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Mast Cell Proteases Cleave Prion Proteins and a Recombinant
Ig against PrP Can Activate Human Mast Cells

Steven D. Willows,* Valentyna Semenchenko,* Grant Norman,†,‡ Michael T. Woodside,‡,§,{

Valerie L. Sim,†,‡ and Marianna Kulka*,‖

IgE Abs, best known for their role in allergic reactions, have only rarely been used in immunotherapies. Nevertheless, they offer a
potential alternative to the more commonly used IgGs. The affinity of IgE Ag binding influences the type of response from mast cells, so
any immunotherapies using IgEs must balance Ag affinity with desired therapeutic effect. One potential way to harness differential
binding affinities of IgE is in protein aggregation diseases, where low-affinity binding of endogenous proteins is preferred, but enhanced
binding of clusters of disease-associated aggregated proteins could target responses to the sites of disease. For this reason, we sought to
create a low-affinity IgE against the prion protein (PrP), which exists in an endogenous monomeric state but can misfold into
aggregated states during the development of prion disease. First, we determined that mast cell proteases tryptase and cathepsin G were
capable of degrading PrP. Then we engineered a recombinant IgE Ab directed against PrP from the V region of a PrP-specific IgG and
tested its activation of the human mast cell line LAD2. The aPrP IgE bound LAD2 through Fc receptors. Crosslinking receptor-bound
aPrP IgE activated SYK and ERK phosphorylation, caused Fc receptor internalization, and resulted in degranulation. This work
shows that a recombinant aPrP IgE can activate LAD2 cells to release enzymes that can degrade PrP, suggesting that IgE may be
useful in targeting diseases that involve protein aggregation. The Journal of Immunology, 2023, 210: 1447�1458.

IgE is known for initiating allergic inflammation, but it can also
activate immune protection from toxins, venoms, and parasites
(1). By binding to surface high-affinity IgE receptors (FceRI),

IgE can activate granulated effector cells such as mast cells, baso-
phils, and eosinophils (2). When activated, mast cells release the
preformed contents of their granules, which include high concentra-
tions of histamine, proteases, proteoglycans, and other signaling
molecules, such as newly synthesized lipid mediators and cytokines/
chemokines (2, 3). The proteases released by mast cells include chy-
mase, tryptase, cathepsins, and carboxypeptidase, which can cleave
a large variety of target proteins, including blood-clotting factors,
cell adhesion proteins, cytokines, and chemokines (4). Some of
these proteases are mast cell specific and are not produced by any
other immune cell. Although mast cells can be activated by various
mechanisms, one of the most specific stimuli in vivo is through
clustering of their surface FceRI receptors by crosslinking of IgE
bound to Ag.
Although the IgG class of Abs has seen extensive use as thera-

peutics for other diseases and are in clinical use (5), IgE has been
relatively underused. IgEs have several attributes that could be
advantageous in immunotherapy of diseases that are unresponsive to
IgG immunotherapy. First, they can overcome immunotolerance, as
shown by their role in allergic responses to normally innocuous Ags
(6). IgEs generate a strong, self-perpetuating immune response sus-
tained by FceRI-expressing immune cells (7). The proteases released
from effector cells could potentially degrade disease-causing sub-
stances or aggregates, whereas effector-released cytokines could
recruit other immune cells to disease sites. Moreover, IgEs function

best at the mucosal lining of the gastrointestinal tract, whereas IgG
functions best in the circulation. IgEs are effective at clearing
mucosa-associated pathogens, such as helminths (8), and have been
proposed in cancer treatment because some animal model systems
have shown that IgE to cancer biomarkers may trigger immune
responses that can target and kill tumors (9�11). IgG cannot easily
access most solid tissues (12), including brain (13), and it is most
often associated with acute and transient humoral immune responses
rather than chronic and sustained cellular responses, which would
be more appropriate for addressing chronic diseases (11). Further-
more, activation of mast cells via FceRI requires multiple epitopes
in close proximity to crosslink the IgE receptor (14), possibly
enabling discrimination between low concentrations of self-antigens
present in healthy cells and higher concentrations, or aggregates, of
self-antigens present in some diseases.
One reason for the relative underuse of IgE is fear of anaphylaxis.

IgE is often involved in allergic reactions, and even small amounts
of Ag can induce potentially fatal reactions if enough effector cells
are induced to degranulate (15). For example, in a phase 1 human
trial of IgE directed against solid tumors expressing folate receptor-a,
the IgE was relatively well tolerated but induced anaphylaxis in 1
of the 24 patients (16). For this reason, the binding affinity of any
therapeutic IgEs will require fine-tuning to balance the ability of
the IgE to bind its Ag and its ability to induce widespread degranu-
lation. Ultimately, low-affinity IgEs may prove useful in therapy
because they can induce different immune responses from high-
affinity IgEs. For example, in mouse mast cells, a low-affinity stim-
ulus of IgE caused a shift of signaling from the adapter LAT1 to
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related adapter LAT2, resulting in less degranulation, less leukotri-
ene and cytokine production, but higher chemokine production (17).
In vivo, this low-affinity Ag also induced less vascular permeability
and changed the ratio of recruited monocytes/macrophages to neu-
trophils. Interestingly, low-affinity IgEs can induce degranulation of
mast cells if they are exposed to Ags with multiple epitopes in close
proximity (18). Potentially, targeted degranulation via IgE could be
used in diseases where the disease state of an endogenous protein
involves high local expression or clustering of normally monomeric
epitopes, such as in protein misfolding aggregation diseases.
There exist several proteinopathies that involve toxic aggregation

