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The Journal of Immunology

Inhibition of Allergic Reactivity through Targeting
Fc«RI-Bound IgE with Humanized Low-Affinity Antibodies

Ke Zhang,* Michael Elias,† Hong Zhang,* Jeffrey Liu,* Christopher Kepley,†

Yun Bai,‡ Dean D. Metcalfe,‡ Zachary Schiller,x Yang Wang,x and Andrew Saxon*

Options for effective prevention and treatment of epidemic allergic diseases remain limited, and particularly so for IgE-mediated

food allergies. We previously found that mouse low-affinity anti-human IgE mAbs with KD in the 1026–1028 M range were capable

of blocking allergic reactivity without triggering immediate allergic mediator release. In this study, we humanized three parent

low affinity allergic response inhibitor (LARI) mouse anti-human IgE mAbs and characterized their biological and immunological

features, refined the lead candidate for further clinical development, examined their safety profiles, determined their therapeutic

efficiency, and explored the mechanism of action potentially responsible for their therapeutic effects. LARI profoundly blocked

cat- and peanut-allergic IgE-mediated basophil activation, inhibited acute release of both prestored and newly synthesized

mediator from human mast cells, suppressed peanut-specific IgE-mediated passive cutaneous anaphylaxis, and attenuated dansyl

IgE-mediated systemic anaphylaxis in human Fc«RIa transgenic mice. Safety testing demonstrated that concentrations of LARI

well above therapeutic levels failed to trigger immediate release of prestored and newly synthesized allergic mediators, failed to

promote robust cytokine/chemokine production from allergic effector cells, and did not elicit allergic reactivity in an animal

model of cutaneous and systemic anaphylaxis. Mechanistic studies revealed that LARI downregulated surface Fc«RI receptors

and IgE via internalization of the IgE/Fc«RI, promoted a partial mediator depletion pathway leading to slow release of small

amount of mediators, and functioned as a partial antagonist to inhibit Fc«RI signaling phosphorylation of Syk, Akt, Erk, and p38

MAPK. These studies demonstrate that targeting surface-bound IgE with LARI profoundly suppresses human allergic reactivity

while displaying an excellent safety profile. The Journal of Immunology, 2019, 203: 000–000.

G
iven their increased prevalence and incidence, IgE-
mediated allergic disorders have become a major world-
wide public health concern (1). This epidemic of

IgE-mediated allergic diseases has led to a corresponding interest in
developing new therapeutic approaches, including novel immune-
based biologic therapies (2, 3). In an effort to develop an effec-
tive therapy that would inhibit all IgE mediated reactions and, in
particular, severe food allergic reactions, we have proposed the
use of specifically designed low affinity anti-IgE Abs to directly
target IgE bound to its high affinity receptor on allergic effector
cells (4).
Previously, direct targeting of surface-bound IgE with bivalent

anti-IgE Abs as an allergy therapeutic was thought not to be

feasible because of the common assumption that anti-IgE Abs
would trigger an immediate allergic reaction by cross-linking
surface IgE/FcεRI. However, we recently reported that murine
prototype low affinity anti-IgE mAbs, with KD in 1026–1028 M
range, did not trigger anaphylactic reactivity but instead inhibited
the reactivity of human allergic effector cells through weak binding
to IgE in the FcεRI (4).
To target human surface-bound IgE with low affinity anti-IgE

mAbs as a therapeutic, we have developed a set of humanized low
affinity anti-human IgE mAbs designated as low affinity allergic
response inhibitors (LARI). We characterized their biological and
immunological features, defined their safety profiles, determined
their therapeutic effect, and further examined their effects related
to their therapeutic mechanism of action. In this article, we will
show that the defined LARI has a profound inhibiting effect on
allergic reactivity while displaying an excellent safety profile and,
in the process, defines a candidate for future clinical development.

Materials and Methods
Abs and reagents

The mAb (FITC and/or PE labeled) to CD123 (Clone 6H6), CD63 (clone
H5C6), HLA-Dr (Clone L243), FcεRIa (clone AER-37), CD117
(clone 104D2), Mas-related G-protein coupled receptor X2 (MRGPRX2)
(clone K125H4), and Igl (clone MHL-38) were from BioLegend. PE-
and allophycocyanin-labeled Abs to pSyk (y348) (clone moch1ct), pAkt
(S473) (clone SNRNR), and pErk 1/2 (T202/y204) (clone MILAN8R)
were from eBioscience, and p-p38MAPK (clone 4NIT4KK) was from
Invitrogen. Polyclonal goat anti-human IgE (PAE) was from Abcam
(Ab9159). Anti–4-hydroxy-3-nitrophenylacetyl (NP)-IgE (clone JW 8/1)
was from Bio-Rad. Anti-human IgG mAb (ATCC clone HB60) was purified
from mouse ascites. Recombinant mouse IL-3, human IL-3, IL-6, and stem
cell factor (SCF) were purchased from PeproTech. The cat allergen Fel d1
and peanut allergen Ara h1, Ara h2, and Ara h6 were obtained from Indoor
Biotechnologies.
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Humanization of the mouse anti-human IgE mAb

Mouse anti-human IgE mAbs were produced with standard hybridoma
technology (5). Humanization service of the parent low affinity mouse anti-
human IgE mAbs p6.2, mE17, and F11 was provided by Genscript using
its Ab humanization algorithm. CDR sequences of each VH and VL region
of the parent founder clones were engrafted into the framework regions of
the most homologous human germline sequences. The humanized VH and
VL were expressed as human IgG1 (g1, k) to make the low affinity anti-
human ε specific mAbs, or LARI. To fine-tune IgE binding affinities, ad-
ditional single mutations were introduced into the humanized VL derived
from the parent founder mE17. Mutated clones without detectable IgE
binding were discarded, except for clone E4, which was kept to be used as
a negative humanized mAb isotype control when appropriate. All LARI
were transiently expressed in HEK-293 cells and purified by protein A
affinity column chromatography with .90% purity.

Epitope mapping of LARI

LARI derived from parental founders P6.2, mE17, and F11 were epitope
mapped using the CLIP technology (Pepscan Presto BV) (6). A library of
overlapped and looped peptide array covering the entire CH1 to CH4 of the
IgE H chain was synthesized for epitope mapping. The binding of Ab to
each of the synthesized peptides was screened with an ELISA-based ap-
proach. The peptide arrays were incubated with primary Ab solution
(overnight at 4˚C). After washing, the peptide arrays were incubated with
an anti-human IgG–peroxidase conjugate for 1 h at 25˚C. After washing,
the peroxidase substrate 2,29-azino-di-3-ethylbenzthiazoline sulfonate and
20 ml/ml of 3% H2O2 were added. After 1 h, the color development was
quantified with a charge coupled device camera and an image processing
system. The values ranged from 0 to 3000 mAU with a commercially
available Ab 3C9 as a positive control. Box-and-whisker plot and heat map
analyses were used to analyze the binding intensity profiles.

