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Activation of Th2 CD4� T cells is necessary and sufficient to elicit allergic airway disease, a mouse model with many features
of human allergic asthma. Effectively controlling the activities of these cells could be a panacea for asthma therapy. Blood-
feeding parasites have devised remarkable strategies to effectively evade the immune response. For example, ticks such as
Ixodes scapularis, which must remain on the host for up to 7 days to feed to repletion, secrete immunosuppressive proteins.
Included among these proteins is the 15-kDa salivary protein Salp15, which inhibits T cell activation and IL-2 production.
Our objective for these studies was to evaluate the T cell inhibitory properties of Salp15 in a mouse model of allergic asthma.
BALB/cJ mice were Ag sensitized by i.p. injection of OVA in aluminum hydroxide, with or without 50 �g of Salp15, on days
0 and 7. All mice were challenged with aerosolized OVA on days 14 –16 and were studied on day 18. Compared with control
mice sensitized with Ag, mice sensitized with Ag and Salp15 displayed significantly reduced airway hyperresponsiveness,
eosinophilia, Ag-specific IgG1 and IgE, mucus cell metaplasia, and Th2 cytokine secretion in vivo and by CD4� T cells
restimulated with Ag in vitro. Our results demonstrate that Salp15 can effectively prevent the generation of a Th2 immune
response and the development of experimental asthma. These studies, and those of others, support the notion that a lack of
ectoparasitism may contribute to the increasing prevalence of allergic asthma. The Journal of Immunology, 2007, 178:
7064 –7071.

T he prevalence and incidence of asthma and other atopic
diseases continue to increase in the Western world (1).
The hygiene hypothesis proposes a mechanism to explain

the elevation in asthma prevalence, which states that decreased
exposure to parasites and pathogens, particularly during early life,
promotes the development of atopic immune responses against for-
eign Ags (2). The pathologic features of asthma are driven by an
imbalance of CD4� Th cells (T cells) favoring atopic Th2 re-
sponses (3). Th2 cells produce cytokines such as IL-4, IL-5, and
IL-13, all of which have been implicated in the disease state. The
overproduction of these cytokines in asthma results in a number of
outcomes, including isotype class switching in B cells to produce
IgE, eosinophilpoiesis, an increase in eosinophils within the air-
way, mucus production and secretion, as well as airway hyperre-
activity (4). Therefore, modulating the activities of Th2 cells rep-
resents a mechanism by which prominent features of the disease
may be ameliorated.

Microorganisms and their products, including live or killed
bacteria (5, 6), endotoxin (7), CpG DNA (8), as well as hel-
minths (9), have all proven to be effective in the prevention, and
even in some instances the treatment, of experimental models of
allergic asthma. Currently, CpG DNA is in clinical trials for the
treatment of allergic rhinitis and asthma (10). Although the
mechanisms by which these potential therapeutics may work for
the treatment of atopic disease remain incompletely understood,
they center upon the modulation of the pathogenic Th2 immune
response. Potential mechanisms of their action include the in-
duction of a Th1 response, the IDO-dependent killing of patho-
genic T cells, induction of T regulatory cells, or the promotion
of the development of a Th2 response in the appropriate
microenvironment.

Ectoparasites that feed on blood secrete a number of molecules
into the host to prevent coagulation, promote the transmission of
vector-borne pathogens, and modulate the host immune response
(11, 12). The saliva of Ixodes scapularis ticks contains a mixture
of proteins that have immunomodulatory activity. One such pro-
tein, Salp15, has been shown to inhibit early events in the activa-
tion of CD4� T cells (13, 14). Anti-CD3 plus anti-CD28-activated
CD4� T cells pretreated with Salp15 demonstrate a reduction in
Lck and Zap70 phosphorylation, which culminate in repression of
calcium signaling within the cell (13, 15). Salp15 inhibits IL-2
production as well as CD25 (IL-2R�) expression by CD4� T cells,
but has no effect on CD8� T cells. It has recently been described
that the specificity of Salp15 for CD4� T cells is through its ca-
pacity to bind CD4 (13, 14), thereby presumably inhibiting the
subsequent downstream signaling cascades leading to T cell
activation.

