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Transgenic Expression of Bean a-Amylase Inhibitor in Peas
Results in Altered Structure and Immunogenicity
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The development of modem gene technologies allows for the expression of recombinant profeins in
nop-native hosts, Diversity in translational and post-translational medification pathways between
species could potentially lead to discrete changes in the molecular architecture of the expressed
prolein and subsequent cellutar function and antigenicity, Here, we show that transgenic expression
of a plant prolein {g-amylase inhibitor-1 from the common bean (Phaseoius vulgaris L. ov.
Tendergreen)) in a non-native host {transgenic pea {Pisum sativum L)) led to the synihesis of a
structurally modified form of this inhibitar. Employing models of inflammation, we demonstrated in
mice that consumption of the modified aAl and not the native form predisposed to antigen-specific
CD4* The-type inflammation. Furthermore, consumption of the modified aAl concurrently with other
heterogeneous proteins promoted immunclogical cross priming, which then elicited specific immuno-
reactivity of these proteins, Thus, transgenic expression of non-native proteins in plants may fead to
the synthesis of structural variants possessing altered immunocgenicity.

KEYWORDS: o-Amylase inhibitor; transgenic plant; animal model; Th2 inflammation; mass spectro-
photometry

INTRODUCTION of aAl in pea leads to a structurally modified form of this
inhibitor. Employing experimental models, we show that the
structural modification can lead to altered antigenicity. These
investigations reveal that expression of proteins in non-native
hosts can lead to the synthesis of a protein variant with altered

immunogenicity,

Genetically modified (GM) plants are designed to enhance
_agronemic productivity or product quality and are being
increasingly employed in both agricultural and livestock indus-
tries (7, 2). Recently, peas (Pisum sativum L.} expressing a gene
for o-amylase inhibitor-1 {¢AI} from the common bean
(Phaseolus vulgaris L. cv. Tendergreen) were generated to
protect the seeds from damage by inhibiting the c-amylase
enzyme in old world bruchids (pea, cowpea, and azuki bean
weevils) and are currently undergoing risk assessments (3—6).
The present study was initiated to (1) characterize the
proteclytic processing and glycopeptide structures of @Al when
transgenically expressed in peas {pea-aAl) and (2} evaluate in
an in vivo model system the immunological consequence of

MATERIALS AND METHODS

Nontransgenic and Transgenic Plants. Seed meal was obtained
from nontransgenic peas, genetically modified peas expressing bean
c-amylase inhibitor-1 (AT (5}, genetically modified narrow leaf lupin
(Lupinus angustifolins L.) expressing sunflower seed albumin protein
(SSA) in the seeds (SSA-lupin) (7}, and from nontransgenic Pinto bean.
Seeds were ground into fine flour in liquid N using 3 mortar and pestle.
This seed meal was then suspended in PBS (0.166 g meal/mL},

oral consumption of pea-aAl. We demonstrate that expression
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homogenized, sieved through a 70 gm mesh, and stored at —~7¢ °C. In
some experiments, seed meal homogenates were cooked at 100 °C for
30 min before administration to mice (indicated in text),
Purification’ of SSA from Transgenic Luvpin and oAl from
Common Beans and from Transgenic Peas. oAl was purified from
the commen beans (Pinte and Tendergreen) and transgenic peas and
SSA from genetically modified narrow leafed lupin (SSA-lupin) as
previously described (7, 8). Purified proteins were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, 15—

% 2005 American Chemical Society

Pubkshed on Web 10/15/2005



9024  J. Agric. Food Chem., Vol. 53, No. 23, 2005

253% gradient, T mm thick, mini-gel format) and MALDIE-TOF mass
specirometry.

