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Abstract

Immunoglobulin E (IgE) plays a central role in IgE-mediated immediate type hypersensitivity. Since production of IgE depends on
Th2, efforts to block IgE production and control allergic reactions include tolerization of Th2 or deviating development of Th2. We
hypothesized that cytotoxic T lymphocytes targeting natural IgE peptidessMHC I complexes can eliminate IgE-producing cells and
inhibit centrally IgE production. CTL to self-IgE peptides were elicited in mice immunized with nonameric p'® 7, p'13-121 and p!'%3-14!
(CHe2 domain), which encompass both peptides with an OVA helper peptide (OVAp restricted for H-24°) in liposomes and presented by
dendritic cells (DC). CTL from BALB/c lysed IgE peptide-pulsed P815 target as well as IgE-producing 26.82 hybridomas (H-2%). Natural
tolerance to self-IgE peptides was tested in IgE sufficient (IgE +/+) as well as IgE-deficient (IZE —/—) 129/SvEv mice (H-2?). Comparable
magnitude of CTL responses was observed in both strains immunized with p'® 117 or p!®-14! concomitantly with CD4 T-cell costimula-
tion. CTL from 129/SvEv lysed not only IgE peptide-pulsed EL-4 but also IgE-producing B4 hybridomas (H-2%). This observation
strongly suggests a correspondence of epitope of immunogenic peptide to that of physiologically processed IgE peptides presented on
IgE-producing cells. Moreover, CTL were generated in 129/SvEv, immunized with the recombinant antigenized antibody in liposomes
encompassing p'” 1%, p!®117 and p''31?! expressed in CDR3 of VH62/human v1. Polyclonal IgE production was inhibited by coincu-
bation with MHC I-restricted CTL in vitro. Furthermore, antigen-specific IgE responses were inhibited in mice, immunized with p'®-1!7
and p'® 1! while IgG responses were not suppressed. Since IgE peptide sequences of CHe2 are ubiquitous to all murine IgE heavy chain,
peptides made as such can serve as a universal IgE vaccine to prevent allergy for a myriad of allergens in rodents. This observation sug-
gests that similar human IgE peptides should be identified and employed to downregulate human IgE production.

© 2005 Published by Elsevier Inc.
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1. Introduction

Immunoglobulin E (IgE)' plays a central role in imme-
diate type hypersensitivity such as allergic asthma,
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4; IM, internal image; MAb-E25, monoclonal antibody-E25; Th2, T helper cell subset 2.
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rhinitis, food allergy, atopic dermatitis, and anaphylaxis
[1,2]. IgE-mediated allergic inflammation can be con-
trolled at two levels: by antagonizing the pharmacological
effect of inflammatory mediators and cytokines [3,4], or
by inhibiting the production of allergen-specific IgE [5-7].
IL-4, IL-13, and CD40 play a crucial role on IgE B-cell
commitment via their induction of sterile germ-line IgE
heavy chain gene transcript as a prerequisite for proper
VDJ recombination with the CHe gene. IFN-y on the
other hand inhibits IgE germ-line gene transcript [8—11].
Complex regulation of IgE production is also at the level
of Th1/Th2 dichotomy with I1L-4 and IL-12/IFN-y play-
ing opposing roles [12,13]. Downregulating 1L-4 produc-
tion thus attenuates IgE production by affecting both IgE
class switch and Th2 development. Conventional immu-
notherapy requires that pertinent CD4 helper T-cell epi-
topes of the respective allergen be identified, and immune
deviation be appropriately implemented [14]. However,
variable and paradoxical results are often obtained when
allergen helper peptide epitopes were employed for desen-
sitization and immune deviation [14,15].

Despite the complexity of controlling IgE B-cell
differentiation, downregulating IgE levels can be
achieved by IgE immunization, bypassing the cytokine
regulatory circuits. Previously, our laboratory observed

p!'1312! costimulated with OVA helper peptide (OVAp) in
liposomes and/or presented by dendritic cells (DC). IgE
peptide-specific CTL lyse peptide-pulsed conventional
CTL targets as well as IgE-producing cells. Antigen-spe-
cific IgE and total serum IgE levels in vivo were concomi-
tantly reduced in IgE peptide-immunized mice. We
propose that cytotoxic IgE peptide epitope(s), derived
from CHe2 to CHe4 domain, may be employed as a uni-
versal allergy vaccine. CTL elicited by the vaccines recog-
nize natural IgE peptidessMHC class I on IgE-producing
cells, and therefore eliminate/inhibit IgE production irre-
spective of allergen specificities [16].

2. Materials and methods
2.1. Antigen

IgE peptidess LLHSSCDPNAFHSTIQLYC
FIYGHILNDVSVSWLMDDRE (p'® ), L
YCFIYGHI (' restricted to both K¢ and K°);
and 1Y GHIL N DV (p'*'2! nonamer, restricted to
DY). Numbering the amino acid followed the convention
of Liu et al. [21], with the beginning amino acid of first
constant region, designated as number 1, and residue 103

LLHSSCDPNAFHSTIQLYCFIYGHILNDVSVSWLMDDRE 39mer peptide (p''*")

that active IgE immunization contributed to diminished
IgE production in a murine model [17-20]. Both cell-
mediated immunity and humoral anti-IgE antibodies
play a role in suppressing IgE responses of IgE-immu-
nized hosts. Monoclonal anti-IgE prevents IgE binding
to high affinity IgE receptors on mast cells without acti-
vating IgE-bound mast cells. Omalizumab (Xolair)
introduced into the market based on this principle effec-
tively neutralize circulating IgE and relieve syndromes in
patients with severe allergic asthma [46-48].