Because Salp15 has been proven to inhibit early T cell signaling
events, we hypothesized that Salp15 could represent a novel im-
munomodulatory molecule capable of preventing the pathologic
activities of CD4� T cells in a mouse model of allergic airways
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disease. We found that Salp15 reduced all of the features of aller-
gic asthma that we examined, including airway hyperresponsive-
ness, eosinophilia, and IL-4, IL-5, and IL-13 production from ef-
fector CD4� T cells restimulated with Ag in vitro. We also found
that OVA-specific IgE and IgG1, mucus metaplasia, and bron-
choalveolar lavage (BAL)3 levels of IL-4, IL-5, and inflammatory
cytokines in the BAL were all reduced in mice that were treated
with Salp15. These findings indicate that Salp15 may have poten-
tial utility in the prevention or treatment of allergic asthma and that
ectoparasites, such as ticks, may be yet another of the factors di-
minished in the modern hygienic environment that normally pre-
vents the development of atopic immune responses.

Materials and Methods
Mice

Six- to 8-wk-old female BALB/cJ mice were purchased from The Jackson
Laboratory and housed in the American Association of Laboratory Animal
Care accredited animal facility at the University of Vermont. The Institu-
tional Animal Care and Use Committee granted approval for all studies.

Purification of recombinant His-tagged Salp15

His-tagged Salp15 was purified from Drosophila S2 cells as previously
described (13, 15).

Experimental model of Ag sensitization and challenge

For the induction of allergic airway disease, mice were sensitized by ad-
ministering OVA (20 �g, grade V; Sigma-Aldrich) with aluminum hy-
droxide (alum, 2.25 mg, ImjectAlum; Pierce) in a 100-�l total volume via
i.p. injection on days 0 and 7. Mice were treated on days 0 and 7 via i.p.
injection with a PBS vehicle or 50 �g Salp15 in a total volume of 100 �l
�2 min before alum plus OVA. All mice were challenged using three
doses of aerosolized 1% OVA for 30 min on days 14–16 and were studied
on day 18. In some studies, mice were unsensitized and unchallenged to
establish baseline levels of several variables. Mice were euthanized by a
lethal dose of pentobarbital via i.p. injection.

Pulmonary function assessment to measure airway
hyperresponsiveness

Mice anesthetized with 90 mg/kg pentobarbital and tracheotomized were
mechanically ventilated for the assessment of pulmonary function using the
forced oscillation technique as previously described (16, 17). In brief, a
tracheotomy tube was inserted and then connected to the inspiratory and
expiratory ports of a volume-cycled ventilator ( flexiVent; SCIREQ Scien-
tific Respiratory Equipment). Mice were ventilated at a rate of 160–200
breaths/min, with a tidal volume of 0.2 ml, using a computer-controlled
volume ventilator with 3 cm H2O positive end-expiratory pressure. Data
from regular ventilation was collected to establish the baseline values for
each animal. Pressure, flow, and volume were used to calculate the peak
responses for airway resistance (RN), tissue damping (G), and tissue stiff-
ness (H) (18) after challenge with inhaled doses of saline or aerosolized
methacholine (Sigma-Aldrich) in saline, ranging from 3.125 to 50 mg/ml in
half-log increments, as previously described (19). The percentage change
from baseline after each methacholine dose (�RN, �G, and �H) is reported
(16, 18, 20).

BAL, cell enumeration, and bio-plex analysis

BAL fluid was immediately collected from euthanized mice by instillation
and recovery of 800 �l of 0.9% NaCl plus protease inhibitor mixture (Sigma-
Aldrich) into the lungs through the tracheal cannula using a tuberculin
syringe. The BAL fluid was centrifuged and the total cells in the pellet were
resuspended in PBS and enumerated by counting with an Advia 120 He-
matology System (Bayer). For cytospins, 2 � 104 cells were centrifuged
onto glass slides at 800 rpm. Cytospins were stained using the Hema3 kit
(Biochemical Sciences) and differential cell counts were performed on at
least 500 cells. For the simultaneous quantitation of multiple analytes, un-
diluted BAL fluid was analyzed in duplicate using a mouse cytokine 23-
plex kit on the Bio-Plex suspension array system (Bio-Rad) according to
the manufacturer’s instructions. Standards were diluted in 0.9% NaCl plus

protease inhibitor mixture. Standard curves were calculated and samples
were analyzed using the Bio-Plex Manager software (Bio-Rad).

