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Summary
Salp15 is a tick saliva protein that inhibits CD4+ T cell differentiation through its interaction with
CD4. The protein inhibits early signaling events during T cell activation and IL-2 production.
Because murine experimental autoimmune encephalomyelitis development is mediated by central
nervous system-infiltrating CD4+ T cells that are specific for myelin-associated proteins, we
sought to determine whether the treatment of mice with Salp15 during EAE induction would
prevent the generation of proinflammatory T cell responses and the development of the disease.
Surprisingly, Salp15-treated mice developed more severe EAE than control animals. The
treatment of EAE-induced mice with the tick saliva protein did not result in increased infiltration
of T cells to the central nervous system, indicating that Salp15 had not affected the permeability of
the blood-brain barrier. Salp15 treatment did not affect the development of antibody responses
against the eliciting peptide or the presence of IFNγ in the sera. The treatment with Salp15
resulted, however, in the increased differentiation of Th17 cells in vivo, as evidenced by higher
IL-17 production from PLP139-151-specific CD4+ T cells isolated from the central nervous system
and the periphery. In vitro, Salp15 was able to induce the differentiation of Th17 cells in the
presence of IL-6 and the absence of TGFβ These results suggest that a conductive milieu for the
differentiation of Th17 cells can be achieved by restriction of the production of IL-2 during T cell
differentiation, a role that may be performed by TGFβ and other immunosuppressive agents.
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Introduction
The tick salivary protein Salp15 inhibits the activation of CD4+ T cells during their
encounter with cognate antigen by repressing the production of the autocrine growth factor
IL-2 [1]. The effect of Salp15 is mediated by its interaction with the T cell co-receptor, CD4
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[2]. The activity of Salp15 requires its carboxyl terminal residues and occurs through its
interaction with the first two most-extracellular domains of CD4 [2,3]. The interaction
results in a conformational change of CD4 that impedes the proper activation of the Src
kinase, Lck [3], leading to the inhibition of early signaling cascades [2,4]. In vivo, Salp15
prevents the development of acute asthma in ovalbumin-induced mice [5] and the
development of antibody and delayed-type sensitivity responses in KLH-immunized animals
[1]. Thus, Salp15 has potential beneficial use in conditions in which CD4+ T cells are
involved, including autoimmune diseases in which CD4+ T cells are major players.

Multiple sclerosis is a chronic inflammatory disease that affects the central nervous system.
The inflammation associated with the disease is believed to be the consequence of the
activation of inflammatory CD4+ T cells. Mice can also develop a demyelinating
inflammatory disease of the central nervous system (CNS) known as Experimental
Autoimmune Encephalomyelitis (EAE) that mimics MS [6]. The mice, when immunized
with a specific peptide from the myelin proteolipid protein (PLP) or Myelin Basic Protein
(MBP) [7,8,9] develop an MS-like syndrome with a course that is similar to that found in
humans [10]. The inflammatory response associated with disease progression is caused by T
helper cells that secrete interleukin 17 (IL-17A), known as Th17 cells, in combination with
IFNγ-secreting Th1 cells [11,12,13,14]. Th17 cells participate directly in the development
and pathogenesis of EAE [15]. Thus, the transfer of IL-17-producing T cells results in
severe EAE [16] and mice deficient in IL-17 markedly suppress the development of EAE
[15]. In addition, mice treated with a neutralizing monoclonal antibody specific for IL-17
demonstrated reduced CNS autoimmune inflammation [16].

In mice, the differentiation of Th17 cells requires the presence of transforming growth factor
(TGF) β and the pleiotropic cytokine IL-6 [17,18,19]. In order for a Th17 response to
prevail, the heterodimeric cytokine, IL-23, which shares the p40 subunit with IL-12, must be
present to sustain Th17 cell survival and maintenance [16]. Th17 cell differentiation requires
the orphan nuclear receptors, ROR-γt and RORα, two specific transcriptional factors that are
selectively expressed in Th17 cells [20,21]. The importance of these transcriptional factors
in the development of Th17 cells is underlined by experiments showing that RORγt/RORα
double deficiency completely abrogates Th17 differentiation in vitro [21]. Furthermore,
RORγt/RORα deficient mice do not develop EAE [21].

