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Abstract:

Background: Administering allergens in increasing doses can temporarily suppress IgE-
mediated allergy and anaphylaxis by desensitizing mast cells and basophils; however,
allergen administration during desensitization therapy can itself induce allergic responses.
Several small molecule drugs and nutriceuticals have been used clinically and
experimentally to suppress these allergic responses.

Objective: To optimize drug inhibition of IgE-mediated anaphylaxis.

Methods: Several agents were tested individually and in combination for ability to
suppress IgE-mediated anaphylaxis in conventional mice, FceRla-humanized mice, and
reconstituted immunodeficient mice that have human mast cells and basophils.
Hypothermia was the read-out for anaphylaxis; therapeutic efficacy was measured by
degree of inhibition of hypothermia. Serum mouse mast cell protease 1 (MMCPL1) level
was used to measure extent of mast cell degranulation.

Results: Histamine receptor 1 (HR1) antagonists, 3-adrenergic agonists, and a spleen
tyrosine kinase (Syk) inhibitor were best at individually inhibiting IgE-mediated
anaphylaxis. A Bruton’s tyrosine kinase (BTK) inhibitor, administered alone, only
inhibited hypothermia when FceRI signaling was suboptimal. Combinations of these
agents could completely or nearly completely inhibit IgE-mediated hypothermia in these
models. Both Syk and BTK inhibition decreased mast cell degranulation, but only Syk
inhibition also blocked desensitization. Many other agents that are used clinically and

experimentally had little or no beneficial effect.
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Conclusion: Combinations of an HR1 antagonist, a 3-adrenergic agonist, and a Syk or a
BTK inhibitor protect best against IgE-mediated anaphylaxis, while an HR1 antagonist
plus a B-adrenergic agonist £ a BTK antagonist is optimal for inhibiting IgE-mediated

anaphylaxis without suppressing desensitization.



51  Clinical implication: The combined prophylactic use of a HR1-specific antihistamine and

52  a[-adrenergic receptor agonist can increase the safety of rapid desensitization.
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Capsule summary: HR1 and BTK antagonists and (3-adrenergic receptor agonists
additively protect against IgE-mediated anaphylaxis in a mouse model. Syk inhibition is

also protective, but inhibits mast cell desensitization.



58  Key words: Desensitization, Antihistamine, Syk, BTK, B-adrenergic agonist, mast cell,
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Abbreviations used: BTK, Bruton’s tyrosine kinase; EM-95, rat IgG2a anti-mouse IgE
monoclonal antibody; FceR1, the high affinity IgE receptor; HR1, histamine receptor 1,
HR2, histamine receptor 2; HR4, histamine receptor 4; mAb, monoclonal antibody;

MMCP1, mouse mast cell protease 1; PI3K, phosphoinositide 3-kinase; Syk, spleen

tyrosine kinase
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Introduction:

The considerable and increasing prevalence of allergic disorders™™ has served as
an impetus for the development of novel therapies. Several of these therapeutic
approaches involve desensitization, the concept that exposure to allergen doses that are
insufficient to cause symptoms temporarily increases the allergen dose required to elicit
symptoms®™*2. For IgE-dependent allergy, desensitization is predominantly allergen-

8, 13-16

specific and results from reversible allergen-induced changes in IgE/FceRI

17,18 15,18, 19

expression*” 8, actin conformation®®, and signaling on mast cells and basophils.
Unlike true tolerance, allergen sensitivity recurs unless allergen exposure is repeated at
frequent intervals” ® 1922 Despite this limitation, desensitization with escalating doses
of allergen, administered intravenously, orally, sublingually, or transcutaneously, is
currently being used effectively to treat drug and food allergy” 2.

Allergen desensitization, however, whether the relatively slow approach that is
most frequently used to treat food allergy’ or the rapid approach used to treat drug
allergy®, is not without risk. Patients undergoing this therapy, like patients being treated
with more prolonged courses of subcutaneous allergen that can induce more persistent
tolerance by inducing blocking IgG antibodies and promoting regulatory T and B cell
responses, can develop local or systemic adverse responses when the therapy induces
excessive mast cell or basophil activation” ** % 2":2%% To minimize these adverse
responses during rapid desensitization for food allergy, it is common to treat patients

prophylactically with corticosteroids, antihistamines that suppress H1 and H2 receptors,

and leukotriene or leukotriene receptor antagonists®®*2. With some exceptions*?,
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however, the choice of these drugs is based more on theoretical considerations than on
experimental results that demonstrate efficacy.

