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Engineering and stable production of
recombinant IgE for
cancer immunotherapy
and AllergoOncology
To the Editor:
AllergoOncology, the emerging discipline of cancer immu-

nology aiming to exploit features of allergy-related immunity to
treat tumors,1-3 has catalyzed the development of tumor-specific
IgE mAbs as powerful alternatives to commonly used therapeu-
tic IgGs.4-6 IgE, which is associated typically with the patho-
genesis of allergic responses and is known for Fc-mediated
protective effects in parasitic infection clearance, presents
exciting opportunities to unleash previously untapped immune
mechanisms and effective antitumor surveillance when focused
against cancer antigens. The antitumor efficacy of IgE has been
demonstrated in numerous studies,1-3 and an early clinical trial
of the first-in-class antitumor IgE in oncology is open
(NCT02546921, www.clinicaltrials.gov). A major impediment
in the field relates to lack of efficient cloning and production
strategies for recombinant IgE at high enough yields for preclin-
ical and clinical studies.

We aimed to develop stable expression application to
generate recombinant IgE, as exemplified by an antibody
recognizing the melanoma-associated antigen chondroitin sul-
� 2018 The Authors. Published by Elsevier Inc. on behalf of the American Academy of

Allergy,Asthma& Immunology. This is an open access article under theCCBY license

(http://creativecommons.org/licenses/by/4.0/).
fate proteoglycan 4 (CSPG4). Our strategy incorporates
seamless cloning, selection, and fast antibody production at
high yields (Fig 1, A). To prevent promoter silencing, we
developed a novel dual-plasmid system containing Ubiquitous
Chromatin Opening Element (UCOE) sequences located up-
stream of the transgene promoter.7 We isolated the coding se-
quences of anti-CSPG4 IgE heavy and light chains from a
previously described (pVITRO1-CSPG4 IgE/k) vector
(Fig 1, B)4 and cloned these into 2 UCOE vectors (UCOE-
CSPG4-HC[ε] and UCOE-CSPG4-LC[k]; Fig 1, C) by using
Polymerase Incomplete Primer Extension (PIPE) cloning.
UCOE enables higher transfection efficiency and higher pro-
portions of medium- and high-expressing transfectomas than
pVITRO1 (see Fig E1 in this article’s Online Repository at
www.jacionline.org). Vectors were linearized before transfec-
tion to allow correct integration into the host genome, and
transgene-expressing cells were selected. The choice of
Expi293F cells as hosts was based on human-like glycosyla-
tion profiles, ability to grow in suspension, high-density and
serum-free conditions, and characteristics crucial for expe-
diting production, scaling up, and adaptability to good
manufacturing practice conditions. We adapted
Expi293F cells from suspension to adherent growth conditions
and vice versa. Adherent cells were transfected and seeded in
selection medium to promote host genome integration of
exogenous DNA. Resistant cells were cloned by limiting dilu-
tion. We designed a cell-based flow cytometric method to
detect functional IgE recognizing natively expressed antigens
to screen antibody-secreting clones (see Fig E1). Clones
with high antibody expression were amplified and readapted
to grow in high-density suspension cultures for antibody
harvesting.

After selecting the highest-expressing clone, we optimized
culture conditions to maximize IgE production and minimize
time and resources. We observed a slow decrease in specific daily
antibody productivity consistent with cell growth rate and
consumption of culture medium nutrients. This productivity
decrease was due to nutrient depletion in the medium rather
than cell density (see Fig E2 in this article’s Online Repository at
www.jacionline.org).

To maximize yields, we tested different seeding Expi-CSPG4
IgE cell concentrations in fresh medium, measuring secreted
antibody daily for 5 days. As expected, higher starting
cell concentrations yielded faster and greater antibody
production, with cells seeded at 11 3 106 cells/mL generating
2 mg/d (Fig 1, D).

Using high cell concentrations (5 3 106 and 11 3 106 cells/
mL), which place cells under stress, we analyzed production
consistency over time by passaging every 2 days at
5 3 106 cells/mL (5M/mL 2D) or every day at
5 3 106 cells/mL (5M/mL 1D) or 11 3 106 cells/mL (11M/
mL 1D), replacing medium at every passage. After 4 days,
all conditions yielded consistent antibody production (Fig 1,
E). The 11M/mL 1D and 5M/mL 2D conditions yielded similar
production per passage. However, 11M/mL 1D resulted in the
highest production per day (see Fig E3 in this article’s Online
Repository at www.jacionline.org), suggesting this is optimal
for reducing resources and time.

