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a  b  s  t  r  a  c  t

To succeed  blood  meal,  ticks  inject  salivary  proteins  to  mammalian  hosts,  eliciting  an  anti-
body response  against  these  foreign  antigens.  Although  this  immune  response  has  been
proposed  as  a surrogate  marker  of  exposure  to  tick  bites,  identification  of  the correspond-
ing antigens  remains  elusive.  For  this  aim,  a comparison  by  immunoblots  of  the  kinetic
IgG  responses  to protein  salivary  gland  extracts  from  two  European  tick  species,  Rhipi-
cephalus  sanguineus  or Dermacentor  reticulatus,  in  rabbits  was performed.  A  singularity  in
the immune  patterns  was  observed  according  to  rabbit  exposure  status  and  depending  on
ermacentor reticulatus
alivary antigens
xposure markers
accine candidates

the  antigen  source.  Six  and  five  bands  were  found  specifically  associated  to  R. sanguineus
and  to D.  reticulatus  exposures,  respectively.  The  identity  of  these  salivary  antigenic  proteins
was  determined  using  an original  immunoproteomic  approach.  The  utilization  of  these  tick
salivary proteins  as biomarker  candidates  to  discriminate  R. sanguineus  and/or  D. reticulatus
tick exposure  or  to  develop  anti-tick  vaccines  is  discussed.
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1. Introduction

Ticks are currently the most important vectors of
human infectious diseases after mosquitoes [1].  Due to
the duration of their blood meal, ticks face a strong
response from the host defense systems and thus tick
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

saliva has evolved to counter these responses [2].  Recent
progress in transcriptome research has uncovered that
hard ticks express hundreds of different proteins in their
salivary glands (SG) [2,3]. Recently, the elucidation of the
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sialotranscriptome from the R. sanguineus has been per-
formed opening the opportunity to realize proteomic
analysis for identifying for example antigenic salivary
proteins reflecting vector–host contacts [4].  Tick saliva
components include a cement to anchor the mouthparts to
the skin of the host, enzymes, enzyme inhibitors, amine-
binding proteins and cytokine homologues that act as
anti-hemostatic, anti-inflammatory or immunomodula-
tory agents [2,3]. This protein cocktail facilitates successful
blood feeding and also assists in the transmission of
pathogen agents to the host [5].  The immunogenicity of
these proteins has been demonstrated in the laboratory
and in the field, both in humans and animals [2].  The
anti-tick saliva antibody response as a biomarker of tick
exposure has been tested using SG extracts or recombi-
nant proteins such as the calreticulin salivary protein [6,7].
Human and animal immune responses against salivary
extract or recombinant protein confirmed tick exposure
or duration of tick attachment over a span of three days;
however, none of these responses was specific to a tick
species [8,9].

Prophylaxis of vector-borne diseases, including tick
borne diseases, is an important problem both in human and
veterinary medicine. One of the perspective approaches
to solve this problem is the creation of vaccines against
arthropods including pan arthropod vaccines or specific
vaccines such as anti-tick vaccines [10,11].  During the
last ten years, vaccines developed against Rhipicephalus
(Boophilus) spp. using tick midgut antigens have demon-
strated the feasibility of using vaccines for the control of
tick infestations and the success of recombinant vaccines
[12]. Although this vaccine conferred a level of protection
for tick species other than R. (Boophilus)  microplus,  this pro-
tection was not optimal against tick species independent
of the genus [13,14].  The success of immunological control
methods is dependent upon the use of potential key anti-
gens, and there is clearly a need to determine additional
tick-protective antigens. Thus, many studies have been
conducted to identify other sources of protective antigens
in addition to the midgut antigens, including “concealed”
antigens (hematophagous arthropod antigens that are not
naturally in contact with the host immune response like
the midgut antigens are) and “exposed” antigens (antigens
secreted during the blood meal) [15,16]. The immuniza-
tion with “concealed” antigens, such as midgut antigens,
testicular proteins, recombinant chitinase proteins and
non-secreted salivary proteins, could be efficient; however,
the protective immunity that develops is short-lived and
repeated vaccination cycles are needed to induce an effec-
tive vector-bite protection [17–19].  The use of secreted
“exposed” antigens alone or associated with concealed
antigens is a method for vaccine design that does not neces-
sitate iterative vaccinations [20]. Many methods have been
used to identify protective candidate antigens for the con-
trol of ticks, such as the bioinformatic analysis of the amino
acid composition of salivary proteins and cDNA expression
libraries, use of RNA interference, infections with saliva,
Please cite this article in press as: Vu Hai V, et al. Identification of 
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salivary extracts, or intestinal extracts or the determina-
tion of host immune resistance induced by infestations
[21–24].  R. sanguineus,  commonly known as the brown
dog tick, is widely distributed throughout the world and
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is a vector of many important pathogens, such as Rickettsia
conorii conorii,  Rickettsia rickettsii, and Rickettsia massiliae
[25,26]. Natural immunization after multiple infestations
has been described previously [27]. In some pilot studies,
antibody responses against the R. sanguineus SG proteins
could be used as biomarkers of tick exposure; however, in
a recent study conducted in patients affected by Mediter-
ranean spotted fever (MSF), this antibody response was not
found in many patients [28–30]. Commonly known as the
ornate cow tick, D. reticulatus is one of the main vectors of
Rickettsia slovaca and Rickettsia raoultii throughout Europe
[31,32].  The involvement of D. reticulatus SG extracts in the
inhibition of host cytokine production and natural killer
cell activity has been well described [33,34]; however,
the nature of the antibody responses against D. reticulatus
SG proteins remains unknown. Therefore, complementary
studies are needed to clarify antigenic SG proteins involved
in the emergence of host antibody responses following a
tick bite.

Thus, the present work proposed to determine the tick
SG antigenic proteins that are useful for the determina-
tion of distinct exposed vs. un-exposed mammalians to
tick bites. Furthermore, for the first time, the host expo-
sure according to each tick species is discriminated. A
comparative analysis of the kinetic IgG antibody profiles
from rabbits exposed to R. sanguineus or D. reticulatus tick
bites against protein salivary gland extracts (pSGE) was
performed. The combination of one- and two-dimensional
immune-proteomic approaches allowed us to identify
shared- and discriminant-R. sanguineus and/or D. reticula-
tus salivary antigenic proteins. These exposure biomarker
candidates could be helpful in the diagnosis of the dis-
eases transmitted by these vectors, in the assessment of
vector control strategies or the development of anti-tick
vaccines.

2. Materials and methods

2.1. Tick and sera collection

Pathogen-free R. sanguineus ticks, originating from
southern France, used in our work have been maintained at
the Unité de Rickettsies, the WHO  Collaborative Center for
Rickettsial and Other Arthropod-Borne Bacterial Diseases,
in Marseille, France, since 2003. Pathogen-free D. reticu-
latus ticks have been maintained in this laboratory since
2009.

