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Abstract

Salp15 is an Ixodes scapularis salivary protein that inhibits CD4* T cell activation through the
repression of TCR ligation-triggered calcium fluxes and IL-2 production. We show in this study
that Salp15 binds specifically to the CD4 coreceptor on mammalian host T cells. Salp15
specifically associates through its C-terminal residues with the outermost two extracellular
domains of CD4. Upon binding to CD4, Salp15 inhibits the subsequent TCR ligation-induced T
cell signaling at the earliest steps including tyrosine phosphorylation of the Src kinase Lck,
downstream effector proteins, and lipid raft reorganization. These results provide a molecular
basis to understanding the immunosuppressive activity of Salp15 and its specificity for CD4* T
cells.

Ixodes scapularis ticks are the vectors for several pathogens including Borrelia burgdorferi
and Anaplasma phagocytophilum (1, 2). Tick salivary proteins enter the host and exert
pleiotropic immunosuppressive effects (3-9) that could also contribute to the efficient
transmission of pathogens (10). |. scapularis salivary protein (Salp) 15 is a pleiotropic
inducible Ag that may be responsible for the immunomodulatory action of tick saliva on
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acquired immune responses (3) and the protection of the causative agent of Lyme disease, B.
burgdorferi, against Ab-mediated killing (11), which complements other immune evasion
mechanisms by the spirochete (12). Inhibition of CD4" T cell activation mediated by Salp15
results from the repression of IL-2 production upon recognition of cognate Ag (3). The
interaction of Salp15 with CD4* T cells results in decreased TCR-triggered calcium signals
and the activation of the transcription factors, NF-xB and NF-AT (3). The characterization
of Salp15 action in the mammalian host is important to understand the molecular basis of the
immunosuppressive activities of |. scapularis saliva as well as vector-pathogen-host
interactions.

We have now identified CD4 as the specific receptor for Salp15 on T cells. A direct
association occurs between CD4 and the C-terminal amino acid residues of Salp15, which
allows Salp15 to act at the very beginning of TCR ligation-induced signaling cascades.
These results shed light on the mechanism of action of Salp15 during the activation of CD4*
T cells and provide the basis for its specificity.

Materials and Methods

Cell purification and activation

Antibodies

Murine CD4* T cells were purified as described previously (3) and preincubated with His-
tagged Salp15 (50 pg/ml) at 37°C for 20 min before stimulation with 10 pg/ml anti-CD3g, 1
pg/ml anti-CD28, and 10 pg/ml anti-Armenian and Syrian hamster IgG (BD Biosciences).
Jurkat (E6-1) cells were stimulated using 5 pg/ml OKT3 mAb (eBioscience) and 1 pug/ml
anti-human CD28 cross-linked with 5 pg/ml anti-mouse 1gG.

Anti-Lck, anti-pSrc family (Tyr#16) to measure p-Lck364 (13), anti-pLck Tyr9, anti-
pZap70 (Tyr319), and anti-Zap70 Abs were obtained from Cell Signaling Technologies.
Anti-pTyr (pY99), anti-p phospholipase C (PLC)4 v1 (Tyr’83), anti-PLCy1, polyclonal anti-
CD4, anti-CD3, anti-CD28, anti-TCRB Abs, and normal rabbit 1gG were obtained from
Santa Cruz Biotechnology. The polyclonal anti-His-HRP Ab was obtained from Novus
Biologicals.

Purification of recombinant proteins

His-tagged Salp15 and His-tagged, thioredoxin (TR)-fused Salp13 (14) were purified from
cultured Drosophila S2 cells, as described previously (3).

Confocal microscopy

For the visualization of lipid rafts, purified CD4* and CD8* cells were cytospun for 10 min
at 1000 rpm onto positively charged microslides (Fisher Scientific), fixed with 3.7%
paraformaldehyde (Sigma-Aldrich) for 15 min, and stained with CTBsgg4 (Molecular
Probes).