Western Irnmunoblot Analysis. oAl polypeptide composition was
determined in protein extracts from common bean and transgenic peas
a$ previously described (3). Protein was extracted from seeds with 0.5
M NaCl, | mM EDTA, and 0.1 M N-tristhydroxymethylymethylamino-
ethanesulfonic acid at pH 7.8, Aliguots of reduced protein (20 yg by
Bradford assay) were fractionated by SDS-PAGE and electroblotted
onto nitrocellulose membrane. oAl polypeptides were detected with
an 0AT antiserum from rabbit -and goat antirabbit 1gG conjugated to
alkaline phosphatase (7). The concentration of Al in transgenic peas
was determined as 4% of tota} protein as previously described (3).

Structural Analysis of Purified oAl from the Pinto and Ten-
dergreen Beans and from Transgenic Peas. Purified oAl from the
common beans, Pinto and Tendergreen, and from transgenic peas were
analyzed by matrix-assisted laser desorption/ionization-time-of-flight-
mass spectrometry (MALDI-TOF-MS). The proteins were dissolved
in water (approximately 1 pg/ul), and then 1 ul. was mixed with 1
uL, of matrix solution (saturaied sinapinic acid in 30% acetonitrile/
0.1% wHluoroacetic acid) on the sample plate of a Vovager Elle
MALDE-TOF mass spectrometer {Perseptive Biosystems) and allowed
to dry. Spectra were colfected in linear mode with myoglobin used for
close externai calibration (Sigma, Cat. No. M-1882, 16952.6 [M +
HJ*Y, 8476.8 [M + 2HP).

Mice and Intragastric Administration of Seed Meal from
Nontransgenic and Transgenic Plants, BALB/c mice were obtained
from specific pathogen-free facilities at the Austalian National
University. Mice were intragastrically administered 250 L. of seed
meal suspension (~100 mg/ml) containing either wansgenic peas,
nontransgenic peas, SSA-lupin, or Pinto bean twice a week for 4 weeks.
In some experiments, serum was faken from the mice at the start of
the third and fifth weeks during feeding. The serum anuibedy titers
were determined as previcusly described (9),

Mice and Delayed Type Hypersensitivity Responses. BALB/c
mice were administered seed meal as deseribed above. Seven days
following the final infra-gasiric challenge, mice were subcutancously
injected with 25 u1. of the appropriate antigen [Tendergreen-olAl, pea
¢-Al or lupin SSA (1 mg/mL in PBS)Y] into the footpad. The positive
control {(+} control} is mice immunized by i.p. injection of 200 uL.
containing 50 ug of Tendergreen-oAl dissolved in PBS with Alum
{1 mg/ml.) and subsequently receiving 25 pL. of purified Tendergreen-
oAl (I mg/mL PBS). The negative control [(—) control] is mice
immunized by 1.p, injection of 200 L containing 50 ug of Tendergreen-
oAl dissolved in PBS with Alum {1 mg/ml.) and subsequently receiving
25 uL of PBS. DTH responses were assessed by measuring the specific
increase i footpad thickness using a digmatic cailiper (Mitutoyo,
Kawasaki, Japan) 24 h following the challenge. Serum was collected
on day 14, and antibody titers were determined as previously described
(9. .

Murine Model of CD4% Th2 Cell-Mediated Inflammation.
BALB/c WT mice were administered seed meal as indicated in the
text, Seven and nine days following the final intra-gastric challenge,
mice were anesthetized with an intravenous injection of 100 b of
Saffan solution (1:4 diluted in PBS). Mice were intubated with a 22
gauge catheter needle, through which purified Al from Tendergreen
bean or transgeaic pea (1 mg/mL PBS), or vehicle control (PRS), was
instilled. Airway responsiveness {AHR), mucus production, and
cosinophilia were measured 24 h following the final intra-tracheal
challenge. AHR to methacholine was assessed in conscious, unrestrained
mice by barometric plethysmography, using apparatus and sofiware
supplied by Buxco {Troy, N'Y) as previously described (). This system
yields a dimensionless parameter knowsn as enhanced pause (Penhj,
reflecting changes in waveform of the pressure signal [om the
plethysmography chamber combined with & timing comparison of early
and late expiration, which can be used to empirically monitor airway
function. Measurcments were performed as previously described (9).
Lung tissue representing the central (bronchi-bronchiole) and peripheral
{alveoli) airways was fixed, processed, and stained with Alcian Blue-
PAS for enumeration of mucin-secreting cells or Charbol’s chromo-
trope-Haematoxylia for identification of eosinophils as previously
described (9,

Prescott et al.