IgE production reached yields of up to 87 mg/L/d (836 4 mg/
L/d [mean6 SD]), with the ability to repeat the process with the
same cells at least 3 times without losing production efficiency.
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FIG 1. Development of a stable platform for the expression of recombinant IgE. A, Flow chart summarizing

the development of stable cell lines expressing anti-CSPG4 IgE. B and C, pVITRO1-CSPG4-IgE/k vector (Fig

1, B) and UCOE-CSPG4-HC(ε) and UCOE-CSPG4-LC(k) vector (Fig 1, C) maps. To optimize antibody produc-

tion, Expi-CSPG4-IgE cells were cultured in different conditions, and IgE secretion and cell viability were

monitored daily. D, Secreted IgE in cultures seeded at 0.5, 2, 5, or 11 3 106 cells/mL in fresh medium. E,

Secreted IgE in cultures seeded at 5 3 106 or 11 3 106 cells/mL in 25 mL of fresh medium and reseeded

at the initial concentration every day (5M/mL 1D, 11M/mL 1D) or every 2 days (5M/mL 2D). Data in Fig 1,

D and E, represent means 6 SEMs of 4 independent experiments.
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Yields in 4 days in small shaking flask cultures were
approximately 33-fold greater than the most optimal 14-day
stable IgE production recorded in shaking flask conditions and
13-fold higher than 14-day IgE production reported by using
bioreactors.4 Optimized high-density conditions allowed
maximized yields and substantially reduced medium volumes,
achieving 2 mg/25 mL/d, with similar yields scaling down to
15-mL and up to 300-mL cultures.
Different culture conditions can affect antibody quality and
structural and functional properties, including posttranslational
modifications, such as glycosylation.8 This is highly pertinent for
IgE based on larger size and higher glycosylation levels compared
with IgG. We performed structural, glycosylation, and functional
analyses comparing affinity chromatography–purified antibodies
from high- and low-density cultures with IgE produced with the
previous pVITRO method.4



A B
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FIG 2. Structural and functional characterization of IgE produced under different conditions. IgE was

purified from supernatants of Freestyle293F-CSPG4 IgE (pVITRO) or Expi-CSPG4 IgE cultured at 0.53 106 for

4 days, (0.5M/mL 4D), 5 3 106 for 2 days (5M/mL 2D), 5 3 106 for 1 day (5M/mL 1D) or 11 3 106 cells/mL for

1 day (11M/mL 1D). A, Structural characterization was performed by using HPLC. B, Lectin blotting was per-

formed by using Con-A, AAL, and RCAI. Images show 1 representative experiment. Graphs show densito-

metric analyses normalized by means of kappa light chain Western blotting. Data represent means6 SEMs

of 2 independent experiments. C, LC-MS glycosylation analysis. The graph represents relative percentage

areas for each ultra-HPLC chromatogram peak of procainamide-labeled N-glycan released from each sam-

ple. Data represent means6 SDs. Monosaccharide compositions assigned to peaks: F, fucose; H, hexose;N,

N-acetylhexosamine; S, sialic acid. Possible N-glycan structures shown in brackets:A, antenna; F, fucose;G,

galactose; MAN, mannose; S, sialic acid. D, IgE-binding kinetics to CSPG4 antigen (A375 cells) and FcεRI

(RBL-SX38 cells). E, IgE-mediated degranulation of RBL-SX38 mast cells measured in negative control

(no cross-linker), positive control (polyclonal anti-IgE), and using a CSPG4-expressing tumor cell line to

trigger cross-linking of anti-CSPG4 IgE-FcεRI complexes. Data represent means 6 SEMs of 4 independent.

**P < .01 and ****P < .0001. ns, Not significant.
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Size-exclusion HPLC showed very similar antibody main
peak profiles (Fig 2, A). Lectin blot and liquid
chromatography–mass spectrometry (LC-MS) glycosylation
analyses revealed no significant differences among IgE pro-
duced with our method (Fig 2, B and C), particularly with
regard to oligomannose structures, removal of which is re-
ported to abrogate anaphylaxis.9 LC-MS glycosylation ana-
lyses showed a reduction in MAN5 oligomannose structure
in new preparations compared with pVITRO IgE. Antibodies
from all conditions showed binding characteristics compara-
ble with those of target antigen on A375 melanoma cells and
rat basophilic leukemia RBL-SX38 cells expressing human
FcεRI (Fig 2, D). All preparations triggered significant and
comparable levels of mast cell degranulation when cross-
linked by polyclonal anti-IgE or target antigen on CSPG4high

melanoma cells (Fig 2, E). The hapten-specific NIP-IgE
cross-linked by polyclonal anti-IgE, but not by CSPG4high

cells, triggered significant degranulation. These suggest that
different preparations and density conditions preserve recep-
tor recognition and antibody potency. Importantly, reduced
MAN5 in the new IgE is insufficient to affect IgE binding
or functionality.