Determination of the t1/2 of LARI

The predicted LARI in vivo t1/2 was determined using a validated neonatal
Fe receptor (FcRn) affinity assay as described (7). The Octet QK (Pall
ForteBio) was used for all FcRn binding in vitro assays at 30˚C in 96-well
solid black plates (655900; Greiner Bio-One). Prior to analysis, all Abs
were dialyzed into PBS (pH 6), diluted to 100 mg/ml in PBS (pH 6),
and used at a 200-ml volume. Initially, FcRn was immobilized to Ni-
NTA–coated biosensors (18–0029; ForteBio) for 180 s at an optimized
concentration. After a baseline step, the LARI–FcRn binding rate was
determined when the biosensor with immobilized FcRn was exposed to
LARI sample in PBS adjusted to pH 6 with HCl for 30 s. Following as-
sociation, the LARI–FcRn complex was exposed to PBS (pH 7.5) and
the rate of the LARI dissociation from FcRn was measured. Each assay
was performed in quintuplicate. Each LARI was tested in conjunction with
five reference mAbs as a standard that were produced under good
manufacturing practice conditions and have reported human in vivo t1/2
data in healthy individuals. Data analysis was performed using software
version 7.0 (Pall ForteBio). Rates were reported in 1/s and the mean Kon

and Koff values of each LARI within an experiment were individually
normalized to fold-change values among all tested mAbs. The fold-change
FcRn binding rate was determined by averaging the mean fold-change Kon

and mean fold-change Koff values of a mAb. The LARI FcRn binding rates
and the accompanying calibration standard with known in vivo t1/2 were
used to generate a linear regression best-fit correlation. The best-fit cor-
relation was then used to predict the expected t1/2 of the LARI based on the
binding rates.

Surface plasmon resonance studies

The affinity of each LARI for IgE was initially performed on a Biacore
T2000 instrument and confirmed with Biacore model T200. Human my-
eloma IgE were immobilized on the CM5 sensor chips by amine cou-
pling. The purified LARI were dissolved in HBS-EP assay buffer
containing 0.15 M NaCl, 10 mM HEPES (pH 7.4), 3 mM EDTA, and
0.005% polysorbate 20. The solutions traversed the sensors at a flow rate
of 50 ml/min for binding analysis. Binding results were expressed in
resonance units. Kinetic studies were analyzed with BIAevaluation
Software Version 4.1.

Healthy and allergic subject population

Forty-nine (32 male, 17 female) healthy and 13 previously clinically di-
agnosed allergic subjects to peanut (two male and two female) and cat (six
male and three female) were recruited for this study. The subjects’ sen-
sitization status was confirmed by basophil activation testing (BAT) with

corresponding allergen Fel d1 and Ara h126. University of California,
Los Angeles institutional review board approved the use of human blood
from healthy and allergic subjects.

Culture of human CD34+ hematopoietic stem cell derived
mast cells

The human CD34+ hematopoietic stem cell–derived mast cells (CMC)
were developed using the protocol of Yin et al. (8). PBMC (2 3 109) were
used to isolate the human CD34+ blood hematopoietic stem cells using
Easysep Human CD34 Positive Selection Kit (Stemcell Technologies) per
manufacturer’s instructions. CMC were developed over 8 wk in StemPro-
34 SFM medium (Life Technologies) in the presence of SCF and IL-6, plus
IL-3 in the first week only. The maturity of CMC was confirmed with
surface staining of CD117, FcεRIa, and MRGPRX2.

Basophil activation test

Cat and peanut basophil activation test (BAT) was described previously (4).
To determine if LARI could activate basophils, fresh heparinized whole
blood (100 ml/test) was incubation for 30 min with various concentrations
of LARI. To determine the ability of LARI to block basophil activa-
tion, allergic (cat and peanut) subjects’ heparinized blood (200 ml/test)
was preincubated with LARI or an isotype control at room temperature
(22–24˚C) with slow agitation (100 RPM) for 24 or 48 h prior to basophil
activation using either mixed purified Ara h allergens (Ara h1, h2, and h6
combined) or the cat allergen Fel d1. In some experiments, human IL-3
was used to prime basophils in BAT assay. The cut-off value of the
unstimulated basophil CD63 expression was always set as ,2% as the
background.

Intracellular staining

BD Phosflow (BD Bioscience) protocol was adopted for basophil intra-
cellular staining using heparinized whole blood. The activated basophils
were fixed, surface stained with CD123-FITC and HLA-Dr-PerCP, and
the erythrocyte lysed with fixation buffer. The perm buffer IV was used
for permeabilization, following by intracellular staining with PE- and/or
allophycocyanin-labeled phosphor-specific Abs.

Histamine, leukotriene C4, PG D2, and b-hexosaminidase
release assays

ELISA kits for histamine were from Immuno-Biological Laboratories
(IBL-America), and leukotriene C4 (LTC4) and PGD2 were from Cayman
Chemical. b-hexosaminidase (b-hex) measurement in triplicate in cell
supernatants and cell lysate was used as the indicator of mast cell degran-
ulation. To determine the triggering capacity of LARI, ∼4 3 104–5 3 104

IgE–sensitized lung and cultured skin tissue mast cells (9, 10) or CMC were
washed and preincubated in a 37˚C water bath for 5 min, followed by
stimulation of LARI, PAE, or an anti-FcεRIa mAb as the positive control
and IgG isotype as the negative control, for 30 min in stimulation buffer
(10 mM HEPES, 137 mM NaCl, 2.7 mM KCl, 0.38 mM Na2HPO40.7H2O,
5.6 mM glucose, 1.8 mM CaCl2.H2O, 1.3 mM MgSO40.7H2O, 0.4% BSA,
pH 7.4). The released b-hexosaminidase (b-hex) was quantified by hy-
drolysis of 45 ml p-nitrophenyl N-acetyl-b-D-glucosamide (Sigma-
Aldrich) solution in 0.1 M sodium citrate buffer (pH 4.5) for 90 min at
37˚C. After the reaction was stopped with the addition of 150 ml of 0.2 M
glycine (pH 10.7), the reaction plates were read at 405 nM (11). The
percentage of b-hex release was calculated as a percent of total content
using media alone as the background. For LAD2 cell degranulation assay
(12), LAD2 cells were sensitized for 20 h with 0.5 mg/ml biotin-
conjugated human IgE. Cells were then washed, resuspended in stimu-
lation buffer at 0.01 3 106 per well, and then stimulated with 0.1 mg/ml
streptavidin to cross-link the biotinylated IgE or PAE at 1 mg/ml for
60 and 240 min, respectively. The lysates, prepared by lysing the cells
in pure water and frozen-thawed three times, were used as the measure
of the total content of b-hex to calculate the percentage of the b-hex
released.

To determine the inhibitory effects of LARI on mast cell degranulation,
various concentrations of LARI or a corresponding isotype control mAb
were cultured with the mast cells already sensitized with NP-IgE (for skin
mast cells), myeloma IgE, biotinylated myeloma IgE, or recombinant
dansyl-specific IgE (13) for 48 h in StemPro-34 SFM medium supple-
mented with SCF and IL-6. This was followed by challenging the cells
with appropriate cross-linker (e.g., NP-BSA at 10 mg/ml, PAE at 1 mg/ml,
dansyl-BSA at 22 mg/ml, streptavidin at 0.1 mg/ml, and mastoparan
[Anaspec] at 7 mM) in the reaction simulation buffer for 30 min (skin mast
cells and CMC), and 1 and 4 h for LAD2. The reaction supernatants were
assayed for b-hex, LTC4, and PGD2.
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Western blotting

Forty micrograms protein extracted with 43 XT sample buffer (Bio-Rad)
from the control and treated LAD2 cells was loaded to 4–12% Criterion
Precast Bis-Tris gel (Bio-Rad). Electrophoresis was carried out with 180 V
for 15 min and 120 V for 90 min using 13 MOPS buffer, followed by
transferring the protein from gel to nitrocellulose membrane using 13 cold
Tris/glycine transferring buffer. The membrane was blocked with 5%
nonfat milk in 13 TBST at room temperature for 1 h and incubated with
rabbit anti p-Erk (9101; Cell Signaling Technology) diluted in 5% nonfat
milk at 4˚C overnight. After washing three times for 10 min each with
TBST, the membrane was incubated for 2 h with HRP-labeled goat anti-
rabbit IgG, followed by signal development with x-ray film. The blots were
sequentially stripped, blocked, and reprobed with rabbit anti-total Erk
Ab (4695; Cell Signaling Technology) and anti-GAPDH Ab (MAB374;
MilliporeSigma) as protein loading control for phosphorylation signal
normalization. Signal quantification was performed with a densitometry
(Bio-Rad).