Because Salp15 is able to prevent the activation of antigen-specific CD4+ T cells in vivo
[1,5] and prevent inflammation in a murine model of asthma [5], we postulated that the
administration of the protein during the induction of EAE in mice would prevent the
generation of autoreactive T cells and the development of CNS inflammation. Our results
show that surprisingly, Salp15 induces the increased differentiation of Th17 effector cells
both in vivo and in vitro. Our results suggest that immunosuppressive agents can mimic the
role of TGFβ during the differentiation of Th17 cells through the repression of the
production of IL-2 during the differentiation process.

Materials and Methods
Mice, Peptide and Induction of EAE

Female SJL/J mice 8 week old were purchased from Jackson laboratories (Bar Harbor, ME).
The mice in groups of 3 to 5 were injected subcutaneously in both flanks with 100 μg of
PLP peptide 139 – 151 (HSLGKWLGHPDKF) (Research Genetics, Huntsville, AL). The
original Cysteine has been substituted by Serine for stability purposes. This change does not
induce any alteration in the antigenicity of the peptide [22]. EAE was induced by
immunizing the mice with 100 μg of the peptide dissolved in an emulsion of 200 μl total
volume of 50% Complete Freund’s Adjuvant and 50% sterile normal saline containing 400
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μg of heat killed Mycobacterium tuberculosis H37Rα (BD Diagnostics Systems, Sparks,
MD). The mice also received an intraperitoneal injection of 200 ng of pertussis toxin on the
day of immunization. All experiments involving animals were approved by the Institutional
Animal Care and Use Committee at UMass Amherst.

Treatment with Salp15 and EAE clinical scores
Recombinant Salp15 was produced and purified using the Drosophila expression system as
previously described [1]. Mice treated with Salp15 or Salp15ΔP11/vehicle control received
100 μl injections starting the day before immunization, on the day of immunization and day
two-post immunization (days, −1, 0, 2). The mice were weighted and examined for EAE
clinical symptoms daily based on the following scores; 0-no symptoms, 1-loss of tail tone,
2-hind limb weakness, 3-paralysis of both hind limbs, 4-moribund/dead. Mice with
intermediate clinical symptoms were scored in 0.5 increments.

Purification and restimulation of splenic and spinal cord CD4+ T cells
CD4+ T cells were purified from the spleen by negative selection using biotinylated
antibodies against CD8a, Ly6G, CD11b, B220, class II (I-Ak and I-Ek) and panNK cell
surface molecules (BD Bioscience, San Jose, CA), followed by incubation with anti-biotin
antibodies bound to microbeads and passage through a magnetic column (Miltenyi Biotec,
Auburn, CA). The spinal cord of the immunized mice was removed, mechanically grinded
in a solution of PBS containing 1% FCS. T lymphocytes were purified from the PBS
solution by Ficoll-plaque gradient centrifugation. Splenic CD4+ T cells or lymphocytes
purified from the spinal cord were mixed with mitomycin C-treated syngeneic splenocytes
in a 1:1 ratio and incubated with 50 μg/ml of PLP139-151 in the absence or presence of 2 ng/
ml of recombinant human IL-23 (eBioscience, San Diego, CA) for 96 h.

In vitro Th17 differentiation
2 × 106 purified splenic CD4+ T cells were activated with 5 μg/ml of plate-bound αCD3ε
and 1 μg/ml of soluble αCD28 antibodies (Cell Signaling, Danvers, MA) in the presence of
20 ng/ml of recombinant mouse IL-6 (R&D systems, Minneapolis, MN) and either 5 ng/ml
of recombinant human TGFβ (R&D systems), Salp15 (10 μg/ml) or Salp15ΔP11 (10 μg/ml,
control). After 4 days, the cells were recovered, washed, counted and restimulated with 1 μg/
ml of anti-CD3 for 20 h. Four-day activation and restimulation supernatants were evaluated
by ELISA for IL-2 and IL-17 production, respectively.

Cytokine ELISA
Activation and restimulation supernatants, as well as pooled sera from EAE-induced mice
were analyzed for IL-2, IL-17 and IFNγ by capture ELISA, as described [1] using antibody
pairs and recombinant standards purchased from BD Biosciences and R&D Systems.

Antibody ELISA
The PLP139-151-specific antibody titers in the sera of EAE-induced mice were determined by
ELISA using 2-fold serial dilutions starting at 1/100, as described [23].