4 Abbreviations used in this paper: PLC, phospholipase C; TR, thioredoxin; sCD4, soluble CD4; CTB, cholera-toxin B.
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For colocalization experiments, CD4* T cells were cytospun and fixed as described above,
blocked with 5% normal serum and anti-CD16/CD32 (1: 100) in PBS, and stained with 1 g
of biotinylated anti-CD4 (L3T4; BD Biosciences), followed by streptavidingg, and His-
tagged Salp15, labeled with Alexa Fluor-488 (His-tagged Salp15-488, Protein Labeling Kit;
Molecular Probes). For competition assays, cells were first blocked, incubated with either
polyclonal anti-CD4 Ab, normal rabbit 1gG, His-tagged Salp15 (100x), or lysozyme (100x%)
followed by staining with His-tagged Salp15-488. All samples were visualized with an
Olympus Confocal microscope equipped with Fluorview 3.0 software.

Western blotting and coimmunoprecipitation

For tyrosine phosphorylation analysis, cells were lysed in 60 mM Tris (pH 7.4) buffer
containing 1% Triton X-100 and protease inhibitors for 15 min on ice, sonicated 4 x 5 s and
incubated at 37°C for 10 min. The lysate was cleared by centrifugation, subjected to SDS-
PAGE, and immunoblotted with specific Abs.

For coimmunoprecipitation experiments, 6 x 106 murine CD4* T, or 1-2 x 107 Jurkat,
HeLa, or HeLa-CD4 cells were lysed in 20mMHEPES (pH 7.4) containing 1% Triton X-100
for 15 min on ice. The cell lysate was mixed with 50 pg/ml His-tagged-Salp15 or His-tagged
TR-Salp13 as a control (14) and immunoprecipitated using an anti-polyhistidine Ab
conjugated to agarose, anti-CD4, anti-CD3, anti-CD28, or normal rabbit 1gG plus agarose-
conjugated protein A (Sigma-Aldrich), overnight at 4°C.

Flow cytometry

Salp15 binding to NIH3T3-CD4 cells was determined by flow cytometry. The cells were
blocked with 5% BSA in PBS, followed by staining with His-tagged Salp15-488 (15 pg/10°
cells) in blocking solution for 30 min at 4°C. The cells were analyzed in a LSRII flow
cytometer (BD Biosciences).

Microtiter binding assay

Purified soluble CD4 (sCD4) (D1D2 preparation) was coated overnight at 4°C at the
indicated concentrations in 0.1 M sodium carbonate buffer (pH 9.5) in 96-well plates. The
wells were blocked with 10% FCS/PBS, and incubated with His-tagged Salp15 (0.4 uM) and
HRP-conjugated anti-His Ab followed by microwell peroxidase substrate (Kirkegaard &
Perry Laboratories). Chemically synthesized overlapping peptides of Salp15 (3) were
purchased from GenScript. To study the binding of Salp15 and peptides to SCD4, His-tagged
Salp15 (5 pug) and the different peptides (0.5 pg) were coated as described above. The wells
were then probed with sCD4-HRP (ImmunoDiagnostics). For competition assays, indicated
concentrations of Salp15 or P11 were added to SCD4-HRP and incubated with plate-bound
P11 (aa 95-114, GPNGQTCAE KNKCVGHIPGC, 0.1 ug). K4 were determined by
nonlinear curve fit using GraphPad Prism, version 4.0 (GraphPad).

Analytical gel filtration

Purified sCD4 (D1-D4, 10 ug) and His-tagged Salp15 (20 pg) were eluted through two
Superdex-200 HR 10/30 gel filtration columns (Amersham Pharmacia Biotech) connected in
tandem using PBS as equilibration and elution buffer at a flow rate of 0.3 ml/min with a
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FPLC system (Amersham Pharmacia Biotech) equipped with a Liquid Chromatography
Controller LCC-501 Plus and regulated using FPLC director version 1.10. Blue dextran was
used to estimate the void volume, whereas BSA, OVA and lysozyme were used as standards
with elution volumes of 14.78 ml, 26.45 ml, 28.45 ml, and 39.28 ml, respectively. To
estimate the individual peak position of overlapping peaks, a Gaussian deconvolution
algorithm (15) was used, using the software Origin version 5.0 (OriginLab).