Multiplex luminex assay

CMC sensitized with dansyl-specific IgE (10 mg/ml) were cultured with
various LARI at 5–50 mg/ml for 1, 4, and 48 h, with PAE at 1 mg/ml and
dansyl-BSA at 22 mg/ml as the positive controls. The culture superna-
tants were frozen until assaying for the human cytokines/chemokines
with multiple luminex assay using the 38-plex magnetic bead panel
(MilliporeSigma). This assay service was provided by Westcoast Biosciences.

Passive cutaneous anaphylaxis

We used our previously established peanut IgE-mediated passive cutaneous
anaphylaxis (PCA) assays to assess the ability of LARI to suppress PCA in
human FcεRIa transgenic (hFcεRIa Tg) mice (4, 14). The hFcεRIa Tg
mice were sensitized intradermally with serially diluted (0.5, 0.25, 0.125,
and 0.63 mg/ml) purified IgE containing peanut IgE (4) for 2 h, followed
by i.p. injection with LARI or an isotype control at 50 mg/mouse (2 mg/g
body weight). Four days later, the mice were injected i.v. with 10 mg whole
peanut extract as a challenge allergen mixed with 2% Evans blue dye
(EBD) (100 ml/mouse). The mice were euthanized 30 min after allergen
challenge, and PCA reactions were photographed. The mouse skin then
was dried overnight, and the injected skin areas were cut out, weighted,
and EBD extracted overnight in 55˚C formamide. The amount of extrav-
agated EBD was quantified with a conventional microtiter ELISA reader at
650 nm. EBD quantity from each PCA spot was normalized per milligram of
skin tissue (4). The University of California, Los Angeles animal research
committee approved our use of hFcεRIa Tg mice.

Systemic anaphylaxis assay

hFcεRIa Tg mice were sensitized with 40 mg of recombinant dansyl-
specific human IgE (4, 13), followed by treatment with LARI E59
(50 mg/mouse) or an isotype control. Four days later, the mice were i.v.
challenged with dansyl-BSA (100 mg/mouse). Core body temperature
changes and the anaphylaxis clinical score (4) were measured as indi-
cators of systemic allergic reactivity. Animals’ core body temperatures
were monitored every 5 min for the first hour after dansyl-BSA chal-
lenge. The temperature changes were plotted for comparison and statisti-
cal analysis to determine the effect of LARI and the isotype control on
systemic anaphylaxis (4).

Confocal microscopy

FITC-labeled IgE sensitized CMC were treated with various testing con-
dition for 4 and 24 h, respectively, followed by fixation, permeabilization,
and intracellular FcεRIa staining using the protocol previously described
(4). The processed cells were then fixed with 0.5 ml of 2% formaldehyde,
and spun to the poly-lysine coated glass slide using cytospin at 1000 rpm
for 5 min. The cells on the slides were stained with a drop of Vectashield
mounting medium with DAPI (Vector Laboratories). The slides were ex-
amined with Leica SP2-1P-FCS confocal microscope.

Electron microscopy

Various concentrations of E59, along with PBS and LARI E4 as an isotype
control and PAE at 1 mg/ml as a positive control, were injected intrader-
mally in a 40-ml volume into skin on the back of hFcεRIa Tg mouse.
Thirty minutes later, the animals were euthanized. About a 1 cm by 1 cm
area around the injected skin site was resected and fixed in 0.1 M phos-
phate buffer, 0.9% NaCl (pH 7.2) containing 2% paraformaldehyde, and
2.5% glutaraldehyde for 1 h at room temperature, followed by fixing the
specimen at 1% OsO4 in 0.1 M PBS 1 h. After washing three times for

10 min with ddH2O, the specimens were dehydrated for 15–20 min each
with 50, 70, 95, and 100% ethanol. The samples then were transferred to
propylene oxide (PO) two times for 10–15 min, followed by transferring to
1:1 mix PO/epon for 1 h, and then transfer to 1:2 mix PO/epon for 4 h
before leaving them overnight. The samples were then transferred to fresh
epon and placed in vacuum for 4 h, followed by polymerizing at 60˚C
overnight. The treated samples were then embedded and processed
in the standard fashion. The grids were examined with a JEOL 100CX
transmission electron microscope.

Statistics

Data are expressed as mean 6 1 SEM or 1 SD when appropriate. Unless
indicated in the figure legend, Student t test was used to determine the
statistical significance for the paired data, and two-tailed ANOVA analysis
was used to determine the unpaired data using GraphPad Prism 8.01.
A statistically significant difference was defined as p , 0.05, which was
indicated with one asterisk, whereas a significant difference of p , 0.01
was indicated with double asterisks in the appropriate figures.

Results
Characteristics of the humanized low affinity anti-IgE
mAb LARI

Three mouse founder clones, P6.2, F11, and mE17, were hu-
manized to human IgG1 (g1, k) by engrafting the VH and VL CDR
regions of the low affinity mouse anti-human IgE mAbs into the
framework of the most homologous human germline sequences.
Specifically, VH and VL CDR from P6.2 were engrafted to human
IgVH 1-2 and IgVk 7-3, from F11 to human IgVH 1-18 and IgVk
2-8, and from mE17 to human IgVH 7-81 and IgVk 7-3 frame-
works. Their ability to bind IgE in solid phase and the FcεRIa
bound on cell surface was screened with an ELISA (Fig. 1A) and
a flow cytometry–based IgE binding assay employing human
FcεRIa-expressing 3D10 cells loaded with myeloma IgE (Fig. 1B).
The selected LARI clones were further confirmed with surface
plasmon resonance (SPR) (Fig. 1C).
The founder clones P6.2, F11, and mE17 had affinities for human

IgE with KD of 2.03 1026 M, 4.053 1027 M and 3.163 1028 M,
respectively. The affinities of the selected LARI for IgE were in the
3.88 3 1026 M–8.09 3 1028 M range (KD = 1.37 3 1027 M
for E14, 3.44 3 1027 M for E17, 8.09 3 1028 M for E23,
1.21 3 1027 M for E59, and 3.88 3 1026 M for S91) (Fig. 1C,
and data not shown), indicating these LARI had an appropriately
low affinity, even though the engraftment of mouse CDR into
human Ig frameworks had slightly decreased their affinities as ex-
pected. Evaluation of the binding specificity of each LARI dem-
onstrated that they specifically bound to human IgE, but not to
human IgM, IgG, or IgA or murine, cynomolgus, or canine IgE
(Fig. 1A), and that their ability to bind to cell surface FcεRI at-
tached IgE had not been altered by humanization process (Fig. 1B).
The predicted in vivo t1/2 of the selected LARI were measured

with MassBiologics’ FcRn-based binding assay using a set of five
recombinant human IgG1 mAbs with known in vivo t1/2 to derive a
standard calibration curve (7). LARI E14, E17, E23, and E59
displayed an in vivo t1/2 being 1091 h (45.5 d), 1041 h (43.4 d),
1181 h (49.2 d), and 1061 h (44.2 d), respectively (Fig. 1D),
as compared with that of the five humanized Ab assay standards
(14–35 d, ∼25 d in average). The predicted t1/2 of S91 was 624 h
(26 d), falling in the average range for humanized IgG1

(Fig. 1D). These data revealed that the parental founder mE17-
derived LARI E14, E17, E23, and E59 have an unusually long
predicted in vivo t1/2.