To optimize such prophylactic drug therapy during desensitization, we have used
conventional and humanized mouse models to test the ability of different agents to
protect against IgE-mediated anaphylaxis. Our results demonstrate additive or synergistic
protective effects of H1, but not H2 receptor antagonists, 3-adrenergic agonists (but not
epinephrine), a Bruton’s tyrosine kinase (BTK) inhibitor, and a spleen tyrosine kinase
(Syk) inhibitor (although the Syk inhibitor suppresses desensitization as well as
anaphylaxis); in contrast, several other agents that have been described to protect against
anaphylaxis had little or no protective effect against the development of hypothermia in

our experiments.
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Methods:

Mice: BALB/c and C57BL/6 mice were either purchased from Charles River or
bred in house. Human FceRla transgenic, mouse FceR1a-deficient mice on a BALB/c
background*® were a gift from Jean-Pierre Kinet, (Cambridge, MA). NOD/LtSz-SCID
IL-2RG"SGM3 (NSGS)* and NRG-SGM3 (NRGS) mice were obtained from James
Mulloy and bred in-house. These mice were reconstituted with red blood cell-depleted,
anti-human CD3 mAb (mAb OCT-3, BioXCel)-treated human cord blood cells as
described®. Animal work was approved by the Cincinnati Children’s Hospital Research
Foundation Institutional Animal Care and Use Committee and was conducted in accord
with the National Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978). Female mice, age 8 - 12 weeks,
were used for experiments unless otherwise noted. Cages of mice were randomly
assigned to different groups without a specific randomization protocol, with the
exception that mice in different groups were age- and sex-matched.

Reagents: Rat 1gG2a anti-mouse IgE mAb-secreting hybridoma cells (EM-95)*°,
were a gift of Zelig Eshhar (Weizmann Institute, Rehovot, Israel). Mouse IgEaTNP
mAb-secreting hybridoma cells (IgEL2a)*’ were purchased from the ATCC (Rockville,
MD). Mouse IgG1 anti-human FceR1a mAb-secreting hybridoma cells (15.1)*® were a
gift of Jean-Pierre Kinet. Mouse 1gG1 anti-human IgD mAb-secreting hybridoma cells
(CBDA-4E5-4C7) was a gift of John Kearny (Birmingham, AL). Mouse 1gG1 anti-hen
egg lysozyme mAb secreting hybridoma cells (HyHel-10) were a gift of S. Smith-Gill,
Bethesda, MD)*°. We purchased mouse 1gG2b anti-human FceR1o. mAb AER-37 (also

called CRA-1) (Biolegend, San Diego, CA), doxepin hydrochloride (Sigma, St. Louis,

10
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MO), triprolidine hydrochloride (Sigma, St. Louis, MO), formoterol fumarate dihydrate
(Sigma, St. Louis, MO), terbutaline sulfate (Akorn Inc., Decatur, IL), albuterol sulfate
(Sigma, St. Louis, MO), indacaterol maleate (Selleckchem, Houston, TX), adrenaline
hydrochloride solution — 1 mg/ml (Par Pharmaceutical Cos. Ind., Spring Valley, NY),
fostamatinib R788 (Selleckchem, Houston, TX), imatinib mesylate (Santa Cruz
Biotechnology, Santa Cruz, CA), idelalisib (also known as CAL-101, GS-1101)
(Selleckchem, Houston, TX), and ibrutinib (ChemieTek, Indianapolis, IN).
Trinitrophenyl (TNP)-labeled bovine serum albumin (BSA) was prepared by dissolving 1
gm of BSA in 5 ml of saline, then adding 500 ul if 1M NaHCO3 buffer, PH 9.6. A 200
mg/ml solution of TNP was made by dissolving 500 ul TNP (picrylsulfonic acid) in 500
pul DMSO. TNP/DMSO was added to the BSA solution while vortexing and the resulting
solution was left overnight in the dark at room temperature. The resulting TNP-BSA was
dialyzed 3 times against saline and stored at -80° C. TNP-ovalbumin (TNP-OVA) was
made as previously described. Formoterol was dissolved in DMSO before dilution in
normal saline. Idelalisib was dissolved at 30 mg/ml in 30% PEG 400/0.5% Tween80/5%
propylene glycol. Table S1 summarizes the dose ranges tested, routes of administration,
timing of administration, and vehicles used for the different agents tested; the same
vehicle used to dissolve or suspend and agent was used as the control for that agent.