Intragastric Administration of Purified ¢ Al and OV AL Mice were
administered 200 ul. of affinity purified Tendergreen- or transgenic
pea-0AF (5 ug) with ovalbumin (OVA, | mg/mL) in a PBS suspension
three times a week for 2 weeks, One week following feeding, the mice
were intubated with a 22 gauge catheter acedle, through which 25 uL
of OVA (1 mg/mL PBS). or vehicle control (PBS), was instilled and
the CD4+ Th2-inflammation indices determined as described above.
Serum was taken from the mice | day after the final intra-tracheal
challenge, and serum antibody titers were determined as described (9).

Antigen Specific CD4* T-Cell Response. Peribronchial fymph
nodes (PBLN) were subjected to pea-0Al or aCD3/aCD2E stimulation
as previously described (9). In brief, 5 x 1% PBLN cells/ml. were
cultured with AT (50 ug/mL) or aCD3 (5 ug/mLYaCD?28 (1 ug/ml.)
for 96 h. IL-4, IL-5, IFNy levels were determined in supernatants from
stimulated PBLN homogenates by using the OptEIA Mouse 1L-4, [L-
5, and IENy kits (Pharmingen).

Statistical Analysis. The significance of differeaces between
experimental groups was analyzed using Student’s unpaired -test.
Values are reported as the mean + SEM. Differences in means were
considered significant if p < 0.05.

RESULTS

MALDI-TOF-MS Analysis of oAL To assess the conse-
quences of ransgenic expression of the bean oAl in peas, we
initially performed a structural analysis of the transgenically
expressed protein (pea-oAl). Pea-0Al was compared by Western
blot analysis and MALDI-TOF-MS with natively expressed aAl
from the comunon beans, cvs. Pinto (Pinto-0lAD) and Tender-
green {Tendergreen-oAl} (coliectively termed bean-tAY). Previ-
ous studies have shown that bean-otAl is synthesized as a pre-
pro-0tAl polypeptide that is cleaved following Asn’ 1o form
two peptide chains {& and ), both of which are glycosylated
and have one or more amino acid residue(s) removed from their
C-termini (8}, This post-translational processing resuits in major
forms of the o and § chains with masses of 11 646 and 17 319,
respectively, and minor forms containing alternative glycans
(10—12). Western tmmunoblor analysis of Tendergreen-otAl and
pea-aAl revealed immunoreactive bands in the 11 000—18 000
mass range consistent with the reported structure (10—13}
Detailed comparison of Tendergreen-a Al with pea-atAl revealed
differences in the banding profile, suggesting possible differ-
ences in the molecular structure of natively and transgenically
expressed oal (Figure TA).

To better resolve the differences between pea-ctAl and bean-
oAl affinity purified 0 AT was analyzed by MAELDL-TOF-MS
(Figure 1B). The mass spectra of Tendergreen-otAl and Pinto-
oAl closely matched a previously published spectrum (10} of
a bean-0Al (Phaseolus vuigaris L. cv, Greensleeves) confirming
that both Tendergreen- and Pinto-aAl possess similar well-
characterized post-translational modifications and very similar
relative abundance of minor processing variants {10, []).
Alignment of our spectra with the previousty published data
(10 allowed identification of peaks in the pea-, Tendergreen-,
and Pinto-otAl spectra. The major form of the a-~chain (11 646
Da) of bean-tAl contains residues 1—76 by cleavage of the
pro-protein following Asn™ | removal of Asn™, and the addition
of sugar residues (MangsGlcNAc: at Asn'? and MansGlcNAC,
at-Asn®), Minor forms of the ¢-chain of bean-cAl differed by
having one to three fewer mannose residues resulting in a series
of peaks in the MALDI-TOF spectrum that differ by 162 mass
units. In contrast, less heavily glycosylated forms dominated
for the a-chain of pea-0tAL In particelar, an ¢-chain with two
fewer mannose residues (11 322 Da) was the most abundant
for pea-AT but the least abundant for Tendergreen-aAl (Figure
1C0). A further difference in the pea-0tAl spectrum was a seties
of minor peaks differing from the main a-chain peaks by either
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Figure 1. Western immunoblot and MALDETOF-MS analysis of comman bean-derived-aAls and aAl from transgenic peas. (A} Westam blot anafysis
of oAl protein in extracts of transgenic peas and the Tendergreen variety of common bear. The masses of standard proteins are indicated. (B} Aligned
MALDI-TOF mass spectra of purified aAl from transgenic pea and the common beans, Tendergreen and Pinlto. (C) Detail from the spectra b panel B

