binding to the most-extracellular domains of the CD4
molecule, potentially overlapping with the gp120-binding region. We now show that Salp15 inhibits the interaction of gp120 and CD4.
Furthermore, Salpl5 prevents syncytia formation between HL2/3 (a stable HeLa cell line expressing the envelope protein) and CD4-
expressing cells. Salp15 prevented gpl120-CD4 interaction at least partially through its direct interaction with the envelope glycoprotein.
A phage display library screen provided the interacting residues in the C1 domain of gp120. These results provide a potential basis to

define exposed gp120 epitopes for the generation of neutralizing vaccines.

© 2007 Elsevier Inc. All rights reserved.
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The human immunodeficiency virus (HIV) is the causa-
tive agent of the acquired immunodeficiency syndrome
(AIDS). The infection of mammalian cells depend on spe-
cific interactions between envelope proteins of the virus
and surface proteins of the host cell [1,2]. The initial highly
specific interaction between gpl20 in the envelope of the
virus and the T cell co-receptor CD4 [3—6] results in a con-
formational change in the former that allows the glycopro-
tein to interact with one of the chemokine co-receptors on
the surface of the mammalian cell [7], CCRS5 and CXCR4
[8,9]. Upon the interaction between gp120 and the chemo-
kine co-receptor, the virion becomes fusogenic with the
participation of another viral protein, gp41 that ultimately
leads to the fusion of viral and mammalian cell membranes
and consequently, the introduction of the viral components
inside the cell [10,11].
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The region of CD4 that specifically interacts with gp120
has been mapped to the second complementarity-determin-
ing region (CDR2) of the D1 domain [12,13]. The amino
acids that mediate this contact are located around Phe*
and contain positively charged residues in positions 46
and 59 [12,13]. Since the fusion of HIV with the cell mem-
brane consists of many organized events and intermolecu-
lar interactions, several potential targets for intervention
are currently being studied [2,14] aimed at the blockade
of the interaction of gpl120 with CD4 [15], or the fusion
between the virus and the cell membrane. Indeed, the only
entry-targeting inhibitor currently approved by the Food
and Drug Administration (FDA) is a mimic of the helical
region 2 of gp41 that prevents the fusion of the virus with
the plasma membrane [16].

Ixodes scapularis salivary protein (Salp) 15 is an antigen
that mediates at least partially the immunomodulatory
action of tick saliva on host-acquired immune responses
[17]. Inhibition mediated by Salp15 results from the repres-
sion of calcium fluxes triggered by T cell antigen receptor
(TCR) ligation and a subsequent reduction in interleukin
(IL)-2 production. Salpl5 binds to the most extracellular
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domains (D1-D2) of the T cell co-receptor CD4 in both
mouse and human cells [18] in a region that may overlap
with the binding residues of gp120.

Materials and methods

Recombinant proteins and synthetic peptides. His-tagged Salpl5 and
Salpl15AP11 were purified using the Drosophila expression system (DES),
as described [17]. Recombinant HIV-1;;;3 HRP-conjugated gpl120 and
sCD4 (domains D1D2) were purchased from Immunodiagnostics, Inc.
(Woburn, MA). The Salp15 overlapping peptides (P1-P11) were previously
described [18]. The peptide CD4M9 (CNLARCQLRCKSLGLLGK-
CAGSFCACGP) [19,20] was obtained from GeneScript Corporation
(Piscataway, NJ). The overlapping 15-mer peptides corresponding to the
HIV-1 consensus subtype B envelope protein were obtained from the NIH
AIDS Research and Reference Reagent Program. Lysozyme and Keyhole
limpet hemocyanin (KLH) were purchased from Sigmal Chemical Co.
(Saint Louis, MO).