Determination of IgE expression by peritoneal mast cells: IgE staining of
peritoneal mast cells (identified as c-kit” IL-3R* B220™ high side scatter cells)" was
determined by flow cytometry.

IL-4C: Mouse recombinant IL-4 (Peprotech, Rocky Hills, NJ) was mixed with

BVD4-1D11.1 rat anti-mouse IL-4 mAb (purified from ascites) at a 1:5 weight ratio and

11
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incubated for 2 minutes at room temperature, then diluted to the desired concentration
with 1% autologous mouse serum in PBS.

Measurement of mouse mast cell protease 1 (MMCP1) levels: Serum levels of
MMCP1 were measured in blood drawn 3 or 4 hours after challenge with an ELISA kit
(eBioscience), according to the manufacturer’s protocol.

Anaphylaxis: The severity of anaphylactic shock was assessed by decrease in
rectal temperature, as measured by digital thermometry®".

Passive anaphylaxis model: Mice were sensitized by i.v. injection of 10 pg of IgE
anti-TNP mADb, then challenged i.v. 24 hours later with 10 ug of TNP-BSA or TNP-
OVA.

Generation of mouse anti-human FceRla mAbs: FceR1a-deficient mice (BALB/c
background) were immunized 3 times i.p. at 2 week intervals with 20 ug of the 176 N-
terminal amino acid human FceR1a ectodomain in 50% alum adjuvant. Once high titers
of mouse IgG1 anti-human FceR1a were detected by ELISA, the mice were injected i.v.
with 2 pg of human FceR1a ectodomain; two days later, their splenocytes were fused
with a non-secreting mouse plasmacytoma cell and cloned. Five mouse IgG1 anti-human
FceR1a ectodomain mAb-secreting clones were selected by ELISA, followed by flow
cytometric evaluation of their ability to stain peritoneal mast cells from mice that
expressed human, but not mouse FceR1a and their failure to stain peritoneal mast cells
from normal BALB/c mice. Selected clones, including the clones IE7 and 1B10 that are
used in this paper, were expanded for mAb generation and grown as ascites in Pristane-
primed BALB/c mice. IE7 and 1B10 mAbs were purified from ascites by ammonium

sulfate fractionation followed by DE-52 chromatography.
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Statistics: Differences in temperature and concentrations of MMCP1 were
compared with a 2- or 3-way ANOVA or Kruskal-Wallis test, as appropriate, followed by
Tukey’s honest significant difference test or Mann-Whitney U test, as appropriate
(GraphPad Prism 7.0; GraphPad Software, La Jolla, Calif). A 1-tailed test was used to
test hypotheses that a given treatment would decrease the temperature drop; otherwise a
2-tailed test was used. For line graphs showing development of hypothermia, statistical
analysis was performed on the maximum temperature drops for individual mice. A p
value of less than .05 was considered significant. For all figures, * = <0.05; ** = < 0.01;

*** =<0.001; **** =< 0.0001.
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Results:

Effects of antihistamines: Initial experiments evaluated the ability of single small
molecule inhibitors to suppress anaphylaxis in BALB/c mice injected i.v. with 20 pg of
rat IgG2a anti-mouse IgE mAb (EM-95). In a total of 10 experiments, each of which had
4-6 mice/group, 200 pg of the histamine receptor 1 (HR1) antagonist triprolidine,
injected i.p. 1 hr prior to i.v. EM-95 challenge, decreased the maximum temperature drop
on average from 3.98 £ 0.23°C t0 2.22 £ 0.25°C (44.9 + 4.0% suppression (mean +
SEM)), with a typical result shown in Fig. 1A. Doses of triprolidine <200 pg were less
effective than the 200 ug dose, while doses > 200 pg had no additional suppressive
effect; triprolidine injection 37 min or 75 min prior to EM-95 challenge were equally
effective, but triprolidine injected 150 min prior to challenge was ineffective (Fig. S1).
An H1 receptor antagonist that also suppresses the H2 receptor (doxepin®?, 10 mg/kg),
was no more effective than triprolidine at suppressing IgE-mediated hypothermia (Fig.
1B); an H2R antagonist (ranitidine) had no effect (Fig. 1C) and 25 mg/kg of ketotifen,
which is thought to be both an H1R antagonist and a mast cell stabilizer>, was
considerably less effective than 200 pg of triprolidine at preventing IgE-mediated
hypothermia (not shown).

