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bstract

Using a combinatorial chemistry approach, we identified a tetrameric tripeptide, denoted Protein A Mimetic (PAM) or TG19318, able to bind
o immunoglobulins of different classes and species. The inverso variant, with the tripeptide in the all-D configuration (D-PAM or TG19320),
s described as retaining binding properties to Ig. This peptide has now been assayed as a binder for E class immunoglobulins, in linear and
ompetitive ELISA experiments, dot–blot and surface plasmon resonance (SPR) analyses. We show that D-PAM binds IgE with high specificity
nd selectivity, the interaction being sufficient to inhibit anaphylactic release of �-hexosaminidase from RBL 2H3 cells, with an IC50 value of
0 �g/mL. Intradermal administration of D-PAM suppresses PCA in the rat, with an IC50 of 1.25 �g/kg dose of peptide, while its intraperitoneal
njection inhibits mouse PCA with an IC of about 7 mg/kg and an efficacy comparable to that of ketotifen. Similarly, D-PAM inhibits ACA in
50

he mouse, with 50% suppression at 10 mg/kg.
The results presented here show that the peptide is active on the studied models, with effective doses below toxicity level, hence the molecule

s a promising candidate for development of a new class of anti-allergic drugs.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Allergic diseases represent the most common disorders of the
mmune system, affecting about 20% of the world’s population
Meltzer and Grant, 1999). Due to the risk of severe anaphy-
actic reactions and the ineffectiveness in patients responsive
o various allergens, the use of classical immunotherapy, based
n subcutaneous injections of small but gradually increasing
mounts of allergen (Till et al., 2004), has greatly decreased in
ecent years. In addition, pharmacological treatment of aller-
ic disorders allows their control at a lower risk-to-benefit ratio
han immunotherapy (Adkinson et al., 1997). Most of the cur-
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

ent therapies for treatment of atopic diseases are based on
rugs that inhibit or suppress components of the allergic inflam-
atory response. Antihistamines, bronchodilators, anti-allergic
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anaphylaxis

rugs and corticosteroids remain by far the most effective ther-
peutic response to allergic diseases in reducing symptoms and
oncomitant inflammatory reactions (Inagaki and Nagai, 2001;
arnes, 1999; Barnes et al., 1998; Marshall, 2000). Neverthe-

ess, corticosteroids sometimes induce deleterious side effects,
ncluding liver damage and osteoporosis (Baylink, 1983; Piper
t al., 1991), while patients given antihistaminic compounds
eed constant, lifelong therapeutic treatment (Meltzer and Grant,
999).

Current research is aimed at finding medications targeting
pecific steps in the allergic cascade. A promising therapy con-
erns the block of IgE activation by administration of anti-IgE
onoclonal antibodies with very high binding specificity (Presta

t al., 1993; Bousquet et al., 2005). In addition to the neutral-
zation of circulating IgEs and inhibition of their synthesis by

cells, these immunoglobulins show several indirect effects,
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

ncluding accumulation of IgE/anti-IgE immune complexes and
ownregulation of the high-affinity Fc�RI, which represents a
urther, obvious target for atopy treatment. In fact, IgE/Fc�RI
nteraction was the focus of several studies aimed at designing

dx.doi.org/10.1016/j.molimm.2007.04.020
mailto:verdo@tecnogen.it
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nhibitor compounds, including synthetic peptides derived from
gE or Fc�RI structures and high-affinity oligonucleotide lig-
nds, useful in allergy treatment (Wiegand et al., 1996; Kinet et
l., 1991; Nakamura et al., 2001, 2002; Buku et al., 2005; Rigby
t al., 2000).

We previously described a synthetic peptide, denoted Protein
Mimetic (PAM) or TG19318, able to specifically and selec-

ively bind immunoglobulins of different classes and species,
ncluding IgE (Fassina et al., 1996; Palombo et al., 1998a,b,c;
erdoliva et al., 2000). PAM/Ig interaction has been extensively

nvestigated and a number of peptide-derivatized matrices for
ntibody purification are now commercially available (Verdoliva
t al., 2002; Michaelsen et al., 2003; Yan et al., 2002). The
eptide in its inverso form (D-PAM or TG19320) was evalu-
ted in in vitro and in in vivo models of LES as a potential
nti-lupus agent, showing promise for utilization in autoim-
une disorders (Marino et al., 2000, 2002). In this work, we

xtended the characterization of D-PAM/IgE binding by inves-
igating the anti-allergic properties of the peptide in several in
itro and in vivo experiments. We thus evaluated its ability to
nhibit mast cell degranulation by measuring the release of �-
exosaminidase from RBL 2H3 cells and the peptide inhibitory
ffects on atopic reactions in different experimental animal mod-
ls of allergic disorders, such as passive cutaneous anaphylaxis
PCA) in rats and mice, and active cutaneous anaphylaxis (ACA)
n mice.

. Materials and methods

.1. Peptide synthesis

All peptides were produced by solid phase peptide synthe-
is following Fmoc methodology, using a fully automated 431A
eptide synthesizer (Perkin-Elmer, Boston, MA, USA) as pre-
iously described (Fassina et al., 1996). After resin cleavage,
eptides were purified by reverse phase chromatography (RP-
PLC) and their identity confirmed by amino acid analysis

nd ESI mass spectrometry, which provided molecular weights
dentical to the expected values, within experimental error. The
6-D-PAM, a highly branched version of the original peptide
ontaining 16 copies of the monomeric tripeptide (R)Arg-
R,S)Thr-(R)(Tyr), was prepared following standard procedures
f solid phase peptide synthesis on an Fmoc-Gly-WANG resin,
y four subsequent couplings with Fmoc-L-Lys(Fmoc)-OH. To
chieve the tripeptide sequence, protected amino acid derivatives
ere coupled to obtain the desired final compound. The crude
olypeptide was purified by two subsequent steps of dialysis
nd RP-HPLC and characterized by size exclusion chromatog-
aphy and amino acid analysis. The 16-D-PAM was used only
or the ELISA assay in order to improve peptide coating to the
icrotiter plates. All other experiments were performed with the

riginal tetrameric peptide.
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