showing the regions of the a-chain (i} and the S-chain (ii).

-+98 or —64 mass units, indicating another modification of some
of the pea-cAl a-~chains (Figure 1C(i)).

The major form of the S-chain of Greensleeves-aAl (16527
Da) contains residues 78216 by cleavage of the pro-protein
following Asn'’, the removal of the seven C-terminal residues
following Asn?S, and the addition of sugar residues {Mans-
GleNAc Xyl; at Asnl%y (10—13). The B-chain region of the
Tendergreen-0tAl spectrum closely aligned with that of Green-
sleeves-aAl (Figure 1C). The B-chain region of the Pinto-otAl

specirum  also closely resembled that of Greensleeves-cAl
except. that both major and minor peaks of Pinto-cAl were

-shifted by approximately +104 mass units. This mass discrep-

ancy is consistent with five aminc acid residue differénces
between the S-chains of Tendergreen-aAl and Pinto-oAl as
predicted by gene sequence comparison (see Supporting Infor-
mation Figure 1). Farther, there are also three predicted residue
differences between the Tendergreen-oAl and Pinto-alAl oi-chaing
that result in a difference of +1 mass unit, which would not be
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detected by our methods. These sequence differences are
consistent with previous reports of Al polymorphisms among
bean cultivars (12, 13), The pea-ttAl spectium showed major
peaks corresponding to the two major and minor forms of the
f-chain found in Tendergreen-oAl: however, the pea-cAl
spectrum also showed a number of other peaks (Figure IC(ii)).
DNA sequencing of the transgene in pea and comparison with
the published sequence (/4) confirmed that the nucleotide
sequences wers identical, establishing that the observed further
forms of the pea-aAl are related by variations in post-
translational meodifications including glycosylation (Figure
1C(ii)).

Analysis of the spectra of pea- and bean-aAl also revealed
several other differences. First, a number of peaks at ~8--8000
and 5824 mass units and below were observed in the bean-0AT
spectrum, which are consistent with a previcusly reported protein
that copurifies with bean-0Al (J0) and doubly charged (M)
forms of the @-chain, respectively. Further, a peak at 4223 mass
units was detected in the pea-0tAl spectrurm, which has not been
previously reported. While this peak is barely detected In the
bean-oAl spectrum presented here, the peak was observed in a
number of other bean-t Al preparations {results not shown), The
mass of this peak is consistent with the first 39 residues of the
fi-chain, which could be obtained by cleavage following an Asn
residue, the same protease specificity that provides the reported
processing of AT &t Asn”, Consistent with this hypothesis, a
small peak was detected in some preparations at about 12 304
mass units that could correspond to the remainder of the S-chain.

While pea-aAl has not yet been characterized as thoroughly
as the bean-aAl, it is clear that the transgenic expression of
the bean oAl gene in the pea led to differences of glycosylation
and possibly other differences in both the ¢- and the S-chains.

Immunological Consequence of Oral Consumption of
Beans. Peas are used as a feed component in the livestock
industry and also in human diets. Generally, dietary protein
antigens undergo gastric digestion leading to the formation of
nenimmunogenic peptides and the induction of a state of specific
immunological unresponsiveness termed oral tolerance (15, 16).
However, the demonstration of structural differences between
the transgenic oAl in pea and the natively expressed bean forms
raised the concern that the tolerasce mechanism may be
perturbed, possibly leading to enhanced immunoreactivity.