Epitope mapping of LARI

LARI were epitope mapped employing CLIP technology (6).
Because the four LARI clones E14, E17, E23, and E59 were
derived from the parental founder mE17, they shared the same
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CDR and presumably bound to the same IgE epitope, albeit with
slightly different affinity because of single mutation introduced
for affinity fine-tune. Thus, we selected two LARI clones derived
from mE17, LARI E59, and E17 for epitope mapping. As shown
in Fig. 1E, E59 bound weakly to several linear peptides in the
intensity profiles recorded with linear peptides (solid line), which
were inconclusive in defining the binding epitope(s). When intensity
profiles recorded with single loop peptides (Fig. 1E, dashed line),
E59 resulted in one major peak at the same position corresponding
to residues stretch 186YQCRVTHPHLPRALM200, which was col-
ored in red in three-dimensional visualization of IgE H chain (insert
of Fig. 1E). LARI E17 displayed the identical pattern with E59,
confirming the same epitope binding (data not shown).
The founder F11-derived S91 yielded binding intensity profiles

with few peaks of equal intensities resulting from interaction with
three series of overlapping peptides, 102NPRGVSAYLSR112,

112RPSPFDLFIRK122, and 184ETYQCRVTHPHLPR197 (Fig. 1F).
These results indicated recognition of discontinuous epitopes
(e.g., conformational epitope), one of which partially overlaps
with the epitope identified for E59. The three-dimensional visu-
alization of the epitopes revealed that despite being separated in
the primary structure, the peptide sections 102NPRGVSAYLSR112

and 184ETYQCRVTHPHLPR197 came together to form a confor-
mational epitope as predicted in the three-dimensional modeling,

with peptide section 112RPSPFDLFIRK122 being spatially sepa-
rated (insert of Fig. 1F).
Under high and moderate stringency conditions, the founder

P6.2-derived C6 did not bind any linear or single looped peptide
present on the array. When tested under low stringency conditions,
this mAb yielded an intensity profile with numerous peaks of high
intensity (data not shown). Such data prevented the direct linear
epitope definition, suggesting that C6 binds to a more complexed
conformational epitope on IgE that could not be resolved with the
applied epitope mapping approach. As the humanized p6.2 clone
C6 displayed too low an affinity to be effective for allergy therapy
(data not shown), wemade no further attempt tomap the epitopes of
this clone.

LARI itself fails to trigger acute release of prestored or newly
synthesized allergic mediators ex vivo

An inability of LARI to trigger acute allergic mediator release and
subsequent allergic reactivity is paramount to the safety of low
affinity anti-IgE based allergy therapy. Thus, we extensively
evaluated the LARI’s safety profiles using multiple assays and
systems including basophils, CMC, lung and skin mast cells,
LAD2 cells, and RBL-SX-38 cells.
In the BAT assay, the high affinity mAbs E4.15 and nonreceptor

activator fMLF triggered strong basophil CD63 expression

FIGURE 1. Characterization of the humanized LARI.

(A) Specificity of LARI for human IgE determined

with ELISA, using omalizumab as a comparison.

(B) Binding of LARI E59 (1 and 3 mg/ml, respectively)

to FcεRI-bound IgE on 3D10 cells. The FITC-E7.12

served as a staining comparison. (C) LARI E59 af-

finity for IgE measured with SPR using Biacore

T200. (D) Predicted in vivo t1/2 of LARI using FcRn

binding assay. Five humanized mAbs with known

in vivo t1/2 were used as calibration standards to deter-

mine the predicted in vivo t1/2 of LARI. (E) Epitope

mapping of LARI E59. Inserted is the three-dimensional

visualization of the E59 binding epitope colored in

red. (F) Epitope mapping of LARI S91. The inserted

three-dimensional visualization represents the linear

epitope 102–112, 112–122, and 184–197 colored in

blue, cyan, and red, respectively.
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indicative of anaphylactic degranulation within 30 min (Fig. 2A).
In contrast, LARI E14, E17, E23, E59, and S91, at concentrations up
to 50 mg/ml, failed to trigger basophil CD63 expression in any blood
donors tested in the same time frame (n = 32, 24 nonallergic and
8 allergic donor, Fig. 2A) and did not trigger acute basophil histamine
release (n = 6, 3 nonallergic and 3 allergic donors, Fig. 2B).
IL-3 is capable of priming basophils for enhanced basophil

activation and CD63 expression upon allergen and/or anti-IgE
stimulation (15). To test whether LARI would activate IL-3–
primed basophils or synergize with IL-3 in basophil activation,
BAT was performed under IL-3 priming conditions with cat

allergic donor basophils. As data summarized in Fig. 2C (n = 5),
although IL-3 itself had little effect on CD63 induction, IL-3 at
20 ng/ml significantly enhanced CD63 expression by subopti-
mal concentration of PAE, Fel d1, and fMLF. However, IL-3
(2–100 ng/ml tested), either preincubated for 30 min or simulta-
neously added with LARI, did not promote higher than back-
ground basophil CD63 expression. Thus IL-3 did not synergize
with LARI to drive basophil activation.
With mast cells, LARI at 20–100 mg/ml did not trigger b-hex

release from 1) the freshly human lung mast (n = 3, Fig. 2D);
2) cultured human skin mast cells (n = 2, Fig. 2E); or

FIGURE 2. Safety profiles of LARI ex vivo. High and low concentrations of LARI was tested for their capacity of triggering basophil activation and mast

cell degranulation using multiple allergic effector cells, including appropriate positive and negative controls for comparison as indicated in the corre-

sponding panels. (A) BAT (n = 32). (B) Basophil histamine release (n = 6). (C) BATwith IL-3 priming (n = 5). (D) b-hex release of lung mast cells (n = 3).

(E) b-hex release of skin mast cells (n = 2). (F) CMC b-hex release (representative of three experiments). (G) LAD2 b-hex release (representative of four

experiments). (H) Basophil histamine release triggered by immobilized LARI and its controls (n = 2). (I) b-hex release of RBL-SX-38 cells triggered by

immobilized LARI and its controls (representative of two experiments). (J) CMC LTC4 production (representative of two experiments). (K) CMC PGD2

production (representative of two experiments).
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3) CD34+ hematopoietic stem cell–derived CMC (Fig. 2F).
Among the five LARI tested, only E23 induced any, although
minimal, increased b-hex release in LAD2 cells (Fig. 2G), a
notable exception given that E23 has the highest affinity for
IgE among five LARI. As the positive control for the assay,
PAE triggered robust b-hex release.
To test if the cross-linking LARI as might occur with an anti-