Three specific-pathogen-free New Zealand white
rabbits (Charles River, Lyon, France) were infested
successively three times with approximately 20 adult
pathogen-free ticks each time. Rabbits were monitored
once daily for the engorgement of ticks. The duration of
the blood meal varied from 5 to 14 days. Semi-engorged
females were collected for SG dissection. Rabbit sera were
collected before the manipulation (T0), at the end (T1,
T3 and T5) and three weeks (T2, T4 and T6) after the
first, second and third infestation, respectively. The detail
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

experimental design was illustrated in Additional file 1.
All experimental protocols were approved by the Ethics
Committee for Animals of the Medical School of Marseille,
France.

dx.doi.org/10.1016/j.cimid.2012.09.003
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.2. Tick dissection and salivary gland extraction

SG from semi-engorged females were dissected under a
tereomicroscope at 1.6× magnification, pooled by species
nto a microcentrifuge tube on ice in phosphate-buffered
aline (PBS) supplemented with protease inhibitor (Sigma,
t. Louis, MO,  USA), and then disrupted using ultrasonica-
ion (Vibracell 72412; Bioblock Scientific, Illkirch, France)
or 5 min  on ice at maximum amplitude. SG homogenates
ere then centrifuged for 15 min  at 16,100 × g, and the
rotein concentration of the supernatant was determined

n duplicate using the Lowry method (DC Protein assay
it, Bio-Rad, Hercules, CA, USA) according to the manufac-

urer’s instructions. Each sample was then stored at −20 ◦C
35].

.3. CyDye labeling

Tick pSGE were concentrated via precipitation with ace-
one (Sigma) and were suspended in UTC buffer containing

 M urea (Sigma), 2 M thiourea (Sigma), 4% (w/v) CHAPS
Sigma) and 30 mM Tris (Sigma), adjusted to pH 8.5, to
btain a protein concentration adjusted to 2.5 �g/�L.  pSGE
ere then minimally labeled with CyDye according to the
anufacturer’s recommended protocols and as previously

escribed [36,37]. Briefly, proteins were labeled with either
yanine 5 (Cy5) or cyanine 3 (Cy3) (GE Healthcare, Uppsala,
weden), freshly dissolved in anhydrous DMF  (Sigma), and
ncubated on ice for 30 min  in the dark. The reaction was
uenched with 1 �L of free lysine (10 nM;  Sigma) and incu-
ation for 10 min  on ice. Each sample was then immediately
sed for 1D or 2D experiments.

.4. One-dimensional (1D) immunoblot

For each tick species, 130 �g of CyDye-labeled tick pSGE
as loaded per gel with an equal volume of 2× Tris buffer

ontaining 5% (w/v) SDS (Sigma) [38] and separated using
 12.5% SDS-PAGE in a Mini-protean precast gel (Bio-Rad).
or each gel, 10 �L of Precision Plus protein dual-color
tandard (Bio-Rad) was loaded. After SDS-PAGE, gels were
ransferred onto a nitrocellulose membrane (0.45-�m,  GE
ealthcare) with semidry blotting (0.8 mA/cm2) [39]. Blots
ere incubated with a saturation buffer (5%, w/v, skimmed
ilk (Becton Dickinson Bioscience, NJ, USA) in PBS con-

aining Tween-20 (0.1%, v/v, Sigma), and each membrane
as cut into 15–25 strips, 3–4 mm wide. Immunoblots
ere performed with rabbit sera diluted 1/100 in PBS sup-
lemented 0.1% (v/v) Tween-20 with 5% (w/v) skimmed
ilk. After an overnight incubation at 4 ◦C, blots were

ncubated with anti-rabbit IgG fluorescein isothiocyanate
FITC) conjugated antibody at 1/1000 (Sigma), and scanned
ith a TyphoonTM Trio Image scanner (GE Healthcare) at

ITC and Cy5 excitation wavelengths (488 nm and 633 nm).
he Cy5 labeling of pSGE was used as a control of migra-
ion to improve the accuracy of the alignment of antibody
Please cite this article in press as: Vu Hai V, et al. Identification of 
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eactivity [40]. Pre-scans were performed to adjust the
hotomultiplier tube voltage to obtain images with a max-

mum intensity of 60,000–80,000 U. Molecular weights
ere estimated via comparison with a standard molecular
eight marker.
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2.5. Two-dimensional (2D) electrophoresis and
immunoblot

Reagents that were not purchased from GE Healthcare
are indicated. Destreak buffer containing 1% (v/v) IPG buffer
3–10 was used for IPG strips (3–10 linear, 11-cm) overnight
rehydration. The CyDye-labeled pSGE for each sample were
placed at the acidic end of the IPG strip using a cup-
loading technique. For 2D immunoblots and 2D preparative
gels, 30 and 60 �g were loaded, respectively. IEF was per-
formed using an Ettan IPGphor II electrophoresis unit at
20 ◦C, for a total of 30 kVh. Prior to separation in the sec-
ond dimension, IPG strips were reduced and alkylated in
an equilibration buffer containing 50 mM Tris–HCl, pH 8.6
buffer, 6 M urea, 2% SDS and 30% glycerol supplemented
with 1% (w/v) DTT or 2.5% (w/v) iodoacetamide instead
of DTT for 10 min. IPG strips were then placed at the top
of a 12.5% SDS-PAGE Criterion Tris–HCl precast gel (Bio-
Rad). For each gel, 10 �g of CyDye-labeled tick pSGE were
loaded beside the IGP strip to facilitate the alignment of the
1D antigenic bands with the corresponding 2D antigenic
spots. After electrophoresis, gels with CyDye-labeled pro-
teins were scanned with the TyphoonTM Trio Image scanner
(GE Healthcare) at Cy3 and Cy5 wavelengths (532 nm and
633 nm,  respectively), before performing protein transfer
onto nitrocellulose membranes (0.2 �m,  GE Healthcare).
Immunoblots were performed as described above and ana-
lyzed using Decyder v6.5 software (GE Healthcare), as
previously described [39]. Briefly, the superimposition of
the protein expression profile and the antigenic protein
pattern images allowed us to excise accurately the spots
of interest on the preparative gel run in parallel. The pro-
tein expression profile was  used as an “internal standard” to
perform a perfect match between the blot and the prepar-
ative gel. Antigenic spots were selected for excision and
further identification with mass spectrometry (MS).

2.6. Mass spectrometry

Based on the Decyder analysis, spots of interest were
excised and digested as described [39,41]. The samples
were then analyzed on a NanoLC-LTQ-OrbitrapVelos-ETD
(Thermo Scientific, Bremen, Germany). Nano-liquid sep-
aration of peptides was  performed using a nanoliquid
chromatography system (UltiMate® 3000 Rapid Separation
LC (RSLC), Dionex, Sunnyvale, CA, USA). Five microliters
of digested peptide sample was  pre-concentrated and
washed on a Dionex AcclaimPepMap 100 C18 column
(2 cm × 100 �m i.d., 100 A, 5 �m particle size) and then
separated on a Dionex Acclaim PepMap RSLC C18 column
(15 cm × 75 �m i.d., 100 A, 2 mm particle size) (Dionex,
Amsterdam, Netherlands) using a linear 30 min  gradient
(4–40% acetonitrile/H2O; 0.1% formic acid] at a flow rate of
300 nl/min, under UV detector monitoring (absorption at
214 nm). The nanoLC was coupled to a nanospray source
of a linear ion trap Orbitrap mass spectrometer (LTQ Orbi-
trapVelos, Thermo Electron) at 1.4 kV of LTQ spray voltage
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