The induction of oral tolerance results in the failure of the
immune system to elicit an active Immune response to subse-
quent exposure to the same antigen in the skin (delayed type
hypersensitivity [DTH] response) or lung (CD4T T-helper {Thy]
cell-mediated inflammation). To examine potential differences
in immunaological responsiveness following oral consumption,
mice were fed Pinto bean, which expresses a native form of
Al and subsequently received purified Tendergreen-aAl in the
skin and lung. Most varieties of common beans such as Red
Kidney or Tendergreen contain high levels of phytohemagglu-
tinin (PHA), an anti-nufritional factor that induces dietary
toxicity in rodents and birds. We therefore used the Pinto variety
that contains very low levels of PHA (17, 18) as the appropriate
control for oral exposure. Oral consumption of native uncocked
Pinto bean seed flour followed by intra-tracheal (i.t.) challenge
with Tendergreen-oAl or phosphate buffered saline {PBS) failed
to induce an oAl-specific TgG, antibody response (Figure 2A).
Similarly, sub-cutaneons (s.c.) challenge of the footpad or Lt
challenge of Pinto bean-fed mice with Tendergreen-cAl also
faifed to promote a DTH response  (results not shown) or a
pulmonary Thy-inflammatory response [pulmonary eosinophitia,
mucus hypersecretion, and enhanced AHR to a brenchocon-
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Figure 2. Txperimental consumption of bean {cv. Pinto) seed meal does
not predispose to inflammation. (A} oAl-specific lgGy in serum and (B)
mucus-secreting celf numbers and {C) eosinophif levels in lung tissue
from Pinto bean-fed mice it challengad with PBS or Tendergreen-cAlL
(DY AHR in Pinto bean-fed mice i.t, chaflenged with PBS or Tendergreen-
oAl Data are expressed as the (A-D and F) mean £ SEM and (E)
mean 0.0. of the serum dilution 1/10 = SEM from 4 to 6 mice per group
from duplicate experiments. (A—D} * p< 0.05 as compared fo Finto bean-
fed it cAl

strictive agents], respectively (Figure 2B—D). While the level
of AHR in the Pinto bean-fed aAl-challenged mice was higher
than PBS-challenged mice, the level of responsiveness is not
significantly different from that of naive mice i.t. challenged
with Tendergreen-oAl (Figure 2D). As a positive control, mice
were sensitized by intra-peritoneal (i.p.) injection and subse-
quently challenged via the airways with bean-derived cAl w
induce immunological responsiveness (Figure 2A-D). Col-
lectively, these data showed that oral consumption of the native
bean form of oAl followed by respiratory exposure to bean-
cAl did not promote immunological responsiveness or inflam-
mation.

Immunological Consequence of Oral Consumption of
Transgenic Peas. To determine whether oral consumption of
the ftransgenic oAl {(from pea) elicited an immunological
response, mice were orally administered transgenic pea seed
meal and Al serum antibody titers and DTH responses were
examined. Interestingly, in mice that were fed transgenic pea,
but not nontransgenic pea, cAl-specific IgG, was detected at 2
weeks and at significant levels after 4 weeks of oral exposure
(Figure 3A). Consistent with the antibody findings, mice fed
nontransgenic pea seed meal did not develop DTH responses
following footpad challenge with purified pea-ctAl {Figure 3B).
In contrast, mice fed mansgenic pea seed meal exhibited a
significant DTH response as compared to the nontransgenic pea
exposed group when purified pea-cAl was injected into the
footpad (Figure 3B). As a control for any general effect of
genetic modification, we repeated the experiment with material
from two other genetically modified plants, lupin {(Lupinus
angustifolius L.} expressing sunflower seed afbumin (SSA)
[transgenic lupin} (%) and chickpeas {(Cicer arietinim L.}
expressing bean derived cAl Mice were orally administered
lupin or transgenic jupin or chickpea or transgenic chickpea
seed meal and subsequently footpad challenged with SSA or
AL and DTH responses were examined. In contrast to trans-
genic pea, mice fed transgenic lupin or chickpea did not develop |
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Airways hyperresponsiveness {AHR) In nontransgenic and pea transgenic-fed mice i.1. chalienged with Al from pea. Data are expressed as the mean
+ SEM from 3 to 6 mice per group from duplicate experiments. Statistical significance of differences (p < 0.05) was determined using Student’s unpaired