of misfolded endogenous proteins, including amyloid-b and t pro-
teins in Alzheimer’s disease, a-synuclein in Parkinson's disease, and
TAR DNA-binding protein 43 in amyotrophic lateral sclerosis (19).
The hallmark protein folding diseases are the transmissible spongi-
form encephalopathies, or “prion diseases,” which include scrapie in
sheep, bovine spongiform encephalopathy in cows, chronic wasting
disease in cervids, and Creutzfeldt-Jakob disease in humans (20,
21). Prion diseases are caused by the formation of misfolded iso-
forms of the endogenously expressed glycoprotein prion protein
(PrP). Although PrP in its native cellular form (denoted PrPC) is
largely a-helical, it can also exist in b-sheet-rich conformations
(denoted PrPSc) that are prone to aggregation and function as an
unusual type of infectious agent that is able to spread disease by
converting PrPC molecules into more PrPSc (22). In transmissible
prion diseases, PrPSc is primarily acquired orally, traveling from the
gut through the enteric nervous system to the brain, where it causes
progressive neurodegeneration. Although some evidence exists for
the involvement of mast cells in proteinopathies, their role in these
diseases is not well understood (23, 24). Ultimately, these diseases
are invariably fatal with no disease-modifying treatments (25).
For the present study, we have developed an engineered Ab in

which we have inserted the V region from an aPrP IgG into the C
region of a human IgE to produce a chimeric aPrP IgE. The recom-
binant aPrP Ab binds surface FceRI on LAD2 cells and activates
phosphorylation of SYK and ERK. When the aPrP Ab is cross-
linked, it initiates LAD2 degranulation and the release of proteases,
such as tryptase and cathepsin G, that can digest PrP. This work pro-
vides evidence that an engineered aPrP IgE can activate mast cells
through FceRI and generate responses that could potentially degrade
PrP.

Materials and Methods
Cell lines and media

LAD2 cells were maintained in StemPro-34 serum-free medium (Fisher Sci-
entific) with 20 mM L-glutamine (Fisher Scientific), 500 U/ml penicillin-
streptomycin (Fisher Scientific), and 100 ng/ml of stem cell factor (Pepro-
Tech). LAD2 cells were a gift from Dr. Arnold Kirschenbaum and Dr. Dean
Metcalfe at the National Institute of Allergy and Infectious Diseases,
National Institutes of Health.

PrP 45-95 peptide

A peptide representing aa 45 to 95 of human PrP was synthesized by the
Alberta Proteomics and Mass Spectrometry Facility in Edmonton, AB,
Canada.

Preparation of PrP fibrils

Recombinant deer PrP was expressed and purified as previously described
(26). Lyophilized recombinant PrP was dissolved in 6 M guanidine hydrochlo-
ride (GdnHCl) at a protein concentration of 5 mg/ml and stored at −80◦C.
Fibrils were aggregated using a modified real-time quaking-induced conver-
sion (RT-QuIC). The sample was diluted in RT-QuIC buffer (20 mM sodium
phosphate, pH 7.4; 130 mM NaCl; 10 mM EDTA; 0.002% SDS) to a final
protein concentration of 0.2 mg/ml and 0.2 M GdnHCl. The RT-QuIC was
carried out in 96-well plates (white plate, clear bottom; Costar 3610) sealed
with thermal adhesive film. The samples were incubated in the presence of

10 mM thioflavin T at 42◦C with cycles of 1 min shaking (700 rpm double
orbital) and 1 min rest. Thioflavin T fluorescence measurements (4501/210-nm
excitation and 4801/210-nm emission; bottom read) confirmed fibril formation.

Digestion of PrP by mast cell enzymes

Recombinant human proteinases carboxypeptidase A1, cathepsin C, granzyme
B, and chymase 1 were purchased from the Sino Biological. Cathepsin G from
human leukocytes and human lung tryptase were purchased from the Sigma-
Aldrich Canada Co. Recombinant hamster prion protein was from Syntheteq
Labs. Lyophilized hamster prion protein sequence 29-231 [recPrP(29-231)] or
lysozyme (Sigma-Aldrich) was resuspended in 20 mM Tris buffer, pH 7.2, to a
concentration of 1 mg/ml, and 15 mg was combined with the following
amount of enzymes and gently mixed by pipetting: 0.25 mg carboxypep-
tidase A1, 0.3 mg cathepsin C, 0.3 mg granzyme B, 0.32 mg chymase 1,
0.5 U cathepsin G, and 0.05 U tryptase. All samples were incubated at
37◦C for 2.5 h, then combined with protein gel loading buffer (0.25 M
Tris, 10% SDS, 50% glycerol, 0.5 M fresh DTT, 0.25% bromophenol
blue, pH 6.8) and incubated at 95◦C for 10 min. Next, protein samples
were loaded onto a 20% acrylamide gel. After SDS-PAGE, gels were
stained with 1% Coomassie Brilliant Blue G-250 and then destained
with a solution containing 30% ethanol and 10% acetic acid.

Mast cell supernatant was generated by suspending LAD2 cells at a con-
centration of 8 × 106 cells/ml in HEPES buffer and exposing to 100 mg/ml
of compound 48/80 for 30 min at 37◦C. Cells were then pelleted by centrifu-
gation, and supernatant containing expelled granule contents was collected.
A quantity of 10 mg of recPrP(29-231) was exposed to 2 or 4 ml of degranu-
lated mast cell supernatant for 1 h at 37◦C, and the resulting solution was
analyzed by Western blotting with an anti-prion IgG Ab, Sha31 (Cedarlane,
catalog no. A03213). Proteinase K was used as a positive control for digestion.