and a capillary temperature of 275 ◦C. All samples were
measured in a data-dependent acquisition mode. Each run
was preceded by a blank MS  run to monitor the sys-
tem background. A survey full scan (scan range 300–1700

dx.doi.org/10.1016/j.cimid.2012.09.003
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m/z, with 30 K FWHM resolution at m/z = 400, target AGC
value of 1.00 × 106 and maximum injection time of 500 ms)
was performed to measure the peptide masses. The data-
dependent CID scans of the 10 most intense precursor
ions were fragmented and measured in the linear ion
trap (normalized collision energy of 35%, activation time
of 10 ms  target AGC value of 1.00 × 104, maximum injec-
tion time 100 ms,  isolation window 2 Da and wideband
activation enabled) and was visualized in parallel to the
high-resolution full scan in the Orbitrap. The fragment ion
masses were then measured in the linear ion trap to have a
maximum sensitivity and the maximum amount of MS/MS
data. Dynamic exclusion was implemented with a repeat
count of 1 and exclusion duration of 25 s.

2.7. MS  data analysis

Data were searched using Mascot software against the
Ixodidae National Center for Biotechnology Information
non-redundant (NCBInr, NIH, Bethesda, MD,  USA) pro-
tein database (January 16, 2012), as described [39]. Search
parameters were set to allow for one missed tryptic cleav-
age site, the carbamidomethylation of cysteine, and the
possible oxidation of methionine; the precursor and prod-
uct ion mass error tolerance was <0.2 Da. All identified
proteins had a Mascot score greater than 53 (Ixodidae,
28587 sequences), corresponding to a statistically signif-
icant (p < 0.05) confident identification. Moreover, among
the positive matches, only protein identifications based on
at least two different non-overlapping peptide sequences
with a mass tolerance <0.05 Da were accepted. For sin-
gle peptide-based identification, in addition to Mascot
score significance, only peptide sequences with at least
six consecutive amino acids detected on MS  spectra were
considered to limit the number of false positive matches
without missing real proteins of interest. Signal peptides
were predicted by the submission of the protein sequences
to the SignalP server 3.0.

3. Results

3.1. Kinetic analysis of IgG antibody responses from
rabbits exposed to tick bites against R. sanguineus pSGE

As SG protein composition of ticks could change dur-
ing the blood feeding [4],  a qualitative and quantitative
comparison of the SG protein profiles from semi-engorged
(SG collected from 4 to 5 days after tick attachment)
and engorged ticks (SG collected 10–14 days after tick
attachment) was performed. In SG from engorged ticks,
protein profiles and protein quantities were found less
complex and abundant compared to those obtained
from semi-engorged ticks (Additional file 2), reflecting
the morphological degradation of SG in completing the
engorgement stage [42,43]. Then, SG from semi-engorged
ticks were chosen as antigen source for the assessment of
rabbit antibody responses.
Please cite this article in press as: Vu Hai V, et al. Identification of 
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To determine the characteristic of antibody responses
in rabbits exposed to tick bites against R. sanguineus pSGE,
a comparison of the kinetic IgG rabbit antibody profiles
was performed using 1D immunoblot analysis. Although,
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non-specific IgG responses against tick pSGE were
observed in all naive rabbits at T0, some additional bands
were detected from T1 to T6 in sera from rabbits exposed
to R. sanguineus and D. reticulatus (Fig. 1).

Concerning rabbits exposed to R. sanguineus,  the kinetic
analysis of IgG responses indicated that some antigenic
bands started to appear at T1 (i.e., bands Rhs4 and
Rhs5). In the consecutive rabbit sera collection, these two
bands were maintained and their intensity of recognition
increased. Moreover, supplementary antigenic bands were
revealed following each new infestation (i.e., T3 and T5),
and a similar antigenic band detection kinetic was observed
in two additional rabbits exposed to R. sanguineus bites
under similar conditions. These results indicated an impor-
tant reproducibility of the immune response and suggested
that some salivary proteins are more antigenic and that
the diversity of this response may  be linked to the level of
exposure.

Concerning the rabbits exposed to D. reticulatus,  some
antigenic bands appeared at T1 (i.e., two bands at molecu-
lar weights of approximately 30–34 kDa) and these bands
were maintained in the consecutive rabbit sera collection.
However, in contrast to rabbits exposed to R. sanguineus, no
evolution of the IgG immune profiles was  detected despite
the following infestations. It is interesting to note that the
kinetic antigenic profiles from rabbits exposed to D. reticu-
latus bites, were highly stable and reproducible.

An accurate comparison of these antigenic profiles indi-
cated that some antigenic bands were detected with sera
from rabbits exposed to either R. sanguineus or D. reticula-
tus (i.e., two bands at molecular weights of approximately
30–34 kDa), suggesting that some salivary antigens could
be conserved and then shared between these two  tick
species.

However, six antigenic bands, arbitrarily named Rhs1
to Rhs6 with a molecular weight range from 72 to
13 kDa, were exclusively recognized with sera from rabbits
exposed to R. sanguineus bites. A schematic represen-
tation of these antigenic bands was  depicted on an
immunoreactivity diagram (Fig. 1). These six antigenic
bands distinguishing rabbit exposures between these two
tick species could be considered as relevant antigenic
marker candidates of antibody responses following R. sang-
uineus bite exposure. For subsequent antigen identification
using a 2D immunoproteomic approach, pooled sera (n = 3)
from rabbits collected at T6 covering the whole spectrum
of these antigenic bands against R. sanguineus pSGE were
selected.

. Characterization of R. sanguineus pSGE antigens
recognized by rabbits exposed to tick bites

As each antigenic band could contain numerous pro-
teins, a 2D immunoproteomic approach was then adopted
to characterize these tick salivary antigens. To limit
the mismatch between antigenic spots detected on 2D
immunoblots and their counterparts on the preparative
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

gel, a 2D immunoblot fluorescence-based method was
used to increase the confidence in spot matching as pre-
viously described [39]. Using R. sanguineus pSGE as the
antigen source, the pooled sera of rabbits exposed to

dx.doi.org/10.1016/j.cimid.2012.09.003
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Fig. 1. One-dimensional (1D) Rhipicephalus sanguineus salivary gland antigenic profiles from rabbits exposed to different tick species. The evolution of the
IgG  immune profiles from rabbits exposed to R. sanguineus (n = 3; R1 to R3) or to D. reticulatus (n = 3; D1 to D3) bites against R. sanguineus salivary gland
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rotein extracts are presented. Kinetic rabbit sera collection from T0 (nai
etected exclusively by rabbits exposed to R. sanguineus are indicated on
heir  corresponding apparent molecular weights are indicated with brac