.2. IgE and DNP biotinylation

Mouse anti-DNP IgE, human IgE and 1 mg of DNP were dis-
olved in 1 mL of 50 mM sodium phosphate, pH 7.5, and treated
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ith 10 �L of biotinamidocaproate N-hydroxysuccinimide ester
Sigma–Aldrich, Milan, Italy) at a concentration of 10 mg/mL in
imethylsulphoxide (DMSO), under agitation at room temper-
ture. After 4 h of incubation, 120 �L of a 1 M lysine solution
as added to deactivate residual active groups. The reaction was

eft under stirring for 2 h, and the biotinylated DNP and IgEs
ere extensively dialyzed against 50 mM sodium phosphate,
H 7.5.

.3. Enzyme-linked immunosorbent assay (ELISA)

Polystyrene microtiter plates (Falcon) were incubated
vernight at 4 ◦C with 100 �L/well of a 16-D-PAM solution
n PBS, pH 7.2. After coating, the plates were washed with
BS, 0.1% Tween 20 (PBS-T, washing buffer) and blocked with
00 �L of PBS containing 3% BSA, for 2 h at 37 ◦C. For the
mmunoreactivity analysis, the plates were filled with biotiny-
ated anti-DNP IgE at varying concentrations (0.01–50 �g/mL),
reviously diluted with PBS containing 0.5% BSA (PBS-B)
nd incubated at 37 ◦C for 2 h. Each dilution was performed
n duplicate. Plates were washed again with PBS-T and filled
ith 100 �L of streptavidin peroxidase diluted 1:1000 with
BS-B. After 1.5 h of incubation at 37 ◦C, 100 �L of a chro-
ogenic substrate solution consisting of 0.2 mg/mL 3-ethyl

enzothiazoline-6-sulphonic acid (ABTS, Sigma–Aldrich) in
.1 M sodium citrate buffer, pH 5.0, containing 5 mM hydro-
en peroxidase, were added. The absorbance at 405 nm of
ach sample was measured with a Model 2250 EIA Reader
Bio-Rad, Milan, Italy). For competitive ELISA, 2 �g/mL of
iotinylated IgE were mixed with increasing concentrations
f peptides as competitors (0.1–500 �g/mL) and 100 �L/well
f this mixture were added to the 16-D-PAM-coated plates
20 �g/mL). Optimal concentrations of IgE and 16-D-PAM were
etermined in preliminary experiments. Incubation with strepta-
idin peroxidase and chromogenic development were performed
s described above.

.4. SPR analysis

Monoclonal anti-DNP IgEs were immobilized on a CM5
extran-coated sensor chip by a standard amine coupling proce-
ure, according to manufacturer’s instructions (Biosense, Milan,
taly). Briefly, the carboxymethylated dextran surface was acti-
ated by a 7 min injection of a solution containing 200 mM
DC and 50 mM NHS, followed by an IgE injection (50 �g/mL
olution in 10 mM sodium acetate, pH 5.5, at a flow rate
f 20 �L/min for 3 min.). A continuous flow of HBS (Hepes
0 mM, NaCl 150 mM, EDTA 3.4 mM) at 20 �L/min was main-
ained, with capping of unreacted sites achieved by injecting 1 M
thanolamine, pH 8.5, for 7 min. Blank surfaces were obtained in
he same manner but without injection of proteins. Sensorgrams
or kinetic measurements were generated by injection of D-PAM
at concentrations ranging from 1.5 to 150 �M) in HBS at a flow
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

ate of 30 �L/min. Kinetic data were collected in duplicate for
ach D-PAM concentration. The peptide was allowed to bind
or 2 min and dissociate for another two before final washing
ith HBS. Biosensor data were prepared, modelled and fitted

dx.doi.org/10.1016/j.molimm.2007.04.020
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y means of BIAevaluation 4.1 software (Biacore AB, Uppsala,
weden) using the equation:

Ueq = KA C Rmax

[KA C (n + 1)]

here KA is the association constant (KA = 1/KD), n is the bind-
ng factor, C is the peptide concentration, Rmax is the response
aximum value and KD is the dissociation constant.

.5. Dot–blot assay

Solutions of 10 �L PBS (50 mM phosphate, 150 mM sodium
hloride, pH 7.5), containing varying amounts of D-PAM pep-
ide (0.01–1 �g), were immobilized on a nitrocellulose filter
nd incubated, under mild stirring, for 2 h at room temper-
ture in PBS containing 5% dried milk (Sigma–Aldrich) as
locking buffer. The filter was then washed twice with PBS
nd incubated with 10 �g/mL of biotinylated IgE in PBS with
.5% milk (PBS-M). After 1 h of incubation at room temper-
ture, the filter was washed twice with PBS containing 0.05%
ween (PBS-T) and then incubated for 1 h at room tempera-

ure with streptavidin peroxidase diluted 1:1000 with PBS-M.
he membrane was washed with PBS-T and developed with
chromogenic substrate solution containing 0.7 mg/mL 3,3′-

iaminobenzidine and 0.17 mg/mL urea hydrogen peroxide in
0 mM Tris (Sigma–Aldrich). This substrate produces an intense
rown-black precipitate at the enzyme binding site.

.6. Binding of IgE to Fc�RI and specific antigen

.6.1. Cell culture
RBL 2H3 cells (ATCC, Manassas, VA, USA) were main-

ained in MEM (Sigma–Aldrich) supplemented with 10%
eat-inactivated FCS, 4 mM L-glutamate, 100 U/mL penicillin
nd 100 �g/mL streptomycin at 37 ◦C in a humidified atmo-
phere containing 5% CO2. The cells were harvested by
reatment with 0.25% trypsin (w/w) and 0.1 mM EDTA and
ecovered by centrifugation (250 × g for 5 min at room tem-
erature).