LARI Ab could trigger degranulation of allergic effector cells,
LARI was directly coated onto the surface of ELISA plate, fol-
lowed by incubation with the freshly enriched blood basophils
(n = 2) or IgE-sensitized RBL-SX-38 cells (16) and mediator re-
lease measured. As shown in Fig. 2H and 2I, immobilized LARI
on ELISA plate did not trigger histamine release from baso-
phils, nor was b-hex released from RBL-SX-38 cells, whereas
plates coated with the high affinity E7.12 or PAE induced robust
mediator release.
To test the acute effects of LARI on rapidly synthesized lipid

mediators, IgE-sensitized CMCwere challenged with LARI for 1 h,
followed by measurement of supernatant LTC4 and PGD2. LARI at
5 and 50 mg/ml, respectively, did not drive higher than background
levels of LTC4 or PGD2 secretion, whereas the positive control
PAE drove robust LTC4 (Fig. 2J) and PGD2 secretion (Fig. 2K).
It has been reported with murine mast cells that low affinity

interaction of the FcεRI-bound IgE with its corresponding li-
gand preferentially elicited a robust slowly synthesized cytokine/
chemokine response (17). To examine the potential effects of
LARI on slowly synthesized cytokine and chemokine produc-
tion, a multiplex assay was used to simultaneously measure
38 cytokines/chemokines from dansyl-IgE–sensitized CMC that
were stimulated with LARI at 5 and 50 mg/ml, levels well above
the therapeutic concentration. PAE and dansyl-BSA were the
positive controls. Twelve (CCL22, IL-10, MCP-3, CX3CL1,
FGF2, MIP-1b, CXCL1, IL-8, VEGF, MCP-1, MIP-1a, and
Eotaxin) were detected in the presence of LARI and/or positive
controls, but the levels were less than a 1-fold increase com-
pared with the spontaneous secretion level in culture medium. In
contrast, the other 25 cytokines/chemokines in the panel were
undetectable (,3.2 pg/ml) at all three time points examined
(data not shown). These results indicated that LARI did not
appear to promote CMC to produce these slowly synthesized
mediators.

LARI fails to trigger acute allergic reactions in vivo

To assess the safety of LARIs in vivo, hFcεRIa Tgmice systemically
sensitized with human myeloma IgE (PS IgE, 50 mg/mouse, 2 mg/g
body weight) was used (4, 14). None of the tested LARI, at up to
100 mg/ml, triggered local PCA reactivity (Fig. 3A, n = 3.) As a
positive control, PAE at 1 mg/ml induced strong PCA reactivity
(low right corner, Fig. 3A).
To test whether LARI could trigger systemic anaphylaxis in vivo,

IgE-sensitized mice were challenged with 200 mg of LARI E59
(8 mg/g body weight) or 50 mg of high affinity E4.15 (2 mg per
gram body weight) as a positive control. The fall in core body
temperature indicative of systemic anaphylaxis was not seen in
LARI E59–challenged animals but was observed in E4.15-
challenged mice (n = 4, Fig. 3B).
It is predictable that some subjects given LARI may produce

anti-drug Abs. For LARI, in addition to standard concerns, this
raises the possibility that such anti-drug Abs, by cross-linking of
LARI bound to IgE on FcεRIs, could trigger allergic reactivity. To
test this possibility, the IgE-sensitized hFcεRIa Tg mice were
treated systemically with LARI E59, followed by anti-human IgG
mAb HB60, which served to cross-link LARI. Notably, no signifi-
cant core body temperature change occurred upon the cross-linking

(n = 4, Fig. 3C), indicating that LARI cross-linking by anti-human
IgG mAb did not induce anaphylactic degranulation. Combined
with ex vivo safety data in which immobilized LARI failed to ac-
tivate basophils (Fig. 2H, 2I), this data further support the idea that
cross-linked LARI will fail to elicit allergic reactivity.

LARI suppresses allergic basophil activation

The therapeutic potential of LARI on basophil-mediated allergic
reactivity was examined using a modified BAT assay as described
(4) that includes a prolonged incubation time of 24–48 h so that
there is time for full drug effect. Ex vivo allergic basophil acti-
vation from both cat and peanut allergic donors was profoundly
suppressed by all five LARI tested (i.e., E14, E17, E23, E59,
and S91) in a dose-dependent fashion between 0.5 and 5 mg/ml,
and maximal BAT inhibition (.90%) occurred at 5 mg/ml, com-
pared with E4 as an appropriate isotype control (Fig. 4A–C).
Omalizumab (Xolair), a Food and Drug Administration–approved
allergy therapeutic via neutralizing and depleting free serum IgE,
did not block basophil activation in BAT as expected given its
known binding profile and mechanism. In fact, Xolair slightly
enhanced the Fel d1– and Ara h126–induced basophil activa-
tion (Fig. 4A–C). We ranked the LARI as E59 = E23 . E14 .
E17 . S91 based on their efficacy for BAT inhibition.
To test whether LARI’s effect would be altered by high levels of

free IgE, as is the case for omalizumab, we examined the impact
of addition of IgE on LARI’s ability to inhibit the cat allergen
driven BAT. Addition of 500 or 1500 IU/ml (equivalent to 1205 or
3615 ng/ml, respectively) of exogenous IgE to the allergic donor’s
blood samples did not alter the baseline Fel d1 induced BAT
(Fig. 4D, n = 3). Notably, BAT inhibition by 1.5 or 5 mg/ml
LARI E59 was also unchanged by this additional IgE as com-
pared with BAT with the donor serum alone (Fig. 4D). Thus,
reasonably high serum IgE levels as commonly seen in pa-
tients are not predicted to be a significant limiting factor for the
therapeutic efficacy of LARI.

LARI suppresses the immediate release of the prestored
allergic mediator triggered by Fc«RI cross-linking

The ability of LARI to inhibit immediate release of the prestored
allergic mediators triggered by FcεRI cross-linking was tested

FIGURE 3. Safety profile of LARI E59 in vivo in hFcεRIa Tg mice

systemically sensitized with human IgE. (A) PCA. PAE and PBS were

included as the positive and negative control respectively. (B) Systemic

anaphylaxis. The high affinity anti-IgE mAb E4.15 was included as a

positive control. (C) LARI cross-linking with anti-human IgG mAb HB60.
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using cultured CMC, LAD2, and skin mast cells. The mast cells
were first sensitized with myeloma IgE, NP-IgE, or biotinylated
IgE, then treated with LARI or various controls for 48 h, followed
by challenging with the FcεRI pathway cross-linker PAE or strep-
tavidin, or the MRGPRX2 pathway agonist mastoparan (18), to
determine the effect of LARI on inhibiting degranulation.
Treatment for 48 h with LARI E14, E17, E23, or E59, but not the

isotype control E4, culture medium, or omalizumab, significantly
blunted the CMC b-hex release when the cells were subsequently
challenged with PAE and streptavidin (Fig. 5A, the gradient
darkener filled bars). However, LARI treatment did not affect the
response to mastoparan (Fig. 5A, patterned filled bars), indicating
that LARI-inhibited FcεRI, but not the MRGPRX2, mediated
degranulation in CMC. In LAD cells2, LARI also significantly
blunted LAD2-derived b-hex release in response to PAE chal-
lenge or streptavidin/biotin IgE cross-linking although to a lesser
extent (Fig. 5B). The ability of LARI to suppress Ag-specific
IgE-mediated degranulation was tested using cultured human
skin mast cells sensitized with NP-IgE followed by a 48 h
treatment. As shown in Fig. 5C, LARI significantly inhibited NP-
BSA (and NP-LPS as well, data not shown) activated b-hex
release at relatively higher concentration (10 mg/ml).