Hest. (D-G) »400 magnification,

DTH responses following footpad challenge with the transgeni-
caily expressed and purified SSA or oAl protein (Figare 3B;
results not shown). Thus, consumption of transgenic pea
containing oAl promoted cAl-specific immunological respon-
SIVeness.,

To characterize the type of immune response elicited against
pea-c.Al following oral consumption of transgenic pea, we
employed a well-characterized murine model of CD4% Th; cell-

mediated inflammation {/9). Mice were orally administered
transgenic pea seed meal and subsequently i.t. challenged with
purified pea-oAl, and key features of Thy-inflamimation {pul-
monary cosinophilia, mucus hypersecretion, and AHR] were
examined. Lt challenge of nontransgenic pea-fed mice with
purified pea-aAl failed to induce features of Thy-inflammation
(Figure 4A—G). Furthermore, airways responsiveness to the
cholinergic spasmogen, methacholine, was not induced in these



8028 J Agric. Food Chem., Vol. 53, No. 23, 2005

5 enbiiid
favges] peaaA!_
- o CDIaCD2E )
B8, (C.)
1_5913 1{}00"{
" wuj 750%
H
g

-4 {pgimi}

IL-5 fogimi)
1£ ¥y (rglml)

N
" sa0 4
i :
250+ Z
i i _
S &

Non Trapsyesic
triitedgetic

s lm

Non Transgenio
transgenic

: ] 50
.,,quwlw ‘x.j Q-

Hon Transgenic
tranngenic

Figure 5. Consumption of ransgenic pea seed meal predisposed to CD4+
T-cell derived Thy-type cytokine production. [L-4 (A), IL-5 (B), and IFNy
(C) levels in supsrnatants from aCD3oCD28 o pea-atAl of media alone
stimulated PBLN celis from nontransgenic and transgenic pea-fed mice
it challenged with oAl from pea. Data are expressed as the mean
SEM from 3 10 6 mice per group from duplicate experiments. Statistical
slgnificance of differences {p < 0.05} was determined using Student's
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mice (Figure 4H). However, instillation of pea-cAl into the
lungs of mice fed transgenic pea induced key features of Ths-
type inflammation including pulmonary eosinophilia, mucus
hypersecretion, and AHR (Figure 4A—H).

Pulmonary eosinophilia, mucus hypersecretion, and AHR are
critically linked to the effector function of the Thy cyfokines
(20). To examine whether consumption of transgenic pea
promoted a cAl-specific CD4+ Thy-type T-cell response, CD4+
T-ceils in peribronchial lymph node (PBLN) cultures from mice
- fed nentransgenic pea or transgenic pea seeds challenged with
pea-ctAl were stimulated with pea-Al and cytokine profiles
determined. Stimulation of CD4" T-cells in peribronchial ymph
node (PBLN) cultures from nontransgenic pea-fed mice chal-
lenged with pea-tAl did not elicit Thy (interlevkin {IL)-4 and
1L.-5)- or Thj-type (gamma interferon, IFNy) cytokine produc-
tion in response to pea~ctAl stimulation (Figure 5A—C). By
contrast, stimulation of PBLN cultures with pea-aAl from it
challenged mice fed transgenic pea resulted in the significant
production of Thy cytokines (Figure 5A—C), Thus, oral
expasure of mice to transgenic pea, but not nontransgenic seed
meal, predisposed to systemic immunological responsiveness
characterized by a Thy-type immune profile.