.6.2. CELISA assay
The plates (Nunc, Milan, Italy) were saturated for 2 h at room

emperature with 2% BSA in PBS and then washed three times
ith PBS (250 �L/well). The RBL 2H3 cells were adjusted

t 6 × 106/mL in 1% BSA in PBS (PBS-B) and the biotiny-
ated anti-DNP IgE monoclonal antibody (Sigma–Aldrich) was
iluted in the same buffer (PBS-B) to obtain concentrations
anging from 0.01 to 20 �g/mL. Fifty microliters of RBL 2H3
uspension and 50 mL of the IgE dilutions were mixed in each
ell and the plates incubated for 1 h at 37 ◦C.
For the Fc�RI/IgE interaction analysis, plates were washed

hree times with 250 �L PBS/well by centrifugation for 5 min
t 450 × g, 50 mL of streptavidin peroxidase, diluted 1:1000 in
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

BS-B, were added to each well and the plates incubated again
or 1 h at 37 ◦C. After three final washes with PBS, plates were
eveloped with ABTS and the absorbance at 405 nm of each
ample was measured with a model 2250 EIA Reader (Bio-
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ad). In the competition assays, D-PAM and IgE solutions,
t concentrations ranging from 0.01 to 500 �g/mL in PBS-B,
ere added to a 1 �g/mL of biotinylated IgE solution and the
ixture dispensed into the plate wells containing the cells. As

ontrol reaction, the addition of competitor or biotinylated IgE
as omitted (maximum rate and background rate, respectively).
To investigate the effect of D-PAM on the binding of DNP

nd anti-DNP IgE, 50 �L of PBS-B containing the biotiny-
ated antigen at concentrations ranging from 0.005 to 25 �g/mL
ere added to 0.5 �g/mL of anti-DNP IgE complexed with the
c�RI. After three washes with PBS, plates were incubated with
treptavidin peroxidase and developed with ABTS as previ-
usly described. In the competition assays, D-PAM and DNP
olutions, at concentrations ranging from 0.01 to 500 �g/mL in
BS-B, were added to a 0.05 �g/mL of biotinylated DNP solu-

ion and the mixture dispensed into the plate wells containing the
ells. As control reaction, the addition of competitor or biotiny-
ated DNP was omitted (maximum rate and background rate,
espectively).

.7. IgE-mediated β-hexosaminidase release assay

The activity of �-hexosaminidase, released from stimulated
BL 2H3 cells, was determined by the method described by
amanishi et al. (1995), with appropriate modifications. In brief,

rom confluent cultures, 1 × 105 trypsinized RBL 2H3 cells, dis-
ersed in 80 �L of the medium, were inoculated into each well of
96-well microtiter plate (Corning-Costar, Milan, Italy). After
4 h, 20 �L of the medium containing mouse anti-DNP IgE
onoclonal antibody (Sigma–Aldrich) were added. After 1 h

f incubation at 37 ◦C, the microplate was washed three times
ith 100 �L of HEPES buffered saline (HBS, 10 mM HEPES
uffer at pH 7.4 containing 135 mM NaCl, 5 mM KCl, 1 mM
aCl2 and 0.5 mM MgCl2) and incubated with 100 �L of HBS
ontaining 2,4-dinitrophenol- (DNP) conjugated human serum
lbumin (Sigma–Aldrich). Total cellular enzyme release was
btained by adding 100 �L of HBS containing 1% Triton X-
00 to wells with an equal number of cells, whereas spontaneous
elease was determined with an equal number of unstimulated
ells in HBS.

After incubating at 37 ◦C for 2 h, 30 �L of the condi-
ioned medium and cell lysate were transferred to the wells
f another microplate filled with 50 �L of a sodium citrate
uffer at pH 4.5 containing 4 mM p-nitrophenyl-N-acetyl-
-d-glucosaminide (Sigma–Aldrich), a specific substrate for
-hexosaminidase. Two hours later, the reaction was stopped
y adding 100 �L of 0.2 M glycine solution at pH 10.7, with
nzyme activity determined by measuring absorbance at 405 nm
ith a model 3550 EIA Microplate Reader.
In preliminary experiments, IgE and antigen were added to

ach well at different concentrations to determine the optimal
oncentrations of reagents to produce release with acceptable
D signal (0.8 AU were obtained with 0.5 �g/mL of IgE and
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

.05 �g/mL DNP) under nonsaturating conditions.
In competitive experiments, D-PAM solutions, at peptide

oncentrations ranging from 0.1 to 500 �g/mL, were mixed with
he antigen. As control reactions, the addition of peptide or IgE

dx.doi.org/10.1016/j.molimm.2007.04.020
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as omitted to obtain the maximum rate and background rate,
espectively.

.8. Animals

CD1 rats (180–200 g) and Balb/c mice (20–22 g) were pur-
hased from Charles River (Calco, Italy). They were fed a
tandard diet and kept in controlled climatic conditions. Food
nd drinking water were available ad libitum.

.9. Rat passive cutaneous anaphylaxis (PCA)

PCA was induced following the procedure originally
escribed by Ovary (1958). In brief, male CD1 rats were anes-
hetized by ether and 50 �L of a diluted ascitic fluid containing
nti-ovalbumin IgE antibodies (kindly provided by IBB labs,
aples, Italy) were intradermally injected into six/seven sites
n the shaved back. As a negative control reaction, the same
ats received an injection of 50 �L of PBS. Twenty-four hours
fter sensitization, a PCA reaction was elicited by an intra-
enous injection of 1 mg of ovalbumin (OVA, Sigma–Aldrich,
ilan, Italy) in 1 mL PBS containing 2% (w/v) Evans blue dye

Sigma–Aldrich). Thirty minutes after the antigenic challenge,
he blue spot wheels appearing on the back skin were measured
o evaluate allergic reaction. Pictures of these reactions were col-
ected and rats sacrificed 1 h later. The dimensions and intensity
f the blue lesions were measured by a quantitative densitometric
nalysis of the scanned pictures.