Serum collection and Ig analysis

Following euthanasia, �300 �l of blood was collected via cardiac puncture
of the right ventricle using a 26-gauge needle attached to a 1-ml syringe
into serum separator tubes (BD Biosciences) and centrifuged, and serum
was kept frozen at �80°C. For Ig ELISAs, 96-well plates were coated
overnight at 4°C with 2 �g/ml OVA in PBS (pH 7.2–7.4), washed with
0.05% Tween 20 in PBS, and blocked for 2 h at 4°C with 1% BSA in PBS.
Plates were washed and serum diluted in blocking solution was applied to
the wells in triplicate at dilutions of 1/8 to 1/4096 and incubated overnight
at 4°C. Plates were washed, and 2 �g/ml biotinylated secondary Abs (BD
Pharmingen) in 1% BSA/PBS were incubated in the plates at room tem-
perature for 1 h. Plates were washed, and 0.05 U/ml streptavidin/peroxi-
dase (Roche) was incubated in the plates at room temperature for 1 h.
Plates were washed, developed using reagents from R&D Systems, and
ODs were read using a PowerWaveX (Bio-Tek Instruments) at 450 nm with
background subtraction at 570 nm. Data are reported as OD values from
identical dilutions in the linear range of the readings (1/1024).

Histopathology and morphometry

Following euthanasia and BAL, the left lobe of the lungs was instilled with
4% paraformaldehyde in PBS (4% paraformaledehyde) for 10 min at a
pressure of 25 cm H2O and placed into 4% paraformaldehyde at 4°C over-
night for fixation of the tissue. Fixed lungs were then mounted in paraffin,
7-�m sections were cut, affixed to glass microscope slides, deparaffinized,
and stained with H&E and periodic acid-Schiff (PAS), coverslipped, and
examined by light microscopy. Sections were morphometrically assessed
for inflammatory cell infiltration and PAS (mucin) positivity of the air-
ways. Multiple airways of similar size with a length-to-diameter ratio of
�2:1 were assessed per section, and the type, number, and location of
inflammatory cells, as well as the percentage of PAS-positive airway ep-
ithelial cells were recorded.

Semiquantitative RT-PCR

Total RNA isolated from lungs by RNeasy columns (Qiagen) was DNase-
treated and reverse transcribed into cDNA using SuperscriptII (Invitrogen
Life Technologies). Real-time quantitative RT-PCR was performed using
TaqMan Universal PCR Master Mix (Applied Biosystems) and intron-
spanning primers and probe (Applied Biosystems) designed and validated
for mouse Muc5AC, an indicator of mucus cell metaplasia and mucus pro-
duction, and the housekeeping gene HPRT. Forty cycles of PCR were
performed on an Applied Biosystems Prism 7900HT Sequence Detection
System using universal cycling conditions: denaturation at 95°C for 15 s
and annealing/extension at 60°C for 1 min. The level of Muc5AC expres-
sion was normalized to HPRT levels and relative Muc5AC mRNA levels
were determined according to the comparative cycle threshold method
(Applied Biosystems Prism 7700 Sequence Detection System, User Bul-
letin No. 2). In brief, the threshold cycle (CT) was determined for Muc5AC
and HPRT in each sample. The �CT was calculated for each sample by
subtracting the CT of HPRT from the CT of Muc5AC. The ��CT values
were calculated by subtracting the �CT of the OVA/OVA mice from the
�CT of the OVA/OVA plus Salp15 samples. The ��CT values were trans-
formed into absolute values using the equation: 2���CT.