Pea-o Al Promotes Immune Responses to Other Oral
Antigens. Previous investigations have demonstrated that vari-
ous plant-derived proteins such as tomatine possess immuno-
modulatory aetivity and potentiate and polarize immune re-
sponses (27-23). We have demonstrated that consurption of
transgenic pea in the presence of a large number of potentia
dietary antigens in the gastrointestinal fract induces an active
systemic The-immune response against pea-aAL In light of these
findings, we were next inferested in determining whether
consumed pea-OAl possessed immunomodulatory activity for
Th, immune responses and could sensitize mice to heteroge-
neous nongenetically modified food antigens, Thus, we intra-
gastrically (i.g.) administered purified Tendergreen- or pea-¢tAl
with the well-characterized diefary antigen, chicken egg white
protein OV A, or OVA alone and subsequently it challenged
mice with OVA. Lg. administration of OVA alone did not
systemically sensitize mice to OVA (Figure 6A). Further,
subsequent OV A challenge in the airways did not promote Thy-
inflammation (mucus hypersecretion, pulmonary eosinophilia,
or AHR). Similarly, i.g. administration of bean-aAl and OVA
did not systemically sensitize mice or predispose to Thy-
inflammatory processes. However, consumption of pea-oAl and
OVA promoted 3 strong OVA-specific Tho-type antibody
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Figure 6. Intra-gastric administration of oAl from pea induces cross-
priming of heterogeneous food anrtigens, OVA-spedific igGy levels (A}
and the The-inflammation phenotype (mucus hypersecretion} (B), puimo-
nary eosinophilia {C), and airways hyperreactivity (1) in mice that were
fed {i.g. chalienged) cvalbumin {OVA) alone ({the control} or in combination
with natively expressed Tendergreen bean-ctAl or transgenically expressed
{pea} aAl and subsequently intra-tracheal challenged with purified OVA.
Data are expressed as the mean = SEM from 4 o 6 mice per group. *
p < 0.05 as compared to OVA and bean cAVOVA.
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nontransgenic of transgenic pea seed meal twice a week for 4 weeks.
Data are expressed as mean & SEM from 4 to 5 mice per group. * p<
(.05 as compared 10 nonfransgenic pea.

response (Figure 6A) and predisposed mice to OVA-induced
Thy-inflammation (Figure 6B—D). To sepport this observation,
we examined serum levels of antigen-spécific [gG) against pea
seed proteins (pea globulins, lectin, and vicilin-4) in transgenic
pea and nontransgenic pea-fed mice. Interestingly, levels of
antigen-specific [gG; against pea globuling, lectin, and vicilin-4
in serum of transgenic pea fed mice were significantly higher
than those of nontransgenic pea-fed mice, suggesting 4 height-
ened immune responsiveness fo dietary proteins due to pea-
Al {Figure 7): Thus, these studies demonstrate that modified
AT possesses immunodulatory activity and that consumption
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of the modified AL concurrently with heterogenecus proteins
can promote immunological cross priming, which predisposes
to specific immunoreactivity to these proteins.

DISCUSSION

Recently, peas expressing a gene for oAl from the common
bean were generated for protection against tield and storage pests
(3—6). Characterization of 0Al by structural analysis has
demonsirated that ransgenic expression of this protein in peas
led to the synthesis of a modified form of oAl Further, we
show that the modified form of oAl possessed altered antigenic
properties and consumption of this protein by mice predisposed
to aAl-specific CD4T Thy-type inflammation and elicited
immunoreactivity to concurrently consumed heterogeneous food
antigens,