The role of cell-mediated immunity, in addition to
humoral anti-IgE, in this perinatal IgE immunization
model was studied in this laboratory. CD8(+) T cells were
identified to play a crucial role in the induction and main-
tenance of total IgE deficiency as shown by the adoptive
transfer study in vivo as well as by coincubation of CD8
(+) T cells and IgE-producing cells in vitro. Peptide I, a
39-mer fragment (p'®~'*"), sequenced and mapped in the
CHe2 exhibited profound IgE deficiency [16-20]. Herein,
we hypothesize that CTL from adult mice immunized
with p'®1#! and its resident MHC I-binding nonameric
peptides can lyse IgE-producing cells as target, and
thereby inhibit de novo IgE synthesis. We report that CTL
tolerance to self-IgE peptides was broken in immunocom-
petent adult mice, with p'®~'¥!| nonameric p'®!", and

LYCFIYGHI
IYGHILNDYV

9-mer peptide H-2K®, H-2K" (p'® ")

9-mer peptide H-2D (p'*'?)

starting as the third amino acid residue from CHe2
[16,21]. ISQAVHAAHAEINEAGR (OVAp3?33%,
restricted to both IAY and IAP®) [22] were synthesized in
the peptide facility of La Jolla Institute for Allergy and
Immunology, San Diego, CA. Peptides are purified by
HPLC with more than 95% purity and M.W. ascer-
tained by time-of flight of mass spectrometry. Recom-
binant murine GM-CSF was obtained from Kirin
Pharmaceutical Lab or Biosource International (Cam-
arillo, CA). Cationic liposome, N-[1-(-2,3-dioleoyl-
oxy)propyl]-N,N,N-trimethylammoniummethylsulfate

(DOTAP), was purchased from Boehringer-Mannheim
(Indianapolis, IN). Rat anti-CD40 (FGK-45) was a gift
from Dr. Stephen Schoenberger (LIAI, San Diego,
CA). A pair of oligonucleotides corresponding to the
sense and anti-sense strands of the overlapping 17-mer
p'?123 cytotoxic epitopes (IQLYCFIYGHILNDVSYV)
were synthesized: 5'-GTACCCATCCAGCTGTACTG
CTTCATTTATGGCCACATCCTAAATGATGTCT
CTGTC-3" (sense strand); GTACGACAGAGACAT
CATTTAGGATGTGGCCATAAATGAAGCAGTA
CAGCTGGATGG-3' (anti-sense), cloned or antigenized
into the Asp 716 (Kpnl isochizomer) restriction site of
the murine VH62 fused to Fc of human IgG1 with the
neomycin selection vector as previously reported [23,24].




S.-S. Chen et al. | Cellular Immunology 233 (2005) 11-22 13

2.2. Dendritic cell cultures

Bone marrow-derived dendritic cells (BMDC) were
prepared from bone marrow of 6-week-old female
BALB/c or 129/SvEv by culturing femur bone marrow
cells in the presence of 1.5ng/ml recombinant GM-CSF
over a period of 10 days following a decanting procedure
described by Inaba and colleagues [25]. The purity of DC
(>90%) was determined by MAb against CD11c (inte-
grin o, chain, Pharmingen). 1 x 10° DC were pulsed with
p'® 14+ OVAp at a final concentration of 100 pg/ml,
entrapped in DOTAP liposomes at a final concentration
of 30 pg/ml for 1h at 37°C. Unbound peptides and lipo-
somes were removed by washing.

2.3. Immunization and assays

Female 8-week-old BALB/c, 129/SvEv wild-type mice
were obtained from Jackson and Tacomic Laboratories,
respectively. IgE gene-deficient mice (129/SvEv, IgE —/—)
mice were kindly obtained from Dr. Hans Oettgen [26]
(Harvard University, Boston, MA). IgE peptides and
OVAD helper peptides were added to DOTAP liposomes
at equal volumes, and incubated at r.t. for 1h. Each
mouse was then immunized twice with 30 pug IgE peptide
and 30 ug OVAp helper peptide, mixed in 30 pg of lipo-
somes divided equally in two separate routes via i.p. and
the base of tail at an interval of 10-14 days. Each mouse
in a group of four to six was injected with 2 x 10* pep-
tide-pulsed DC in toto with 0.15ml injected s.c., and
0.15ml injected i.p. Mice were then boosted with the cor-
responding antigen formulation. One hundred micro-
grams of anti-CD40 antibody (FGK-45) was injected i.p.
1 day after peptide immunization. Passive cutaneous
anaphylaxis (PCA), total IgE measurement, and antigen-
specific IgG assays were described previously [19,20,27].

2.4. RMA-S MHC I upregulation assay

RMA-S (obtained from Dr. Steve Schoenberger)
grown at 37°C exhibited temperature-sensitive TAP-1
that failed to stably express surface MHC 1. Cells were
incubated in the presence of nonameric IgE peptide, p'® 7
or with positive control S9 Kb/Db binder peptide
(FAPGNYPAL) [28] at 10-100 pg/ml for 8 h at 25°C and
shifted to 37 °C overnight. Quantitative surface expression
of D and K was detected by FITC conjugates of anti-D®
(clone 28.14.8S) and anti-K® (clone B8.3.24), respectively.