Effects of S-adrenergic receptor agonists: Because [3-adrenergic receptor agonists

54, 55

have been described to both suppress mast cell degranulation and the effects of mast

cell-generated mediators®® >

, we tested the ability of drugs in this class to suppress IgE-
mediated anaphylaxis; these drugs (formoterol, terbutaline, albuterol, and indacaterol)
indeed dose-dependently protected against development of hypothermia (Fig. 2). In

contrast, subcutaneous injection of 2 — 50 pg of epinephrine 5 minutes after antigen

14
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challenge of mice primed with antigen-specific IgE failed to prevent hypothermia (Fig.
S2). Intraperitoneal injection of 2 pg of epinephrine 5 minutes after Ag challenge also
failed to reverse the development of hypothermia and i.p. injection of 10 or 50 pg of
epinephrine was toxic, inducing hypothermia even in mice that received no other
treatment (not shown). In contrast, s.c. injection of 25 pg of epinephrine 10 minutes prior
to anti-IgE mAb challenge significantly decreased development of hypothermia,
particularly when results were adjusted to eliminate the hypothermic effects directly
induced by epinephrine (Fig. S3A).

Because we had evaluated a HR1 antagonist and [3-adrenergic agonists solely as
prophylactics (i.e.; injected prior to anti-lgE mAb challenge) and epinephrine has some
effectiveness as a prophylactic, but not as a therapeutic (injected after anti-Igg mAb
challenge) in our model, we evaluated whether a HR1 antagonist and/or a B-adrenergic
agonist had any efficacy in our model as therapeutics. Results of this experiment (Fig.
S3B) show significant efficacy, although less than in experiments that used these drugs
prophylactically.

Effects of tyrosine kinase inhibitors: Because the tyrosine kinase Syk is involved
in the initiation of IgE-mediated mast cell activation®®, we also tested the ability of a Syk
inhibitor (fostamatinib), to block IgE-mediated hypothermia. This drug was consistently
effective at a dose of 80 mg/kg, but not 40 mg/kg (typical results shown in Fig. 3A).
Unlike triprolidine and B-adrenergic agonists, fostamatinib suppressed mucosal mast cell
degranulation, as shown by inhibition of serum levels of mouse mast cell protease 1
(MMCP1), a proteolytic enzyme that is released by degranulating mucosal mast cells>®

(Fig. 3B). The BTK inhibitor ibrutinib, at a single dose of 25 mg/kg, failed to suppress
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IgE-mediated hypothermia in BALB/c mice, but almost completely suppressed IgE-
mediated hypothermia in huFceRI1o mice, whose chimeric FceRI is composed of human
FceRla and mouse FceRIB and FceRIy* and which develop less severe hypothermia and
less mast cell degranulation (lower serum MMCP1) than BALB/c mice in response to
anti-Ilg mAb (Fig. 3C and D). Ibrutinib significantly decreased the anti-IgE mAb-
induced MMCP1 response in both BALB/c and huFceRIa mice, but fully suppressed this
response only in the huFceRlo mice (Fig. 3D). In contrast to Syk and BTK inhibitors,
other tyrosine kinase inhibitors by themselves had little or no suppressive effects on
hypothermia or on mast cell degranulation at doses that inhibit their targets in vivo. These
inhibitors included 5-80 mg/kg of the phosphoinositide 3-kinase (P13K) P1104 inhibitor,
idelalisib, and 1.25 mg/kg of the Abl/Kit inhibitor, imatinib (Fig. S4 and data not shown).
Lack of effects of additional agents: In addition to these tyrosine kinase
antagonists, a large number of other drugs and agents that have been described to inhibit
anaphylaxis®® ™ in mice had little or no effect in our model as single agents when used at
the concentration, route of administration, and timing specified in the previously
described mouse studies. These included an H4R inhibitor (JNJ-777120, at 20 mg/kg), a
natural phenol/phytoalexin (resveratrol, at 10 mg/kg), a flavonoid polyphenol (quercetin,
at 50 mg/kg), an antioxidant flavanol (kaempferol (50 mg/kg), a natural phenol
diarylheptanoid (curcumin, 50 mg/kg), corticosteroids, a mast cell stabilizer (cromolyn
sodium (a single 300 pg dose), theophylline (5 mg/kg), a 5-lipoxygenase inhibitor,
zileuton 50 mg/kg dissolved in DMSO and inoculated by oral gavage 1 hour and 24 hours
prior to challenge), a leukotriene receptor (CysLT1) antagonist, montelukast (6 mg/kg