Preparation, stimulation, and ELISA analysis of single-cell
CD4� lymphocyte suspensions

Single-cell suspensions were generated from spleens by passing the tissues
through a 70-�m mesh, and lymphocytes were enriched on LSM Lym-
phocyte Separation Medium (MP Biomedicals). CD4� T cells were iso-
lated by positive selection using CD4 magnetic beads (Miltenyi Biotec)
according to the manufacturer’s protocol. Isolated CD4� T cells were
�95% pure, as assessed by CD4 surface staining and FACS analysis.
CD4� T cells (4 � 106 cells/ml) were activated either by plate-bound
anti-CD3� (5 �g/ml; BD Pharmingen) and soluble anti-CD28 (1 �g/ml;
BD Pharmingen) as a positive control for T cell stimulation or with 100
�g/ml OVA in the presence of syngeneic APCs (4 � 106 cells/ml) obtained
by splenic T cell depletion by negative selection using Abs to CD4 (GK1.5)
(21), CD8, and Thy-1 (22) and treatment with rabbit complement and mi-
tomycin C, as previously described (23). Following 96 h of stimulation,
supernatants were collected and analyzed for IL-2, IL-4, IL-5, IL-13, and
IFN-� using reagents and instructions from R&D Systems. ODs from trip-
licate samples and duplicate standards were read using a Bio-Tek Instru-
ments PowerWaveX at 450 nm, with background subtraction at 570 nm.

3 Abbreviations used in this paper: BAL, bronchoalveolar lavage; alum, aluminum
hydroxide; BALF, BAL fluid; PAS, periodic acid-Schiff; CT, threshold cycle.
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Statistical analysis

For comparisons between the OVA/OVA and OVA/OVA plus Salp15
groups, data were analyzed by a two-tailed unpaired t test. For comparison
of the control, OVA/OVA, and OVA/OVA plus Salp15 groups, data were
analyzed by two-way ANOVA followed by comparison between groups by
a two-tailed unpaired t test with Welch’s correction. Statistical calculations
were performed using GraphPad Prism 4 for Windows (GraphPad). A p �
0.05 was considered to be statistically significant.

Results
Sensitized and challenged Salp15-treated mice have reduced
numbers of inflammatory eosinophils and lymphocytes in their
lungs

Salp15 inhibits CD4� T cell activation in vitro and in vivo (15).
Therefore, we sought to determine whether Salp15 could inhibit
the activation of CD4� T cells in a model in which they are both
necessary and sufficient for the pathophysiology of disease, a
mouse model of allergic asthma. Using an OVA model of allergic
airway disease, mice were treated with 50 �g of Salp15 by i.p.
injection immediately before i.p. immunization with OVA plus
alum on days 0 and 7. Fifty micrograms of Salp15 was used be-
cause previous work has demonstrated that this dose and route of
administration inhibits the activity of CD4� T cells and the gen-
eration of Ag-specific IgG responses in vivo (15). As shown in Fig.
1, compared with control mice that received PBS vehicle instead of
Salp15 and were immunized with OVA plus alum, the mice that
received Salp15 had a statistically significant reduction in the num-
bers of eosinophils ( p � 0.01) and lymphocytes ( p � 0.05)
present within the BAL fluid (BALF). The reduction in these cells
contributed to the significant reduction in the total number of cells
present within the BALF (Salp15-treated mice: 72,220 � 7,395 vs
controls: 190,600 � 41,140; p � 0.05). Higher numbers of mac-
rophages were present in the BALF of the mice that received
Salp15 ( p � 0.001) and these levels were similar to those in BALF
from control mice. Furthermore, the macrophages from the
Salp15-treated mice had the morphologic appearance of unacti-
vated resident alveolar macrophages, with a dense cytoplasm that
lacked extensions and vacuoles, when examined from cytospin
preparations (data not shown).