Bean-0AT nndergoes significant post-translational modifica-
tion including variable glycosylation and proteclyiic processing
leading to the synthesis of a mature functional protein {8, 17).
We demonstrate that differences in glycosylation and/or other
modifications of the pea-aAl lead to altered antigenicity.
Consistent with our observations, investigators have previously
demonstrated that differential glycosylation of subunits of a
cereal c-amylase-inhibitor family (unrelated to legume oAls)
enhances IgE-binding capacity (24). Moreaver, glycosylated
cereal oAl subunits have been shown to possess significantly
enhanced IgE-binding affinity when compared to the unglyco-
sylated forms (24). These cereal proteins possess identical amino
acid sequences and only differ in their carbohydrate moieties,
indicating that glycosylation can confer {gE-binding capacity
and Thy-inflammation. In particular, recent investigations have
demonstrated that giycan side chains linked to high mannose-
type N-giycans on plant-derived glycoproteins can confer
immunogenicity and are IgE binding determinants (25, 26).
Moreover, o1,3)-fucose and S(1,2)-xylose linkage to high
mannose-type N-glycans (MansGleNAcy,—ManyGleNAc,) pro-
mote immunogenicity and IgE binding. The f-chain of pea-
oAl possesses A(1,2)-xylose linked high mannose-type N-ghy-
cans, and other complex glycoferms and the o-chain may
possess an as yet undefined glycoform variant, and it remains
to be determined how these medifications alter pea-oAl
immunogenicity.

Functional and structural properties of pea-oAl may con-
tribute to its ability to circumvent immune tolerance and elicit
inflammatory responses. Bean-(tAl is a potent inhibitor of
human «-amylase activity and can induce gastrointestinal
dysfunction (27), Comparison of bean- and pea-derived q.Al
activity revealed no difference in enzymatic activity between
ihe two proteins (resuits not shown). Furthermore, we examined
the gastrointestinal tract of pea and transgenic pea-fed mice and
observed no histological abniormalities to the gastrointestinal
tissue in either group (resuits not shown). Bean-cAl is also a
heat-stable protein and partially resistant to proteolytic degrada-
tion (268, 29). Exteasive boiling {100 °C for 20 min), while
significantly reducing o-amylase inhibitory activity, failed to
alter the ability of the transgenic pea to prime for Thy-
inflammation when challenged in the lung {results not shown:
see Supporting Information Figure 2]. These findings are
consistent with previous demonstrations that cocking of plant
material such as lentils and peanuts does not diminish the
allergenic potential of certain proteins (30, 3I). Furthermore,
these studies suggest that the altered hmmunogenicity of Al is
unrelated to its properties as an amylase inhibitor.

We demonstrate that the immune response elicited against
pea-cAl following oral consumption of transgenic pea is
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characterized by CD4" Thy cell-mediated inflammation, in
particular, the presence of 1L-4 and IL-5, To examine whether
the immune response was dependent on IL-5 and eosinophils,
we employed JL-5 and eotaxin-deficient mice. IL-5/eotaxin-
deficient mice were i.g. administered nontransgenic and trans-
genic seed meal and subsequently it. challenged with purified
oAl We show that t.t. challenge of transgenic pea fed IL-5/
eotaxin-deficient mice induced Thy-inflammation that was
significantly elevated over nontransgenic fed mice (32). These
investigations suggest that the immune response elicited againgt
pea-cAl following oral consumption of transgenic pea is not
dependent on IL-5 and cosinophils.

Ins this study, we have demonstrated that transgenic expression
of @Al in a pea can lead to the synthesis of a modified form of
the protein with altered antigenic properties. Furthermore, we
show that concomitant exposure of the gastrointestinal tract to
madified oA and heterogeneous food antigens cross primes
and elicits immunogenicity. Currently, we do not know the
frequency at which alterations in structure and immunogenicity
of transgenically expressed proteins occur or whether this is
unique to transgenically expressed ctAl. These investigations,
however, demonstrate that transgenic expression of non-native
proteins in plants may lead to the synthesis of siructural variants
with altered immunogenicity.

ABBREVIATIONS USED

aAl, a-amylase inkibitor-1; pea (Piswmn sativum L), trans-
genic pea; Phaseolus wulgaris L. cv. Tendergreen, Pisum
sativum L. expressing a-amylase inhibitor-1 from the common
bean; MALDI-TOF-MS, matrix-assisted laser desorption/ioniza-
ton-time-of-flight-mass spectrometry.
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