Microtiter binding and in vitro competition assays. Purified His-tagged
Salpl5, Salpl5AP11, Salpl5 peptides, or the CD4M9 peptide were coated
overnight at 4 °C at the indicated concentrations in 0.1 M sodium car-
bonate buffer (pH 9.5) in 96-well plates. The peptide MOGs;s_ss from the
myelin oligodendrocyte glycoprotein (GeneScript Corporation), Lyso-
zyme and KLH were used as controls. The wells were washed, blocked
with 10% fetal calf sera (FCS) in phosphate buffered saline (PBS)—PBS/
FCS—for 1 h at room temperature and incubated with HRP-gp120 at the
indicated concentrations. Binding was detected by using microwell per-
oxidase substrate (Kirkegaard & Perry Laboratories, Inc., Gaithersburg,
MD). The reaction was stopped by adding TMB stop solution (Kirkeg-
aard and Perry Laboratories, Inc.). For competition experiments, 2 uM of
purified sCD4 (Immunodiagnostics Inc.) or purified CD4M9 were coated
in 96-well plates as above and incubated overnight at 4 °C. The wells were
washed and blocked as above and incubated with either HRP-gp120 or
HRP-gp120 that had been pre-incubated with Salpl5 or P11 at the indi-
cated concentrations. The reaction was developed and stopped as descri-
bed above.

In vitro fusion assays. About 10° HL2/3 or HeLa cells were grown in 6-
well plates and incubated with 50 pg/ml of Salp15, Salp15AP11 or KLH
(control) overnight at 37 °C. The cells were then mixed with 10° HeLa-
CD4 or 3T3.CD4.CCRS5 cells (transfected with HIV-1 3’ LTR-luciferase)
and incubated for an additional 24 and 48 h at 37 °C. After 24 h, the cells
were stained with DAPI (Molecular Probes, Eugene, OR) and analyzed by
confocal microscopy (Olympus Confocal microscope equipped with Flu-
orview 3.0 software, Center Valley, PA). Luciferase activity assay was
performed after 48 h to quantitatively evaluate cell-cell fusion, in a TD?%20n
luminometer (Turner BioSystems, Sunnyvale, CA). Anti-CD4 (OKT4)
antibodies (eBioScience, San Diego, CA) were used as a control.

Phage display. A 7-amino acid random phage library (PhD7, New
England Biolabs, Ipswich, MA) was screened with recombinant His-tag-
ged Salpl5, following the manufacturer’s protocol. Briefly, 30-mm Petri
dishes were coated with Salpl5 (1 uM) in bicarbonate buffer. The plates
were then incubated with 2 x 10'! phagi for 1 h and washed extensively.
Interacting phagi were eluted in Tris-buffered saline (TBS) buffer con-
taining 100 ug/ml of Salp15. The phagi were then amplified on E. coli and
used to perform two further rounds of panning. The eluates from the third
panning round were used to sequence isolated plaque-forming phage
clones. The corresponding peptides were analyzed by BLAST search for
homologies against bacterial, mammalian and viral protein databases,
separately. The alignment of the sequence HVITPLW was also performed
against the HIV sequence database (http://hiv.lanl.gov/content/
index.html).

Results and discussion

Because the regions in CD4 that interact with gp120 and
Salpl5 may overlap, we analyzed Salpl5 as a potential

HIV-1 gp120-CD4 blocking agent. We first determined
the ability of increasing concentrations of recombinant
Salpl5 to compete for the binding of gpl120 to CD4 in a
microtiter assay in vitro. A dose-dependent competition
of gpl20 binding was observed when the wells were co-
incubated with the salivary immunosuppressor (Fig. 1A).
In contrast, KLH (Fig. 1A) or Lysozyme (not shown)
had no effect on the binding.

Since Salpl5 inhibited in vitro gp120-CD4 interaction,
we hypothesized that Salpl5 could prevent cell—cell fusion
and the formation of syncytia in surrogate assays of HIV-
1 infection. We used an experimental cell-cell fusion
approach, in which different cell lines expressing both
gpl20 and CD4 are allowed to interact and fuse leading
to the formation of syncytia. HL2/3 cells, a derivative HeLa
cell line that expresses HIV-1 envelope proteins [21] were
mixed at a 1:1 ratio with HeLa cells that express surface
CD4 (HeLa-CD4 [22]). After 24 h, the cells were analyzed
for the formation of multi-nucleated cells by staining with
the nuclear stain DAPI by confocal microscopy. As
expected, only HeLa-CD4 cells supported cell fusion and
multi-nucleation (Fig 1B, left and middle panels). The addi-
tion of 50 pug/ml of Salp15 induced a decrease in cell fusion
(Fig 1B, right panel).