Therefore we present a novel process for serum-free
production of IgE with comparable structural and functional
characteristics to the previous pVITRO method but at higher
yield and in less time than any documented stable platforms
and with less resources than transient systems (see Methods
and Table E1 in this article’s Online Repository at www.
jacionline.org). This offers new opportunities to expedite the
design of novel therapeutic antibodies with enhanced effector
functions suitable for basic and translational research, scaling
up, process development, and manufacturing for clinical trials
of IgE therapy in patients with cancer. Rapid generation of
IgE antibodies recognizing allergens, cancer antigens, or para-
sitic targets can find direct applications for exploring multi-
faceted functions of IgE in allergy, oncology, and
AllergoOncology.
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Serum biomarker profiles suggest
that atopic dermatitis is a
systemic disease
To the Editor:
Atopic dermatitis (AD) is one of the most common chronic

inflammatory skin diseases and is associated with other atopic
diseases such as asthma, allergic rhinitis, and food allergy.
Recent studies have also shown associations among AD,
alopecia areata, and neuropsychiatric and cardiovascular
diseases (CVD).1 This suggests that systemic inflammation
in AD may contribute to the development of these comorbid-
ities over time.1 The aim of the current study was to charac-
terize systemic inflammation in AD patients compared with
healthy controls by studying expression levels of inflammatory
biomarkers in serum.

In a population of 193 moderate-to-severe AD patients (for
patient demographics and selection criteria see Table E1 in this
article’s Online Repository at www.jacionline.org), we measured
serum concentrations of 144 analytes (see Tables E2-E5 in this ar-
ticle’s Online Repository at www.jacionline.org) via multiplex
immunoassay, and serum total IgE, periostin, and dipeptidyl
peptidase-4, via ELISA-based assays as described in the
Methods section in this article’s Online Repository at www.
jacionline.org. Hierarchical cluster analysis followed by principal
component analysis was performed to visualize the biomarker
expression profiles from AD patients and healthy controls. As
shown in the heat map (Fig 1, A), healthy controls cluster in the
dendrogram on the y-axis and can clearly be distinguished from
AD patients based on their serum biomarker expression profile.
In addition, when we applied principal component analysis, the
AD patients and healthy controls were separated into distinct
groups based on combinations of the first 3 principal components
(Fig 1, B and see Video E1 in this article’s Online Repository at
www.jacionline.org).

The component loadings showed that principal component 1
(explaining 23% of variability) is primarily driven by IL-5, IL-1b,
IL-7, IL-1R1, and IL-15; principal component 2 (explaining 12%
of variability) by IFN-b, IL-20, IL-1Ra, TNF-b, and monocyte
chemoattractant protein-3 (MCP-3); and principal component 3
(explaining 6% of the variation) by tissue inhibitor of metal-
loproteinase 1, cathepsin-S, intercellular adhesion molecule 1,
pulmonary and activation-regulated chemokine, and angiotensin-
converting enzyme (ACE). Serum biomarker levels in AD
patients were compared with levels in healthy controls using
Mann-Whitney tests (see Tables E2-E5). Serum levels of the ma-
jority of biomarkers driving the principal components
were significantly different between AD patients and controls
(Fig 1, C).

We found highly increased levels of inflammatory bio-
markers in the serum of AD patients compared with that of
healthy controls, suggesting systemic inflammation. This
contributes to the hypothesis that in a chronic inflammatory
skin disease, long-term exposure of distant organs to systemic
inflammation could have detrimental effects. It should be
noted that a proportion of AD patients in this study also
presented with inflammatory comorbidities including asthma
(8.3%), allergic rhinitis (28.5%), and asthma and allergic
rhinitis (37.3%). It is thus an intriguing possibility that
inflammation occurring in the airways could also contribute
to the systemic inflammation observed; however, further
studies will be required to better understand the contribution
of each compartment.