Recombinant Ab construction

pVITRO1-anti-PrP IgE/k mammalian expression vector was constructed by
cloning of the L and H chains into the dual Ab expression cassette in pVI-
TRO1. dsDNA fragments corresponding to the 3B5 VL and 13F10 VH
sequences from two aPrP IgGs (27) were designed to be inserted between
the BspEI/XbaI and AgeI/SalI restriction sites in pVITRO1-dV-IgE/k carrier.
Both fragments and all DNA primers were purchased from Integrated DNA
Technologies. After PCR amplification and agarose gel purification, 3B5 VL
and 13F10 VH segments were introduced into the vector sequentially using
the restriction sites indicated above. Correct insertion was verified by DNA
sequencing.

Recombinant Ab production

Recombinant aPrP IgE was expressed in the FreeStyle 293-F cell line. Cells
were grown in FreeStyle 293 Expression Medium and transfected with
expression plasmid using FreeStyle MAX reagent (Invitrogen) according to
the manufacturer’s protocols. Growing temperature was reduced to 33◦C,
incubator platform rotating speed was lowered to 110 rpm 24 h after trans-
fection, and incubation was carried out for 9 d. Expressed recombinant Abs
were purified from the medium using CHT chromatography and CHT type I
40-mm resin (Bio-Rad Laboratories), which was equilibrated with 25 mM
Tris, 3 mM sodium phosphate, pH 7.4. The collected fractions containing
recombinant aPrP IgE protein were combined, and buffer was changed to
PBS, pH 7.4, by dialysis for 24 h with three buffer changes at 4◦C. Samples
were concentrated at 4◦C using Amicon ultracentrifugation filters with 100 kDa
molecular mass cutoff membranes. Glycerol was added to the sample to
50% final concentration (v/v). Recombinant mAb was aliquoted and
stored at −20◦C. To determine the concentration of the IgE in the sam-
ples, an IgE Human ELISA Kit (Invitrogen) was used according to the
manufacturer’s instructions. Ab stocks were analyzed by SDS-PAGE
and staining with Coomassie blue.

Determination of aPrP IgE binding to PrP Ag via Western blot analysis

A quantity of 10 mg of full-length sequence 23-231 recombinant mouse PrP
was diluted in radioimmunoprecipitation assay lysis buffer (150 mM NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0). Sample buffer (62.5 mM Tris-HCl; pH 6.8, 5% glycerol, 5% SDS
[NaDodSO4], 3 mM EDTA, 0.02% bromophenol blue, 4% b-mercaptoethanol)
was then added. Anti-PrP IgE, rPrP, or 10 mg of 10% (w/v) human, mouse,
and deer brain homogenates were then boiled at 100◦C for 10 min and
loaded into a precast NuPAGE 4�12% Bis-Tris gradient gel (Fisher Scien-
tific, catalog no. NP0321BOX). Immunoblots were run in a Novex Mini-
Cell apparatus with NuPAGE MES running buffer (Fisher Scientific, catalog
no. NP0002) at 150 V for 1 h. Gels were then transferred to a polyvinyli-
dene fluoride membrane (Fisher Scientific, catalog no. IPFL00010) with
transfer buffer (1.9 M glycine and 245 mM Tris base) in a Novex XCELL
II blot module at 30 V for 45 min. Membranes were probed by diluting the
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aPrP IgE in TBS-Tween (0.05%) at 1:500 overnight at 4◦C. Membranes
were washed for 5 min three times with TBST (0.05%), and then the appropri-
ate alkaline phosphatase�conjugated secondary a-human IgE (Invitrogen,
A18793) was added at a dilution of 1:1000 in 5% nonfat skim milk and incu-
bated at room temperature for 1 h. Membranes were washed with TBST
(0.01%) three times for 5, 10, and 15 min. After washing, membranes were
developed using the Attophos System (Fisher Scientific, catalog no. S1000)
for 5 min, then dried before imaging (ImageQuant3000).

Detecting IgE binding by flow cytometry

LAD2 cells were concentrated to a density of 5 × 105 cells/ml and incubated
overnight with 100 ng/ml of aPrP IgE, commercial human IgE (clone HE1,
Invitrogen), or no Ab. The next day, cells were labeled with an anti-human
IgE allophycocyanin Ab for 30 min at 4◦C, and fluorescence was analyzed
with a CytoFLEX flow cytometer (Beckman Coulter). Cells were distin-
guished from debris by gating on a subset of cells on a side scatter versus
forward scatter (FSC) dot plot, then single cells were selected on a FSC area
versus FSC height dot plot.

To determine the specificity of IgE binding to FceRI, aliquots of aPrP
IgE (200 ng/ml) or commercial human IgE (HE1) (200 ng/ml) were preincu-
bated for 1 h at 37◦C in media with 1 mg/ml of omalizumab (Genentech).
The IgE-omalizumab mixture was then mixed 1:1 with LAD2 cells (1 × 106

cells/ml) and incubated for another 1 h at 37◦C. LAD2 cells were washed
with 0.1% BSA in PBS and then labeled with a-human IgE allophycocyanin
and analyzed by flow cytometry (CytoFLEX, Beckman Coulter). All pre-
sented histograms are from individual representative experiments.