LARI causes slow loss of prestored allergic mediators from
human mast cells

Although LARI, even at high concentration, did not trigger acute
(within 60 min) release of allergic mediators (Fig. 2), we examined
whether LARI could stimulate small amount of mediator release
over a longer culture period, as we had seen an phenotype of
mediator loss in LARI-treated cells (discussed below). IgE and
biotinylated IgE–sensitized CMC were incubated with LARI,
along with the corresponding controls, for 48 h, followed by
assaying the histamine level in the culture supernatants (b-hex
release was not tested, as the color changes in 48 h cultured

medium interferes with the b-hex assay). After 48 h culture,
LARI, but not E4 or omalizumab, slightly but reproducibly in-
creased the supernatant histamine level to ∼5–10% of that seen
with strong activation by PAE (Fig. 5D). Examination of the total
b-hex content in the 48-h incubated CMC lysates revealed that
LARI treatment, but not the corresponding controls, simulta-
neously decreased the total b-hex content in the cells (Fig. 5E). As
with CMC, the total b-hex content in 48-h LARI-treated LAD2
cells, which are relatively insensitive to FcεRI cross-linking,
mirrored the results with CMC but on a smaller scale, albeit not
reaching statistical significance (Fig. 5F). Taken together, these
results suggest that LARI promotes slow release of mediators
while rendering the mast cells less responsive to strong FcεRI
cross-linking.

LARI blunts lipid allergic mediator release from CMC

The effects of LARI on rapidly induced lipid allergic mediator
synthesis were assessed using CMC in conjunction with the his-
tamine and b-hex release experiments presented in Fig. 5. In 48 h
culture supernatants, PAE, the positive control, induced robust
LTC4 and PGD2 secretion (Fig. 6A, 6B respectively). LARI, but
not the E4 or omalizumab, slightly enhanced the LTC4 and PGD2

compared with spontaneous production, however at a much lower
level compared with PAE (Fig. 6A, 6B). Notably, E23 displayed a
slightly stronger effect compared with other LARI.
When CMC were treated with LARI E14, E17, E23, or E59,

PAE- or streptavidin (for biotin-IgE loaded cells)-driven LTC4 and
PGD2 secretion was significantly blunted (Fig. 6C, 6D, the light
and dark filled bars, respectively). LARI treatment did not affect
the CMC response to mastoparan stimulation (Fig. 6C, 6D, pat-
terned filled bars). As IgE or biotinylated IgE sensitized LAD2
cells did not produce LTC4 and PGD in response to PAE and/or
streptavidin (data not shown), the effect of LARI on lipid mediator
production in LAD2 cells was not tested.

FIGURE 4. Ability of LARI to inhibit al-

lergen-induced basophil activation. (A) Flow

cytometry profile of cat allergen induced CD63

expression inhibited by various LARIs. Upper

panel, Controls; middle panel, various LARIs;

and lower panel, E59 dose-dependence. (B)

Summary of the inhibitory effects of LARI on

Fel d1–induced CD63 expression (n = 7).

(C) Summary of the inhibitory effects of LARI

on peanut allergen (Ara h1, 2, and 6)–induced

CD63 expression (n = 4). (D) Summary of the

inhibitory effects of LARI on cat allergen in-

duced CD63 expression in the presence of ex-

ogenous IgE (n = 3). Statistical significance was

tested with Student t test.
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LARI suppresses peanut IgE mediated PCA

Human peanut IgE–mediated PCA testing was used to evaluate the
ability of LARI to block in vivo mast cell–mediated allergic cu-
taneous reactivity in hFcεRIa Tg mice as described (4, 14). In the
presence of a control human IgG isotype, a dose-dependent PCA
reaction in the range of 0.5–0.125 mg/ml of the IgE purified from
the pooled peanut allergic plasma was established (left panel,
Fig. 7A; and the black column, Fig. 7B–E). PCA at each sensi-
tized IgE concentration was suppressed by E59, E14, E17,
and E23 (Fig. 7A). The inhibition level for each LARI at each
sensitizing dose of IgE as quantified by EBD extravasation is
presented in Fig. 7B–E, where significant (p , 0.05) or very
significant (p , 0.01) PCA inhibition was achieved in all LARI
tested except for the IgE dose of 0.5 mg/ml for E23 (Fig. 7E).
LARI effectiveness in peanut IgE PCA inhibition was ranked as
E59 . E23 . E14 . E17 . S91.

LARI blocks systemic anaphylaxis in vivo

The effects of LARI on systemic anaphylaxis was evaluated using
systemic anaphylaxis in the human anti-dansyl IgE sensitized
hFcεRIa Tg mice (4, 13, 14). Dansyl-BSA challenge induced a
profound drop in core body temperature and a high anaphylac-
tic clinical scores (3.8 in average, Fig. 7F) in sensitized mice
treated with a human IgG1 isotype control. In contrast, mice
treated with 50 mg E59 (2 mg per gram body weight) showed
markedly blunted temperature changes and reduced clinical

scores (0.6 in average, Fig. 7F), indicating that E59 blocked
dansyl-specific human IgE–mediated systemic anaphylaxis.

LARI downregulates surface IgE and Fc«RI expression via
internalization of IgE/Fc«RI complex

We used the cultured CMC and LAD2 to examine LARI’s ability
to downregulate the surface IgE and FcεRI expression. ppIgE
(human ε, l)-sensitized CMC and LAD2 (with unbound free IgE
washed away) were treated with medium as a blank, E4 (10 mg/ml)
as an isotype control, LARI E59 (10 mg/ml) as the test agent, and
E7.12 (1 mg/ml) and PAE (1 mg/ml) as the positive controls and
then FcεRIa and IgE levels on the cell surface were measured.
FITC-labeled anti-FcεRIa mAb AER-37, which binds to an epi-
tope not masked by IgE binding, was used to measure the surface
FcεRI level. As several labeled anti-human IgE Abs tested showed
differing efficacy to detect the receptor-bound IgE that was
interacting with LARI E59, E7.12, and/or PAE because of direct
binding site competition and/or steric hindrance, we used a PE-
labeled anti-Igl as the measurement for surface IgE level, because
the sensitized ppIgE was Ig ε/l. As shown in Fig. 8A, the CMC
surface FcεRI and IgE levels at baseline were minimally, if at all,
affected by the isotype control E4, but downregulated by the
positive controls E7.12 and PAE.E59 (as well as E14 and E23,
data not shown), which induced a moderate downregulation of
both FcεRIa and IgE expression at day 2 and 5, with a more
profound decease of IgE compared with that of FcεRI at day 5

FIGURE 5. Effects of LARI on inhibition of pre-

stored mediator release from 48 h cultured human mast

cells. The 48 h cultured supernatants were assayed for

histamine levels, whereas the harvested cells were

challenged with buffer, PAE, streptavidin, and masto-

paran to test for b-hex or lysed to determine mediator

content. (A) b-hex release from the LARI treated

CMC. (B) b-hex release from LARI treated LAD2.

(C) b-hex release from LARI treated skin mast cells.