Associations among AD, cardiovascular risk factors, and
CVD have been reported in several population-based studies
from North America and Asia.1 However, recent publications
from Europe found no association or only an association be-
tween severe AD and CVD.2-4 The association between adult
AD and CVD would be consistent with a recent study that
showed the occurrence of severe CVD and metabolic abnor-
malities in a mouse model of severe dermatitis resulting from
persistent release of IL-1 family cytokines from the skin.5

Interestingly, both skin and systemic pathologies were amelio-
rated by treatment with anti–IL-1a and anti–IL-1b neutral-
izing antibodies. The present study is the first study to
show that serum IL-1b and IL-1R1 levels in AD patients
are significantly increased in AD patients compared with in
healthy controls (Fig 1, C and Tables E2-E5). Taken together,
these data support the concept that circulating IL-1 family
cytokines, as observed in the present study, could drive mul-
tiple organ pathologies, including those of the heart/cardio-
vascular system.5,6 To study the effects of IL-1 serum
levels and systemic inflammation on the development of
CVD in AD patients, prospective studies with multiple mea-
surements of serum IL-1 levels and CVD outcome parameters
are needed.

Interestingly, IL-5 and IL-7 were found to be key drivers in
differentiating AD patients from healthy controls. Both IL-5
and IL-7 are associated with other diseases such as asthma
and rheumatoid arthritis, which suggests that the systemic IL-
5 and IL-7 observed in our AD cohort might play a role in
the pathogenesis or exacerbation of several diseases, not just
AD. IL-5 is one of the key drivers of type 2 eosinophilic
inflammation and known to play a role in the pathogenesis of
asthma. A humanized monoclonal anti-IL-5 antibody (mepo-
lizumab) has been shown effective in a subset of patients with
severe, steroid refractory, eosinophilic asthma. Treatment with
mepolizumab failed to demonstrate clinical efficacy in a
proof-of-concept study using the atopy patch test as in vivo
model.7 Further studies will be required to understand the
interrelationship between skin and lung inflammation.

This study has, for the first time, demonstrated elevated serum
IL-7 levels in AD patients, as compared to levels in controls. IL-7
is known to be produced by a number of cell types including
keratinocytes and has been shown to be essential for T-cell
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METHODS

Cell lines
Expi293F cells were cultured in Expi293 Expression Medium in suspen-

sion and shaking conditions (125 rpm) at 378C in an 8% CO2 atmosphere, ac-

cording to themanufacturer’s instructions, seeding them at 0.53 106 cells/mL

every 4 days. A375 melanoma cells were cultured in adhesion in Dulbecco

modified Eagle medium (DMEM) high glucose supplemented with Gluta-

MAX (Gibco, Grand Island, NY) and 10%FBS. RBL-SX38 rat basophilic leu-

kemia cells (engineered to express the human FcεRI)E1 were cultured in

adhesion.

CSPG4 IgE expression vectors
The pVITRO1-CSPG4-IgE/k vector (Fig 1, B) was previously developed in

our group.E2 The dual UCOE-vector system (UCOE-CSPG4-HC[ε] and

UCOE-CSPG4-LC[k]; Fig 1, C) was developed by using PIPE cloning, as

described previously.E2 Briefly, the coding sequences of the CSPG4 IgE heavy

and light chains were isolated from pVITRO1-CSPG4-IgE/k vector, and

UCOE Mu-H vector (Merck Millipore, Burlington, Mass) was linearized in

3 portions by using the primers shown in Table E2 and the PCR conditions re-

ported in Table E3. The PCR products were then digested for 2 hours at 378C
withDpnI (New England Biolabs, Ipswich,Mass) to eliminate template DNA,

and 2 separate mixes were prepared by using the 3 vector portions and 1 heavy

or light chain. The 2 mixes were incubated overnight at room temperature and

then used to transform chemically competent One Shot TOP10 bacteria (Invi-

trogen, Carlsbad, Calif), according to the manufacturer’s instructions.

Development of stable IgE-expressing

Expi293F cells
The Expi293F cell line (Gibco) was cultured, according to the manufacturer’s

instructions, in Expi293 Expression Medium (Gibco). One day before

transfection, 23 105 cells were seeded in a 24-well plate inDMEM, high glucose

supplemented with GlutaMAX (Gibco) and 10% FBS to simultaneously adapt

them to grow in adherence conditions and achieve 90% confluence at the point

of transfection. UCOE-CSPG4-HC(ε) and UCOE-CSPG4-LC(k) were linearized

by using I-SceI (New England Biolabs), according to the manufacturer’s

instruction. Adherent cells were transfected with either pVITRO1-CSPG4-

IgE/k or the 2 linearized UCOE vectors with 0.8 mg of DNA, 2 mL of

Lipofectamine 2000 (Invitrogen), and 600 mL of Opti-MEM I Reduced Serum

Medium (Gibco), according to the manufacturer’s instructions. A mock

transfection (without vector) was performed as a control.