Degranulation assay

LAD2 degranulation was determined by b-hexosaminidase release as previ-
ously described (28). LAD2 cells were seeded into 12-well plate wells at a den-
sity of 5 × 105 cells/ml in complete media and exposed to 0, 1, 5, or 25 ng/ml
of control IgE (HE1) or aPrP IgE overnight. After being washed once, cells
were resuspended in HEPES buffer (10 mM HEPES, 137 mM NaCl, 2.7 mM
KCl, 0.4 mM Na2HPO4, 5 mM glucose, 1.8 mM CaCl2, 1.3 mM MgSO4,
0.4% BSA, pH 7.4) and aliquoted at 2.5 × 104 cells/well into a round-
bottomed 96-well plate. Each IgE exposed condition was then exposed,
in duplicate or quadruplicate, to HEPES buffer alone, 10 mg/ml of goat
anti-human IgE (Fisher Scientific), 10 mg/ml of PrP fibrils, or 100 mg/ml of
compound 48/80 (MilliporeSigma) for 30 min at 37◦C in a 5% CO2 incuba-
tor. For experiments with PrP fibrils, cells were exposed to the above condi-
tions for 60 min. Cells were pelleted, and half the supernatant (50 ml) was
transferred to another flat-bottomed 96-well plate. The cell pellet was then
lysed by adding 50 ml of 0.1% Triton X-100 and pipetting up and down
before being transferred to another flat-bottomed 96-well plate. A quantity of
50 ml of 1 mM pNAG (Sigma-Aldrich) in citrate buffer (0.04 M citric acid,
0.02 M Na2HPO4, pH 4.5) was added to both supernatant and lysate wells,
and plates were incubated at 37◦C for 1.5 h. The reaction was quenched by
adding 50 ml of 0.4 M glycine, pH 10.7, and read immediately on a plate
reader at 405 nm, with 570 or 530 nm used as a reference. Statistical analy-
sis was done using multiple t tests and the Holm-Sidak method to adjust
p values for multiple comparisons.

Detection of biomarker expression by flow cytometry

LAD2 cells were sensitized overnight with 25 ng/ml of human myeloma
control IgE or aPrP IgE. Cells were then washed and exposed 10 mg/ml of
aIgE or the indicated concentrations of PrP 45-95 for 24 h. Cells were col-
lected, resuspended in 0.4% BSA/PBS, and labeled with aFceRI-FITC
(eBioscience; 5 mg/ml), aCD29-PE (eBioscience; 12 mg/ml), aC3aR-PE
(BD Biosciences; 5 mg/ml), or aCD203c (BD Biosciences; 10 mg/ml) for 1 h
at 4◦C in the dark. Cells were washed twice with ice-cold 0.1% BSA/PBS
and analyzed on a CytoFLEX flow cytometer. Presented histograms are
from a single representative experiment.

Detection of changes to surface FceRI levels by flow cytometry

LAD2 cells were sensitized with 25 ng/ml of commercial control IgE (HE1),
aPrP IgE, or no IgE overnight. The next day, cells were washed and resus-
pended in HEPES buffer 1 0.4% BSA and activated with 10 mg/ml of aIgE
for 5 min at 37◦C. Cells were washed in 0.1% BSA in PBS and kept on ice,
blocked with 3% BSA in PBS, then labeled with aFceRI PE (eBioscience).
Cells were analyzed on a CytoFLEX flow cytometer (Beckman Coulter).
Statistical analysis was done by t tests comparing aIgE- or PrP(45-95)-
treated samples to matching IgE alone (control or aPrP IgE) in GraphPad
Prism 7.01 software. The presented histogram is from a single representative
experiment.

Determination of phosphorylation of SYK and ERK by Western blot
analysis

LAD2 cells were sensitized overnight with 25 ng/ml of commercial control
IgE (HE1) or aPrP IgE. Cells were then resuspended in HEPES buffer with-
out BSA and exposed to 10 mg/ml of aIgE for 5, 15, or 30 min or left unex-
posed (0-min time point). Cells were then lysed by adding 2× SDS lysis
buffer (100 mM Tris, 4% SDS, 20% glycerol, 0.4% b-mercaptoethanol) 1
2× cOmplete Protease Inhibitor Cocktail (Roche) 1 2× Halt Phosphatase
Inhibitor (Thermo Scientific), boiled, and analyzed by SDS-PAGE and West-
ern blotting. Membranes were labeled with mouse aSYK (Abcam), rabbit
aSYK (Phospho Y348; Abcam), mouse a-diphosphorylated ERK-1&2
(Sigma-Aldrich), and rabbit aERK1/2 (Cell Signaling Technology). Anti-
rabbit 800 (LI-COR Biosciences) and a-mouse 680 (LI-COR Biosciences)
were used as secondary Abs, and labeled membranes were analyzed by an
Odyssey CLX Imaging System (LI-COR Biosciences). Gels are cropped to
show bands at predicted sizes of markers, around the 70 kDa molecular
mass marker for SYK and around the 38 kDa molecular mass marker for
ERK.

ELISA analysis of chemokine and cytokine production

LAD2 cells were sensitized overnight with 25 ng/ml of commercial control
IgE (HE1) or aPrP IgE. Cells were then washed and exposed to 10 mg/ml
of aIgE or the indicated concentrations of PrP(45-95) for 20�24 h. Cells
were isolated and analyzed by flow cytometry as indicated above. Superna-
tants were collected, and levels of CCL2, TNF, and IL-8 were assessed using
the the corresponding human ELISA kits (R&D Systems) according to the
manufacturer’s protocol. CCL1 (I-309) was assessed with the human I-309
ELISA Kit (CCL1) (Abcam). For PGD2 release assays, LAD2 cells were
sensitized with 25 ng/ml commercial control IgE (HE1) or aPrP IgE for
1�3 d. Cells were then exposed to 10 mg/ml of aIgE or 1 mg/ml of
PrP(45-95). Supernatants were collected after 3 h and analyzed using PG D
2-MOX ELISA (Cayman Chemical Company). For samples exposed to
varying concentrations of PrP(45-95), statistical analysis was done by compar-
ing all samples with aPrP IgE only using one-way ANOVA with Dunnett’s
correction for multiple comparisons.