We also preformed an in vitro fusion assay using a quan-
titative approach. HL2/3 cells were mixed at a 1:1 ratio
with HeLa-CD4 (not shown) or 3T3.CD4.CCRS5 cells [23]
that had been transfected with the HIV-1 3’ LTR-luciferase
plasmid [24,25] in the absence or presence of 50 ug/ml of
Salp15. Luciferase activity, indicative of cell fusion, was
determined after 48 h. The presence of Salpl5 decreased
the LTR-induced transcription of the luc gene (Fig. 1C),
indicative that the tick antigen had prevented cell-cell
fusion. As a control, a blocking monoclonal antibody
against human CD4 showed the expected inhibition of
LTR-mediated luciferase activity (Fig. 1C). Theses results
demonstrated that Salp15 prevents gp120-CD4 interaction
as well as cell-cell fusion in surrogate assays of HIV
infection.

The C-terminal portion of Salpl5 (amino acids 95-114
of the mature protein named P11, with the sequence
GPNGQTCAEKNKCVGHIPGC [17]) mediates its inter-
action with sCD4 [18] and recapitulates the immunosup-
pressive activity of Salpl5 [26]. We thus tested the ability
of purified P11 to compete CD4-gp120 binding. We used
a microtiter assay with plate-bound sCD4 (1 uM) probed
with HRP-gp120 (50 nM) in the presence of different con-
centrations of P11. The peptide was unable to compete
with gpl20 for its interaction with sCD4, in contrast to
the whole protein (Fig. 2A). These results suggested that
the inhibitory effect of the salivary protein on the interac-
tion between CD4 and gp120 was due to steric effects upon
its interaction with the T cell co-receptor.

The CD4 residues Phe*® and Arg® contribute to the
contact between the T cell co-receptor and gpl20 [27].
The replacement of these residues with Ala decreased the
affinity to gp120 by ~500 and ~10-fold, respectively [28].
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Fig. 1. Salpl5 prevents gp120-CD4 interaction and syncytia formation. (A) Microtiter assay showing the percentage of maximal binding between gp120
and CD#4 in the presence of increasing concentrations of Salpl5. KLH was used as a negative control. (B) Representative confocal micrograph of DAPI
staining of CD4-expressing HeLa and gp120-expressing HL2/3 cells in the absence (middle panel) or the presence of 50 pg/ml of Salp15 (right panel). (C)
Quantitative in vitro fusion assay showing the percent of maximal HIV-1 3’ LTR-driven luciferase activity in 3T3-CD4 and HL2/3 cells incubated in the
presence or absence of 50 ug/ml of Salp15 for 48 h. The «CD4 mAb OKT4 was used as positive control. The results presented are the means 4 SE of three
independent experiments.
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Fig. 2. The residues in CD4 that are important for its interaction with gp120 do not participate in Salpl5 binding. (A) Microtiter assay showing the
percentage of maximal binding between gp120 and CD4 in the presence of different concentrations of the Salpl5 carboxyl-terminal peptide, P11. (B) In
vitro binding assay of the mimetic peptide CD4M9 to soluble gp120 and Salpl5 (C) Competition of the binding between gp120 and CD4M9 in the
presence of different concentrations of Salpl5, showed as percentage of the maximal binding. The results shown are representative of three to four

independent experiments.

Scyllatoxin is a scorpion toxin with structural similarities in
the hairpin region with the CDR2-like loop of CD4. A ser-
ies of amino acid interchanges and point mutations
resulted in peptides structurally similar to the parent
CD4 molecule with the capacity to mimic the gp120 bind-
ing region of CD4 [19,20]. CD4M9 had an ICsy of 0.1-
1.0 uM, depending on viral strains, and inhibited the infec-
tion of CD4" cells [20]. We coated a 96-well plate with
25 nM of soluble gp120 or 1 uM of Salp15 and incubated
the wells with 2 uM of biotin-tagged CD4M9. CD4M9
interacted with gp120 but not with Salpl5 (Fig. 2B), indi-
cating that Salpl5 does not bind to the residues involved
in the interaction of sCD4 and gpl20. To test whether
Salpl5 could inhibit the interaction of gpl120 and
CD4M9, we performed a competition assay. CD4M9 was