In competition assays, ascitic fluid containing IgE (diluted
00-fold) and D-PAM (from 0.125 �g/kg to 12.5 mg/kg of pep-
ide) were mixed and simultaneously injected intradermally.
s control reaction, 50 �L of ascitic fluid without peptide and
0 �L of PBS were injected to obtain the maximum rate and
ackground rate, respectively.

.10. Mouse ear passive cutaneous anaphylaxis (PCA)

Mouse ear PCA was induced following the procedure origi-
ally described by Inagaki et al. (1985). In brief, female BALB/c
ice were anesthetized by ether and 10 �L of a diluted ascitic
uid containing anti-ovalbumin IgE antibodies, at different con-
entrations, were intradermally injected into the ear lobes. A
roup of mice received an injection of a similar volume of PBS.

Forty-eight hours after sensitization, a PCA reaction was
licited by an intravenous injection of 0.25 mg of OVA dissolved
n 70 �L of PBS containing 1.8% (w/v) Evans blue. Thirty min-
tes after the antigenic challenge, blue spot wheels appeared on
he lobes, the mice were sacrificed and their ears removed for

easurement of extravasated dye.
Dye extraction and measurement were performed as follows:

ach ear was dissolved with 0.5 mL of 1 M KOH solution at
7 ◦C overnight, and 2 mL of a mixture of 0.6 M phosphoric acid
nd acetone (5:13) were added. After vigorous shaking, precip-
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

tates were filtered off and the amount of dye was determined
pectrophotometrically at 620 nm.

In preliminary experiments, ascitic fluid containing IgE was
njected into the ears at different dilutions in order to deter-
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ine the optimal concentrations of reagents to produce blueing
eactions confined within lobes (ascitic fluid diluted 20-fold).

In competition assays, D-PAM, dissolved in PBS, was given
ntraperitoneally at doses of 5, 50 and 100 mg/kg to groups
f mice sensitized by injection of ascitic fluid diluted 20-fold,
0 min prior to eliciting PCA by antigenic challenge.

A group of sensitized animals, used as positive control, and
group of nonsensitized animals, used as negative control,

eceived an intraperitoneal injection of 100 �L of PBS. In addi-
ion, another group of sensitized mice received an i.p. injection
f 10 mg/kg ketotifen in 100 �L PBS.

.11. Mouse ear active cutaneous anaphylaxis (ACA)

Mouse ear ACA was induced following the procedure origi-
ally described by Inagaki et al. (1992). In brief, female BALB/c
ice were immunized by a 100 �L intraperitoneal injection

f PBS containing 25 �g of ovalbumin adsorbed on 1 mg of
luminum hydroxide gel (alum, Sigma–Aldrich) as adjuvant.
nother group of mice received an intraperitoneal injection of
mg of alum without the antigen (negative control).

Two weeks later, ACA was elicited in mice ears by intrader-
ally injecting the antigen in 10 �L of PBS, followed by an

ntravenous injection of 70 �L of PBS containing 1.8% (w/v)
vans blue. The control group of nonimmunized mice received

he same treatment. Thirty minutes after the antigenic challenge,
lue spot wheels appeared on the lobes, mice were sacrificed
nd ears removed for measurement of extravasated dye. During
hese operations the animals were kept under ether anesthesia.
xtraction and measurement of extravasated Evans blue dye
ere performed as previously described.
In preliminary experiments, 10 �L of antigen were injected

nto the ears of immunized mice at different concentrations
0.001–0.01–0.1 �g/�L) to determine the optimal concentra-
ions of reagents needed to produce blueing reactions limited
ithin lobes (dose of 0.01 �g/�L).
For competition assays, D-PAM dissolved in 100 �L PBS

as given intraperitoneally to groups of immunized mice at
oses of 5, 50 and 100 mg/kg, 30 min prior to eliciting ACA
y injection of 0.1 �g of ovalbumin. A group of immunized
nimals, used as positive control, and a group of nonimmu-
ized mice, used as negative control, received an intraperitoneal
njection of 100 �L of PBS.

. Results

.1. In vitro experiments

D-PAM (TG19320) represents the inverso derivative of the
riginal PAM (TG19318) with all amino acids in D configura-
ion. This peptide is not degraded by treatment with proteolytic
nzymes, such as trypsin and �-chymotrypsin (Verdoliva et
l., 2002; Marino et al., 2002), and, consequently, represents
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

he more suitable form for in vivo studies. Replacement of
mino acids with the D equivalents also preserved IgE recogni-
ion properties. Fig. 1A shows that the peptide, synthesized as

ultibranched 16-D-PAM to increase its coating capability to

dx.doi.org/10.1016/j.molimm.2007.04.020
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Fig. 1. Panel A: Binding of progressive amounts of biotinylated anti-DNP IgE (0.01–50 �g/mL) to BSA (�) and 16-D-PAM coated on microtiter plates at 5 (�)
a DNP
a (1–50
i ithou

m
I
u
m
s
n
t
l
t

a
I
i
o
t
i

F
c
a
B

nd 20 (�) �g/mL. Panel B: Inhibition of interaction between biotinylated anti-
mounts of D-PAM (�), monomeric peptide rty (�) and scrambled peptide (�)
s calculated as [(absorbance with competitor − background rate)/(absorbance w

icrotiter plates, was able to bind biotinylated mouse anti-DNP
gE in a dose-dependent manner. Binding to the E immunoglob-
lins was specific, since it was inhibited in a dose-dependent
anner by the peptide itself, while control peptides, such as

crambled D-PAM (tyr)K2KG and monomeric D-PAM (rty), did
ot inhibit D-PAM/IgE binding (Fig. 1B), thus suggesting that
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

he interaction is sequence-specific and that the entire tetrava-
ent structure is required for recognition. In strict agreement with
hese results, the peptide, immobilized on nitrocellulose filters

c
c
d

ig. 2. Panel A: overlay plot of BiaCore SPR sensorgrams showing interaction betw
hip. Peptide was injected at concentrations ranging from 1.5 to 150 �M and a flow
llowed. Panel B: Response maximum values of each binding curve are reported a
IAevaluation 4.1 software, gives a KD of 2.2 × 10−4 M.
IgE (2 �g/mL) and coated 16-D-PAM (20 �g/mL), performed with increasing
0 �g/mL). Results represent the means of three independent experiments. B/B0

t competitor − background rate)] × 100.