Reduced airway inflammation and mucus production in
sensitized and challenged Salp15-treated mice

We assessed airway inflammation after OVA sensitization and
challenge in Salp15-treated and untreated mice by examining the
number and type of cells that were present in the lung tissue, as
revealed by H&E staining (Fig. 2A). In the lungs of the Salp15-
treated mice, we observed a reduction in the number of inflam-
matory cells present within the peribronchiolar and perivascular
regions, compared with vehicle-treated control mice that had been
Ag sensitized and challenged. In addition to the reductions in in-
flammatory cells, there were also reductions in the number of mu-
cin-producing (PAS�) cells in the airways of the Salp15-treated
mice (Fig. 2A). Real-time quantitative PCR of cDNA from the
lungs also demonstrated a reduction in the expression of Muc5AC
( p � 0.01; Fig. 2B), further indicating that Salp15-treated mice
have a reduction in mucus production compared with controls.

Salp15-treated mice secrete lower levels of Th2 and
inflammatory cytokines into the airspaces compared with
sensitized and challenged control mice

Following the allergen challenge of Ag-sensitized mice, a num-
ber of inflammatory cytokines are elaborated into the airspaces,
which can be quantitated by a multianalyte approach, such as
the Bio-Plex. We collected BALF from control or Salp15-
treated Ag-sensitized and challenged mice 48 h after the final
aerosolized challenge and measured cytokines using the mouse
23-plex kit. Although a number of cytokines were undetectable

FIGURE 1. Reduced eosinophils and lymphocytes in the BALF follow-
ing Ag sensitization and challenge in Salp15-treated mice compared with
control mice. Mice were administered vehicle (OVA/OVA) or 50 �g of
Salp15 (OVA/OVA � Salp15) immediately before OVA sensitization on
days 0 and 7 and were challenged with OVA on days 14–16. BALF was
collected 48 h after the third aerosolized OVA challenge, and cell counts
were performed. Dotted line (where visible) indicate levels of cells in the
BALF from unsensitized mice. Values are means (�SEM) of seven mice
from the OVA/OVA group and six mice from the OVA/OVA � Salp15
group. Data were analyzed by a two-tailed unpaired t test. �, p � 0.05;
���, p � 0.001.

FIGURE 2. Salp15-treated mice have lower numbers of inflammatory
cells and less mucus production within the airways. Sections from paraffin-
embedded lung were stained using H&E and PAS reagents (A) to visualize
inflammatory and mucus-producing airway cells. Original magnification,
�100. Samples are representative of six mice per group. B, RNA was
collected from the whole lung, reverse transcribed, and analyzed using
quantitative real-time PCR for Muc5AC relative to HPRT. Values are
means (�SEM) of 10 mice from the OVA/OVA group and nine mice from
the OVA/OVA � Salp15 group. Data were analyzed by a two-tailed un-
paired t test. ��, p � 0.01.
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in the BALF from sensitized and challenged mice, including
eotaxin, IFN-�, IL-10, and IL-13, detectable levels of IL-4,
IL-5, IL-17, IL-12p40, GM-CSF, keratinocyte chemoattractant,
G-CSF, and MIP-1� were present (Fig. 3). However, in the
BALF of the mice treated with Salp15, reduced levels of IL-4,
IL-5, IL-17, IL-12p40, KC, and G-CSF were present. In addition,
MIP-1� and GM-CSF were undetectable in the BALF of the Salp15-
treated mice. These results support the hypothesis that the activities of
Ag-specific CD4� cells are diminished by treatment with Salp15,
resulting in diminished Th2 cytokine production and Ag-induced in-
flammatory cytokine production.

Ag-specific CD4� T cells from sensitized and challenged
Salp15-treated mice produce less IL-4, IL-5, and IL-13