Results and Discussion

CD4 is the receptor for Salp15

Salp15 binds to a protein component on the surface of CD4* T cells (3). We first examined
the specificity of Salp15 binding on T lymphocytes. Alexa-Fluor-labeled Salp15 (His-tagged
Salp15-488) bound specifically to CD4* T cells, whereas no staining of CD8™ cells was
detected by confocal microscopy (Fig. 1A). Because Salpl5 inhibits TCR ligation-induced T
cell signaling, which involves a number of key receptors including CD4, CD3, and CD28,
the interaction of Salp15 with these receptors was studied. His-tagged Salp15
coimmunoprecipitated CD4, but not other key components of the TCR complex, particularly
CD3e, CD28, and TCRp (Fig. 1B). The simultaneous visualization of CD4 and His-tagged
Salp15-488 binding on unstimulated and activated CD4" T cells by confocal microscopy
revealed the colocalization of both proteins (Fig. 1C).

To confirm a direct association between CD4 and Salp15, nonlymphocyte cell lines
expressing CD4 were used. Flow cytometry analysis showed an increase in His-tagged
Salp15-488 binding to 3T3-CD4 cells compared with nontransfected controls (Fig. 1D).
Coimmunoprecipitation experiments using a HeLa-CD4 cell lysate further supported the
direct interaction of Salp15 with CD4 (Fig. 1E). Immunoprecipitation of a HeLa-CD4 cell
lysate with His-tagged Salp15 or a control His-tagged-TR-fused tick saliva protein (His-
tagged TR-Salp13) (14) using an anti-His Ab confirmed the specificity of the interaction
(Fig. 1F).

Binding of His-tagged Salp15-488 to HelLa-CD4 cells was competed by preincubating the
cells with unlabeled His-tagged Salp15 or a polyclonal anti-CD4 Ab (Fig. 2, Aand B),
confirming the specific interaction between Salp15 and CD4. His-tagged Salp15 showed a
saturable binding to sCD4 (D1-D2, containing the extracellular outer two domains) in a
microtiter assay compared with a nonspecific control (lysozyme; Fig. 2C) with a K4 of 47
nM. His-tagged Salp15 also showed a saturable binding to a SCD4 preparation that contains
all four extracellular domains (D1-D4) with similar kinetics (data not shown). To further
verify the interaction between Salp15 and sCD4, the gel filtration profile of a His-tagged
Salp15-CD4 solution was studied. We first studied the elution profiles of His-tagged Salp15
and sCD4 (D1-D4). His-tagged Salp15 preparations consisted primarily of monomer and
dimer populations, whereas the gel filtration profile of sSCD4 contained a single peak
corresponding to monomeric sCD4 (Fig. 2D). An additional peak overlapping with the
sCD4 peak was observed in a His-tagged Salp15-CD4 solution compared with the profiles
of His-tagged Salp15 and sCD4 alone (Fig. 2D). The overlapping peaks were resolved by
Gaussian fit analysis (15), which showed the elution volume of the complex to be 26.38 ml,
compared with 27.53 ml for the sCD4 peak (Fig. 2D). The elution volumes of the His-
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tagged Salp15-sCD4 complex and standards were used to generate a linear fit in the natural
log(molecular mass) vs elution volume plot, which estimated a molecular mass of 67 £ 8
kDa, suggesting that the molar ratio of Salp15-CD4 interaction is 1:1. The peak height of
His-tagged Salp15-CD4 was directly related to monomer content of His-tagged Salp15 in
different experiments.

To map the residues of Salp15 that interact with sCD4, we generated synthetic 20-aa-long
peptides with 10-aa overlaps spanning the entire Salp15 sequence (3). Only the C-terminal
peptide of Salp15 (P11) showed binding to sCD4 (Fig. 3A). The binding was saturable, with
a Ky of 50 nM (Fig. 3B). We could compete P11 binding to sCD4 by adding increasing
concentrations of the free peptide (Fig. 3C), suggesting a specific interaction. The binding of
P11 to sCD4 could also be competed by adding increasing concentrations of His-tagged
Salp15 (Fig. 3D). These data demonstrated that Salp15 binds to CD4 through its C-terminal
residues.

CD4 binds to several physiological ligands that result in varied signals to the T cell. The
coreceptor interacts with nonpolymorphic regions of MHC class 11 molecules (16) and also
binds an array of distinct ligands, including the chemotactic cytokine IL-16 (17), human
plasma glycoprotein gp17 (18), and the gross cystic fluid protein of 15 kDa (GCDFP-15)
(19). In addition, human CD4 also acts as a receptor for the HIV-1 retrovirus envelope
protein (20). Our data show that Salp15 also acts as a specific ligand for the CD4 coreceptor.