nd incubated with biotinylated mouse anti-DNP and human
gE, was able to bind both mouse and human E immunoglobulins
n a dose-dependent manner (data not shown). SPR sensorgrams
btained by injection of D-PAM on coated IgE (Fig. 2A), show
hat the association and dissociation kinetics of the peptide/IgE
nteraction were too fast to allow calculation of kinetic rate
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

onstants, while the equilibrium dissociation constant (KD), cal-
ulated by a steady-state model for the fitting of experimental
ata (Fig. 2B), was 2.2 × 10−4 M.

een D-PAM and anti-DNP IgE immobilized on a CM5 dextran-coated sensor
rate of 30 �L/min. Two-min. association and 2-min. dissociation times were

gainst D-PAM concentrations (1.5–150 �M). The best fitting, obtained using
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Fig. 3. Panel A: Inhibition of IgE-mediated �-hexosaminidase release by D-PAM. DNP antigen was incubated with or without increasing amounts of peptide
(0.1–500 �g/mL), and the mixture used to sensitize RBL 2H3 cells, expressing Fc�RI receptors. Net �-hexosaminidase release was determined and plotted against the
concentration of IgE ligand. The range of six replicate samples was less than 5% of mean values. Panel B, solid lines: inhibition of the interaction between biotinylated
anti-DNP IgE (1 �g/mL) and Fc�RI receptors, performed with increasing amounts of D-PAM (�) (0.01–500 �g/mL) and anti-DNP IgE (�) (0.01–50 �g/mL). Panel
B, dotted lines: Inhibition of binding between anti-DNP IgE complexed with Fc�RI receptors and biotinylated DNP antigen (0.05 �g/mL), performed with increasing
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eliciting PCA in the mouse, which represents the established
experimental animal, due to the availability of many strains of
mice with unique immunological characteristics (van der Kleij et
al., 2004; Alter et al., 1993). Intraperitoneal administration of D-

Table 1
Effects of D-PAM on 24 h rat PCA reaction (mean ± S.E.M., n = 3)

Drug substance Dose Extension of blueing
reaction (%)

(�g/kg) (nmol/kg)

– 0 0 100 ± 5.0
D-PAM 0.125 0.058 70 ± 5.0
D-PAM 1.25 0.58 50 ± 8.0
mounts of D-PAM (�) (0.01–500 �g/mL) and DNP (�) (0.01–100 �g/mL). R
(absorbance with competitor − background rate)/(absorbance without competi

To verify whether the D-PAM/IgE interaction was sufficient
o prevent IgE-dependent mast cell mediator release, specific
xperiments were performed using RBL 2H3 cells that release
hemical mediators of inflammation in response to the cross-
inking of IgE by a multivalent antigen. The �-hexosaminidase
nzyme, which coexists with histamine in the secretory gran-
les of the mast cell and basophils, represents a marker of cell
egranulation; hence, quantification of enzyme activity released
nto the conditioned medium can be employed to evaluate the
nhibitory effect of the peptide on the degranulation event in vitro
Lee et al., 1999; Hoffmann et al., 1999). Fig. 3A shows that
he anaphylactic release of �-hexosaminidase from RBL 2H3
ells was significantly inhibited by D-PAM in a dose-dependent
anner with an IC50 value of 10 �g/mL (about 4.6 �M), thus

emonstrating its effectiveness as an interfering agent in mast
ell degranulation.

The ability of this compound to interfere with the binding
f IgE to Fc�RIs and its specific DNP antigen, was evaluated
y a tissue culture cell-based assay on the RBL 2H3 cell line,
hich expresses a high affinity receptor for IgE on the surface.
evertheless, the peptide, incubated at different concentrations
ith biotinylated IgE or biotinylated DNP just before the mix-

ure was added to the cells, did not induce significant binding
eduction of IgE to Fc�RI and corresponding DNP antigen, while
gE/Fc�RI and IgE/DNP interactions were completely inhibited
sing, respectively, nonbiotinylated IgE and DNP (Fig. 3B).
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

.2. In vivo experiments

The in vivo activity of the D-PAM peptide as an anti-allergic
gent was evaluated using different animal models of aller-

D
D
D
D

s represent the means of three independent experiments. B/B0 is calculated as
background rate)] × 100.

ic disorders, such as passive cutaneous anaphylaxis (PCA) in
he rat and mouse and active cutaneous anaphylaxis (ACA) in
he mouse. PCA in rat was elicited by intradermal injection of

ouse ascitic fluid containing anti-ovalbumin IgE, and, after
4 h, by intravenous injection of ovalbumin treated with Evans
lue dye to induce an allergic response. Since the PCA reac-
ion involves mast cell activation and a subsequent increase in
ascular permeability, the cutaneous reaction is visualized by
xtravasation of the dye (Fig. 4). The dimension of blue lesions,
easured by densitometric analysis and summarized in Table 1,

emonstrated that D-PAM was able to inhibit rat PCA in a dose-
ependent fashion, with 50% suppression produced by a dose
f 1.25 �g/kg, corresponding to about 0.58 nmol/kg of peptide.