Because prototypical Th2 cytokines may also be generated in the
lung by cells besides CD4� T cells, including eosinophils (24),
mast cells, and basophils (25), we sought to determine whether
treatment of mice with Salp15 results in a reduced capacity of their
OVA-specific CD4� T cells to generate the prototypic Th2 cyto-
kines, IL-4, IL-5, and IL-13, compared with control mice. There-

fore, purified CD4� T cells from spleens were isolated from al-
lergen-sensitized (with or without Salp15) mice 48 h after the final
OVA challenge, and stimulated in vitro for 72 h with OVA in the
presence of syngeneic APCs from naive mice. As measured by
ELISA, CD4� T cells from the Salp15-treated mice produced sig-
nificantly lower levels of the Th2 cytokines IL-4, IL-5, and IL-13
than cells from the vehicle-treated mice (Fig. 4). Despite reduc-
tions in Th2 cytokines, however, there was no reduction in IFN-�.
Because Ag sensitization with alum and OVA promotes the gen-
eration of Th2 immunity in BALB/c mice, we were not surprised
that the production of IFN-� was not altered in the Salp15-treated
mice. Furthermore, because treatment of the effector cells with
Salp15 does not modulate the production of IL-2 (15), the fact that
the levels of IL-2 were not reduced in the Ag-restimulated CD4�

T cells from Salp15-treated mice was also not surprising.

Sensitized and challenged Salp15-treated mice have reduced
levels of OVA-specific IgG1 and IgE

Increased circulating levels of Ag-specific IgE and IgG1 are ad-
ditional hallmarks of allergic disorders, including allergic asthma,

FIGURE 3. Salp15-treated mice produce lower
levels of Th2 and inflammatory cytokines after Ag
challenge compared with control mice. BALF was
collected from Ag-sensitized and challenged control
and Salp15-treated mice 48 h following the third
aerosolized Ag challenge and was analyzed by Bio-
Plex using the mouse cytokine 23-plex kit. Dotted
lines indicate levels of cytokines in the BALF from
unsensitized mice. The absence of a dotted line in-
dicates that the cytokine was undetectable in the
BALF from unsensitized mice. Values are means
(�SEM) of 10 OVA/OVA mice and 9 OVA/OVA �
Salp15 mice. Data were analyzed by two-tailed un-
paired t test. �, p � 0.05; ��, p � 0.01; ���, p � 0.001.
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and of mouse models of the disease. The isotype class switch of B
lymphocytes to generate IgE and IgG1 is controlled by the Th2
cytokine IL-4 (26, 27). Therefore, having demonstrated reduced
levels of IL-4 production in vivo and in vitro by Salp15-treated
mice, we determined whether Salp15-treated mice also had a re-
duction in the circulating levels of these Igs. ELISA analysis of
serum revealed that both OVA-specific IgG1 and IgE levels were
reduced in the Salp15-treated mice (Fig. 5). We also measured
serum OVA-specific IgG2a, class switch to which is controlled by

IFN-� (28), and found that its level was reduced in the mice that
received Salp15. However, Salp15 treatment did not change the
relatively low levels of total serum IgE measured at this time point.

Salp15 protects mice from developing airway
hyperresponsiveness

Arguably, the most important diagnostic criteria of allergic
asthma is airway hyperresponsiveness, the enhanced reaction of
the airway smooth muscle to agonists, such as methacholine or

FIGURE 4. CD4� T cells from Salp15-treated
mice produce lower levels of Th2 cytokines after Ag
stimulation in vitro. Positive selection was per-
formed from splenocytes to isolate CD4� T cells
from Ag-sensitized (with or without Salp15) mice
�48 h after the final OVA challenge. The cells were
cultured for 72 h in the presence of OVA, and naive
syngeneic APCs and ELISAs were performed from
the cleared cellular supernatant. Values are means
(�SEM) of 3–10 mice. Data were analyzed by a
two-tailed unpaired t test. ���, p � 0.001.