Sixteen hours after transfection, the cells were split 1:10 and seeded in

complete medium (DMEM, high glucose supplemented with GlutaMAX

[Gibco] and 10% FBS). The following day, medium was replaced with

selection medium (complete medium supplemented with 200 mg/mL Hygrom-

ycin B; Sigma, St Louis, Mo). Cells were then cultured, replacing the selective

medium every 3 days until the point when all the cells from the mock

transfection died. The selection-resistant cells were then amplified and cloned

by limiting dilution in selection media. After 2 weeks, the clones were screened

for secretion of anti-CSPG4 IgE in the supernatant, and positive clones were

amplified and then adapted back to growth in suspension and shaking conditions

in Expi293 Expression Medium. Different clones were frozen, and the best

clone (Expi-CSPG4 IgE) was used for optimization of antibody production.

CSPG4 IgE production with stable Freestyle293-

CSPG4 IgE cells
CSPG4 IgEwas produced, culturing Freestyle293-CSPG4 IgE according to

our previously described method (pVITRO1).E2

ELISA assay for detection and quantification of IgE

in cell supernatants
Ninety-six-well plates were coated overnight at 48C with 10 mg/mL

polyclonal rabbit anti-IgE (Dako, Glostrup, Denmark) in 0.2mol/L carbonate-

bicarbonate buffer (pH 9.4) to quantify anti-CSPG4 IgE in cell-culture

supernatants. Plates were incubated in blocking buffer (PBS [0.01 mol/L

phosphate buffer, 0.0027 mol/L KCl, and 0.14 mol/L NaCl], pH 7.4,

supplemented with 1% BSA) for 1 hour at room temperature, washed 3 times

with washing buffer (PBS plus 0.05% Tween-20), and incubated with

supernatants or with the IgE antibody standard at different dilutions for

2 hours at room temperature. All conditions were tested in duplicates. Plates

were washed 3 times and incubated with 10 mg/mL goat anti-human Fcε-HRP

(Sigma-Aldrich) in blocking buffer for 1.5 hours at room temperature. After 3

washes, samples were treated with 50 mL of 0.5 mg/mL o-phenylenediamine

dihydrochloride substrate (Sigma-Aldrich) in peroxide substrate buffer

(Pierce, Rockford, Ill) for 5 minutes at room temperature. After addition of

50 mL per well of Stop Solution (1 mol/L HCl), plates were read at 492 nm

(reference wavelength, 540 nm) on a FLUOstar Omega Microplate Reader

(BMG Labtech, Ortenberg, Germany).

Flow cytometry–based assay for detection and

quantification of antigen-specific IgE in cell

supernatants
Thismethod is based on detection in cell supernatants of IgE antibodies that

specifically bind to CSPG4high tumor (A375melanoma) cells. A375 cells were

detached by using PBS supplemented with 5 mmol/L EDTA and resuspended

in PBS supplemented with 2% FBS (fluorescence-activated cell sorting

[FACS] buffer). For this assay, we used 105 cells per sample in a final volume

of 100 mL. For quantification of antigen-specific IgE, a standard curve was

prepared with 1:2 serial dilutions of CSPG4 IgE. For analysis of CSPG4

IgE in cell-culture supernatants, 0.1 mL of supernatant was prepared in

FACS buffer, for a final dilution of 1:1000. Primary antibodies were incubated

for 30minutes at 48C, followed by a wash with 3 mL of FACS buffer (spinning

at 500g for 5 minutes). The secondary antibody goat anti-human IgE–

fluorescein isothiocyanate (FI-3040; Vector Laboratories, Burlingame, Calif)

was incubated at 30 mg/mL in FACS buffer for 30 minutes at 48C, followed by
one wash as above. Samples were resuspended in 100 mL of FACS buffer and

analyzed with a FACSCanto II (BD Biosciences, San Jose, Calif).

Purification of CSPG4 IgE
CPSG4 IgE was purified with HiTrap KappaSelect columns (GE Health-

care, Fairfield, Conn), according to the manufacturer’s instructions. Briefly,

columns were equilibrated with 10 column volumes of PBS, cell-culture

supernatant was diluted 1:1 vol/vol with PBS, and samples were loaded on the

column followed by a wash with at least 20 column volumes of PBS. The

sample was then eluted with 5 column volumes of 0.1 mol/L glycine buffer at

pH 2.3 and immediately buffered to pH 7.5 by using 1 mol/L Tris, pH 9.0.