Analysis of protease release

LAD2 cells were sensitized with control IgE (HE1) or aPrP-IgE overnight,
washed, and resuspended in HEPES buffer without BSA and activated by
exposure to 10 mg/ml aIgE or 1 mg/ml of PrP(45-95) peptide for 30 min.
Cells were then centrifuged, and supernatants were collected. Pellets were
lysed in 1× SDS lysis buffer (described above) 1 1× cOmplete Protease
Inhibitor Cocktail (Roche). The equivalent of 5 × 105 lysed cells and an
equivalent amount of supernatant were analyzed by Western blotting with
mouse anti-tryptase (Neomarkers, Fremont, CA) or rabbit anti-cathepsin G
(Cortex Biochem). All blots are cropped to show only bands at expected
sizes of tryptase (around 30 kDa molecular mass marker) and cathepsin G
(around 25 kDa molecular mass marker).

Statistical analysis

Statistical analysis was done using GraphPad Prism 7.01. For grouped data,
multiple t tests with Holm-Sidak’s correction was performed between treat-
ments represented in the legends. Except where indicated otherwise in the
Materials and Methods section, ungrouped graphs were compared with the
untreated control using one-way ANOVA with multiple comparisons and
Dunnett’s correction.

Results
Effects of mast cell proteases on PrP

For an IgE-based immunotherapy to be effective, proteases from mast
cell granules would need to degrade PrP. To assess if they could indeed
do so, we exposed purified recombinant hamster PrP [recPrP(29-231)]
to various mast cell enzymes and looked for changes in size and quan-
tity via Coomassie staining (Fig. 1A). Notably, tryptase and, to a lesser
extent, cathepsin G both reduced the total amount of protein and caused
a smaller fragment to appear between 10 and 15 kDa. Neither tryptase
nor cathepsin G had an effect on lysozyme (Fig. 1B), showing that
digestion was not nonspecific. To further test whether mast cell pro-
teases could digest PrP, we exposed recPrP(29-231) to conditioned
supernatants from LAD2 cells degranulated with compound 48/80
(C48/80) (Fig. 1C). Here, mast cell supernatant caused several smaller
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PrP bands to appear, with a major band appearing below 10 kDa. Next,
we determined whether tryptase and cathepsin G are released by LAD2
cells when activated through FceRI and IgE crosslinking (Fig. 1D).
Surprisingly, although a large amount of tryptase was released into the
supernatant upon degranulation, the amount of cathepsin G was much
more limited.

Construction and expression of aPrP IgE

To our knowledge, no PrP-specific IgE Ab has ever been reported.
Because monoclonal IgE molecules are typically made from exist-
ing, previously characterized IgG molecules toward the intended tar-
get Ag (29), we engineered a chimeric aPrP IgE in which the V
region was taken from a aPrP IgG reported previously. Two

previously described humanized IgG mAbs, 13F10/3B5, that were
successfully humanized and produced in a cell culture system were
used as a template (27). These variable regions were chosen because
their sequences were readily available and their binding characteris-
tics had been previously described (30). DNA fragments corre-
sponding to the variable regions of these Abs were synthesized and
cloned into the pVITRO1-dV-IgE/k carrier (31) (Fig. 2A). Sequen-
ces of the variable regions are shown in Fig. 2B and 2C. The
sequence to which the original aPrP IgG binds to PrP is shown in
Fig. 3. All species of PrP used in this study are aligned to demon-
strate that this region is highly conserved. The resulting plasmid
was transiently transfected into mammalian suspension cells and
produced recombinant mAbs that were isolated from the media by

FIGURE 1. Effects of mast cell proteases on PrP. (A) A quantity of 15 mg of recPrP(29-231) or (B) lysozyme was exposed to commercial preparations of
indicated proteases for 2.5 h at 37◦C, then analyzed by SDS-PAGE and Coomassie staining. (C) A quantity of 10 mg of recPrP(29-231) was exposed to super-
natant from degranulated mast cells or proteinase K for 1 h at 37◦C. Digestion was then analyzed by Western blotting with an aPrP IgG. (D) LAD2 cells sen-
sitized with commercial IgE were exposed to 10 mg/ml of aIgE to activate degranulation. Cells were then pelleted by centrifugation, supernatant was
removed, and then the pellet was lysed. Lysate and supernatant were analyzed by Western blotting for tryptase and cathepsin G. *Nonspecific bands. Gel
images were cropped to show relevant bands. Lysate and supernatant samples were run on the same gel and spliced for easier comparison.
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CHT chromatography. When analyzing Ab stock by SDS-PAGE
and Coomassie staining (Fig. 2D), staining was diffuse rather than
concentrated in two small bands at the expected sizes of the H and
L chains, at 70 kDa and 25 kDa, respectively. This may be due to
heterogeneity of post-translational modifications and incomplete oxi-
dation of disulfide bonds within the Ab stock.

Testing activation of mast cells by aPrP IgE

To ensure that the IgE C region was correctly folded, its ability to
bind and activate mast cells was tested. First, LAD2 cells were
exposed to the aPrP IgE or a commercial IgE overnight. Binding

was then assessed by labeling with an allophycocyanin-labeled aIgE
Ab and measuring fluorescence via flow cytometry (Fig. 4A). Nota-
bly, both IgEs caused a significant increase in fluorescence relative to
cells not exposed to IgE. The control IgE showed a greater shift, but
this may be due to the increased purity of the commercial IgE stock.
Because mast cells are known to express PrP (32), we sought to
ensure that the aPrP IgE was binding to mast cells through IgE
receptors and not through binding PrP itself. To do this, IgE was pre-
incubated with omalizumab, an Ab directed toward IgE that inhibits
binding of IgE to its receptors (33). This aIgE was able to success-
fully inhibit binding of both aPrP IgE and the control IgE to LAD2

FIGURE 2. Construction, expression, and isolation of aPrP IgE. (A) Cloning strategy for aPrP IgE plasmid. Amino acid sequences of the H (B) and L (C)
chains of PrP-IgE. Blue indicates L chain, and red indicates CD regions. (D) aPrP IgE was subjected to denaturing SDS-PAGE and analyzed by Coomassie
blue staining. Gel image was cropped to show relevant lane only.