FIGURE 5. Serum Ig levels from vehicle con-
trol-treated Ag-sensitized and challenged mice
(OVA/OVA) or Salp15-treated Ag-sensitized and
challenged mice (OVA/OVA � Salp15). Diluted se-
rum was analyzed 48 h after the third aerosolized
OVA challenge for OVA-specific IgE (1/10), IgG1
(1/1000), IgG2a (1/50), as well as for total IgE (1/
5000) by ELISA. Dotted lines indicate Ig levels in
the serum from control (unsensitized) mice. Values
are mean ODs (�SEM) from nine OVA/OVA mice
and eight OVA/OVA � Salp15 mice. The serum
dilutions were the same for the OVA/OVA and
OVA/OVA � Salp15 groups. Data were analyzed
by a two-tailed unpaired t test. ���, p � 0.001.
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histamine, which promote bronchoconstriction. Therefore, we
sought to determine whether Salp15 treatment would attenuate
airway hyperresponsiveness. Anesthetized and tracheally can-
nulated mice were mechanically ventilated and, using a forced-
oscillation technique, airway resistance (RN), tissue damping
(G), and tissue stiffness (H) were calculated, as changes in these
variables can implicate the subanatomical alterations in pulmo-
nary function (17, 29). Ag-challenged Salp15-treated mice had
significantly less methacholine-induced airway resistance, tis-
sue elastance, and parenchymal hyperresponsiveness compared
with Ag-sensitized and challenged mice. In fact, all of the mea-
sured parameters of airway hyperresponsiveness of the Salp15-
treated mice were no different from naive control mice, which
in this case had not been immunized or challenged with Ag.
These results demonstrate that the effect of Salp15 treatment is

not limited to either the conducting or distal airways and that
the responsiveness to methacholine is that of control animals in
each of the anatomical compartments tested, which is consistent
with the overall diminishment in the inflammatory response in
the lungs.

Discussion
In order for ectoparasites, such as wood ticks, to feed to reple-
tion, they must remain on their host for as long as 7 days (12).
Therefore, they possess inherent mechanisms, including the se-
cretion of immunomodulatory agents, to combat the host im-
mune response during the extended periods of blood feeding.
Ixodes scapularis, the tick that transmits Borrelia burgdorferi,
the causative agent of Lyme disease, secretes a number of pro-
teins in its saliva, one of which is Salp15. Salp15 is a potent
immunomodulatory protein thought to contribute to the ability
of the tick to prevent the generation of immune responses to
saliva Ags (15). Interestingly, Salp15 is also used by B. burg-
dorferi to facilitate the transfer of the spirochete from the tick
to the blood of the host (30).

Salp15 elicits its immunomodulatory properties through the
inhibition of CD4� T cell activation, proliferation, and IL-2
production (15). We have recently demonstrated that Salp15
binds selectively to the D1–D2 domains of the CD4 molecule
(13), thereby preventing the activation of Lck and downstream
substrates essential to the initiation of naive CD4� T cell dif-
ferentiation into effector T cells. Because CD4� T cells play
critical roles in allergic asthma (3), we hypothesized that
Salp15 may prevent the development of the pathologic features
in a mouse model of asthma by inhibiting the generation of
CD4� effector T cells. Our results demonstrate that Salp15 pre-
vents the development of the atopic immune response modu-
lated by CD4� Th2 cells in the setting of allergic sensitization
with OVA plus alum. Consequently, the fundamental features
of allergic asthma, including airway eosinophilia, mucus cell
metaplasia, Ag-specific Igs, Th2 and inflammatory cytokines,
and airway hyperresponsiveness, were not generated in Ag-
challenged mice that were Ag sensitized in the presence of
Salp15. Although the reduction of IgE and IgG1 correlate with
the suppression of IL-4 production by Salp15-treated animals, it
remains incompletely understood why the in vivo generation of
IgG2a was diminished in Salp15-treated mice, whereas the in
vitro production of IFN-� and IL-2 were not diminished by
Ag-restimulated CD4� T cells from these same animals. As we
observed, inhaled Ag challenge elicits a complex inflammatory
response, including the generation of IL-12, a potent modulator
of IgG2a production (31). Because the levels of IL-12 were
reduced in the BALF of Salp15-treated mice, perhaps these re-
ductions account for the decreased IgG2a measured in
these mice.