2.5. CTL assay

Fourteen to 21 days after antigenic boosting, 5 x 10%
ml spleen cells from at least two mice were re-stimulated
in vitro with 50 pg/ml IgE peptide and 50 pg/ml OVAp in
24-well for 6-7 days. 5 x 10° P815 or EL-4 were incubated
with 50pug p'®'*/ml in the presence of 50 U IFN-y/ml

overnight, or pulsed for 2h with 50 pg/ml nonameric IgE
peptides (p'® 117, p!13-121) in the absence of IFN-y. Target
cells were then added with 0.6mCi >'Cr for 1-2h at 37°C.
To prepare IgE-secreting cells as direct targets, 26.82
(DNP-specific IgE-secreting hybridoma, H-29) [29] and
B4 (TNP-specific IgE-secreting hybridoma, H-2°) [30]
were incubated with 3'Cr directly. In vitro re-stimulated
spleen cells were then added to 1 x 10* >!Cr-labeled target
cells at E/T ratios from 100:1 to 1:1 for 4-6 h. The specific
lysis was determined by the following formula: (experi-
mental release —spontaneous release/maximal release —
spontaneous release) x 100. Maximal release was
performed by evaluating >'Cr in the supernatant by PBS
with 1% Triton. Preparation and separation of subsets of
CD4 versus CD8 were performed as described [19,20].

3. Results

3.1. Two signals are required for breaking tolerance to
self-1gE peptides
Peptide I, p!®'4! previously mapped by V8 protease
was known to cause IgE deficiency in perinatally injected
mice prior to the onset of self-tolerance [16]. To deter-
mine whether CTL may be induced in adult mice, mice
were immunized with p'®*'#! in the presence of CD4
costimulation. Fig. 1A showed that this self-IgE peptide
fragment alone did not induce CTL responses in adult
mice, and was rendered immunogenic with CD4 T-cell
costimulation [31,32]. Thus, CTL were not elicited with
injection of p'®~!#! alone, or costimulated with OVAp in
liposomes. In contrast, CTL elicited in mice immunized
with p'®1#! and OVAp helper peptide in saline or in lip-
osomes lysed p'® ¥ and IFN-y-treated P815 targets
(44-56% chromium release at E/T 100:1).

To determine whether immunogenicity of p'*1*! was
due to H-2K9/H-2D! nonameric binder motifs within
p!%14 mice were immunized with nonameric p'*®!!7,
and p"*!'"'?! along with OVAp in liposomes. Fig. 1B
showed that CTL from p'®!'7 immunized mice caused
more efficient chromium release than those from p'% 4!
(p<0.05), and p'"*"*-immunized mice (p<0.01), ie.
48% release versus that of 22%. This observation suggests
that p'® 17 and p''3-1?! are the active immunogenic prin-
ciples of p'®# Fig. 1C showed that augmented cell-
mediated cytotoxicity was observed in CD8-enriched
population as compared to un-fractionated spleen cells.
Anti-CDS§ treatment abrogated cytotoxic activities of

p!%1*_restimulated cultures of spleen cells.

3.2. CTL induced by IgE peptide-pulsed DC lyse
IgE-producing hybridomas

The trans-migratory property of DC is a desirable
property as a vehicle for eliciting protective immunity
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Fig. 1. Induction of IgE-specific CTL by IgE peptides/liposome complexes. Eight-week-old BALB/c mice were primed with 30 pug p'®'#! alone

(LLHSSCDPNAFHSTIQLYCFIYGHILNDVSVSWLMDDRE), or 30 pug of the helper peptide, OVAp (ISQAVHAAHAEINEAGR) in 30 pg
DOTAP, a cationic liposome preparation. Two weeks later, mice in each respective group were challenged with the corresponding antigen used in the
initial priming. Two weeks after the second immunization, 5 x 10 spleen cells from each group were established in vitro, and re-stimulated with anti-
gen in vitro for 7 days. P815 as targets were pulsed with p'®1¥ and treated overnight with 50 U/ml IFN-y. Effector and targets were mixed at
different E/T ratios for 4 h. Specific lysis was calculated as specified above (A). Mice are immunized with the two respective nonameric peptides, 30 pug
p'® "7 (LYCFIYGHI) and p''*'?! IYGHILNDYV) exhibiting the respective cytotoxic T-cell motifs along with 30 pg OVAp helper peptides in lipo-
somes. P815 targets were directly pulsed with 30 pg of nonameric peptides for 1 h. CTL peptides were further processed and presented by; and the
antigenic peptide counterpart may also be processed by the P815 due to overnight IFN-y incubation that enhances immunoproteasome activities [40]
(B). Splenocytes from p'**'*l.immunized mice were depleted with anti-CD8 plus complement or enriched by anti-CD8 column on magnetic beads.
P13-14_pylsed cold targets were added to E:T cultures with the ratios of cold versus hot targets from 1 to 100 (C).