coated in a 96-well plate and was incubated with either
HRP-tagged gpl20 alone or HRP-tagged gpl20 in the
presence of increasing concentrations of Salpl5. Salpl5
inhibited the binding of gp120 to CD4M9 (Fig. 2C). These
results showed that Salp15 binding to CD4 did not involve
the residues of the co-receptor present in its mimic minipro-
tein. These results also suggested that the competition elic-
ited by Salpl5 is due, at least partially, to its interaction
with gp120. However, the interaction of Salpl5 with both
CD4 and gp120 may be responsible for the observed effect,
since the preincubation of 3T3-CD4 or HL2/3 cells with
Salpl5 prior to performing the fusion assays resulted in
similar degrees of inhibition (data not shown).

To test whether Salpl5 is able to bind to gpl20, we
performed microtiter binding assays using Salpl5 and
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Fig. 3. Salpl5 binds to gp120 through its carboxyl-terminal amino acid residues. (A) Microtiter binding assay showing sCD4 and Salpl5 binding to
soluble HRP-tagged gp120 in a dose dependent manner. Lysozyme was used as negative control. (B) Binding of overlapping synthetic peptides of Salp15
to HRP-tagged gp120. (C) Competition experiment showing percent of maximal binding between P11 and HRP-tagged gp120 in the presence of increasing
concentrations of Salp15. A mutant version of Salp15 that lacks the carboxyl-terminal 20 amino acids (Salpl15AP11) showed no effect on the percentage of
maximal binding between gp120 and CD4 (D) or the maximal HIV-1 3’ LTR-induced luciferase activity in an in vitro fusion assay compared to the whole
saliva protein (E). The results are expressed as the means + SE of three to four independent experiments.
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synthetic 20 amino acid-long peptides with 10 amino acids
overlaps encompassing the entire Salpl5 protein sequence
(P1-P11) [18]. Plate-bound Salpl5 showed a dose-depen-
dent binding to soluble HRP-gp120 (Fig. 3A). Only the
carboxyl terminal peptide (P11) of Salpl5 [18] was able
to bind to gpl120 (Fig. 3B). We could also compete the
interaction of P11 with gp120 by adding increasing concen-
trations of free Salp15 (Fig. 3C), suggesting a specific inter-
action. To further demonstrate the role of P11 in the
interaction between Salp15 and gp120, we generated a dele-
tion mutant that lacked the last 20 amino acids
(Salp15AP11). Compared to Salpl5, Salpl5API1 could
not compete the binding between CD4 and gp120 in micro-
titer assays (Fig. 3D) and was unable to recapitulate the
syncytia-inhibiting activity shown by the full protein
(Fig. 3E). These results demonstrated that Salpl5 binds
gp120 through its carboxyl terminal amino acid residues.

In order to identify the residues in gp120 that interact
with Salpl5, we performed a screening of a phage display
library. The sequences obtained corresponded to two dis-
tinct peptides, represented equally in the sequenced clones.
None of the peptides corresponded to linear sequences
located on the surface molecule CD4, suggesting that
Salpl5 binds to this protein in a non-linear region of the
D1 domain [18]. The sequence HVITPLW was partially
found (underlined) in the C1 domain of gp120 and showed
good conservation among several isolates of HIV-1. A
more thorough alignment using the HIV sequence data-
base (http://hiv.lanl.gov/content/index), showed high lev-
els of conservation in the sequence L/ITPL in viruses
belonging to several subtypes with the exception of sub-
type O (Fig. 4A and data not shown). In order to validate
the binding to this region of gp120, we analyzed the bind-
ing of the C-terminal peptide P11 and Salpl5 to overlap-
ping 15-mer peptides corresponding to the HIV-I1
Consensus Subtype B envelope protein. Both P11
(Fig. 4B) and Salpl5 (not shown) showed binding to the
peptide #8792 (PCVKLTPLCVTLNCT). The C1/VI
region represented in peptide #8792 is shown in Fig. 4C,
and corresponds to the 3, sheet that faces the CD4 mole-
cule in their binding state. These results demonstrate that
Salpl5 interacts with the HIV-1 envelope protein and
shows neutralizing activity. Salpl5 can therefore serve as
a novel template for the identification of epitopes present
in the envelope protein that can potentially yield neutral-
izing antibody generation.
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