Purified antibodies were then dialyzed against PBS overnight at 48C and

sterilized with a 0.2-mm sterile filter.

Size exclusion chromatography
Purified antibodies were analyzed by using size exclusion chromatography,

as previously described.E3 Briefly, gel filtration was performed on a Gilson

HPLC system using a Superdex 200 10/300 GL column (GE Healthcare),

which is suitable for purifying proteins between 10 and 300 kDa at a flow

rate of 0.75 mL/min in PBS (pH 7.0, 0.2 mm filtered).

Lectin blot
Purified IgE samples (150 ng) were reduced with 50 mmol/L dithiothreitol

and boiled at 958C for 5 minutes. Samples were run at 150 V on Mini-

PROTEAN TGX Gels 4-15% (Bio-Rad Laboratories, Hercules, Calif) and

blottedwith Trans-Blot Turbo Transfer Pack PVDF (Bio-RadLaboratories) by

using the Trans-Blot Turbo Blotting System (Bio-Rad Laboratories), accord-

ing to the manufacturer’s instructions. The blottedmembranewas then cut just

above 35 kDa to have heavy (50 kDa) and light (25 kDa) chains in different

membranes. The heavy chain membrane was blocked with Carbo-Free

Blocking Solution (Vector Laboratories) for 1 hour and then probed with
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RCAI-biotin (Ricinus communis agglutinin I lectin [Vector Laboratories] spe-

cific for galactose), AAL-biotin (Aleuria aurantia lectin [Vector Laboratories]

specific for fucose), or Con-A–biotin (concanavalin A lectin [Vector Labora-

tories] specific for mannose) at 0.2 mg/mL in Carbo-Free Blocking Solution

for 30 minutes. The membrane was then washed 3 times in PBS–Tween

0.05% (T-PBS) and incubated with High Sensitivity Streptavidin-HRP

(1:30,000; Pierce) for 30 minutes, washed as above, and developed with

ECL (Amersham, GE Healthcare). The light chain membrane was blocked

with T-PBS and 5% BSA for 1 hour at room temperature and then incubated

overnight at 48Cwith rabbit anti-human kappa light chain antibody (1:1,000 in

T-PBS 5%BSA;Abcam, Cambridge, United Kingdom), followed by 3washes

in T-PBS. The membrane was incubated with anti-rabbit IgG horseradish

peroxidase antibody (1:2,000 in T-PBS and 5% BSA; Cell Signaling Technol-

ogy, Danvers, Mass) for 1 hour at room temperature, washed as above, and

developed with ECL. Densitometric quantification was performed with Im-

ageJ software (National Institutes of Health, Bethesda, Md), and values

were normalized by the loading control (kappa light chain) and for the value

obtained in 0.5M/mL 4D culture conditions.

PNGase F release of N-glycans
IgE samples were dried down before release. PNGase F release of

N-glycans (E-PNG01; QA-Bio, http://glycotools.qa-bio.com) was performed

in a manner similar to that previously published.E4 In short, 25-mg aliquots of

the samples in water (17.5 mL) were incubated with 5 mL of 53 Reaction

Buffer 7.5 and 1.25 mL of Denaturation Solution for 10 minutes at 1008C, fol-
lowed by addition of Triton X-100 (1.25 mL) and PNGase F solution (1 mL)

and incubation overnight at 378C. Dried-down samples were treated with

20 mL of 1% formic acid for 50 minutes at room temperature, followed by

removal of protein material with a Protein Binding Membrane plate (LC-

PBM-96; Ludger, Oxfordshire, United Kingdom).

Procainamide labeling and cleanup
Released glycans were labeled with procainamide by using a procainamide

labeling kit (LT-KPROC-24; Ludger) in a manner similar to that previously

reported.E5 In short, 150 mL of 30% glacial acetic acid in dimethyl sulfoxide

was added to a vial of procainamide, followed by 150 mL of water. This solu-

tion was transferred to a vial of sodium cyanoborohydride to make the final

labeling reagent. Twenty microliters of labeling reagent was added to each

sample. The samples were then incubated for 1 hour at 658C. An HILIC

method was performed to clean up the samples and remove free dye by using

an LC-PROC-96 plate (Ludger) on a vacuum manifold. Samples were eluted

from the cleanup plate in 300 mL of water.