(D) Histamine level in 48-h cultured CMC superna-

tants. (E) The total b-hex level in LARI treated CMC

lysates. (F) The total b-hex level in LARI-treated

LAD2 cell lysates. *p , 0.05; **p , 0.01, Student

t test.
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(Fig. 8A). The unequal downregulation of FcεRIa and IgE ex-
pression by LARI, as well as by E7.12 and PAE, suggested that
newly synthesized and/or recycled FcεRI being expressed at the
surface was likely responsible for this difference, as the surface
FcεRI, but not IgE, could be replaced in this experimental setting.
Similar downregulation effect of FcεRI and IgE by LARI E59 was
also confirmed with LAD2 cells (data not shown).
Confocal microscopy was used to examine the fate of the

downregulated surface IgE/FcεRI using FITC-IgE–sensitized
CMC treated with E59 and appropriate controls (Fig. 8B). FITC-
IgE, along with FcεRI, was generally evenly distributed across the
cell surface, without or rarely forming aggregates, and certainly
not large aggregates, in the medium or E4 controls at 4 and 24 h.
In contrast, E59-treated CMC formed more and larger aggregates
that were located on both surface and intracellularly. There were
less FcεRI involved in the E59 induced aggregates (light yellow
color) at 4 h time point, but progressively larger aggregates with
higher FcεRI content (bright/darker yellow color) appearing
at 24 h. In a sharp contrast to E59, the positive controls
E71.2- and/or PAE-treated CMC displayed a massive amount of
colocalized IgE/FcεRI signals intracellularly, indicative of in-
tense internalization of IgE/FcεRI complex at both 4 and 24 h
time points (Fig. 8B). These data showed that surface IgE and

FcεRI internalization was driven by LARI E59, albeit in a lower
level compared with high affinity anti-IgE Abs.

LARI induces a piecemeal degranulation-like phenotype in
mast cells in vivo

The evidence that LARI failed to trigger acute mediator release but
promoted a slow small level of mediator appearance in cultures
(Figs. 5D, 6A, 6B) prompted us to hypothesize that LARI could
stimulate a “leak” pathway whereby low levels of preformed
mediators are released leading to partial granule mediator deple-
tion through a mechanism resembling the “piecemeal degranula-
tion” pattern seen in eosinophil degranulation (19). We therefore
examined via electron microscopy skin mast cells from IgE-
sensitized hFcεRIa Tg mouse that had received an intradermal
injection of LARI E59 and compared this to injections with PBS
or LARI E4 as negative controls or PAE as an anaphylactic de-
granulation positive control. As expected, PBS- (Fig. 9A) and
LARI E4 (Fig. 9B)–treated skin mast cells contained mainly intact
granules with electron-dense materials evenly distributed
throughout (solid arrows, Fig. 9A, 9B). The granules of the LARI
E59–treated skin mast cells displayed the various degree of me-
diator depletion appearing as partially empty granules (dotted
arrows) but no granule fusion (Fig. 9D–F). Mast cells at the PAE

FIGURE 6. Effects of LARI on suppression of the

newly synthesized lipid mediator release from 48-h cul-

tured CMC. (A) LTC4 in CMC supernatants. (B) PGD2 in

CMC supernatants. (C) LTC4 secretion from LARI-treated

CMC that subsequently challenged by buffer, streptavidin,

PAE, and mastoparan. (D) PGD2 secretion from LARI-

treated CMC that subsequently challenged by buffer,

streptavidin, PAE, and mastoparan. *p , 0.05; **p , 0.01,

Student t test.
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injected site showed typical compound anaphylactic degranula-
tion, with fusion between most of the intracellular granules
and fusion of the granules with the cell membrane, leading to
the formation of irregular intracellular sacs with the electron-
dense mediators completely depleted (Fig. 9C). The pheno-
typic changes in granules induced by E59 indeed resembled
those of piecemeal degranulation reported in eosinophilic
degranulation (19).

LARI induces partial Fc«RI signaling antagonizing the full
Fc«RI activation signaling

The effects of LARI on early signal transduction were investigated
with basophils from both cat allergic and normal healthy nonal-
lergic donors using flow cytometry-based intracellular signaling
staining (20). E59 itself weakly induced Syk phosphorylation
(p-Syk) compared with that activated by the strong FcεRI sig-
naling pathway stimulators PAE (for both allergic and nonallergic
donors) and allergen Fel d1 (for cat allergic donor only, upper
panel, Fig. 10A). Pretreatment of the basophils with E59 for
60 min moderately blunted subsequent PAE- and Fel d1–stimulated
p-Syk (middle and lower panels, Fig. 10A). However, E59 itself

promoted an almost comparable level of p-Akt level to that driven
by PAE and Fel d1 (upper panel, Fig. 10B), whereas E59 pre-
treatment blunted PAE-activated p-Akt and almost completely
blocked Fel d1–induced p-Akt (middle and lower panels,
Fig. 10B). E59 itself induced p-Erk but displayed a rather weak
blunting effect on both PAE- and Fel d1–induced p-Erk under our
experimental conditions with this cat allergic donor’s basophils
(Fig. 10C). Similarly, E59, which weakly activated p-p38MAPK
by itself, also exerted a weakly blunting effect on p-p38MAPK by
both PAE and Fel d1 (Fig. 10D). E59 induced a similar pattern of
basophil signaling modification in other cat allergic and nonal-
lergic donors (n = 7), although with slightly relative values be-
tween individuals (Data not shown). Taken together, these data
demonstrated that LARI induced partial basophil FcεRI signaling
that antagonized subsequent full FcεRI activation signaling.
We also employed Western blotting as an approach to confirm

and extend the signaling effects of E59 on p-Erk in LAD2 cells
sensitized with IgE. p-Erk, readily detected at a low level in
baseline control buffer, was increased by E59 and E23 stimulation
in an E59 dose-dependent fashion. Notably, LARI stimulated much
stronger p-p42 Erk level compared with that of p-p44 Erk

FIGURE 7. LARI suppresses IgE-mediated cutaneous and systemic allergic reactions in vivo in hFcεRIa Tg mice. (A) Effects of LARI on peanut allergic

IgE-mediated PCA. (+) is the PCA positive control, whereas (2) is the negative PCA control. (B–E) Quantitative EBD assessment of peanut allergic IgE-

mediated PCA by LARI, compared with isotype control hIgG1. The statistical significance for each IgE sensitized dose is individually noted. *p , 0.05;

**p, 0.01, two-tailed ANOVA. (F) Effects of LARI E59 on attenuating the dansyl-specific IgE-mediated systemic anaphylaxis. The core body temperature

changes, along with the anaphylactic clinical scores, in isotype control and E59 treated mice (n = 5) are plotted. *p , 0.05; **p , 0.01, Student t test.
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(top panel, Fig. 10E). PAE itself induced the most p-Erk (both p42
and p44), whereas this PAE-driven p-Erk was inhibited by pre-
treatment of LAD2 with E59 for 30 min when assayed on a
normalized basis adjusted to the total protein loaded (lower panel,
Fig. 10E). Unfortunately, Syk, Akt, and p38MAPK phosphoryla-
tion in LAD2 cells were refractory even to strongest FcεRI cross-
linking, (e.g., PAE stimulation, data not shown); the modulatory
effect of LARI on p-Syk, p-Akt, and p-p38MAPK could not be
investigated in these cells.