The Journal of Immunology 1451
D

ow
nloaded from

 http://aai.silverchair.com
/jim

m
unol/article-pdf/210/9/1447/1645183/ji2200726.pdf by guest on 09 April 2024



cells (Fig. 4B), showing that the interaction is almost entirely through
the IgE receptor and not through binding of the Ab to its Ag.
Next, to ensure that the aPrP Ab could activate mast cells,

degranulation after activation was measured (Fig. 4C). LAD2 cells
were preloaded with a control IgE, aPrP IgE, or no IgE overnight
and exposed to an aIgE IgG Ab. This second Ab is expected to
cluster IgE molecules, activating the IgE receptors they are attached
to. The aPrP IgE was able to induce degranulation in LAD2 cells at
25 ng/ml and 5 ng/ml concentrations, though not at the lowest con-
centration of 1 ng/ml. The control Ab was able to activate the recep-
tor to a greater extent at all three concentrations, possibly due to the
higher purity of the commercial preparation. Activation of LAD2
through aPrP IgE and aIgE also induced a decrease in surface
expression of the IgE receptor, FceRI (Fig. 4D). This is a further
indication that the aPrP IgE is functioning through FceRI, because
this receptor is known to be endocytosed after activation (34).

Other downstream pathways are activated by aPrP IgE

Further evidence that aPrP IgE can activate LAD2 cells through the
FceRI receptor was shown by its ability to induce phosphorylation
of the downstream signaling molecules SYK and ERK (Fig. 5A).
SYK is a tyrosine kinase that binds to phosphotyrosines on the cyto-
plasmic side of the FceRI, whereas ERK is phosphorylated later
during a MAPK cascade (35). Phosphorylation of SYK and ERK
peaked at 5 min before becoming undetectable at 15 and 30 min in
SYK and ERK, respectively. Notably, aPrP IgE showed weaker
activation than control IgE, possibly explaining the lower levels of

degranulation seen for this Ab. The aPrP IgE was also able to cause
release of tryptase into the supernatant (Fig. 5B). As an alternative
means to measure activation of LAD2 cells through the FceRI
receptor, we next sought to determine whether aPrP IgE could
induce the release of signaling molecules. Because the chemokine
CCL2, also known as MCP-1, has previously been found to be
released from mast cells after activation (22), we next determined
whether aPrP IgE could induce the release of CCL2 from LAD2
cells. Both control and aPrP IgE failed to increase CCL2 release
after activation (Fig. 5C). Similar results were seen for release of
another chemokine, CCL1, and PGD2 (Fig. 5C and D). Several
additional cytokines were tested but found not to be released from
LAD2 cells when activated via commercial IgE or aPrP IgE cross-
linking (data not shown). Ultimately, release of cytokines from
LAD2 did not prove to be a suitable method by which to detect acti-
vation through the FceRI receptor when activated with IgE/anti-IgE.

Binding of aPrP IgE to its Ag

To determine whether aPrP IgE could bind PrP protein, we used
Western blot analysis to detect binding to various sources of PrP
(Fig. 6A). Here, the aPrP IgE was able to bind to large amounts
(10 mg) of recombinant mouse PrP(23-231) but failed to bind lower
amounts of endogenous cellular PrPC from 10-mg brain homogenates
of various species. Further attempts to assess binding ability by
ELISA or surface plasmon resonance (data not shown) failed to show
binding to lower amounts of PrP, suggesting binding affinity is weak.
Given the sensitivity of mast cells to IgE-induced activation, we next

FIGURE 3. PrP amino acid sequences from human, mouse, hamster, and deer were aligned using Clustal V (25) and visualized using ESPript 3.0 (69).
The region containing repetitive epitopes bound by the Abs used to construct aPrP IgE is indicated by a gray line.
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tested the ability of aPrP IgE-sensitized LAD2 cells to activate in
response to exposure to a PrP peptide containing the epitope bound
by aPrP IgE (aa 45 to 95) (Fig. 6B�6D). Here, exposure to peptide
did not result in a significant change in CCL2, CCL1, or PGD2
release compared with nonactivated cells. Notably, aPrP IgE-sensi-
tized LAD2 cells exposed to PrP peptide also did not release more
tryptase into the media than nonactivated cells (Fig. 5B). Although
the PrP peptide should contain multiple epitopes for aPrP IgE, these

epitopes are clustered together, so it is possible that multiple Abs are
unable to bind this peptide at once, which would prevent crosslinking
necessary to activate the IgE receptor. We also tested the ability of
PrP fibrils composed of many PrP monomers to activate aPrP-sensi-
tized LAD2 (Fig. 6E). Here, too, fibrils showed no effect, suggesting
that the epitope may be less accessible in the fibril form or that the
aPrP IgE likely lacks sufficient binding to its Ag to induce a response in
LAD2 cells.

FIGURE 4. Testing the ability of the aPrP IgE
to activate mast cells. (A) LAD2 cells were incu-
bated with no IgE, aPrP IgE, or a control IgE
overnight. Cells were then stained with aIgE IgG
allophycocyanin (APC) and analyzed by flow
cytometry. Histograms of allophycocyanin fluo-
rescence (IgE staining) are shown for each incu-
bation condition. (B) The aPrP IgE or a control
IgE (Ctrl IgE) were preincubated with or without
the Ab omalizumab (OmAb), which blocks bind-
ing of IgE to Fc receptors. LAD2 cells were then
exposed to these Abs for 1 h before staining with
an allophycocyanin-linked aIgE Ab, and fluores-
cence was determined by flow cytometry. (C) LAD2
cells were incubated with no IgE, aPrP IgE, or a
control IgE overnight. Bound IgE was then cross-
linked with aIgE IgG, and degranulation was mea-
sured by a b-hexosaminidase release assay (n 5 5).
(D) LAD2 cells were sensitized with the indi-
cated IgE or no IgE. Activation was induced
with 10 mg/ml aIgE IgG or 1 mg/ml PrP(45-95)
for 5 min, and FceRI surface expression was
determined by FACS (n 5 4). All samples are
from a single representative experiment. A sin-
gle isotype control sample is shown twice,
once in each histogram. *p < 0.05, **p < 0.01,
***p < 0.001.
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Changes to cell surface markers after exposure to Ag