Real-time RT-PCR
After 4 days of T cell differentiation, total RNA was prepared using the Trizol reagent
(Invitrogen, Carslbad, CA), according to the manufacturer’s instructions. Complementary
DNA (cDNA) was synthesized with Superscript™ II reverse transcriptase (Invitrogen). The
expression of il-17 and ror-γt were analyzed by quantitative RT-PCR using SYBR® Premix
Ex Taq™ (SYBR® Green Takara Bio Inc, Otsu, Shiga, Japan) in a MX3005P thermal cycler
(Agilent Technologies, Santa Clara, CA). The relative fold induction of each gene was
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calculated using the 2−ΔΔCT method, using the β-actin gene as an internal control, as
described [24]. The primers used were: il-17 (5′-CTC CAG AAG GCC CTC AGA CTA
C-3′ and 5′-AGC TTT CCC TCC GCA TTG ACA CAG-3′); ror-γt (5′-TTT GGA ACT
GGC TTT CCA TC-3′ and 5′-AAG ATC TGC AGC TTT TCC ACA-3′); b-actin (5′-GAC
GAT GCT CCCCGG GCT GTA TTC-3′ and 5′-TCT CTT GCT CTG GGC CTC GTC
ACC-3′).

Results and Discussion
Treatment with Salp15 during EAE induction results in increased pathology

Murine experimental autoimmune encephalomyelitis is mediated by the activation of CD4+

T cells that respond to self antigens present in the myelin sheath. Salp15 has been shown to
prevent the development of ovalbumin-induced asthma in mice [5] and of KLH-specific
antibody and DTH responses [1] through the specific inhibition of CD4+ T cell activation.
We thus hypothesized that the administration of the tick salivary protein during induction of
murine EAE would prevent the activation of myelin-specific CD4+ T cells and the
development of disease. We induced EAE by immunizing SJL mice with the proteolipid
peptide, PLP139-151. The mice were treated with Salp15 (50 μg/injection) two days before,
on the day, and one day after EAE induction. We monitored PLP139-151-immunized SJL
mice daily for clinical disease. Both control- and Salp15-treated mice developed evidences
of disease at day 9 post-immunization, with an equivalent progression until day 13 (data not
shown). However, mice that received Salp15 showed an increase in the mean clinical score
(Figure 1A). The development of the paralyzing symptoms was dependent on immunization,
since the treatment of mock-immunized (without peptide) mice with Salp15 did not result in
disease (data not shown). The effect of Salp15 was also dependent on the presence of the C-
terminal portion of the protein (P11) [2], since the use of a mutant version that lacks the last
15 amino acids (Salp15ΔP11) [4] failed to induce increased disease (data not shown).

The EAE-induced mice were also monitored daily for weight changes. In both groups of
mice, the peak of disease corresponded with a depression of the average weight. However,
the increased pathology in Salp15-treated mice correlated with a higher weight loss (Figure
1B). Thus, treatment with Salp15 induced increased pathology upon induction of EAE.

Treatment with Salp15 does not result in increased permeability of the blood-brain barrier
or impaired B cell or Th1 responses

To determine whether the increased pathology as a result of the treatment with Salp15 had
resulted from a potential enhancement in the permeability of the blood-brain barrier, we
analyzed by flow cytometry the percentage of CD4+ T cells that had infiltrated the spinal
cord of PLP139-151-immunized mice. At 12 and 40 days of immunization, there were no
significant differences in the percentage of CD4+ T cells infiltrating the spinal cord between
Salp15-treated and control mice (Figure 2A), suggesting that the treatment had not affected
the permeability of the blood-brain barrier. The analysis of CD8+ T, B cells an macrophages
also showed that the treatment with Salp15 had not affected cellular infiltration of the CNS
upon EAE induction (data not shown).