. sanguineus (n = 3, collected at T6, Fig. 2B), D. reticula-
us (n = 3, T6, Fig. 2C) and un-exposed (n = 3, T0, Fig. 2D)
etected 34, 22 and 6 antigenic protein spots on 2D

mmunoblots, respectively. The six antigenic protein spots
etected by naive rabbits were considered as non-specific.
hey were also detected by pooled sera from rabbits
xposed to R. sanguineus and D. reticulatus bites. Thus, 28
nd 16 antigenic protein spots were attributed to the R.
anguineus and D. reticulatus tick bites, respectively. Inter-
stingly, all of the 16 antigenic protein spots detected by
ooled sera from rabbits exposed to D. reticulatus were
lso recognized by pooled sera from rabbits exposed to
. sanguineus. These antigenic protein spots were consid-
red as general markers of tick exposure. This phenomenon
as attributed to the presence of an ortholog salivary pro-

ein from these two distinct species, which could present
equence homologies and then shared-antigens. However,
2 antigenic protein spots were exclusively detected by
ooled sera of rabbits exposed to R. sanguineus bites that
ould be considered as discriminant antigens. The loading
f R. sanguineus pSGE onto a 2D gel next to the IPG strip
rior to electrophoresis allowed the alignment of antigenic
ands with the corresponding spots between 1D and 2D

mmunoblots, as described previously [44]. For all of the
ntigenic bands selected with 1D analysis (Rhs1 to Rhs6),
heir corresponding spots (n = 6) were detected on a 2D
mmunoblot (Fig. 2A and B). The 6 remaining antigenic
rotein spots detected only by the pooled sera of rabbits
xposed to R. sanguineus on the 2D immunoblot are pre-
ented in Fig. 2E and F. Interestingly, a 2D immunoblot
erformed with the sera of a single rabbit (R1 collected
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t T6) exposed to R. sanguineus detected the same anti-
enic protein spots as that observed by the pooled sera
n = 3, T6) (data not shown). These results support the high
t) to T6 is indicated at the top (see Section 2 for details). Antigenic bands
une profiles by an asterisk (*) and on the diagram (from Rhs1 to Rhs6).
,  molecular weight; kDa, kiloDalton.

reproducibility of the immune response elicited by these
tick bite exposures for each rabbit. A Venn diagram
summarizes the distribution of these antigenic protein
spots according to rabbit tick species bite status exposure
(Fig. 2G).

The 34 antigenic protein spots were then excised and
submitted to MS  for identification. A total of 23 protein
spots (67.6%) were successfully identified, corresponding
to 15 distinct proteins according to their NCBI acces-
sion number (Table 1). The same protein was  detected
in more than one spot (e.g., Hsp90 detected in spots
numbered 243, 267 and 374), while inversely, several
proteins were identified in only one spot (e.g., Vitellogenin-
2 and hemelipoglycoprotein precursor detected in spot
numbered 293). Among the proteins identified, five pro-
teins detected by naive rabbit sera were considered as
non-specific/relevant antigens to tick exposure. Six pro-
teins corresponding to 12 antigenic spots recognized by
pooled rabbit sera from both R. sanguineus and D. retic-
ulatus tick bites reflect an exposure to these two tick
species. Five proteins corresponding to five antigenic spots
detected only by pooled rabbit sera from R. sanguineus
tick bites represent particularly interesting antigenic can-
didates to distinguish these tick expositions. However,
among the six R. sanguineus antigenic bands (i.e., Rhs1
to Rhs6), corresponding antigenic spots from only four
bands were successfully identified (Fig. 2 and Table 1).
Despite their abundances, antigenic protein spots corre-
sponding to bands Rhs4 and Rhs5 were not identified.
Thus, five R. sanguineus-discriminant antigenic proteins,
heat shock 70 kDa protein 5 (gi|169809132) (Rhs1), pro-
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

tein disulfide isomerase-2 (gi|148717315) (Rhs2), malate
dehydrogenase (gi|241243545) (Rhs3), cement protein
(gi|260908636) (Rhs6) and the heme-binding aspartic

dx.doi.org/10.1016/j.cimid.2012.09.003
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Table 1
Rhipicephalus sanguineus antigenic salivary proteins detected by tick-exposed rabbit sera.

Spot number Band name Protein name Accession no. (NCBI) MW (kDa) pI value Signal peptide Significance
(Mascot score)

Peptide
number

Tick-exposed
rabbit sera

R.s. D.r. Naive

336a Rhs1 Heat shock 70 kDa protein 5
[Haemaphysalis longicornis]

gi|169809132 72.5 5.3 Y 936 26 ×

458a Rhs2 Protein disulfide isomerase-2
[Haemaphysalis longicornis]

gi|148717315 57.3 4.8 Y 592 13 ×

805a Rhs3 Malate dehydrogenase [Ixodes
scapularis]

gi|241243545 36.1 9.2 N 123 3 ×

1141a Rhs6 Cement protein [Rhipicephalus
sanguineus]

gi|260908636 20.6 8.8 Y 53 1 ×

744a Heme-binding aspartic proteinase
[Rhipicephalus microplus]

gi|9858101 38.8 7.2 N 163 3 ×

27  Na+/K+ ATPase, alpha subunit [Ixodes
scapularis]

gi|241124081 114.6 5.5 N 1037 30 × ×

243
Hsp90  protein [Ixodes scapularis] gi|241830514 84.7 5.0 N

257 9 × ×
267 518 19 × ×
374 1617 37 × ×
585 Actin  [Rhipicephalus microplus] gi|32330667 42.2 5.3 N 98 7 × ×
657 6922 32 × ×
587 Beta  tubulin [Ixodes scapularis] gi|241151391 50.4 4.8 N 1007 20 × ×
598 867 17 × ×
609 357 7 × ×
844 Malate  dehydrogenase [Ixodes

scapularis]
gi|241243545 36.1 9.2 N 837 11 × ×

876 810 10 × ×
877 Mitochondrial voltage dependent

anion-selective channel [Rhipicephalus
microplus]

gi|315142889 29.7 8.9 N 225 7 × ×

293
Hemelipoglycoprotein precursor
[Dermacentor variabilis]

gi|89954505 178.6 6.3 Y 238 12 × × ×

Vitellogenin-2 [Haemaphysalis
longicornis]

gi|169159125 177.4 6.1 Y 179 5

472
D-3-phosphoglycerate dehydrogenase
[Ixodes scapularis]

gi|240991833 50.3 6.5 N 940 15 × × ×
F0F1-type ATP synthase, alpha subunit
[Ixodes scapularis]

gi|241705635 60.0 9.1 N 347 13

521  F0F1-type ATP synthase, alpha subunit
[Ixodes scapularis]

gi|241705635 60.0 9.1 N 1063 19 × × ×

543 F0F1-type ATP synthase, alpha subunit
[Ixodes scapularis]

gi|241705635 60.0 9.1 N 309 11 × × ×

Ribosomal DEAD box protein [Ixodes
scapularis]

gi|241741609 37.1 8.6 N 415 12

544 Ribosomal DEAD box protein [Ixodes
scapularis]

gi|241741609 37.1 8.6 N 573 15 × × ×

The proteins were identified using a NanoLC-LTQ-Orbitrap-Velos mass spectrometer, following in-gel digestion with trypsin. Spot numbers and band names correspond to those indicated in Figs. 2A and 1,
respectively. The identities of the protein spots, their NCBI accession numbers, the MW and pI values, the presence of a signal peptide and the Mascot score serve as an indicator of confidence of identification
(protein scores greater than 53 were considered as significant (p < 0.05)). The number of peptide sequences is given. Protein sequences were submitted to the SignalP v.3.0 (http://www.cbs.dtu.dk/services/SignalP/)
server to predict a signal peptide (Y, presence; N, absence). R.s,  Rhipicephalus sanguineus; D.r:, Dermacentor reticulatus;  ×, protein spot detected by tick-exposed rabbit sera; MW,  molecular weight; kDa, kiloDalton.