extended in different lymphoid compartments [33]. We levels of IgE molecules. Fig. 2B showed that CTL-induced
therefore determine whether self-IgE peptides and peptide-pulsed DC lysed also 26.82 IgE hybridomas. To
OVAp pulsed onto dendritic cells (DC) may break determine the immunogenicity of nonameric p'®1!7,
tolerance to self-IgE, and whether anti-CD40 (FGK-45) BALB/c mice were immunized with p'®'!” and OVAp
modulated CTL induction [34,35]. Adult BALB/c mice pulsed DC, Fig. 2C showed that CTL induced in BALB/
were treated with the anti-CD40 (FGK-45) i.p. 24 h after ¢ mice lysed p'® "-pulsed P815 and 26.82 IgE-secreting
immunization with IgE p'®'#*'+OVAp-pulsed DC. hybridomas (H-2d). To extend this observation to IgE-
Fig. 2A showed that p'®'* and OVAp presented by producing hybridoma of a different haplotype, DC were
DC elicited IgE peptide-specific CTL that lysed p'®-141- similarly prepared in 129/SvEv mice (H-2°). 129SvEv
pulsed P815 targets. Interestingly, in vivo anti-CD40 were immunized with DC pulsed with p'®~'"7 (with dual
treatment with IgE peptide-pulsed DC with or without H-2%"-binding nonameric motif) and OVAp. Fig. 2D
liposomes did not further augment, and on the contrary showed that CTL induced in this H-2® mice lysed p'®-!!7-
downregulated CTL induction. pulsed EL4 as well as another high rate of IgE-secreting

We wish to determine whether IgE peptide-specific hybridomas (B4 of the H-2° haplotype) [30] with compa-
CTL target IgE-producing cells, and therefore will be rable efficacies. MHC class I restriction holds for the
relevant in downregulating pathophysiological levels of p'® 17 peptide with respect to the H-2¢ versus H-2° hap-
IgE. IgE-secreting hybridomas 26.82 (H-2%) [29] were lotype. Thus, p'®""/H-2d-restricted CTL lysed IgE pro-
employed as a natural target, since it expressed high ducing 26.82 (H-2%) but not IgE producing B4 (H-2P).
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Fig. 2. CTL induced by IgE peptide-pulsed dendritic cells lyse IgE-secreting hybridomas. Bone marrow-derived dendritic cells (BMDC) were pre-
pared by culturing femur bone marrow cells of 6-week-old BALB/c or 129/SvEv mice in the presence of 1.5 ng/ml murine recombinant GM-CSF for
10 days [27]. 1 x 10® DC were pulsed with 100 ug p'® 4! or p'®117 + OVAp in liposomes for 1 h at 37 °C. Unbound peptides were washed and each
mouse in a group of four was injected s.c./i.p., with 2 x 10* peptide-pulsed DC into BALB/c and 129/SvEv, respectively. Mice were boosted likewise 2
weeks later, and the spleen cells were re-stimulated in vitro with p'®*! or p!®1"7 + OVAp for 7 days, respectively. BALB/c effectors were added to
p'B 1 pulsed P815 as targets (A), to 26.82 IgE-secreting hybridomas (B), and to p'® !'7-pulsed P815 and 2682 (C). 129/SvEv effectors were added to
p'® " pulsed EL-4 and B4 targets (D). RMA-S-A2Kb were incubated with p'®117 at 1, 10, and 50 pg/ml (ii-iv) overnight and cell surface expres-

sion of HLA-A2Kb was detected by FITC-anti-HLA-A2.1 (E).
Conversely, p'®'"-specific CTL lyse IgE producing B4
hybridoma but not IgE producing 26.82 (H-2®) (not
shown).

The suitability of IgE-secreting plasma cells as targets
is concordant with the observation that peptide-pulsed
activated B cells are routinely employed as stimulators
for CTL in a typical chromium release assay [36,39]. The
above observations strongly suggest the correspondence
of synthetic peptides employed herein to the physiologi-
cally processed IgE peptides presented by MHC I by
IgE-producing cells as CTL targets.

To formally determine that physical binding of
p'® 17 to MHC 1, we proceeded to determine whether
p'® 17 can bind and cause stable surface expression of
MHC class I in TAP-1-deficient RMA-S cell line [28].
As shown in Fig. 3E, H-2K® was not detectable in
mutant RMA-S incubated in normal media first in
25°C and shifted to 37 °C overnight (panel i). Elevated
levels of H-2K® were stably expressed in mutant cells,
incubated in 25°C in the presence of p'® 7 at 1-
100 pg/ml, then shifted to 37°C (panels ii-iv, respec-
tively). Mutant RMA-S incubated with S9 positive
control peptide at 100 pg/ml expressed high levels of H-
2K" (not shown).

3.3. Comparable magnitude of MHC I-restricted, IgE
peptide-specific CTL induced in IgE deficient and wild
mice

To determine whether breaking tolerance to self-IgE
was complete, the magnitude of CTL responses induced
in wild-type mice (129 SvEv (H-2%), IgE +/+) was then
compared to that of IgE gene-deficient mice (129/SvEv,
IgE —/—) [26], and tolerance of CD8 T cells to IgE did
not develop since self-IgE is not present. It is noted that
p!B141 exhibits motif for nonameric K® binder, p!*®!7.
Therefore was delivered to IgE wild-type (129, IgE +/+)
and IgE-knock-out mice (129, IgE —/—) with different
costimulation.