LC-MS analysis of procainamide-labeled N-glycans
Samples were analyzed by using HILIC-LC on an Ultimate 3000 UHPLC

with a BEH-Glycan 1.7mm, 2.13 150mm column (Waters,Milford,Mass) at

408C with a fluorescence detector (lex5 310 nm, lem5 370 nm) controlled

by Bruker HyStar 3.2 (Bruker, Billerica, Mass). Buffer A was 50 mmol/L

ammonium formate made from LudgerSep N Buffer stock solution, pH 4.4

(LS-N-BUFFX40); buffer B was acetonitrile (acetonitrile 190 far UV/gradient

quality; Romil #H049). Samples were injected in 25% aqueous/75%

acetonitrile; injection volume was 25 mL. Separation was performed with a

linear gradient of 76-53% ACN at 0.4 mL/min in a 71-minute analytic run.

PROC-labeled glucose homopolymer was used as a system suitability

standard, as well as an external calibration standard, for glucose unit allocation

for the system. Chromeleon Data Software (version 7.2; Thermo Fisher

Scientific, Waltham, Mass) with a cubic spline fit was used to allocate glucose

unit values to peaks. A Bruker amaZon Speed ETD electrospray mass

spectrometer (Bruker) was coupled directly after the ultra-HPLC with

fluorescence detection without splitting. The instrument scanned samples in

maximum resolution mode with a positive ion setting, mass spectrometry

(MS) plus 3 MS/MS scans, nebulizer pressure of 14.5 psi, nitrogen flow of

10 L/min, and capillary voltage of 4500 V. MS/MSwas performed on 3 ions in

each scan sweepwith a mixing time of 40ms.MS datawere analyzed by using

Bruker Compass DataAnalysis 4.1 software.

Binding of CSPG4 IgE to tumor and immune cell

lines
Binding of CSPG4 IgE to A375 and RBL-SX38 cells was performed by

using 105 cells per sample. Cells were detached by using PBS plus 5 mmol/L

EDTA. For each primary antibody, serial dilutions were prepared in FACS

buffer (PBS and 2% FBS). Primary antibodies were incubated for 30 minutes

at 48C, followed by a wash with 3 mL of FACS buffer (spinning at 500g for

5 minutes). Samples were incubated with the secondary antibody goat anti-

human IgE–fluorescein isothiocyanate (FI-3040; Vector Laboratories) at

30 mg/mL in FACS buffer per sample for 30 minutes at 48C, followed by 1

wash as above. Samples were resuspended in 100 mL of FACS buffer and

analyzed with a FACSCanto II.

RBL-SX38 degranulation assays
We evaluated degranulation of RBL-SX38 cells by quantifying

b-hexosaminidase release, as previously described.E6,E7 Control conditions

used were as follows: unstimulated cells; Triton X-100 lysed cells

(to quantify 100% granule release); chimeric NIP-IgE against the hapten

5-iodo-4-hydroxy-3-nitrophenyl; unstimulated or NIP-IgE–stimulated cells

plus polyclonal rabbit anti-IgE (Dako), or antigen-expressing tumor cells as

cross-linkers. Cells were seeded at 13 104 cells per well in culture medium

overnight. The next day, cells were sensitized with IgE (200 ng/mL), control

antibody, or medium alone by incubating them at 378C for 2 hours. Cells

were then washed 3 times in stimulation buffer (HBSS and 1% FBS; Gibco)

and stimulated for 45 minutes at 378C with 100 mL of stimulation buffer,

rabbit anti-IgE (1.5 mg/mL), or 3 3 104 CSPG4high A375 tumor cell line.

To detect b-hexosaminidase, 50-mL culture supernatants diluted 1:1 in

stimulation buffer were transferred onto black 96-well plates with 50 mL

of florigenic substrate per well (1 mmol/L 4-methylumbelliferyl

N-acetyl-b-D-glucosaminide, 0.1% dimethyl sulfoxide, 0.1% Triton

X-100, and 200 mmol/L citrate, pH 4.5) and incubated for 2 hours in the

dark at 378C. Reactions were quenched with 100 mL per well of 0.5 mol/L

Tris, and plates were read with a FLUOstar Omega Microplate Reader

(350-nm excitation and 450-nm emission; BMG Labtech). Degranulation

was expressed as a percentage of Triton X-100 release (100%) and compared

with that in unstimulated cells (0%).

Evaluation of antibody-specific productivity
Expi-CSPG4-IgE cells were cultured in different conditions, and IgE

secretion and cell viability were monitored daily. Antibody-specific produc-

tivity (qmAb [pg cell21 d21]) was calculated according to the following

equationE8:

qmAb5
mmAb

ðN2N0Þ 3 t
logeðN=N0Þ

with mmAb as secreted IgE; N and N0 as the final and initial viable cell values,

respectively; and t as days in culture.