Salp15 inhibits early TCR signaling

Salp15 inhibits the activation of CD4* T cells stimulated with anti-CD3/CD28, as well as
through MHC 11-CD4-dependent signals (3), suggesting that its effect does not occur
through interference with the interaction between MHC Il and CD4, but rather with the
interaction and proper alignment of CD4 and the associated Src family protein Lck with the
TCR complex, which is critical for T cell activation. Lck is activated through a sequential
series of events that involve its dephosphorylation at Tyr2%, allowing its
autophosphorylation at Tyr3%4 and its colocalization with downstream targets, including
elements of the TCR complex and other intermediate signaling molecules, such as Zap70
(21, 22). We thus hypothesized that Salp15 would induce the disruption of early signaling
events during CD4" T cell activation. We examined tyrosine phosphorylation at residues
505 and 394 of Lck, upon TCR ligation in the presence or absence of Salp15. His-tagged
Salp15 prevented the dephosphorylation of Lck at Tyr®05, compared with control-activated
cells, accompanied by a reduction in the phosphorylation levels of the protein at Tyr3% (Fig.
4A). Preincubation of CD4* T cells with His-tagged Salp15 also prevented the
phosphorylation of Zap70 (Fig. 4A), indicating that Salp15 hindered the activation of Lck.
CD4* T cell immunosuppression caused by Salp15 shared similarities with previously
described interactions of CD4 with Abs specific for CD4 epitopes or HIV gp120 (3).
However, Salp15 did not induce Lck phosphorylation in the absence of T cell stimulation, in
contrast to the described effect of gp120 (23). Moreover, Salp15 does not affect AP-1 DNA-
binding activity (3) or TCR-mediated ERK activation (data not shown) compared with the
ERK-mediated inhibition of AP-1 DNA-binding activity observed in cells treated with
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gp120 (24), further distinguishing the effect of Salp15 to those of HIV gp120 and anti-CD4
cross-linking.

We also analyzed downstream events associated with CD4" T cell activation that could be
affected by the interaction of Salp15 with CD4. Stimulated CD4* T lymphocytes that were
pretreated with His-tagged Salp15 presented a reduction in the phosphorylation of PLCy1 at
Tyr83 (Fig. 4A). During TCR signaling, PLCy1 hydrolyzes phosphatidyl-inositol (4,5)-
bisphosphate to inositol (1,4,5)-trisphosphate and diacylglycerol, leading to calcium
mobilization and protein kinase-C activation, respectively (25). The inhibition of PLCy1
phosphorylation thus explains Salp15-mediated repression of calcium fluxes during T cell
activation (3).

We next analyzed the stimulation-induced redistribution of lipid rafts on CD4* T cells using
Alexa-Fluorsgs-labeled cholera-toxin B (CTB)sg4. CTBsgq4 Staining of the stimulated CD4*
T cell membrane was confined in a dense cap structure, as described (26) in contrast to
unstimulated T cells (Fig. 4B), indicating that rafts had aggregated during the activation
process. Lipid raft clustering, however, was reduced by His-tagged Salp15 treatment before
the stimulation with anti-CD3/CD28 (Fig. 4B), whereas lipid raft reorganization during
CD8™ T cell activation in response to anti-CD3/CD28 signals was unaffected by His-tagged
Salp15 pretreatment (Fig. 4B). These data indicate that Salp15 does not affect lipid raft
reorganization per se, and confirms that the interaction of Salp15 with CD4 affects specific
upstream pathways leading to lipid raft clustering and inhibiting the amplification of
primary signaling events induced by TCR ligation.

In light of our results, we propose that upon contact with CD4, Salp15 blocks TCR-mediated
Lck activation, leading to the improper activation of downstream signaling proteins. This
results in a reduction in the clustering of signaling proteins in lipid rafts, which are essential
for the amplification of T cell signals that result in IL-2 production. |. scapularisticks
modulate the host immune response in many different ways, resulting in efficient
transmission of several pathogens (10). In this study, we report the first example of an
interaction between an arthropod protein and a mammalian T cell coreceptor that clarifies
the mechanism by which ticks withstand host immune responses.
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FIGURE 1.