Herein, the results showed three pertinent points.
First, Fig. 3A showed that immunization with p'®1#
+OVAp-pulsed DC, or p!®* '+ 0OVAp in liposomes
elicited CTL in 129 IgE —/— mice which lyse IgE-pro-
ducing B4 hybridomas [30] (38-47% lysis at E/T 100:1).
This suggests that the natural peptide sequence pro-
cessed and presented by DC is similar to the processed
IgE peptide, presented by MHC I in IgE-secreting
plasma cells. CTL lysed B4 IgE-producing cells and pep-
tide-pulsed EL-4 with comparable efficiencies (46-58%
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Fig. 3. Induction of IgE-specific CTL in both IgE-tolerant and non-tolerant mice. IgE gene-deficient mice, i.e., 129/SvEv, IgE —/— and 129/SvEv, IgE
+/+ wild-type mice were immunized with p'®* of which the delimited, synthetic p'® 7 binder translocated K® on cell surface of TAP2(—/—)
RMA-S mutants. Mice were immunized with 30 pg p'®'*!, 30 ug OVAp in 30 pg liposomes in a total of 150 pl, injected equally via the s.c./i.p. routes.
Twenty-four hours after injection, mice were further injected i.v. with FGK-45 (anti-CD40) or normal rat IgG as control. Moreover, mice were first
immunized with 2 x 104 p'®14! + OVAp-pulsed DC s.c./ip., and then treated with 100 ug of antibody FGK-45. Furthermore, one group of mice
received 30 pg p'®'*, 30 ug OVAp in liposomes and pulsed onto DC, and treated with 100 ug of antibody FGK-45 as above. Two weeks later, mice
were challenged in vivo according to regimens specified above. Spleen cells were collected 2-4 weeks after the second immunization and then re-stim-
ulated in vitro uniformly with p'®1*! or OVAp in saline, respectively. Seven days later, effector cells were mixed at different E/T ratios for 4 h with
SICr-labeled IgE-secreting B4 hybridoma cells (H-2°) (A); p'® '*I-pulsed EL-4 (H-2P, incubated overnight with IFN-y) (B); IgE-secreting B4 hybrid-
omas (H-2%) (C); and 26.82 line 14 IgE-secreting hybridomas (H-29) (D).

lysis at E/T 100:1), suggesting IgE peptides naturally
processed and presented by B4 may be present in the
same density as that pulsed on the targets [36] (Fig. 3B).
Second, self-tolerance to IgE does not play a role in reg-
ulating the magnitude of CTL responses in so far as the
costimulation may be optimally provided to breaking
self-IgE tolerance. Thus Fig. 3C showed that similar lev-
els of CTL-induced lysis were observed in IgE +/+ and in
IgE —/— mice (33-48% at E/T 100:1, vs. Fig. 3A). Third,
IgE peptide-specific CTL exhibit MHC I-restricted cytol-
ysis of target cells expressing natural IgE peptides. Thus,
CTL raised in 129 IgE +/+ mice lysed IgE-producing B4
(H-2%) hybridomas (Fig. 3C), but did not lyse IgE-pro-
ducing 26.82 hybridomas (H-2%) (Fig. 3D). Reciprocally,
CTL obtained from IgE peptide-immunized BALB/c
mice lysed IgE-secreting 26.82, but not IgE-secreting B4
hybridomas (not shown).

3.4. CTL induced by peptides inserted into CDR3 of
immunoglobulin vector

We wish to determine whether IgE peptides may be
protected and rendered a stable antigen in the context of a
recombinant protein. We therefore compare the immuno-

genicity of a 17-mer synthetic p'””'?* comprising core

overlapping K*/K9/DP® motifs with two additional amino
acids on each side, with the corresponding oligonucleotide
of p'712 cloned into the CDR3 loop of an immunoglob-
ulin variable domain [23,24]. As shown before, peptides
expressed in antigenized antibodies (Ab*®) are immuno-
genic due to the longer half-life of immunoglobulin and
their ability to target professional APC via the rodent IgG
Fc receptor. 129/SvEv IgE +/+ mice (H-2°) were immu-
nized with 30pg p'” 12+ OVAp versus 30 pg AbP1O7-123,
Figs. 4A and B showed that comparable CTL responses
were developed in 129/SvEv mice immunized with peptide-
antigenized antibody as well as those immunized with
p!712 or with p'®!7. Three points are, (i) AbP!07-123
flanked by native CDR3 sequences may be efficiently pro-
cessed and presented via the exogenous MHC 1 pathway
[23] by APC in eliciting IgE peptide-specific CTL. (ii)
Comparable CTL responses in AbP'"7123 versus p!'0"123
suggest that formulation of p'°7'? in liposomes lends an
extra stability of peptide antigens comparable to that of
Ab2e, (i) p'®!7 may be naturally processed and pre-
sented by both APC and IgE-producing plasma cells since
comparable extent of CTL was observed with IgE-produc-
ing B4 hybridomas as targets versus p'® '""-pulsed EL-4.
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Fig. 4. Induction of IgE-specific CTL in mice with p'’"1?* antigenized

antibody. A pair of oligonucleotides corresponding to 17-mer p'®" 123,

encompassing KP°-binder p'®'"7, positive for RMA-S translocation
assay, was cloned into the Asp718 site of CDR3 of murine VH62
heavy chain, fused with human Fcy [23,24]. 129/SvEv (H-2%) wild-type
mice in groups of five were immunized with 30 pg recombinant AbP1?7-
123 in DOTAP or 30 ug p'*7 ' or p!® "7+ OVAp each in DOTAP.
Two weeks later, mice were boosted and spleen cells were prepared 10
days later, re-stimulated with AbP!?7123 and p!'°7123 + OVAp, respec-
tively, in vitro for 7 days. CTL were measured against p'*'Z-pulsed
EL-4 or IgE-secreting B4 hybridomas as targets.