a Rhipicephalus sanguineus-specific antigenic proteins.

dx.doi.org/10.1016/j.cimid.2012.09.003
http://www.cbs.dtu.dk/services/SignalP/
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Fig. 2. Two-dimensional Rhipicephalus sanguineus salivary gland antigenic profiles from rabbits exposed to different tick species. (A) 2D profile of R.
sanguineus protein salivary gland extracts (pSGE) labeled with Cy5 CyDye. Circles and arrowheads correspond to antigenic salivary protein spots detected
with  immunoblot analysis. Antigenic spots identified via mass spectrometry are numbered as indicated in Table 1. IgG immune responses from pooled
rabbit sera (n = 3) collected at T6 exposed to R. sanguineus (B) or Dermacentor reticulatus (C) and pooled naive rabbit sera (n = 3) collected at T0 (D) against
R.  sanguineus pSGE are presented. Immunoreactive bands on the right part of the immunoblots (#) correspond to R. sanguineus pSGE separated into 1D and
loaded  on the gels beside the IPG strip and used as reference for 1D and 2D profile alignments. Antigenic bands detected exclusively by rabbits exposed to R.
sanguineus are indicated on the 1D immune profiles with an asterisk (*) and on a diagram (from Rhs1 to Rhs6). Their corresponding molecular weights are
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ndicated with brackets. Enlargement of the gel region (E) and correspond
nd  the immunoblot pattern in green (i.e., “B”). A Venn diagram (G) summ
etected by sera from rabbits exposed to R. sanguineus (R.s.), D. reticulatus

roteinase (gi|9858101) (protein spot not detected by other
ooled rabbit sera), were successfully identified (Table 1).

nterestingly, molecular weight isoforms of the malate
ehydrogenase protein were detected as both shared- and
iscriminant antigens. Taking into account the 10 distinct
ntigenic proteins detected by rabbit sera exposed to both
icks or only to R. sanguineus,  only three (30%) were pre-
icted to be secreted.

.3. Kinetic analysis of IgG antibody responses from
abbits exposed to tick bites against D. reticulatus pSGE

The qualitative and quantitative alterations of protein
amples of SG from tick completing the engorgement, as
Please cite this article in press as: Vu Hai V, et al. Identification of 
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bserved for R. sanguineus,  lead us to use SG from semi-
ngorged ticks as antigen source for further analysis of
abbit immune response (Additional file 2). To determine
he characteristic of antibody responses against pSGE in
ion from merged images of the electroblot protein profile in red (i.e., “E”)
he number of antigenic salivary protein spots against R. sanguineus pSGE

 unexposed to tick bites (Naive). MW,  molecular weight; kDa, kiloDalton.

rabbits exposed to D. reticulatus tick bites, a comparison
of the kinetic IgG rabbit antibody profiles was performed
using 1D immunoblots. As observed when R. sanguineus
pSGE was used as the antigen source, all naive rabbits at
T0 presented non-specific IgG responses against D. reticu-
latus pSGE. However, supplementary antigenic bands were
revealed with sera from rabbits exposed to R. sanguineus
and D. reticulatus collected from T1 to T6 (Fig. 3).

Concerning rabbits exposed to D. reticulatus bites, the
kinetic analysis of IgG responses indicated that some anti-
genic bands started to appear at T1 (i.e., bands Dr1, Dr2
and Dr4). In the following rabbit sera collection, these last
bands were maintained and their intensity of recognition
increased. Although additional antigenic bands appeared at
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

T2, no new antigenic bands were detectable in the consec-
utive sera samples collected and similar observations were
performed for the kinetic analysis of serological response
from the two  additional rabbits exposed to D. reticulatus

dx.doi.org/10.1016/j.cimid.2012.09.003
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Fig. 3. One-dimensional (1D) Dermacentor reticulatus salivary gland antigens from rabbits exposed to different tick species. The evolution of the IgG immune
profiles from rabbits exposed to R. sanguineus (n = 3; R1 to R3) or to D. reticulatus (n = 3; D1 to D3) bites against D. reticulatus salivary gland protein extracts
are  presented. Kinetic rabbit sera collection from T0 (naive rabbit) to T6 are indicated at the top (see Section 2). Antigenic bands detected exclusively by

ith an 

weight;

rabbits  exposed to D. reticulatus are indicated on the immune profiles w
apparent molecular weights are indicated with brackets. MW,  molecular 

bites. These data suggested that IgG antigenic profiles from
rabbits exposed to D. reticulatus bites seem stable, repro-
ducible and may  not be modified by the successive tick
infestations (independent from tick infestations). Thus, the
antibody response appears quickly and is strong against the
different salivary antigenic targets.

Concerning rabbits exposed to R. sanguineus bites, some
antigenic bands appeared at T1; however, the IgG profiles
appeared less marked than those observed for sera from
rabbits exposed to D. reticulatus bites, and these profiles
were not influenced by the time or the level of exposure
to tick bites (Fig. 3). Effectively, no major change in the
immune responses from the consecutive rabbit sera col-
lection was noted and these IgG responses were found
reproducibly between rabbits exposed to R. sanguineus
bites.

Although distinct antigenic bands were detected using
sera from rabbits exposed to either R. sanguineus or D.
reticulatus bites (e.g., one band at a molecular weight of
approximately 130 kDa), an accurate comparison of these
antigenic profiles indicated that five antigenic bands, arbi-
trarily named Dr1 to Dr5, with a molecular weight ranging
from 65 to 29 kDa, were exclusively recognized by sera
from rabbits exposed to D. reticulatus bites. A schematic
representation of these antigenic bands is depicted on an
immunoreactivity diagram (Fig. 3). These five antigenic
bands could represent antigenic marker candidates dis-
tinguishing exposition to D. reticulatus from R. sanguineus
bites.
Please cite this article in press as: Vu Hai V, et al. Identification of 
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Interestingly, IgG immune profiles were not only super-
imposable according to rabbit tick status exposure (i.e.,
dependent of the tick bite species), but also according to the
antigen source (i.e., the origin of the pSGE used to reveal the
asterisk (*) and on the diagram (from Dr1 to Dr5). Their corresponding
 kDa, kiloDalton.

IgG response). The singularity of these immune responses is
in favor of a specificity of the antibody response elicited by
each tick exposure. The characterization of the correspond-
ing antigens could be useful to determine and to distinguish
this host/vector contact. For subsequent antigenic identi-
fication using the 2D immunoproteomic approach, pooled
sera (n = 3) from rabbits collected at T6, covering the whole
spectrum of these antigenic bands against D. reticulatus
pSGE, were selected.