Statistical analysis
Error bars represent SDs or SEMs. Statistical significance of the

degranulation assay was calculated with 1-way ANOVA with the Dunnett

multiple comparisons test. P values of less than .05 were considered statisti-

cally significant as follows. Datawere analyzed with Prism 7 software (Graph-

Pad Software, La Jolla, Calif).
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FIG E1. Detection of functionally active antibodies in culture supernatants by using flow cytometry.A, Sche-

matic depicting the principle for antibody detection in cell-culture supernatants by using a classical sand-

wich ELISA (ELISA) and our novel cytofluorometry-based assay (flow cytometry). B and C, Standard

curves showing ranges of linearity (dotted lines) for ELISA (Fig E1, B) and for flow cytometry (Fig E1, C).
D, Comparison between IgE concentrations calculated with ELISA and flow cytometry. Error bars represent
SEMs of 3 independent experiments. E, Screening of clones transfected with pVITRO1-vector or UCOE-

vector system graph representing secreted anti-CSPG4 IgE detected with flow cytometry. Clones secreting

between 2 and 4 mg/mL anti-CSPG4 IgE were considered medium-expressing clones, and those that pro-

duced greater than 4 mg/mL were considered high-expressing clones. The right panel summarizes absolute

numbers and percentages of different antibody expression levels.
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FIG E2. Culture medium conditions for optimal antibody production. To optimize antibody production,

Expi-CSPG4-IgE cells were cultured in different conditions, and IgE secretion and cell viability were

monitored daily. A, Secreted IgE and viable cells in cultures seeded at 0.53 106 cells/mL in freshmedium. B,

Antibody-specific productivity calculated from Fig E2, A. Graphs in Fig E2, A and B, represent one of 2 inde-

pendent experiments. C, Secreted IgE (left panel) and viable cells (right panel) in cultures seeded at

5 3 106 cells/mL in fresh or metabolized medium. Secreted IgE is normalized on secreted IgE at day 0.

Data represent means 6 SEMs of 4 independent experiments.
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FIG E3. Analysis of data reported in Fig 1, E. The bar chart represents the

average yield per passage (in milligrams per liter; A) or average yield per

day (in milligrams per day; B). Data represent means6 SEMs of 4 indepen-

dent experiments.
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TABLE E1. Main features of the proposed method

Expression host Expi293F (human origin, suitable for high-density and serum-free culture conditions)

Vector Dual system with monocistronic UCOE-vectors (strong CMV promoter for high expression, UCOE

sequence able to prevent promoter silencing)

Expression system Stable

Vessel and physical conditions Shaking flasks (125 rpm), 378C, 8% CO2

Medium Expi293 Expression Medium, serum free

Yield Up to 87 mg/L

Volume Suitable for small and upscaled cultures (from 15-300 mL)

Cell density Up to 11 3 106 cells/mL

Time to set up the stable platform Approximately 50 days

Time for antibody expression Twenty-four hours (2 mg in 25 mL of culture)

Cost for setup of the stable platform PIPE cloning, adhesion-based and small-volume stable transfection with Lipofectamine 2000 and FACS-

based screening of clones, make the development of the stable platform cost-effective compared with the

production of antibody by using transient transfection

Cost for antibody expression High yield in a small volume of Expi293 Expression Medium (up to 87 mg of IgE for 1 L of medium)
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TABLE E2. PIPE cloning primers

Primer name 59-39 sequence

Isolation of ε heavy chain

H F AGTTAACGGCCGGCCATGGACTGGACCTGGAGGATCCTC

E R TGCAGCTCGAGTCATTTACCGGGATTTACAGACACCGCT

Isolation of k light chain

K F AGTTAACGGCCGGCCATGTTGCCATCACAACTCATTGGG

K R TGCAGGTCGACCTAACACTCTCCCCTGTTGAAGCTC

UCOE vector linearization in 3 segments (U1, U2, and U3)

U1 F GTCGACCTGCAGGCATGCAAG

U1 R CGTTGTCAGAAGTAAGTTGG

U2 F CCAACTTACTTCTGACAACG

U2 R AGCACTAACGAAGTAGAGGG

U3 F CCCTCTACTTCGTTAGTGCT

U3 R GGCCGGCCGTTAACTTAACTAAC
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TABLE E3. PIPE cloning PCR conditions

Temperature (8C)

Time (s)

ε heavy chain k light chain U1 U2 U3

98 10 10 10 10 10

98 1 1 1 1 1

60 5 5 5 5 5

72 23 9 43 42 34
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