3.5. CTL to natural IgE peptides suppress IgE production
in vitro and in vivo

To determine whether CTL elicited by IgE peptide
immunization inhibit IgE production, in vitro re-stimu-
lated CTL were added to IgE-secreting hybridomas or
LPS and IL-4 stimulated B cells in vitro. Fig. SA showed
that in vitro p'® 7 re-stimulated CTL from BALB/c
mice immunized with p'®!!7 inhibited 79% IgE produc-
tion by 26.82 IgE-secreting hybridomas (H-2¢), while did
not affect IgE production by IgE-secreting B4 hybrido-
mas (H-2%). Fig. 5B showed these CTL also markedly
inhibited polyclonal IgE production elicited by LPS/IL-4

in vitro, e.g., 71 and 83% inhibition at E/T ratios of 10:1
and 30:1, respectively, whereas cells from control cul-
tures did not affect IgE production. To determine the
effect of IgE peptide immunization on production of
allergen-specific IgE in vivo, mice were immunized with
p!B 14 or p!®117 with OVA peptides in liposomes twice
at intervals of 2 weeks. Mice were then immunized with
KLH in alum. As shown in Fig. 5C, allergen-specific IgE
production was significantly (p <0.01) inhibited in mice
vaccinated with p!®'#! and p'®!"7 (PCA =20), while
mice previously immunized with OVAp in liposomes or
saline exhibited high titer anti-KLH IgE (PCA =160—
320). In contrast, IgG responses in IgE peptide-immu-
nized animals remained comparable to controls (legend
to Fig. 5). The inhibition of IgE production is IgE iso-
type-specific since KLH-specific IgG production was not
affected.

4. Discussion

Previously, we described a murine model of pan-IgE
deficiency induced by perinatal IgE immunization prior
to the onset of self-tolerance to IgE [16-20]. Cell-medi-
ated immunity against self-IgE appears to play a crucial
role in contributing to a profound state of IgE defi-
ciency, while circulating anti-IgE also were present to
neutralize circulating IgE [16-20]. Similar IgE immuni-
zation in adult mice with preexisting circulating high lev-
els of serum IgE, however, triggered anaphylactic
responses [16,20]. We therefore hypothesize that CTL
targeting IgE peptide(s) decorated MHC class I of IgE-
producing cells, avoiding the sequelae of IgE—anti-IgE-
mediated anaphylaxis in immunocompetent adults, may
be employed as an alternative strategy to humoral anti-
IgE immunity. The straightforward concept to eliminate
IgE-producing cells bypasses cytokine feedback loops
for Th2 development. As a result it will also obviate the
risk associated with Th2 “desensitization” with aller-
genic CD4 T-cell epitopes, and this measure often para-
doxically leads to enhanced IgE production [14,15].

It is thus pertinent to identify immunogenic IgE con-
stant region peptides that elicit CTL eliminating/inhibit-
ing IgE-producing cells that present naturally processed
IgE peptides on MHC 1 of IgE-producing cells. One
approach is to purify and identify natural IgE peptides
directly from IgE-producing cells. This approach has
yielded definitive information concerning natural pep-
tides of unique protein antigens from tumor cell lines
[37,38]. Nevertheless, this structural approach is techni-
cal demanding for equipped MS/MS laboratory, and
may be limited to provide only those peptide sequences
of degraded proteins present in large quantity.

A reverse approach has been undertaken recently
by Zanetti [39], Melief and colleagues [40] to identify
natural CTL peptides of tumor targets in a two-step
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Fig. 5. In vitro and in vivo inhibition of IgE production by IgE-specific CTL. BALB/c mice (five per group) were immunized twice with p!>14! + OVAp
in DOTAP and their spleen cells re-stimulated in vitro as described above. Activated CTL were mixed with 1 x 10* IgE-secreting hybridomas, line 40
of 26.82(H-2%) or B4 (H-2°) at an E/T ratio of 30 to 1 (A). BALB/c splenic B cells were enriched by magnetic beads positively selected for B220. For
polyclonal IgE production, 3 x 10° normal B cells were added with 3 x 10° p'®*1*Lactivated spleen cells from mice immunized with p'®*1# + OVAp/
DOTAP versus OVAp/DOTAP as a control. The co-cultures were then stimulated with 20 pg/ml LPS and 250 U/ml murine recombinant IL-4. Two
days later, the culture supernatants were harvested. IgE levels were determined using a double-sandwiched ELISA (PharMingen) (B). BALB/c mice
(five per group) were immunized twice with either p'®'*!, or nonameric p'®'7 + OVAp in liposomes, or helper peptide in liposomes at the interval
of 2 weeks. Mice given saline served as control. Four days after boosting, mice were challenged with 1 pg KLH in 2 mg alum i.p. four times at a 10-
day interval, and the anti-KLH IgE (C) was then determined by passive cutaneous anaphylaxis (PCA) reaction (D). Anti-KLH IgG levels determined
by antigen-specific 1gG ELISA were as follows: 1540 4238 pg/ml (saline); 1924 + 520 pg/ml (OVAp, DOTAP, p>0.05); 2277 £ 638 pg/ml

(p'®1+OVAp in DOTAP, p > 0.05); 1829 & 603 pg/ml (p'*” "7 + OVAp in DOTAP, p > 0.05).