3.4. Characterization of D. reticulatus pSGE antigens
recognized by rabbits exposed to tick bites

Using D. reticulatus pSGE as an antigen source, in the
pooled sera of rabbits exposed to R. sanguineus (n = 3,
collected at T6, Fig. 2B), D. reticulatus (n = 3, T6, Fig. 2C)
and un-exposed (n = 3, T0, Fig. 2D), 28, 24 and 6 anti-
genic protein spots, respectively, were detected with a 2D
immunoblot. The six antigenic protein spots detected by
naive rabbits were considered as non-specific of tick expo-
sure and were also detected by pooled sera from rabbits
exposed to R. sanguineus and D. reticulatus bites. Thus,
22 and 18 antigenic protein spots could be attributed to
the R. sanguineus and D. reticulatus tick bites, respectively.
Among them, 13 antigenic protein spots were detected
by pooled sera from rabbits exposed either to R. sang-
uineus or to D. reticulatus bites and were then considered
as general markers of tick exposures. These markers rep-
resent potential candidates to measure tick exposure for
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

these two  tick species. However, nine and five antigenic
protein spots were exclusively detected by the pooled
sera of rabbits exposed to R. sanguineus and D. reticula-
tus bites, respectively. These last antigenic protein spots

dx.doi.org/10.1016/j.cimid.2012.09.003
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Fig. 4. Two-dimensional Dermacentor reticulatus salivary gland antigenic profiles from rabbits exposed to different tick species. (A) 2D profile of D. reticulatus
protein  salivary gland extracts (pSGE) labeled with Cy5 CyDye. Circles and arrowheads correspond to antigenic salivary protein spots detected with an
immunoblot. Antigenic spots identified with mass spectrometry are numbered as indicated in Table 2. IgG immune responses from pooled rabbit sera
(n  = 3) collected at T6 exposed to R. sanguineus (B) or D. reticulatus (C) and pooled naive rabbit sera (n = 3) collected at T0 (D) against D. reticulatus pSGE
are  presented. Immunoreactive bands on the right part of the immunoblots (#) correspond to D. reticulatus pSGE separated on 1D and loaded on the gels
beside  the IPG strip and used as reference for 1D and 2D profile alignments. Antigenic bands detected exclusively by rabbits exposed to D. reticulatus are
indicated on the 1D immune profiles with an asterisk (*) and on the diagram (from Dr1 to Dr5). Their corresponding molecular weights are indicated with
brackets. Enlargement of the gel region (E) and corresponding region from the merged images of the electroblot protein profile in red (i.e., “E”) and the
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ould be considered as discriminant antigens. Interestingly,
ntigenic protein spots presenting the most important
ecognition at the intensity level correspond to four out
f five discriminant antigenic bands detected by rabbit
era exposed to D. reticulatus bites (Dr2 to Dr5). A Venn
iagram summarizes the distribution of these antigenic
rotein spots according to rabbit tick species bites exposure
tatus (Fig. 4G).

The 33 antigenic protein spots were then excised and
ubmitted to MS  for identification. A total of 27 protein
pots (81.8%) were successfully identified, corresponding
o 23 distinct proteins according to their NCBI accession
umber (Table 2). Among the proteins identified, three
roteins detected by naive rabbit sera were considered
s non-specific/relevant antigens to tick exposure. Eleven
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roteins corresponding to 13 antigenic spots recognized
y the pooled rabbit sera from both R. sanguineus and D.
eticulatus tick bites reflected an exposure to these two
er of antigenic salivary protein spots against D. reticulatus pSGE detected
sed to tick bites (Naive). MW,  molecular weight; kDa, kiloDalton.

tick species. Six and three proteins corresponding to seven
and five antigenic spots were detected only by the pooled
rabbit sera from R. sanguineus and D. reticulatus tick bites,
respectively.

Among the six antigenic spots detected exclusively by
the pooled rabbit sera from R. sanguineus tick bites, a pro-
tein from the disulfide isomerase family was also identified
suggesting that this last protein could be an interesting
antigenic candidate to assess host exposure to R. sanguin-
eus tick bites. Concerning the antigenic spots detected only
by rabbit sera exposed to D. reticulatus,  the alignment of
the 1D antigenic bands (i.e., Dr1 to Dr5) with 2D antigenic
spots with immunoblots permitted the determination of
four protein spots that corresponded to the translation
elongation factor EF-1 alpha/Tu (gi|325302796) (Dr2), two
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

isoforms of RNA-binding protein musashi (gi|241627626;
gi|241710586) (Dr3 and Dr5, respectively) and the malate
dehydrogenases protein (gi|325303594) (Dr4). Potentially

dx.doi.org/10.1016/j.cimid.2012.09.003
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Table 2
Dermacentor reticulatus antigenic salivary proteins detected by tick-exposed rabbit sera.

Spot number Band name Protein name Accession no.
(NCBI)

MW (kDa) pI value Signal
peptide

Significance
(Mascot score)

Peptide
number

Tick-exposed
rabbit sera

R.s. D.r. Naive

595a Dr2 TPA exp: translation elongation factor EF-1 alpha/Tu
[Amblyomma variegatum]

gi|325302796 43.5 8.5 N 148 9 ×

609a Dr3 RNA-binding protein musashi [Ixodes scapularis]  gi|241627626 37.4 7.6 N 269 7 ×
628a Dr4 TPA exp: malate dehydrogenase [Amblyomma

variegatum]
gi|325303594 36.5 7.8 N 427 11 ×

664a Dr5 RNA-binding protein musashi [Ixodes scapularis] gi|241710586 28.9 6.9 N 492 15 ×
208 Hsp90 protein [Ixodes scapularis] gi|241830514 84.7 5.0 N 790 25 ×
275  Hemelipoglycoprotein precursor [Dermacentor

variabilis]
gi|89954505 178.6 6.3 Y 856 28 ×

380 Protein disulfide isomerase [Ixodes scapularis] gi|241029459 55.2 6.0 Y 1119 28 ×
567 Conserved hypothetical

protein [Ixodes scapularis]
gi|241651548 66.9 8.6 N

673
733

10
8

×
569 ×
761 TPA exp: enoyl-CoA hydratase [Amblyomma

variegatum]
gi|325303374 21.5 7.7 N 407 5 ×

893 TPA exp: emp24/gp25L/p24 family of membrane
trafficking protein [Amblyomma variegatum]

gi|325302788 23.2 6.6 Y 116 6 ×

83 Myosin heavy chain, skeletal muscle or cardiac muscle
[Ixodes scapularis]

gi|241997622 209.0 6.1 N 1873 57 × ×

411  F0F1-type ATP synthase, alpha subunit [Ixodes
scapularis]

gi|241705635 60.0 9.1 N 1525 22 × ×

433 Ribosomal DEAD box protein [Ixodes scapularis] gi|241741609 37.1 8.6 N 414 13 × ×
435  Calreticulin [Ixodes ricinus] gi|39726013 48.0 4.6 Y 7759 43 × ×
447  Ribosomal DEAD box protein [Ixodes scapularis] gi|241741609 37.1 8.6 N 501 12 × ×
485 26S  protease regulatory subunit [Amblyomma

americanum]
gi|11890402 24.3 8.6 N 1073 17 × ×

488  Glyceraldehyde 3-phosphate dehydrogenase
[Dermacentor variabilis]

gi|198443749 36.1 8.6 N 620 14 × ×

490  Fructose 1,6-bisphosphate aldolase [Ixodes scapularis] gi|241690479 39.9 8.3 N 220 6 × ×
657 Malate dehydrogenase [Ixodes

scapularis]
gi|241243545 36.1 9.2 N

500 9 × ×
658  1105 11 × ×
668 Serpin-2 precursor [Ixodes ricinus] gi|239530151 44.5 5.8 Y 463 10 × ×
715  Mitochondrial voltage dependent anion-selective

channel [Rhipicephalus microplus]
gi|315142889 29.7 8.9 N 750 14 × ×

935 Calmodulin, putative [Ixodes scapularis] gi|240999683 17.8 4.2 N 150 4 × ×
213  Hemelipoglycoprotein precursor [Dermacentor

variabilis]
gi|89954505 178.6 6.3 Y 1214 29 × × ×

243 Heme lipoprotein precursor [Ixodes scapularis] gi|241671868 153.3 6.3 Y 3792 54 × × ×
407  Beta tubulin [Ixodes scapularis]  gi|241151391 50.4 4.8 N 3715 28 × × ×