The anti-allergic properties of D-PAM were confirmed by
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

-PAM 12.5 5.8 35 ± 10.0
-PAM 125 58 15 ± 10.0
-PAM 1250 580 5 ± 15.0
-PAM 12500 5800 0 ± 15.0

dx.doi.org/10.1016/j.molimm.2007.04.020
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Fig. 4. Rat passive cutaneous anaphylaxis inhibition by D-PAM. Increasing
doses of peptide, from A (0.125 �g/kg) to F (12.5 mg/kg), were administered
i
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Fig. 5. Mouse ear active cutaneous anaphylaxis inhibition by D-PAM. Pep-
tide was administered intraperitoneally 30 min prior to the antigenic challenge
at doses of 5, 50, 100 mg/kg. Positive (PC) and negative (NC) controls were
obtained by administering IgE without peptide and PBS, respectively.

Table 3
Effects of D-PAM on mouse ACA reaction (mean ± S.E.M., n = 5)

Drug substance Dose Inhibition (%)a

(mg/kg) (�mol/kg)

– 0 0 0 ± 3.5
D-PAM 5 2.3 30 ± 4.0
D-PAM 50 23.0 72 ± 6.0
D-PAM 100 46.0 92 ± 5.5

g

t
r

e
t
i
d
t
a
w
h
m

ntradermally together with IgE antibodies, 24 h prior to the antigenic challenge.
ositive (PC) and negative (NC) controls were obtained by administering IgE
ithout peptide and PBS, respectively.

AM 30 min prior to the antigenic challenge resulted in a strong
nhibition of PCA reaction in comparison to the positive control
roup; Table 2 shows that suppression was dose-dependent. The
mallest dose of 5 mg/kg (2.3 �mol/kg) of D-PAM inhibited the
lueing reaction to 45%, whereas the highest dose of drug, corre-
ponding to 100 mg/kg (46 �mol/kg), caused almost complete
nhibition of the allergic reaction. To verify the effectiveness
f these results, the antiallergic properties of ketotifen, a pro-
hylactic anti-allergic drug which acts by stabilizing mast cell
embranes, consequently decreasing the release of histamine

Joly et al., 1987; Russo et al., 2005), were also comparatively
valuated in PCA mouse ear experiments. Table 2 shows that
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

etotifen and D-PAM were found to be essentially equipotent:
t a dose of 23 �mol/kg, suppression of an immediate hyper-
ensitivity reaction by ketotifen was comparable or lower to

able 2
ffects of D-PAM on 48 h mouse PCA reaction (mean ± S.E.M., n = 5)

rug substance Dose Inhibition (%)a

(mg/kg) (�mol/kg)

0 0 0 ± 2.0
-PAM 5 2.3 45 ± 6.0
-PAM 50 23.0 75 ± 10.0
-PAM 100 46.0 94 ± 10.0
etotifen 10 23.0 65 ± 3.0

a Inhibition percent: 1 − {[mean of experimental group − mean of negative
roup)]/[mean of positive control group − mean of negative group]}× 100.

a
t
p
d
M
c
D
c

4

f
(
o
c

a Inhibition percent: 1 − {[mean of experimental group − mean of negative
roup)]/[mean of positive control group − mean of negative group]}× 100.

hat induced by D-PAM (65% and 75% of the positive control,
espectively).

Although passive sensitization provides a simple and useful
xperimental model for studying drugs for allergy, active sensi-
ization is also important to investigate the mechanisms involved
n both allergic reactions and drug action, since allergic disor-
ers are caused by active sensitization. Therefore, we extended
he PCA technique in the mouse ear to the active cutaneous
naphylaxis (ACA) elicited in female Balb/c mice. Animals
ere immunized with ovalbumin in the presence of aluminum
ydroxide gel, and, after two weeks, ACA was elicited in the
ouse ear by intradermal injection of the antigen followed by

n intravenous injection of Evans blue solution. Fig. 5 shows
hat administration of D-PAM, injected intraperitoneally 30 min
rior to the antigenic challenge, inhibits ACA response in a dose-
ependent manner, in comparison to the positive control group.
easurements of extravasated dye, collected in Table 3, indi-

ate that the suppression caused at doses of 5 and 50 mg/kg of
-PAM was 30 and 75%, respectively. The highest drug dose,

orresponding to 100 mg/kg, caused inhibition above 90%.

. Discussion

D-PAM has been extensively described as a binder for dif-
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

erent classes of immunoglobulins. Structurally, the molecule
Marino et al., 2000) is a tetrameric tripeptide where four copies
f the peptide (R)Arg-(R-S)Thr-(R)Tyr are inserted into a core
omposed of three (S) lysines and a glycine. In the present study,

dx.doi.org/10.1016/j.molimm.2007.04.020
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e show that the peptide binds, with high affinity and specificity,
oth mouse anti-DNP and human IgE, as determined by ELISA
nd dot–blot analyses, and that the D-PAM/IgE interaction is suf-
cient to induce a dose-dependent reduction of IgE-promoted
-hexosaminidase release from cultured RBL 2H3 cells. As

gE-dependent cellular degranulation is a basic step involved
n the pathogenesis of allergic and inflammatory disorders, the
nhibitory effect of D-PAM is clearly of therapeutic interest, as
onfirmed by several in vivo experiments using different ani-
al models of allergic disorders. Intradermal administration

f D-PAM resulted in remarkable suppression of passive cuta-
eous anaphylaxis (PCA) in the rat, with an IC50 produced by
dose of 1.25 �g/kg (0.58 nmol/kg) of peptide. Consistent with

hese results, the intraperitoneal injection of D-PAM was able to
nhibit mouse PCA with an efficacy comparable to that of keto-
ifen, a potent mast cell membrane stabilizer, with suppression
f allergic reaction, at a dose of 5 mg/kg (23 �mol/kg), of 75
nd 65%, respectively. Similarly, D-PAM inhibited active cuta-
eous anaphylaxis (ACA) in the mouse, with 50% suppression
roduced by a dose of about 10 mg/kg (4.6 �mol/kg).