procedure. Step I: synthetic peptides corresponding to
the MHC class I-binding motifs were (a) synthesized, (b)
characterized by binding to MHC I molecules, and (c)
antigenicity evaluated by eliciting CTL that lysed pep-
tide-pulsed conventional targets. Step II: the protective
immunogenicity was confirmed by whether the respec-
tive peptide-specific CTL were also capable of lysing
physiological targets, i.e., tumor cells (or marker of a
particularly differentiated cell type, such as IgE-produc-
ing cells) as targets that also endogenously express such
immunogenic peptidessMHC class I complexes on cell
surface [39,40]. This method of ascertainment permits
delineation of protective tumor immunogenic peptide by
functional immunity against tumor cells in vitro and in
vivo [39,40]. Thus synthetic cytotoxic peptides, shown
to be antigenic and immunogenic at once, are presumed

to correspond to physiologically processed, natural CTL
peptides presented on cell surface MHC class I mole-
cules without amino acid sequencing by MS/MS.

Since immunoglobulin peptides on immunoglobulin-
secreting B and plasma cells are frequently employed as
model antigens for CTL [36,39], we therefore hypothe-
size that p'®!17 exhibiting nonameric peptide motif for
H-2K¢ and H-2K® may be such a natural candidate
sequence. This hypothesis was tested in that (i) p'® 117
may be employed to elicit CTL, which were shown capa-
ble of lysing IgE-secreting hybridomas exhibiting H-2¢
as well as H-2° haplotype; and (ii) p'® "7 may exhibit
binding to MHC I molecules. As shown in Fig. 2C, CTL
from BALB/c mice (H-2%) immunized with p'®!7-
pulsed DC lysed not only p'®!7-pulsed P815 but also
IgE-secreting hybridomas, 2682 of the H-29 haplotype.
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Furthermore, Fig. 2D showed that CTL from 129 mice
(H-2°) immunized with p'® 117 lysed p!®'""-pulsed EL-
4 and IgE-secreting hybridoma, B4 of the H-2® haplo-
type with similar efficacies. In summary, p'® "7 indeed
elicited functional CTL immunity against IgE-producing
plasma cells, presumably expressing MHC class I deco-
rated with such an endogenous IgE peptide. This obser-
vation meets the two requirements of p'®'7 as a likely
candidate for a natural IgE peptide allergy vaccine.
Thus, we establish herein the parity of correspondence
principle (PCP) of antigenicity (induction of IgE-specific
CTL) to immunogenicity (protective recognition of IgE
peptide/MHC class I on IgE-producing cells) in the cur-
rent pan-IgE peptide-based vaccine model.

Observations of CTL-mediated inhibition of IgE pro-
duction at the levels of IgE-producing cells both in vitro
and in vivo strongly suggest that the antigenic peptide(s)
within the p!®!¥! processed and presented on MHC 1
rendered IgE-producing targets susceptible to CTL-
mediated lysis. This demonstrated that p'®'#!, a longer
precursor peptide [16] generated by V8 (endoproteinase-
Lys), indeed contained the natural cytotoxic peptide(s)
participating in the afferent limb, e.g., APC for the induc-
tion of CTL and efferent limb, e.g., lysis of IgE-produc-
ing cells by such CTL. Bacterial V8 protease, employed
traditionally in peptide mapping [16], may not be rele-
vant in actual peptide processing in the rodent species.
The 39-mer, p'®* '*! must therefore be captured by APC,
processed by proteasomes and aminopeptidases to yield
the pertinent nonameric CTL peptides for subsequent
CTL induction.

DC are known to have active pinophagocytotic path-
way [41,42]. Soluble IgE peptides and OVAp entrapped
in liposomes are likely to enter into the phagosomal
compartment, released into the cytosol. Peptide pro-
cessed by cytosolic proteasomes are transported into ER
and trimmed by resident aminopeptidase; consequently,
theses fully processed and edited peptides from p'®3-14!
interact with de novo MHC I and expressed on cell
surface of APC via the exocytic pathway. Nonameric
p'® 17 on the other hand, can either bind directly on
surface MHC class I. In contrast, pinocytosed OVAp
were processed in endocytic vesicles, destined to intersect
with the MIIC containing vesicles, expressed on cell sur-
face and OVAp and induce CD4 (+) helper T cells [39-
42]. Therefore in our protocol, a single APC is presented
with two separate peptide entities via two different vesic-
ular transport pathways as well as a cell surface MHC 1
shunt by the same cell. This model predicts that covalent
linked peptides may not be more advantageous since it
requires to be later disintegrated into the discrete CTL
peptide or OVAp component for different routes of
vesicular trafficking into the MHC I versus the MHC 11
pathway, respectively.

Anti-CD40 is known to provide costimulation for
CTL induction [34]. To our surprise anti-CD40

employed in this model downregulated CTL responses
to the baseline (Figs. 2 and 3). This outcome may due to
different routes of anti-CD40 injection. In contrast to
intravenous injection by Schoenberger and colleagues
[34], we administered similar doses of antibodies intra-
peritoneally. It is possible that activating CD40 (+) peri-
toneal macrophages inhibit CTL induction by peptide/
liposome-pulsed DC or peptide/liposomes complexes
alone [41,42]. Activated macrophages produced redox
species of tryptophan metabolites that inhibited induc-
tion of CTL and thus prevented rejection of fetus [43,44].
Recently, suppression of DC was found mediated by
macrophages [41,42]. In this vein, downregulation of IgE
peptide-specific CTL following alleviation of allergic
syndromes may actually benefit the patients for general
immune protection function of IgE. In particular, IgE is
known in parasitic defense and recently a beneficial role
is also proposed for protecting against cancers in the
rodent models [45,46].