The proteins were identified using a NanoLC-LTQ-Orbitrap-Velos mass spectrometer, following in-gel digestion with trypsin. Spot numbers and band names correspond to those indicated in Figs. 4A and 3,
respectively. The identities of the protein spots, their NCBI accession numbers, the MW and pI values, the presence of a signal peptide and the Mascot score serve as an indicator of confidence of identification
(protein  scores greater than 53 were considered as significant (p < 0.05)). The number of peptide sequences is given. Protein sequences were submitted to the SignalP v.3.0 (http://www.cbs.dtu.dk/services/SignalP/)
server to predict a signal peptide (Y, presence; N, absence). ×, protein spot detected by tick-exposed rabbit sera; R.s., Rhipicephalus sanguineus; D.r., Dermacentor reticulatus; MW,  molecular weight; kDa, kiloDalton.

a Dermacentor reticulatus specific antigenic proteins.

dx.doi.org/10.1016/j.cimid.2012.09.003
http://www.cbs.dtu.dk/services/SignalP/
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ue to its low abundance, MS  did not permit us to iden-
ify the protein spot corresponding to antigenic band Dr1
Fig. 4E and F, Table 2).

. Discussion

Tick-borne diseases are spreading in Europe and, as
oted by several studies, understanding their spread is
ifficult due to changes in epidemiology including distri-
ution, clinical features and severity [26,45,46].  Hence, the
haracterization of biomarkers of exposure to ticks could be
seful for an increased understanding of the epidemiology
f tick-borne infections and the immune response to tick
ites. Previous studies have been conducted to study the

mmune responses against tick SG proteins; however, none
f these allowed the identification of antigenic biomarkers
llowing distinguishing an exposition between R. sanguin-
us and D. reticulatus tick species [8,9,30,47].

To determine whether tick bites could elicit in mam-
alian hosts a reproducible and discriminant antibody

esponse against vector salivary proteins, a comparison
f the IgG antibody response against R. sanguineus and D.
eticulatus pSGE using sera from rabbits exposed to these
wo western European tick species was performed. It was
he first study examining the immunological biomarkers
f exposure against two main vectors of tick-borne dis-
ases in Europe for humans (MSF, Omsk hemorrhagic fever,
ick-borne lymphadenopathy and other rickettsiosis) and
nimals [1,26,48]. One-dimensional immunoblot analysis
f the kinetics of the immune response, the consequences
f exposure level and the singularities of the host serolog-
cal immune responses were performed. For the two  tick
pecies, an antibody response was detected immediately
fter the first exposure at T1, however, the kinetics of the
esponse were not the same for the two species. In the case
f D. reticulatus,  all antibody responses were detected three
eeks after the first infestation (T2), and in the consecutive

era samples, only the intensity of the immune responses
ncreased. Conversely, in the case of R. sanguineus,  although
n antibody response occurred at T1, the diversity of these
esponses occurred after the second (T3) and the third
xposures (T5). These results are consistent with the pre-
iminary study conducted before this study showing that

 low level infestation of R. sanguineus was not sufficient
o develop a significant antibody response against these
ick pSGE in rabbits (unpublished data). These results sug-
est that repeated bites of R. sanguineus are necessary to
licit a host antibody response against this same tick pSGE.
hese data could partially explain the discrepancy noted
y Nebreda et al. between patient status (MSF or not MSF)
nd the respective immune responses against SG extracts
rom distinct tick species [30].

Rabbits exposed to D. reticulatus develop antibody
esponses against R. sanguineus pSGE, and rabbits exposed
o R. sanguineus develop antibody responses against D.
eticulatus pSGE. Collectively, these results indicated that
ross reactivity occurred at the genus level shortly after the
Please cite this article in press as: Vu Hai V, et al. Identification of 
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rst infestation. Thus, determination of these responses to
xposure to tick bites could effectively be useful to distin-
uish exposed vs. unexposed individuals immediately after
he first infestation.
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Comparative analysis of the IgG immune profiles
allowed the detection of 6 R. sanguineus antigenic bands.
These antigenic bands appear as relevant biomarker can-
didates for an immunologic assessment of R. sanguineus
bites. Using this original 2D immunoblot approach, 12 R.
sanguineus antigenic salivary protein spots were found to
be exclusively recognized by sera from rabbits exposed to
R. sanguineus bites. This highlights that the corresponding
salivary proteins could represent the first discriminant sali-
vary antigenic biomarkers of tick exposure. Similarly, using
D. reticulatus pSGE as an antigen source, a 2D immunoblot
defined five discriminant antigenic salivary protein spots
from rabbit sera exposed to D. reticulatus bites. The repro-
ducibility with the sera of different rabbits exposed to
similar conditions enhances the interest of these findings.
Moreover, the majority of discriminant antigenic salivary
proteins from each tick species elicited the most important
rabbit IgG response via 2D immunoblot analysis, under-
lining the high immunogenicity of their corresponding
salivary proteins. Thus, five R. sanguineus and four D. retic-
ulatus discriminant antigenic proteins were successfully
identified using MS.  Despite the detection of salivary anti-
gens in rabbits exposed to each of the other tick bite
species, which could be attributed to the sequence conser-
vation of some salivary proteins and then shared-antigenic
sequences, the independent adaptation of the main tick
family to a blood-feeding environment has led to an impor-
tant protein sequence diversity [49]. Using R. sanguineus
and D. reticulatus pSGE as source antigens, six and 11 pro-
teins, respectively, were recognized by rabbits exposed
either to R. sanguineus or to D. reticulatus bites. Among
these 17 antigenic salivary proteins, two  corresponded to
ortholog salivary proteins and were identified as the malate
dehydrogenase and the mitochondrial voltage dependent
anion-selective channel. However, two secreted salivary
proteins identified in D. reticulatus pSGE (calreticulin and
serpin) were recognized by rabbits exposed to D. reticulatus
or R. sanguineus.