inoculated subcutaneously 1 hour and 24 hours before challenge), a leukotriene D4
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receptor antagonist (REV 5901, 250 ug i.v. diluted in a 1:1000 solution of DMSO in
saline 15 minutes prior to challenge), and a PAF antagonist (ABT-491, 2 ug i.v.). In
addition to these, serotonin receptor (5-HT1/224/7) antagonists (metergoline (200 pg i.p. in
1% carboxymethylcellulose 30 minutes prior to challenge) and ketanserin (60 g i.p. 30
minutes prior to challenge) were also shown by us previously to fail to inhibit murine
IgE-mediated anaphylaxis®. The effects of all of the different agents tested are
summarized in Table S2.

Additive or synergistic suppressive effects of an antihistamine, f-adrenergic
agonists, and a Syk inhibitor. Upon finding that antihistamines, 3-adrenergic agonists,
and a Syk inhibitor were the most effective individual inhibitors of IgE-mediated murine
anaphylaxis, studies were performed to determine: (1) whether combinations of these
agents could additively or synergistically suppress anaphylaxis; and (2) whether the use
of combinations would allow use of lower doses of a 3-adrenergic agonist and a Syk
inhibitor, which are more likely than an H1R blocker to have adverse effects. Results of
these studies showed additive or synergistic effects of any two of these agents (Fig. 4). In
some experiments, the use of all three agents almost totally blocked anaphylaxis (Fig.
4B). A similar result was observed in huFceRIa instead of mouse FceRla mice that were
challenged with an activating anti-human FceRla mAb (Fig. S5A). In other experiments,
three agents were no more effective than two (Fig. 4D and E). This was true even when
mice were pre-treated with a long-acting formulation of IL-4"* to increase anaphylaxis
severity’? (Fig. 4D). Although these studies were all performed with female BALB/c

mice, the combination of triprolidine and albuterol was also more effective than either
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drug alone at suppressing IgE-mediated hypothermia in BALB/c male and C57BI/6
female mice (Fig. S6).

Additive and synergistic effects of different tyrosine kinase inhibitors. Because
Syk, PI3K and BTK are all involved in FceRI-mediated mast cell signaling” and Kit also
promotes mast cell activation’®, we hypothesized that PI3K, BTK, and Kit inhibitors
might act synergistically with a Syk inhibitor (fostamatinib) to suppress FceRI-mediated
mast cell activation, even if they had little or no effect by themselves. This appeared to be
the case for each of these inhibitors (Fig. 5A-C), although the effects of the combination
of fostamatinib and imatinib did not reach statistical significance (p = 0.07) and the
combination of fostamatinib with another tyrosine kinase antagonist sometimes caused
toxicity (reversible hypothermia) in the absence of FceRI crosslinking (Fig. 5B and data
not shown).

The ability of PI3K, BTK, and Kit inhibitors to enhance Syk inhibitor suppression
of IgE-mediated anaphylaxis, even though they had little effect on their own in BALB/c
mice, led us to evaluate whether the same kinase inhibitors would enhance suppression
by an HR1 antagonistic or 3-adrenergic receptor agonist in these mice. Results of these
studies demonstrated increased inhibition when the BTK antagonist ibrutinib was
combined with either triprolidine or albuterol, as compared to triprolidine or albuterol
alone, while adding imatinib or idelalisib to triprolidine or albuterol had much less of an
effect (Fig. 5D - F). The effects of all tested combinations of agents on IgE-mediated
anaphylaxis are summarized in Table S3.