Salp15 binds to CD4. A, Left panels, Analysis of His-tagged Salp15-488 binding to CD4*
and CD8* T cells by confocal microscopy compared with unstained CD4* T cells (control).
The panels on the right show the same field under brightfield microscopy. B, Murine
primary CD4*T cells lysates containing His-tagged Salp15 were immunoprecipitated (IP)
using anti-His, anti-CD3e, anti-CD28, anti-CD4, anti-TCR}, or IgG (control). The
immunoprecipitate was immunoblotted (IB) using anti-His, anti-CD4, anti-CD3e, anti-
TCR, and anti-CD28 Abs. C, Colocalization of anti-CD4 staining and His-tagged
Salp15-488 binding on naive and stimulated CD4* T cells is indicated by the yellow color in
the merged confocal micrograph. D, Flow cytometric analysis of CD4 expression using PE-
Cyb5-labeled anti-CD4 (CD4pg.cys) (upper panel) and His-tagged Salp15-488 binding
(lower panel) in 3T3 (red) and 3T3-CD4 (blue) cells. E, HeLa and HeLa-CD4 cell lysates
containing His-tagged Salp15 were immunoprecipitated using anti-His Ab. The
immunoprecipitates were subjected to immunoblotting using anti-CD4 and anti-His Abs.
The reciprocal immunoprecipitation from a HeLa-CD4 cell lysate was performed using anti-
CD4 or 1gG followed by immunoblotting with anti-CD4 or anti-His Abs. F,
Immunoprecipitation from HeLa-CD4 cell lysate containing either His-tagged TR-Salp13
(control) or His-tagged Salp15 using an anti-His Ab followed by immunoblotting with anti-
CD4 or anti-His Abs.
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FIGURE 2.
Salp15 binds to the extracellular domains of CD4. A, Unlabeled Salp15 but not lysozyme

pretreatment blocks His-tagged Salp15-488 binding to HeLa-CD4 cells. Control represents
HelLa-CD4 cells in the absence of His-tagged Salp15-488. Right panel, The brightfield of
the image on the left. B, Preincubation of HeLa-CD4 cells with a polyclonal anti-CD4 Ab
abolishes His-tagged Salp15-488 binding compared with control 1gG pretreatment. C, His-
tagged Salp15 (0.4 uM) was incubated with increasing amounts of immobilized sCD4
(D1D2, m) or lysozyme (A) in a microtiter assay showing saturable binding. The results are
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expressed as mean = SE of three independent experiments. D, Elution profiles of sCD4 (D1-
D4) (blue), His-tagged Salp15 (pink), and His-tagged Salp15-sCD4 (red) from
Superdex-200 gel filtration columns (left panel). The Gaussian deconvolution of His-tagged
Salp15-sCD4 and sCD4 peaks is shown on the right panel. The results shown are
representative of three to five individual experiments performed.
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FIGURE 3.
The C-terminal peptide of Salp15 binds CD4. A, Binding of His-tagged Salp15 (5 pg) and

overlapping synthetic peptides of Salp15 (0.5 ug) to sCD4 (D1-D2). B, Increasing
concentrations of P11 (M) but not P8 (A) show saturable binding to sCD4 (D1-D2). C,
Competition of increasing concentrations of free P11 with immobilized P11 (50 nmol) for
binding to sCD4 (D1-D2). D, Competition of P11 (50 nmol) binding to sCD4 (D1-D2) by
increasing concentrations of His-tagged Salp15. Control represents P11 binding in the
absence of Salp15. The results are expressed as mean * SE of at least three independent
experiments.
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FIGURE 4.
Salp15 inhibits early steps during T cell activation. A, Western blots showing the increase in

tyrosine phosphorylation of Lck at the residue 505, and decreased phosphorylation of Lck at
Tyr3%, Zap70 at Tyr319, and PLCy1 at Tyr’83 in anti-CD3/CD28-stimulated mouse CD4* T
cells in the presence or absence of His-tagged Salp15. B, Representative
immunofluorescence micrographs showing CTBsgy staining in CD4* and CD8* T cells
stimulated with anti-CD3/CD28 in the presence or absence of His-tagged Salp15.
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