Since the compound inhibited the release of histamine and
ther mediators, but was unable to block the binding of IgE to
c�RI, as well as the binding of antigen to IgE, we hypothe-
ized that D-PAM may act by inhibiting the cross-linking of
gE complexed with Fc�Rs, located on the surface of mast cells
nd basophils, and that this effect could be explained by the
olycationic nature of the molecule, given the presence of four
ositively charged arginine residues. The binding of the peptide
o IgE, fixed to Fc� receptors, adds a broad positive charge to
mmunoglobulins that could induce strong repulsion effects and
tructural modifications sufficient to block the cross-linking of
gE following re-exposure to the antigen, and thus the patholog-
cal reaction.

Despite a relatively high molecular weight (2141.46 amu)
nd high hydrophilicity, this compound shows low immuno-
enicity in mice and rabbits, and is rapidly adsorbed and cleared
Marino et al., 2002). Furthermore, long-term treatment with
epeated peptide administration did not induce evident signs
f toxicity in mice, as determined by postmortem autopsies,
nd intraperitoneal LD50 was around 300 mg/kg (Marino et al.,
002). Collectively, the pharmacological properties of D-PAM
ppear very promising and the compound could be a valid candi-
ate for development of a new therapeutic agent in the treatment
f allergic diseases, with a different and innovative mechanism,
ompared to the anti-allergic compounds currently in use.

eferences

dkinson, N.F., Eggleston, P.A., Eney, D., Goldstain, E.O., Schuberth, K.C.,
Bacon, J.R., Hamilton, R.G., Weiss, M.E., Arshad, H., Meinert, C.L.,
Tonascia, J., Wheeler, B., 1997. A controlled trial of immunotherapy for
asthma in allergic children. N. Engl. J. Med. 336, 324–331.
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

lter, B.P., Gaston, T., Lipton, J.M., 1993. Lack of effect of corticosteroids in
W/Wv and S1/S1d mice: these strains are not a model for steroid-responsive
Diamond-Blackfan anemia. Eur. J. Haematol. 50, 275–278.

arnes, P.J., Pedersen, S., Busse, W.W., 1998. Efficacy and safety of inhaled
corticosteroids: an update. Am. J. Respir. Crit. Care Med. 157, S1–S53.

P

 PRESS
nology xxx (2007) xxx–xxx

arnes, P.J., 1999. Therapeutic strategies for allergic diseases. Nature 402
(Suppl.), B31–B38.

aylink, D.J., 1983. Glucocorticoid-induced osteoporosis. N. Engl. J. Med. 309,
306–308.

ousquet, J., Cabrera, P., Berkman, N., Buhl, R., Holgate, S., Wenzel, S., Fox,
H., Hedgecock, S., Blogg, M., Della Cioppa, G., 2005. The effect of treat-
ment with omalizumab, an anti-IgE antibody, on asthma exacerbations and
emergency medical visits in patients with severe persistent asthma. Allergy
60, 302–308.

uku, A., Condie, B.A., Price, J.A., Mezei, M., 2005. [Ala12]MCD peptide: a
lead peptide to inhibitors of immunoglobulin E binding to mast cell receptors.
J. Pept. Res. 66, 132–137.

assina, G., Verdoliva, A., Odierna, M.R., Ruvo, M., Cassani, G., 1996. Pro-
tein A mimetic peptide ligand for affinity purification of antibodies. J. Mol.
Recognit. 9, 564–569.

offmann, A., Jamin, A., Foetisch, K., May, S., Aulepp, H., Haustein, D., Vieths,
S., 1999. Determination of the allergenic activity of birch pollen and apple
prick test solutions by measurement of �-hexosaminidase release from RBL
2H3 cells. Comparison with classical methods in allergen standardization.
Allergy 54, 446–454.

nagaki, N., Goro, S., Nagai, H., Koda, A., 1985. Pharmacological char-
acterization of mouse ear PCA. Int. Arch. Allergy Appl. Immunol. 78,
113–117.

nagaki, N., Miura, T., Nagai, H., Koda, A., 1992. Active cutaneous anaphylaxis
(ACA) in the mouse ear. Jpn. J. Pharmacol. 59, 201–208.

nagaki, N., Nagai, H., 2001. Drugs for the treatment of allergic diseases. Jpn.
J. Pharmacol. 86, 275–280.

oly, F., Bessou, G., Benveniste, J., Ninio, E., 1987. Ketotifen inhibits paf-acether
biosynthesis and beta-hexosaminidase release in mouse mast cells stimulated
with antigen. Eur. J. Pharma. 144, 133–139.

inet, J.P., Blank, U., Brini, A., Jouvin, M.H., Kuster, H., Mejan, O., Ra, C.,
1991. The high-affinity receptor for immunoglobulin E: a target for therapy
of allergic diseases. Int. Arch. Allergy Appl. Immunol. 94, 51–55.

ee, E., Choi, E.J., Cheong, H., Kim, Y.-R., Ryu, S.Y., Kim, K.-M., 1999. Anti-
allergic actions of the leaves of Castanea crenata and isolation of an active
component responsible for the inhibition of mast cell degranulation. Arch.
Pharm. Res. 22, 320–323.

arino, M., Ruvo, M., De Falco, S., Fassina, G., 2000. Prevention of sys-
temic lupus erythematosus in MRL/lpr mice by administration of an
immunoglobulin-binding peptide. Nat. Biotechnol. 18, 735–739.

arino, M., Rossi, M., Ruvo, M., Fassina, G., 2002. Novel molecular targets
for systemic lupus erythematosus. Curr. Drug Targets 3, 223–228.

arshall, G.D., 2000. Therapeutic options in allergic disease: antihistamines as
systemic antiallergic agents. J. Allergy Clin. Immunol. 106, 303–309.

eltzer, E.O., Grant, J.A., 1999. Impact of ceterizine on the burden of allergic
rhinitis. Ann. Allergy Asthma Immunol. 83, 455–463.