Triprolidine, indacaterol, and fostamatinib suppress IgE-mediated anaphylaxis in

mice that have human mast cells and basophils. Because human mast cells and basophils
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21, 75—77’ we used

have somewhat different properties than the same cell types in mice
immune-deficient, rehulL-3-, rehuGM-CSF-, rehuSCF-producing NSGS mice that had
been reconstituted for 2-3 months with T cell-depleted human cord blood cells to
determine whether antihistamine/p-adrenergic agonist/Syk inhibitor treatment could
block IgE-mediated anaphylaxis that is mediated by human mast cells and basophils.
These mice provide a particularly sensitive tool for studying IgE-mediated anaphylaxis,
because they develop large numbers of human mast cells (along with smaller numbers of
basophils); both cell types in these mice have abnormally high responsiveness to FceRI
crosslinking because of their high levels of three mast cell-stimulating cytokines’ *°,
which also increase responsiveness to mast cell-produced mediators (Khodoun and
Finkelman, unpublished data). Indeed, intravenous injection of a relatively high dose of
anti-lgE mAb (Fig. 6A), Ag following priming with Ag-specific IgE (Fig. 6B), or anti-
huFceRIa mAD (Fig. 6C) typically kills these mice in <30 minutes, while injection of
these mice with 100 — 500 ng of the same anti-FceRla mADb typically causes a 4-6°C
temperature drop (Fig. S5B). Pre-treatment with the combination of
triprolidine/indacaterol/fostamatinib usually prevented death (Fig. 6A, B, and C), and
substantially inhibited the development of hypothermia in mice injected with Ag or the
higher doses of anti-IgE mAb. Hypothermia was almost completely prevented by the
combinations of triprolidine/indacaterol/fostamatinib or triprolidine/indacaterol when
mice were challenged i.v. with the low dose of anti-FceRlao mAb (Fig. S5B).
Fostamatinib, but not ibrutinib, suppresses mast cell/basophil desensitization.

Although 80 mg/kg of fostamatinib suppresses anaphylaxis and 40 mg/kg of this Syk

inhibitor enhances the abilities of triprolidine and B-adrenergic agonists to suppress
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anaphylaxis, fostamatinib treatment was associated in some anti-FceRla. or anti-IgE
mAb-challenged mice with a late decrease in temperature that occurred once the effects
of this drug had worn off (Fig. 6C). Because this late exacerbation of hypothermia was
not seen in mice that did not receive a Syk inhibitor (data not shown), this result raised
the possibility that Syk inhibition might interfere with FceRI-mediated mast cell
desensitization. To evaluate this possibility, huFceRla transgenic mice were sensitized
with IgE anti-TNP mAD, then treated the next day with anti-huFceRla mADb or isotype-
control mADb in the presence or absence of 40 mg/kg of fostamatinib. These mice were
challenged 4 hours after that with 10 pg of TNP-BSA and evaluated for the development
of hypothermia (Fig. 7A). Hypothermia failed to develop in the anti-FceRlo mAb-treated
mice that had not received fostamatinib, but was only partially suppressed in those that
had received this drug (Fig. 7B). Fostamatinib had no significant effect on the ~7-fold
decrease in mast cell IgE expression that was caused by anti-FceRla. mAb treatment (Fig.
7C). Thus, Syk inhibition appears to inhibit mast cell desensitization in vivo. In contrast,
inhibition of BTK, which is also involved in induction of mast cell degranulation, had
little or no suppressive effect on IgE-mediated anaphylaxis (hypothermia) in our model
(Fig. 7D and E; the difference in timing between the fostamatinib and ibrutinib studies
was necessary to allow the serum ibrutinib concentration to decrease to a level that would

no longer directly suppress anaphylaxis in huFceRla mice).
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Discussion:

The considerable and increasing prevalence of IgE-mediated allergic disorders,
including drug allergy, food allergy, venom allergy and chronic urticaria, has encouraged
the development of safe and effective therapies for these disorders. Rapid desensitization
IS one therapeutic approach that has been increasingly used, predominantly to treat drug
allergy, but also to some extent as part of strategy to treat food allergy. In this approach,
allergic patients are administered rapidly increasing quantities of the relevant allergen or
allergen-containing substance, starting with a dose that is insufficient to elicit clinically
apparent signs, symptoms and basophil/mast cell degranulation, and ending with a dose
that is hopefully sufficient to temporarily desensitize these cells to exposure to a fully
therapeutic dose of a drug or to typically ingested quantities of a food. We have extended
this approach by demonstrating that rapid desensitization can be applied in a
“polyclonal,” Ag-non-specific way in mice by treating them with serially increasing
doses of a mADb to the IgE-binding chain of the basophil and mast cell high affinity IgE
receptor, FceR1a®#2. In addition to its ability to desensitize to all IgE-mediated
anaphylactic reactions, this approach has safety and efficacy advantages over
desensitization with Ag, an advantage that most likely reflects the lack of pre-existing
IgG Abs to anti-FceRla mAb and the longer in vivo half-life of IgG Abs than most
allergens. At least two mechanisms are involved in mast cell desensitization in our
model: suppression of FceRlI signaling and depletion of mast cell/basophil IgE and
FceRI%.