The production of autoantibodies against the myelin sheath has been implicated in the
pathogenesis of EAE [25]. We therefore analyzed the effect of the treatment with Salp15 on
the generation of antibody responses against the eliciting peptide, PLP139-151. Sera from
EAE-induced mice were analyzed for PLP139-151-specific antibody titers by ELISA. The
levels of antibodies did not vary as a result of Salp15 treatment (Figure 2B), suggesting that
at the dose used, Salp15 had not affected the development of B cell responses.
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In order to evaluate the effect of the treatment with Salp15 on the differentiation of T cells
during EAE induction, we also analyzed by ELISA the levels of IFNγ and IL-17 in pooled
sera samples of EAE-induced and Salp15- or control-treated mice. The treatment with
Salp15 did not induce a significant change in the serum levels of the Th1 cytokine, IFNγ
(Figure 2C), suggesting that Th1 responses had not been affected by the treatment. The
serum levels of IL-17 were in all cases below the detection limit of the assay (data not
shown). We thus investigated the phenotype of PLP139-151-specific CD4+ T cells in
restimulation experiments.

Salp15 augments antigen-specific Th17 differentiation in vivo
EAE is characterized by the increased differentiation of myelin-specific Th17 cells. We
assessed recall responses of T cells from the spinal cord and spleens of the immunized mice
to the inducing peptide (PLP139-151). The cells were restimulated in vitro with the peptide in
the presence of mytomycin C-treated syngeneic splenocytes and assessed for IL-17
production. CD4+ T cells from Salp15-treated mice produced increased levels of the
cytokine compared to control-treated mice (Figure 3A). Furthermore, splenic CD4+ T cells
from Salp15-treated mice produced increased levels of IL-17 when restimulated in the
presence of rmIL-23 (Figure 3B), a cytokine that is involved in the survival of effector Th17
cells [16]. Overall, these results suggested that the treatment with Salp15 had specifically
induced an increased differentiation of antigen-specific Th17 cells and Th17-mediated
spinal cord pathology. The strength of the signal given through the TCR affects the
immunosuppressive activity of Salp15 [1]. Our results suggest that under the strong
immunization conditions necessary to induce EAE, Salp15 affected CD4+ T cell
differentiation rather than their activation.

Salp15 increases the differentiation of Th17 cells in vitro
It has been demonstrated that IL-2 exerts an antagonistic effect on Th17 induction [26].
Since the tick saliva protein, Salp15, represses the expression of the il-2 gene through its
interaction with the T cell co-receptor, CD4, we then determined whether the inhibition of
IL-2 production during the activation of CD4+ T cells in the presence of IL-6 would enhance
their differentiation to a Th17 phenotype. We differentiated purified splenic CD4+ T cells in
the presence of IL-6 and in the absence or presence of TGFβ for 4 days. The cells were also
incubated with a dose of Salp15 (10 μg/ml) that does not completely repress the production
of IL-2 (at 50 μg/ml, the cells fail to activate, and die after 3 days of activation [1]). The
activation of CD4+ T cells with 10 μg/ml of Salp15 resulted in the inhibition of IL-2
production at 4 days of activation (Figure 4A). Similarly, the presence of IL-6 and TGFβ
during the activation period induced a reduction of IL-2 at the same time point (Figure 4A).
The mechanism by which the tick protein represses the transcription of the il-2 gene is
independent of TGFβ or TGFβ-like induced signals. Indeed, Salp15 did not induce tgf-β
gene expression in T cells during the differentiation period (data not shown), demonstrating
that is effect is independent of TGF-β. Similarly, the effect of Salp15 occurs in the absence
of IL-1β induction, as determined in activation assays in the presence of purified splenic
dendritic cells (data not shown). These results show, as described [1], that Salp15 does not
influence cytokine production by antigen presenting cells. Rather, Salp15 binds to CD4 and
prevents the activation of the Src kinase Lck [3] and thus, reduces the signals emanating
from the TCR during the activation process.

After 4 days, the cells were washed and restimulated with αCD3 for 20 h. IL-17 was
measured in the restimulation supernatants. The presence of Salp15 during the
differentiation process resulted in increased levels of IL-17 (Figure 4B). The increased
production of IL-17 corresponded to an increased transcription of the il-17 gene, determined
by real-time RT-PCR (Figure 4C). The incubation of CD4+ T cells during their
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differentiation with Salp15 also resulted in increased gene expression of the transcription
factor RORγt (Figure 4D), which is necessary to drive il-17 expression [20]. The action of
Salp15 was not due to an effect on T regulatory cells, since the tick salivary protein did not
affect the expression of the transcription factor, FoxP3 (not shown). These results
demonstrate that at suboptimal levels, Salp15 does not prevent the activation of CD4+ T
cells, while inducing the differentiation of effector Th17 cells.