Discussion
Direct targeting the FcεRI-bound IgE on human basophils and
mast cells, the primary effector cells of allergic response, with an
anti-IgE mAb as an allergy therapeutic has been deemed unlikely
because of the consensus expectation of its triggering anaphylactic
reactivity. However, we have shown that murine anti-human IgE
mAbs specifically designed with low affinity were capable of
binding surface-bound IgE without triggering anaphylactic de-
granulation while simultaneously having potent antiallergic effects
(4). That seminal discovery suggested the possibility of using the
low-affinity IgE targeting approach as a novel allergy therapeutic.
To move this concept forward to a practical allergy therapeutic
level, we have, in this study, comprehensively characterized the
biological and immunological features of humanized low affinity
anti-IgE mAbs, LARI, tested their safety profiles, determined their

therapeutic ability, and explored the potential effects responsible for
their mechanism of action. Our results clearly indicate that hu-
manized low affinity anti-IgE mAbs can be designed in such a way
that they fail to trigger anaphylactic degranulation even at high
concentration but are able to profoundly blunt allergic reactivity.
Although a sufficiently low affinity for IgE is critical so that the

LARI fail to trigger acute release of allergic mediators, this needs to
be balanced by an appropriate affinity capable of IgE binding to
drive efficient inhibition of allergic effector cell function. Clearly
too low an affinity, although providing greater safety, will degrade
the therapeutic value as seen with the p6.2 derived mAbs. Thus the
balance between safety and efficacy needs be carefully evaluated to
define the most suitable candidates. Our studies determined that
LARI with affinity for IgE in the KD range of 1027 M–1028 M had
the optimal therapeutic index of safety/efficacy. LARI E59, with a
KD of 1.2 3 1027 M, was chosen as the candidate for further
development based on its excellent therapeutic index and long
predicted in vivo t1/2.
Two other key characteristics of LARI in general and LARI E59

in particular make this approach appealing. First is that cross-
linking LARI in vivo or ex vivo failed to induce allergic reac-
tivity. This is critically important, as some individuals will turn
Abs to humanized mAbs. For LARI, in addition to the usual
concern of decreased efficacy from drug neutralization, there was
also the specific concern that such anti-drug Abs and their resulting

FIGURE 8. LARI downregulates CMC

surface FcεRI and IgE expression via pro-

moting IgE/FcεRI internalization. (A) CMC

surface FcεRI and IgE expression levels in

the absence or presence of E59 at 2 and 5 d

(representative of two experiments). (B)

IgE/FcεRI colocalization, aggregate for-

mation, and intracellular distribution indic-

ative of IgE/FcεRI complex internalization

in the absence and presence of E59 for 4

and 24 h (representative of more than 20

cells per group analyzed). Original mag-

nification 3100.
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complexes might provide a full activation signal that would give
rise to anaphylaxis. Second is that the high levels of free IgE did
not alter the therapeutic efficacy of LARI. This is not surpris-
ing given the low affinity of LARI (e.g., E59 has an affinity
∼500 times less or even lower than most therapeutic mAbs
currently in use). We expect that LARI binds to and rapidly
releases from IgE in a catalytic-like fashion in contrast to high
affinity Abs that remain bound to their target Ag for prolonged
periods. This lack of sensitivity to the levels of free IgE should
permit a simplified dosing regimen in contrast to what is nec-
essary for omalizumab (21).
The overall mechanism of action of LARI is unique compared

with other allergy therapeutic biologics on the market or under
development. LARI’s weak binding to the FcεRI-bound IgE as a
partial agonist appears to result in several downstream effects.
Initially, LARI induces weak FcεRI signaling that antagonizes the
strong activation driven allergic reactivity. Such a mechanism was
observed with low affinity ligands interacting with IgE on murine
mast cells (22). This occurs within minutes and acts at the most
proximal aspects of FcεRI signaling. This is similar to what has
been observed with low-dose allergen (23–25), or low- dose, high
affinity anti-IgE and anti-FcεRI Ab (26)- induced desensitization.
In the classic low-dose allergen desensitization protocol, the

subthreshold allergen is insufficient to cross-link enough specific
IgE Ab to trigger apparent degranulation. The resulting partial
activation signaling renders the cells transiently desensitized.
The partial activation signal–desensitization effect is rapidly lost
following the internalization of the allergen-engaged, allergen-
specific IgE/FcεRI complex (27–29). As the triggering thresh-
old gradually increases, increased allergen dosing can be given,
eventually achieving longer-term desensitization. Compared with
low dose allergen desensitization, LARI rapidly induces allergic
desensitization in an allergen nonspecific manner, functionally
acting as a “low dose pan-allergen” but maintaining a persistent
rather than transient effect because of its continuous presence.
This allergen nonspecific desensitization feature will not only al-
low LARI to be a stand-alone therapy (e.g., in IgE food allergy), but
when combined with allergen immunotherapy, its use could sig-
nificantly shorten the time span and improve the safety of attempted
allergen desensitization/tolerance induction protocols for foods and
medications.

LARI-mediated internalization of the IgE/FcεRI complexes and
subsequent downregulation of surface IgE and/or FcεRI level is
likely the other mechanism by which LARI exerts its therapeutic
effect. Although the internalized receptors may be destroyed,
recycled, or simply replaced, any future FcεRIs expressed, upon
binding IgE, should be immediately engaged by LARI, leading to
continuous desensitization and next round of IgE/FceRI internal-
ization. As the therapeutic benefit of the loss of FcεRI expression
is validated by studies with omalizumab, internalization mediated
decrease of IgE/FcεRI expression also likely contributes to the
therapeutic effects of LARI.
The partial granule depletion phenotype induced by E59 seen in

skin mast cells is intriguing and supported by the slow increase in
mediators in longer term culture supernatants accompanied by
the loss of mediator levels in the cells. The ultrastructural ap-
pearance shares the similarity with the so called piecemeal de-
granulation phenotype seen in eosinophil degranulation (19). The
concept of piecemeal degranulation was initially coined by Ann
and Harold Dvorak to describe a novel basophil degranulation
pattern distinctive from the classic anaphylactic degranulation
under the electron microscopy (30, 31). It did not originally refer
to the partial granule depletion pattern of basophils we have ob-
served. The term of piecemeal degranulation was later widely
adapted to describe the partial granule content depletion pattern
seen in eosinophils. Activated eosinophils show this partial granule
depletion pattern upon activation but not the “full granule content
depletion,” or anaphylactic degranulation, pattern seen in activated
basophil and/or mast cells (19). Therefore, the term of piecemeal
degranulation relates different degranulation processes between for
basophils and eosinophils and so not to be confused with either
situation, we tentatively use the term “piecemeal degranulation-
like” to refer the partial granule depletion pattern we observed E59
to induce in human skin mast cells.
The physiological and/or pathological importance of this

piecemeal degranulation-like pattern and slow and low level of
LARI-induced mediator release/depletion is unclear, as the granule
content depletion has not been previously described in basophils or
mast cells under experimental conditions. However, our studies
with LARI offer some intriguing insight into this process. LARI
E59 only induced a piecemeal degranulation-like picture; it did not
trigger the typical anaphylactic degranulation either phenotypically

FIGURE 9. Ultrastructural view of LARI E59–treated hFcεRIa Tg mouse skin mast cell granules. Intact granules are designated with solid arrows,

whereas the granules with partial depletion of the interiors are designated with dotted line arrows. (A) A representative mast cell from a PBS injected

site as a negative–normal resting control. (B) A representative mast cell from LARI E4 injected site as an isotype control. (C) AThe representative mast

cell at the PAE-injected site as a positive control. (D–F) Ultrastructural views of skin mast cells at the LARI E59–injected site. Original magnification

314,000.
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or functionally. It is reasonable to propose that this LARI triggered
piecemeal degranulation-like picture would result from a leak of
the allergic mediators over time. The observation that LARI in-
duced a slow low-level release of the prestored histamine and b-hex
and newly synthesized LTC4 and PGD2 into the mast cell culture
supports the notion that LARI is capable of triggering or en-
hancing such a pathway. One can envisage that an ongoing
mediator “leak” process would regulate the cellular content of
allergic mediators and function as a mechanism for controlled
mediator release as has been defined in piecemeal degranula-
tion in eosinophils. If LARI is triggering or enhancing such a
natural pathway, the longer term effects remain to being an open
question.
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