The use of rapid desensitization with either Ag or anti-FceRlo. mAb is not without

risk, because excessive crosslinking of FceRI by either agent can cause the same IgE-
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mediated reactions that the approach is designed to prevent. Indeed, such reactions have
occurred frequently during rapidly desensitization for drug allergy and can be sufficiently
severe to require epinephrine injection® . For this reason, allergy researchers,
particularly the group headed by Marianna Castells, have used combinations of drugs to
suppress allergic reactions that can occur during rapid drug desensitization™ 3¢-%% 42,
These drugs, which include H1R- and H2R-specific antihistamines, aspirin, the
leukotriene antagonist monteleukast, adrenocorticosteroids and opioids, provide some
protection against frequently encountered adverse reactions, including pruritis, urticaria,
bronchospasm, angioedema, flushing, and fever. However, there has not been a
systematic evaluation of potentially protective agents in an animal model of anaphylaxis
that could be thoroughly studied and rigorously controlled and there have not been any
reports of drug prophylaxis against allergic reactions to anti-FceRla mAb. Consequently,
we undertook the mouse studies that are described in this paper.

Using: (a) conventional mice and humanized mice that express human FceRla on
mouse mast cells and basophils or that have human mast cells and basophils, (b) high
dose anti-IgE mAD, anti-FceRlo mAD, or IgE anti-TNP mAb followed by TNP-OVA or
TNP-BSA to trigger anaphylaxis, and (c) shock (measured as hypothermia) as a readout
for anaphylaxis, we identified agents that were effective by themselves and in
combination, agents that were effective only in combination, and agents for which we
found no evidence of efficacy. The first, most efficacious group, included H1R-specific
antihistamines, B-adrenergic agonists, and an inhibitor of the tyrosine kinase, Syk. In
addition to their abilities to partially suppress anaphylaxis by themselves, our results

demonstrate additive and synergistic effects that completely or nearly completely prevent
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hypothermia. This most likely reflects the different mechanisms of action of these three
therapeutics: blocking the effect of mast cell/basophil-released histamine on HR1; j3-
adrenergic suppression of increases in vascular permeability through direct effects on
vascular endothelial cells®; and inhibition of mast cell degranulation by blocking a
tyrosine kinase, Syk, that has a critical role in this process (notably, the Syk inhibitor is
the only one of these agents that suppresses mast cell degranulation, as evaluated by
serum MMCP1 levels). Importantly, a considerable increase in efficacy was seen when
any two agents were combined and treatment with drug combinations allowed the use of
lower doses of individual drugs, which should decrease drug toxicity. Although an HR1
antagonist and -adrenergic agonist had some ability to decrease the loss in core body
temperature when injected 5 min after anti-IgE mAb challenge, this effect was
considerably less than when these drugs were used prophylactically.

Agents in the second group had little or no efficacy by themselves at the doses
used (higher doses were toxic) in BALB/c mice, but amplified the protective effect of
Syk inhibition. These agents include three tyrosine kinase antagonists: imatinib, which
suppresses Kit (required for mast cell development and survival®®), idelalisib, which
suppresses P1103 (the & isoform of PI3K, which is involved in FceRI signaling®” %), and
ibrutinib, which suppresses BTK (also important in FceRI signaling®). Thus, the
combined use of tyrosine kinase inhibitors that suppress FceRI signaling at different
stages appears to synergistically inhibit FceRI-mediated mast cell degranulation, just as
suppressing different steps in anaphylaxis pathogenesis (mast cell degranulation,
histamine binding to the HR1, mediator-induced increases in vascular permeability)