Our results show that the tick salivary protein, Salp15 is able to induce the differentiation of
Th17 cells in the presence of IL-6 through a TGFβ-independent mechanism. These results
demonstrate that IL-6 is the main cytokine that induces Th17 differentiation while the role
of TGFβ may be circumscribed to the prevention of excess levels of IL-2 that can antagonize
this process. In contrast, in the absence of repression of IL-2 production, IL-6 induces Th2
differentiation [27], rather than Th17. Overall these results underscore that a careful balance
between cytokines has to be maintained during activation/differentiation of CD4+ T cells.
There are no reports associating tick feeding and the exacerbation of inflammatory diseases,
including those of autoimmune origin. This could be due to the low levels of proteins
deposited in the host. However, under the conditions used herein to test the potential use of
Salp15 for the treatment of immune-mediated inflammation, our results show that the
protein could affect the differentiation of CD4+ T cells. Importantly, our results also suggest
that the capacity of Salp15 to induce Th17 differentiation may not be unique and could be
achieved under conditions in which the production of IL-2 during T cell differentiation is
repressed, such as with the use of immunosuppressive agents. Indeed, several studies have
reported the increased incidence of autoimmune diseases in mice treated with
immunosuppresive drugs such as cyclosporine A or rapamycin [28,29,30,31]. Since
immunosuppressive drugs are routinely used in transplantation therapy, a careful evaluation
of their overall impact in immune responses could be warranted.
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Figure 1. Treatment with Salp15 results in increase pathology upon induction of EAE
Groups of 5 mice were immunized with 100 μg of the peptide PLP139-151 in an emulsion
containing complete Freund’s adjuvant supplemented with 400 μg of M. tuberculosis
H37Rα. The mice were treated with 50 μg of Salp15 at days -2, 0, 1 and analyzed daily for
pathological incidence (A), scores (B) and weight (C). Weights at the day of immunization
were assigned a value of 100 in order to be able to compare between groups and the
subsequent weights are relative to those at day 0. The experiment shown is representative of
at least 7 experiments in which control animals were either treated with an inactive form of
Salp15 (Salp15ΔP11) or the vehicle control.
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Figure 2. Treatment with Salp15 during induction of EAE does not affect the permeability of the
blood-brain barrier, B cell responses or Th1 responses
(A) Salp15-treated and control mice were induced EAE and analyzed at days 12 and 40
post-immunization for the infiltration of CD4+ T cells to the CNS by flow cytometry. The
results represent the average of 5 mice per group and are representative of 2 experiments.
(B) EAE mice were analyzed at 40 days post-immunization for serum levels of anti-
PLP139-151 antibodies by ELISA. (B) Sera from Salp15-treated and control mice were
pooled and analyzed for the levels of IFNγ by capture ELISA. The results shown represent
the average of 4 individual experiments with 3–5 mice per group each.
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Figure 3. Salp15 augments antigen-specific Th17 differentiation in vivo
(A) CD4+ T cells purified from the spleen (SP) and ficoll-separated T cells from the spinal
cord (SC) of PLP139-151-immunized mice were restimulated in the presence of syngeneic
antigen presenting cells with 50 μg/ml of the peptide PLP139-151. After 40 h, IL-17 levels in
the restimulation supernatants were assessed by capture ELISA. * P < 0.05 (student’s t test).
(B) Purified splenic CD4+ T cells were also stimulated in the presence of 5 ng/ml of
rmIL-23 and assessed for IL-17 production, as before. The results are representative of at
least 3 independent experiments.
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Figure 4. Salp15 mimics the effect exerted by TGFβ during Th17 differentiation
Purified splenic CD4+ T cells were differentiated in vitro with anti-CD3/CD28 in the
presence of IL-6 (20 ng/ml) plus Salp15 (10 μg/ml), Salp15ΔP11 (10 μg/ml) or TGFβ (5 ng/
ml). After 4 days, the cells were washed, counted and restimulated with anti-CD3 for 20 h.
IL-2 was measured by capture ELISA at 4 days of activation (A), while IL-17 was measured
in restimulation supernatants (B). At 4 days of activation, the cells were also used to extract
RNA and assessed the expression of the il-17 (C) and ror-γt (D) genes by real-time RT-
PCR, using β-actin as an internal control. The results presented are representative of 3–4
experiments.
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