ichaelsen, T.E., Ihle, Ø., Beckstrøm, K.J., Herstad, T.K., Kolberg, J., Høiby,
E.A., Aase, A., 2003. Construction and functional activities of chimeric
mouse-human immunoglobulin G and immunoglobulin M antibodies against
the Neisseria meningitidis PorA P1.7 and P1.16 epitopes. Infect. Immun. 71,
5714–5723.

akamura, G.R., Starovasnik, A., Reynolds, M.E., Lowman, H.B., 2001. A
novel family of hairpin peptides that inhibit IgE activity by binding to the
high-affinity IgE receptor. Biochemistry 40, 9828–9835.

akamura, G.R., Reynolds, M.E., Chen, Y.M., Starovasnik, M.A., Lowman,
H.B., 2002. Stable “zeta” peptides that act as potent antagonists of the high-
affinity IgE receptor. Proc. Natl. Acad. Sci. U.S.A. 99, 1303–1308.

vary, Z., 1958. Immediate reactions in the skin of experimental animals pro-
voked by antibody-antigen interaction. Prog. Allergy 5, 459–508.

alombo, G., Rossi, M., Cassani, G., Fassina, G., 1998a. Affinity purification
of mouse monoclonal IgE using a protein A mimetic ligand (TG19318)
immobilized on solid supports. J. Mol. Recognit. 11, 247–249.

alombo, G., De Falco, S., Tortora, M., Cassani, G., Fassina, G., 1998b.
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

A synthetic ligand for IgA affinity purification. J. Mol. Recognit. 11,
243–246.

alombo, G., Verdoliva, A., Fassina, G., 1998c. Affinity purification of
immunoglobulin M using a novel synthetic ligand. J. Chromatogr. B Biomed.
Sci. Appl. 715, 137–145.

dx.doi.org/10.1016/j.molimm.2007.04.020


 IN+Model
M

Immu

P

P

R

R

T

v

V

V

W

Y

Balb/c Mice by Using RBL-2H3 Cells. Biosci. Biotech. Biochem. 59, 1272–
ARTICLEIMM-2355; No. of Pages 9

M. Rossi et al. / Molecular

iper, J.M., Ray, W.A., Daugherty, J.R., Griffin, M.R., 1991. Corticosteroid use
and peptic ulcer disease: role of nonsteroidal anti-inflammatory drugs. Ann.
Intern. Med. 114, 735–740.

resta, L.G., Lahr, S.J., Shields, R.L., Porter, J.P., Gorman, C.M., Fendly, B.M.,
Jardieu, P.M., 1993. Humanization of an antibody direct against IgE. J.
Immunol. 151, 2623–2632.

igby, L.J., Trist, H., Snider, J., Hulett, M.D., Hogarth, P.M., 2000. Monoclonal
antibodies and synthetic peptides define the active site of FcepsilonRI and a
potential receptor antagonist. Allergy 55, 609–619.

usso, A., Russo, G., Peticca, M., Pietropaolo, C., Di Rosa, M., Iuvone, T.,
2005. Inhibition of granuloma-associated angiogenesis by controlling mast
cell mediator release: role of mast cell protease-5. Br. J. Pharmacol. 145,
24–33.
Please cite this article in press as: Rossi, M. et al., Anti-allergic properti
Immunol. (2007), doi:10.1016/j.molimm.2007.04.020

ill, S.J., Francis, J.N., Nouri-Aria, K., Durham, S.R., 2004. Mechanisms of
immunotherapy. J. Allergy Clin. Immunol. 113, 1025–1034.

an der Kleij, H.P., Kraneveld, A., van Houwelingen, A.H., Kool, M., Weit-
emberg, A.C., Redegeld, F.A., Nijkamp, F.P., 2004. Murine model for
non-IgE-mediated asthma. Inflammation 28, 115–125.

Y

 PRESS
nology xxx (2007) xxx–xxx 9

erdoliva, A., Basile, G., Fassina, G., 2000. Affinity purification of immunoglob-
ulins from chicken egg yolk using a new synthetic ligand. J. Chromatogr. B
749, 233–242.

erdoliva, A., Pannone, F., Rossi, M., Catello, S., Manfredi, V., 2002. Affinity
purification of polyclonal antibodies using a new all-D synthetic peptide
ligand: comparison with protein A and protein G. J. Immunol. Methods 271,
77–88.

iegand, T.W., Williams, P.B., Dreskin, S.C., Jouvin, M.H., Kinet, J.P., Tasset,
D., 1996. High-affinity oligonucleotide ligands to human IgE Inhibit binding
to Fc� Receptor I. J. Immunol. 157, 221–230.

amanishi, R., Kondo, K., Tsuji, H., Ogawa, T., 1995. Micro-assay to Mea-
sure the allergenicity of Kunitz-type Soybean Trypsin Inhibitor toward
es of a new all-D synthetic immunoglobulin-binding peptide, Mol.

1275.
an, H., Lamm, M.E., Björling, E., Huang, Y.T., 2002. Multiple functions of

immunoglobulin A in mucosal defense against viruses: an in vitro measles
virus model. J. Virol. 76, 10972–10979.

dx.doi.org/10.1016/j.molimm.2007.04.020

	Anti-allergic properties of a new all-D synthetic immunoglobulin-binding peptide
	Introduction
	Materials and methods
	Peptide synthesis
	IgE and DNP biotinylation
	Enzyme-linked immunosorbent assay (ELISA)
	SPR analysis
	Dot-blot assay
	Binding of IgE to FcepsivRI and specific antigen
	Cell culture
	CELISA assay

	IgE-mediated beta-hexosaminidase release assay
	Animals
	Rat passive cutaneous anaphylaxis (PCA)
	Mouse ear passive cutaneous anaphylaxis (PCA)
	Mouse ear active cutaneous anaphylaxis (ACA)

	Results
	In vitro experiments
	In vivo experiments

	Discussion
	References