To further test whether aPrP IgE could induce a response in LAD2
cells when exposed to its Ag, the ability of the PrP peptide to activate
aPrP IgE and induce changes to cell surface receptors (Fig. 7) was
evaluated. Here, PrP peptide induced increases in FceRI and CD203c
expression similar to those of control IgE 1 aIgE as compared with
untreated cells (Fig. 7A, 7B). CD203c is a specific marker for mast
cells and basophils that is upregulated after FceRI activation (36).
Likewise, both control IgE 1 aIgE and aPrP IgE 1 peptide induced
decreases in CD29, or integrin b1, cell surface expression, whereas
only control IgE 1 aIgE had an effect on C3aR.

Discussion
Prions are transmissible pathogenic agents responsible for fatal dis-
eases such as bovine spongiform encephalopathy, chronic wasting dis-
ease, and Creutzfeldt-Jakob disease. No effective therapies for prion
diseases exist. The key event in prion disease is the conversion of

cellular prion protein (PrPC) into the infectious form, PrPSc (37).
Small-molecule drugs with antiprion activity in vitro have been identi-
fied (23, 38) but have proved ineffective or toxic in vivo (39�41).
Immunotherapy overcomes these challenges because injection of Ag-
specific Ig can effectively neutralize infection without damaging
healthy tissues. Increasing the strength and breadth of PrP-specific
cellular immune responses may also provide a clinical benefit:
Immune tissues appear to be involved in peripherally acquired prion
disease (42�44), the immune system may facilitate prion entry via the
gut (45), and PrPC may have a physiological role in some immune
cells (46, 47). Many Abs against PrP epitopes have been made on the
basis of IgG (48�50), but they are largely ineffective or only slightly
slow disease progression in vivo (51, 52). This failure may be due to
several factors. Existing Abs have mainly aimed to bind PrPC and
interfere with its misfolding rather than to engage the cellular immune
response. In contrast, it is becoming increasingly clear from work on
other diseases such as cancer that to develop a successful immuno-
therapy, the entire repertoire of the immune response (humoral as

FIGURE 5. The aPrP IgE can activate other responses downstream of FceRI. (A) LAD2 cells were sensitized with aPrP IgE or a control IgE overnight. Cells were
then activated by exposure to aIgE for 5, 15, or 30 min, then lysed. Phosphorylation of SYK (Y348) or ERK was determined by Western blot analysis. (B) LAD2 cells
were sensitized with aPrP-IgE overnight and activated with aIgE or a peptide representing residues 45-95 of human PrP for 30 min. Cells were centrifuged, and super-
natant was collected while the pellet was lysed. Both lysate and supernatants were analyzed by Western blotting with the indicated Abs. *Nonspecific bands. (C)
LAD2 cells were sensitized with control IgE (Ctrl IgE) or aPrP IgE, then activated by aIgE for 20 h. Supernatants were then collected and analyzed for CCL2 release
via ELISA (n 5 3). No statistically significant differences were found between untreated and aIgE-treated cells. Gel images were cropped to display only relevant
bands. Lysate and supernatant samples were run on the same gel and spliced for easier comparison.
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well as cellular) must be mobilized (53). Moreover, the Abs have
trouble crossing the blood�brain barrier and face three critical immu-
nological hurdles (54): PrPC is endogenous, hence immunotherapy
must break immune-tolerance; IgG itself may cause neurotoxicity by
activating inflammation (55); and large doses must be supplied to the
infection site to reduce PrP content, only postponing symptom onset
(56, 57). The poor response to IgGs may arise from poor transport of
IgG in tissues and across the blood�brain barrier (12) (IgG is mainly
a serum Ab), and/or the high endogenous blood levels of IgG
(requiring high doses of therapeutic IgG to overcome competition
for Fc receptor binding, a problem common in IgG-based immuno-
therapy [58]). Similarly disappointing results from initially promis-
ing Abs have been found for IgG-based immunotherapeutic

approaches for other misfolding-related neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lat-
eral sclerosis (59�62). Existing immunotherapy strategy thus has sig-
nificant drawbacks, and a new approach to aPrP Ab design is
required—one that overcomes at least some of these challenges.
Here, we present the construction of an IgE class Ab directed toward

the prion protein. Although relatively understudied as therapeutics, IgE
Abs have recently found use as anticancer agents (29). Initially, an
analogy was drawn between targeting solid tumors and one of IgE’s
traditional roles in expunging parasites (29). This analogy may be
extended to PrP aggregates, which are also large structures that need to
be broken down. Notably, a large portion of mast cell granule protein
is proteases (2), which could potentially degrade PrP aggregates,