As host/vector contacts were limited to saliva injected
into rabbits in the present study, previously described
concealed protective antigens such as glutathione S trans-
ferase, myosin alkali light chain-like protein or sialostatin
L2 were not identified [50–52].  Exposed antigens previ-
ously described as potential protective antigens, such as
metalloproteases, were not identified in R. sanguineus or
in D. reticulatus [53]. However, as previously described in
other parts of the world, this work confirmed that for Euro-
pean ticks, a determination of an immunogenic response
to calreticulin, similar to other common salivary proteins,
signals an exposure to ticks but did not allow the determi-
nation of the tick species [6,54,55]. Although many studies
were conducted to identify the biomarkers of tick expo-
sure [6,9], to our knowledge, this is the first description of
tick discriminant antigenic salivary proteins that could be
a useful tool to evaluate R. sanguineus and/or D. reticulatus
tick exposure.

The five-discriminant antigenic proteins of R. sanguin-
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

eus correspond to the heat shock (Hsp) 70 kDa protein
5, protein disulfide isomerase-2, malate dehydroge-
nase, R. sanguineus cement protein and heme-binding
aspartic proteinase. Hsp70 has been proposed as an

dx.doi.org/10.1016/j.cimid.2012.09.003
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antigenic candidate vaccine against Haemaphysalis longi-
cornis bites. Despite the induction of an antibody response
in vaccinated rabbits, Hsp70 appears not to confer a pro-
tective immunization against further tick infestations [56].
Concerning the cement protein, the use of purified extracts
of this protein was shown to be immunogenic and
immunoprotective [57]. Recombinant forms of the putative
tick cement protein from different tick species were suc-
cessfully used to immunize and protect animals against tick
infestation [58,59]. Interestingly, vaccination of guinea pigs
with a secreted cement protein from SG of R. appendicula-
tus provided a cross protection against R. sanguineus,  and
also against I. ricinus,  A. variegatum and R. microplus [60].
This protective cross-reactivity suggests that the cement
protein could be a good candidate for a global anti-tick
vaccine. The tick heme-binding aspartic protease (THAP) is
one of the three specific peptidases described in hard ticks
[61,62]. The THAP protein was detected in the hemolymph,
midgut and fat body and, at a higher quantity, in the
ovary of fully engorged R. microplus females, and it was
present throughout embryo development. Interestingly,
the vitelin-degrading cysteine endopeptidase (VTDCE),
another peptidase that is present in R. microplus embryo-
genesis, has been tested as a potential vaccine candidate
in cattle and presented the best protective capacity among
the different assessed antigenic proteins [63]. Similarly, as
THAP was identified as a R. sanguineus discriminant anti-
genic protein in this work, it could also be evaluated as
a potential vaccine against R. sanguineus bites. Lastly, the
protein malate dehydrogenase (MDH) is recognized either
as common or discriminant antigenic spots by rabbit sera
exposed to R. sanguineus and D. reticulatus.  MDH  isoen-
zymes could be used to distinguish cell lines from I. scapu-
laris and R. appendiculatus [64]. These isoenzymes were
also found in I. ricinus and I. persulcatus,  where they could
be used as candidates to distinguish Borreliae-infected and
uninfected ticks [65,66]. Thus, the particular properties of
these proteins could explain why some isoforms exhibit
common and discriminant immune recognition following
exposure to R. sanguineus and D. reticulatus.

Concerning D. reticulatus pSGE as an antigen source,
the four-discriminant antigenic proteins were the transla-
tion elongation factor EF-1 alpha/Tu (EF-1�), two isoforms
of the RNA-binding protein musashi and malate dehy-
drogenase. EF-1� is an intracellular enzyme involved in
protein synthesis that has a number of additional func-
tions, including regulation of apoptosis and interaction
with the cytoskeleton. It is the first time that this protein
was evoked as antigenic. The RNA-binding protein musashi
is an ubiquist protein, required intrinsically to maintain
stem cell identity in mammals and arthropods [67]. In the
present study, this protein appears to be immunogenic
exclusively in rabbits infested by D. reticulatus.  The immune
recognition of the RNA-binding protein musashi could rea-
sonably be attributed to SG cell apoptosis, which occurred
during the blood meal prior to being injected into their host.
SG cell apoptosis was described in ticks feeding on cattle
Please cite this article in press as: Vu Hai V, et al. Identification of 
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that were vaccinated with tick SG extracts. These detri-
mental effects could be correlated with a reduced incidence
of naturally transmitted tick-borne diseases, as previously
described [68].
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The mitochondrial voltage dependent anion-selective
channel (VDAC), calreticulin and serpin proteins were
detected upon exposure to these two main European tick
vectors; thus, these proteins are interesting candidates for
use in the assessment of the global exposure to ticks at
the population or individual level in Europe. Furthermore,
through its use as a biomarker, VDAC may  be a good can-
didate to be included in a multi-antigenic anti-tick vaccine
that could protect hosts against several tick-borne diseases
[12,63,64].

Comparative analyses of tick SG contain between
nymphs and adults or between adults at different stages
of engorgement have shown that molecule expressions
changed according to tick development or behavior
[4,69,70]. Then, it is possible that some antigens are
injected only during the beginning of the blood meal.
Thus, complementary experiments are needed to charac-
terize kinetic host antibody responses against tick pSGE
collected from different stage of engorgement. Moreover,
this temporal expression variation of SG components could
have consequences on their immune recognition by host
exposed to tick bites in the field. Therefore, in natural expo-
sition, hosts could be exposed to tick from different stages
and duration of the blood feeding or repetition exposition
could also be variable between hosts. All these factors could
induce heterogeneity of the antibody response between
hosts exposed to the same tick species and could limit
the detection of representative discriminant salivary anti-
gens. In addition, the exposition to different tick species
could also be happened in the field, which could compli-
cate the detection of discriminant tick salivary antigens.
Then, our strategy consisting into the identification of
discriminant salivary antigenic candidates using artificial
exposition, allowed us to characterize potential tick bite
markers which should be further validated in their recom-
binant form using host naturally infested by tick to assess
their relevance to determine host exposure to these tick
species.

In addition to secreted proteins, tick saliva contains
other non-protein salivary molecules participating to the
blood feeding success [71]. Among them, the purine
nucleoside adenosine and the prostaglandin E2 were
shown to interface with the host immune system by
altering dendritic cell pro-inflammatory cytokine produc-
tion. Until now, no host immune response directed against
such non-protein salivary molecules has been identified.

New immunogenic proteins have been described both
for R. sanguineus and D. reticulatus that could be used as
discriminant biomarkers. As the distribution and spread
pattern of these ticks are currently changing in Europe due
to human activities (circulation of pets, increase of wild
ruminant populations, modifications of agricultural prac-
tices, etc.), such discriminant biomarkers could be useful to
determine the possible extension areas of the diseases they
transmit [72–74].  These discriminant biomarkers should
help to determine the risk of tick exposure of individuals or
populations in endemic areas of Europe. The development
salivary antigenic markers discriminating host exposition
acentor reticulatus.  Comp Immunol Microbiol Infect Dis

of this serological tool could be useful in epidemiological
or entomological surveys for tick-borne diseases in Europe
and also in other endemic areas of the world. The protective
immunity potentially conferred by these proteins should

dx.doi.org/10.1016/j.cimid.2012.09.003
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e assessed in further studies. This robust and reproducible
pproach could be applied for the identification of discrim-
nant SG antigens from other ticks, such as I. ricinus,  the
ector of Lyme borreliosis,  and short-feeder-borne vectors,
uch as the flea or louse.
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