Other molecules secreted into the host by ectoparasites, in
addition to I. scapularis Salp15, may be potentially beneficial in
combating inflammatory conditions, such as asthma. Recent
studies have implicated the coagulation cascade, especially the
formation of fibrin in the lung (32), as an important contributor
to the pathophysiologic airway hyperreactivity response in an
experimental model of allergic asthma. The medicinal leech
(Hirudo medicinalis) secretes an extraordinarily potent antico-
agulant, hirudin, which inhibits the activity of thrombin (33).
Thrombin is elevated in the sputum from asthmatic individuals
(34), where it may play a role in airway remodeling (35). In-
terestingly, hirudin has been used to alleviate pathophysiologies
associated with remodeling in experimental models of allergic
asthma, including diminishment of fibroblast proliferation (36).

FIGURE 6. Reduced airway hyperresponsiveness in Salp15-treated
mice. Mice were treated with vehicle or Salp15, then sensitized and chal-
lenged with Ag, as described above. Airway hyperresponsivness was as-
sessed in mice that were treated with Salp15 (F) compared with mice that
were treated with vehicle (f). These two groups of mice were also com-
pared with mice that had not been sensitized or challenged, control (�).
Hyperresponsiveness to increasing amounts of methacholine was measured
from forced oscillations and determined as airway resistance (Rn), tissue
damping (G), and tissue stiffness (H). As derived from the constant phase
model, data are expressed as the percent change from baseline measure-
ments (�SEM) for each of the parameters measured. Data are inclusive of
three separate experiments containing a total of eight OVA/OVA mice,
nine Salp15-treated mice, and three controls. Differences in the curves for
the three groups of mice were analyzed by two-way ANOVA (RN, p �

0.01; G, p � 0.01; H, p � 0.0001) and differences at each dose of metha-
choline between the control and OVA/OVA or OVA/OVA � Salp15
groups were compared using a two-tailed unpaired t test with Welch’s
correction. �, p � 0.05; ��, p � 0.01.
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I. scapularis saliva also contains a potent anticoagulation pro-
tein, Salp14 (37), which may be capable of modulating airway
hyperresponsiveness or remodeling. The tick, Rhipicephalus
appendiculatus, secretes high-affinity histamine-binding pro-
teins that inhibit histamine-induced effects (38). Although the
neutralization of histamine is thought to reduce the removal of
ticks by the host, the potentially beneficial effects of tick-de-
rived histamine-neutralizing proteins have also been demon-
strated in experimental models of allergic asthma (39). In fact,
many of the effects observed were similar to those we observed
with Salp15, including reduced Th2 cytokines, inflammation,
and airway hyperreactivity (39). Finally, Salp25D from I.
scapularis is homologous to various eukaryotic glutathione per-
oxidases (40), which could dampen the production of reactive
oxygen species, thought to be important modulators of the in-
flammatory response in asthma (41). Recent evidence suggests
that reactive oxygen species production may also be important
for the generation of adaptive immune responses by providing
a third signal for the activation of naive T cells (42). These data
suggest that the salivary proteins from a number of hematoph-
agous parasites have been demonstrated to or may be beneficial
in the prevention or treatment of asthma. Of these proteins,
Salp15 may be unique, through its mechanism of CD4 binding
and inhibition, in its capacity to prevent the allergic sensitiza-
tion necessary for the development of allergic asthma. How-
ever, the capacity of Salp15 to inhibit CD4� T cells is likely not
limited to Th2 responses, as the Ig-inducing effects of Ag plus
CFA immunization are also diminished by Salp15 (15).

The reasons for the relatively recent rises in the prevalence of
asthma (1) remain unclear, but the hygiene hypothesis states that
decreased exposure to infectious microorganisms may play an im-
portant role in the development of atopic immune responses (2). In
fact, bacteria and bacterial-derived molecules themselves can pre-
vent the development of or even treat established asthma-like dis-
ease in an experimental setting (5–7), while infection with helmin-
thic parasites is also able to suppress the deleterious atopic
immune response that promotes allergic airway pathologies (9).
Like helminthic enteroparasites, ectoparasites may also be capable
of effectively modulating atopic disease. Our finding that the tick-
derived salivary protein Salp15 prevents the development of ex-
perimental allergic asthma suggests that ticks or their secreted
products may also be important and underappreciated contributors
to the hygiene hypothesis.
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