FIGURE 6. Testing the ability of the aPrP IgE to bind its Ag. (A) Anti-PrP IgE was used as a primary Ab in a Western blot to determine binding to several
PrP-containing samples. Samples used include a PrP-free lysate (Negative); the aPrP IgE itself; buffer only (Blank); a recombinant PrP derived from bacteria
(rPrP); and brain homogenates from human, mouse, and deer. Gel image was cropped to show indicated lanes. (B) LAD2 cells were left untreated (UT) or
sensitized with aPrP IgE or control IgE (Ctrl IgE), then activated with aIgE or a peptide representing aa 45 to 95 of human PrP [PrP(45-90)] for 24 h. Super-
natants were then collected, and CCL2 levels were assessed by ELISA (n 5 3). (C) LAD2 cells were treated as in (B), and levels of CCL1 were assessed by
ELISA (n 5 3). (D) LAD2 cells were sensitized as in (B) and activated with aIgE or PrP(45-95) for 3 h. Supernatants were collected, and PGD2 levels were
assessed by ELISA (n 5 3). (E) LAD2 cells were sensitized with aPrP IgE or a control IgE overnight. Sensitized cells were then activated by aIgE, PrP
fibrils, or C48/80 for 1 h, and degranulation was measured by a b-hexosaminidase release assay (n 5 3). **p < 0.01.
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particularly the earliest formed oligomers, which are more protease
sensitive (63). Alternatively, mast cells could recruit other cells of the
immune system to clear PrP aggregates and destroy infected cells.
Because mast cells are usually present at the periphery, including the
gut mucosa, IgE could also function prophylactically, allowing early
recognition and destruction of ingested PrPSc.

Given their therapeutic potential in prion disease, we initially
tested whether mast cell proteases could target PrP. Using isolated
proteases in an in vitro assay, we found that tryptase and, to a lesser
extent, cathepsin G were able to decrease the level of recombinant
PrP and lead to the formation of a smaller fragment between 10 and
15 kDa. When rPrP was exposed to supernatant from degranulated

FIGURE 7. Changes to surface expression of bio-
markers after aPrP IgE-sensitized cells are exposed
to PrP(45-95). (A) LAD2 cells were sensitized with
aPrP IgE or control IgE overnight, then exposed to
anti-IgE or indicated concentrations of PrP(45-95)
for 24 h. Cells were labeled with Abs to CD203c,
FceRI, C3aR, and CD29 and analyzed by flow
cytometry (n 5 3). (B) Average mean fluorescence
intensity of given markers from (A). *p < 0.05,
**p < 0.01, ****p < 0.0001.
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LAD2 cells, several smaller fragments appeared, although the effect
on overall protein levels was less apparent. This effect was likely
mediated mostly by tryptase, because it had a larger effect in
in vitro experiments and was released in significant amounts after
activation, in contrast to cathepsin G. The precise amino acid
sequence where mast cell proteases cleave PrP has yet to be deter-
mined, but a previous study by Haddon et al. (32) revealed that PrP
was released from the surface of degranulated mast cells. This sug-
gests that protease cleavage may occur somewhere in the C-terminus,
separating the bulk of PrP from its GPI anchor (64). Given that PrPSc

is only able to cause cell death in neurons expressing PrPC (65),
effector cell proteases could reduce the amount of PrPC on the sur-
face of neurons near PrPSc plaques, thereby reducing neurodegenera-
tion. Notably, increasing protease-induced shedding of PrP from the
surface of neurons reduces the toxicity of both PrPSc and amyloid-b
oligomers (66, 67), further supporting the idea of targeting PrPC

with proteases. Reduction in PrPC levels could also slow down
PrPSc conversion and propagation.
The aPrP Ab we generated proved to be effective in binding

mast cells, suggesting that the Fc portion of the molecule is intact
and can bind the IgE receptor. This was further shown by the ability
of omalizumab, an aIgE Ab capable of preventing IgE binding to
Fc receptors, to block aPrP IgE binding. The aPrP IgE was also
shown to be functionally active, because IgE-loaded LAD2 mast
cells degranulated when exposed to aIgE and induced the phosphor-
ylation of downstream kinases and release of proteases. Ultimately,
these experiments show that the LAD2 mast cell line is an effective
tool for characterizing chimeric IgE molecules. Notably, LAD2 cells
show similar levels of high-affinity IgE receptor and histamine
release after IgE-induced degranulation compared with human skin
mast cells (68). In contrast, the other common human mast cell line,
HMC-1, showed little if any IgE-induced histamine release and
much lower levels of IgE receptor (68). Although LAD2 cells
express lower levels of some proteases than human skin mast cells
(68), they do express enough of some proteases to have an effect on
PrP in vitro. For these reasons, LAD2 cells will likely prove a good
model system for initial functional characterization of synthetic IgEs
before transitioning to more expensive and difficult to obtain human
mast cells from human tissues. Some limitations do exist, though,
and LAD2 cells were not found to release significant amounts of
CCL-2 and other chemokines after degranulation compared with
nonactivated cells.
Although the aPrP IgE showed some binding to its Ag, overall

binding was not sufficient to induce degranulation of LAD2 cells
after exposure to its Ag. Some changes in gene expression and sur-
face biomarker expression were evident, though. This suggests that
the aPrP IgE has low affinity for the PrP Ags tested herein. Cer-
tainly, an important recent study by Suzuki et al. has shown that
IgEs with low affinity for their Ag shifts signals from the adapter
LAT1 (linker of activation of T cells 1) to the related adapter LAT2
such that degranulation is dampened but chemokine production is
enhanced (17). This suggests that low-affinity IgE, such as the one
that we have engineered, may actually be beneficial in altering
immune cell recruitment at the site of inflammation without initiat-
ing an anaphylactic response through degranulation. Further design
optimization may still need to be done to improve Ag recognition
and affinity. The study from which the original aPrP IgG sequences
were derived (27) does not offer binding data, suggesting a change
in variable regions may be necessary. Nevertheless, the present
work demonstrates the feasibility of eliciting mast cell enzymes to
degrade PrP and sets up an efficient system using the LAD2 cell
line for characterizing the function of synthetic IgE molecules.
Future work will therefore use our LAD2 model to test additional

aPrP Abs and further investigate the ability of mast cells to clear
PrPSc infection.
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