Passive administration of anti-IgE monoclonal anti-
bodies (Xolair) was recently introduced in the market to
treat severe cases of allergic asthma. Free circulating IgE
can be reduced 95% in patients undergoing 300-500 mg
treatment regimens [46]. Based on the primary endpoint of
asthma exacerbation, 10-12% patients (after subtracting
high percentages of benefit due to the placebo effect) were
improved from the anti-IgE (Omalizumab) treatment [46].
According to the secondary end point of steroid reduc-
tion, more patients (17-21%) become less dependent on
inhaled steroid (but not on oral and injected steroid) dur-
ing the steroid reduction phase. Notably, patients bene-
fited from the anti-IgE antibody treatment did not show
improved spirometry measurements, including FEV,.

During the treatment, neutralized IgE persist in circu-
lation as small sizes of anti-IgE/IgE immune complexes
with increased natural half-life of 2 days pre-treatment
versus 14 days post-treatment. Consequently, cumulative
levels of IgE (in the form of immune complexes) in
treated patients were elevated 10-fold higher than that
prior to the treatment [47,48]. The concept of CTL
immunization resides at the central level of IgE produc-
tion owing to eliminating or inhibiting IgE-producing
cells. CTL-based immunotherapy has been conducted in
myeloma patients immunized with tumor idiotype-
pulsed DC [49]. Analogously, targeting IgE-producing
cells by CTL may be similar to targeting tumor cells
bearing a unique differentiation antigen, including
immunoglobulin idiotype(s) of myelomas [49-52]. To
achieve greater efficacies, CTL-based therapy that inhib-
its central IgE production may then be combined with
anti-IgE antibody-based therapy that neutralizes periph-
eral circulating IgE.

The results herein support the hypothesis of a
universal pan-IgE vaccine made from constant CHe
domain in categorically treating IgE-mediated allergic dis-
eases regardless of their respective allergen specificities.
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The observation of downregulated KLH-specific IgE
responses as well as downregulated polyclonal IgE
responses also in vivo in mice immunized with the “uni-
versal” allergy peptide vaccine derived from murine
CHe2 substantiated this hypothesis (Fig. 5). Herein a
theory of homeostatic control of steady state levels of
IgE was depicted in Fig. 6. This theory proposes that
IgE-producing cells may be targets of immunosurveil-
lance by IgE peptide-specific CTL, which escape self-tol-
erance and regulate normal levels of central IgE
production. Fig. 6A shows that such IgE-producing B
cells and their precursors are at various stages of differ-
entiation. Pre-switched B cells produce IgE without nec-
essarily undergoing deletional gene arrangement [53].
Switched B cells with rearranged epsilon gene express
surface IgE with membrane exons [54,55], while IgE-
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Fig. 6. Natural IgE peptides presented on MHC 1 of IgE B cells at
different stages of differentiation are direct CTL targets. (A) Genera-
tion of natural IgE peptide fragments in IgE B cells. Pre-switch B cells
produce IgE without necessarily rearranging epsilon gene; IgE-
switched B cells expressed IgE heavy chain product with rearranged
gene with two membrane exons (34-36). Plasma cells secrete different
isoforms of IgE without membrane exons (37). Misfolded and aber-
rant forms of IgE are degraded and natural IgE peptides become tar-
gets of immunosurveillance. The right side of (B) depicts the vaccine
concept in immunizing the host with IgE synthetic peptides corre-
sponding to natural IgE peptides presented by MHC I molecules of
APC. Cytotoxic T lymphocytes produced against a IgE-producing cell
of a particular stage of differentiation halt the differentiation, inhibit
IgE production, and/or lyse this IgE-producing cell.

secreting plasma cells secrete IgE of different isoforms
[56]. Five or more alternatively spliced mRNA, encoding
translated IgE products of different lengths, were found
in U266 and SKO7 IgE plasma cells as well as allergen-
stimulated human PBL [58]. Within these B cells, prop-
erly folded IgE molecules may be secreted or assembled
on cell surface while denatured and/or misfolded IgE
heavy chains as well as aberrant IgE heavy chain iso-
forms, resulting from the alternatively spliced, incom-
plete messages, are degraded, processed, and presented
as surface antigenic peptidessMHC 1 complexes
[23,28,39,40,57]. Fig. 6B showed that naturally degraded
IgE peptides are decorated onto MHC 1 of IgE B cells
and plasma cells. And breaking tolerance to self-antigens
with a strong second helper signal may be employed as a
therapeutic strategy to elicit natural IgE peptide-specific
CTL that eliminate or inactivate IgE-committed B/
plasma cells, consequently de novo IgE synthesis via
their IgE self-markers as a natural target.

In conclusion, the data presented herein showed that
active immunization with rodent IgE MHC I-restricted
IgE peptide(s) leads to a profound downregulation of
IgE response in vivo. This study suggests targeting a nat-
ural human self-IgE peptide/MHC I complex on human
IgE-producing B and plasma cells may also inhibit
human IgE production and ameliorate IgE-mediated
allergy such as allergic asthma.
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