additively or synergistically suppresses anaphylaxis. Ibrutinib was unique among these
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tyrosine kinase antagonists in acting synergistically with an HR1 inhibitor and a -
adrenergic receptor agonist to suppress IgE-mediated anaphylaxis. Unlike Syk activation,
the downstream activation of BTK is not an absolute requirement for mast cell
degranulation because of the presence of alternative pathways. The importance of the
BTK pathway becomes apparent in our model, however, when other inhibitors prevent
compensation for a delay or moderate decrease in mast cell degranulation and in mice
that express a chimeric FceRI that appears to signal less potently than wild-type FceRI.
A second generation BTK inhibitor, acalabrutinib, has recently been shown by
Dispenza et al. to suppress Ag-induced, IgE-mediated anaphylaxis in passively sensitized
human cord blood-reconstituted immunodeficient mice, that produce human mast cells,
although this suppression can be overcome by increasing the dose of the challenge Ag®.
Potential differences in the effectiveness of acalabrutinib vs. ibrutinib at suppressing
BTK, potential differences in the susceptibility of human vs. mouse BTK to suppression
by these drugs, potential differences in the potency of Ag vs. anti-IgE mAb at inducing
the BTK-independent pathway of mast cell degranulation, and the longer period of
treatment of mice prior to Ag challenge by Dispenza et al. than in our study might
explain the more effective BTK inhibitor suppression of mast cell degranulation in the
Dispenza study than in this paper. Regardless of mechanism, the ability of BTK
inhibitors to at least partially suppress mast cell degranulation by themselves and to
synergize with inhibitors that work through different mechanisms, without inhibiting
mast cell desensitization, suggests a potential for prophylactic use during desensitization.

However, ibrutinib is considerably more expensive than HR1 antagonists and -
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adrenergic agonists and it is not yet known whether it can enhance the suppressive effect
of an HR1 antagonist/B-adrenergic receptor agonist combination.

The third group of agents tested had little or no efficacy at suppressing anti-
FceRla mADb- or anti-IgE mAb-induced hypothermia by themselves or when combined
with an HR1-specific antihistamine. This group includes HR2 and HR4 inhibitors,
cromolyn, theophylline, zileuton, montelukast, a PAF antagonist, a bradykinin receptor 2
antagonist, an inhibitor of plasma kallikrein, and serotonin receptor antagonists, in
addition to a number of nutriceuticals that have been described by others to suppress
anaphylaxis in mouse models. Surprisingly, epinephrine was without efficacy as a
therapeutic in our model, although it had some efficacy as a prophylactic. At lower doses,
epinephrine had no obvious toxic effects but failed to alter hypothermia development
when injected after anti-IgE mAb challenge, while higher doses induced hypothermia by
themselves, most likely by activating o-adrenergic receptors sufficiently to decrease
cardiac output by increasing arterial resistance. This possible explanation is consistent
with the greater effect of a-adrenergic stimulation in mice than in humans. Although
epinephrine’s a-adrenergic receptor-mediated vasoconstriction is thought to increase
recovery from human anaphylaxis by enhancing its 3-adrenergic receptor-mediated
increases in heart rate and contractility, the a-adrenergic receptor-related adverse effects
of this drug make it unsuitable for prophylactic use® %,

The most important practical consequence of our work is evidence that adding a
non-toxic dose of a B-adrenergic agonist to an HR1-specific antihistamine provides

considerably better protection against FceR1-mediated anaphylaxis than the HR1-specific

antihistamine alone. Several 3-adrenergic agonists are FDA-approved drugs and these
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drugs are easily available, relatively inexpensive, and have been used for many years to
treat asthma. Consequently, their use with antihistamines for prophylaxis during rapid
desensitization seems reasonable and practical. In contrast, the clinical use of a Syk
inhibitor, such as fostamatinib, as prophylaxis during rapid desensitization may be
problematic. Fostamatinib, while approved for use in immune thrombocytopenic purpura,
Is expensive and appears to block mast cell desensitization. The last issue might not be a
problem for very short term suppression of anaphylaxis, but would likely be problematic
for use during rapid desensitization, which depends, at least in part, on temporary
inhibition of mast cell signaling®. In contrast to our in vivo observation, previous in vitro
studies found that FceRI1-mediated mast cell and basophil desensitization was not blocked
by a Syk inhibitor®®. This apparent discrepancy probably represents an in vivo/in vitro
difference, although the possibility that it reflects the use of different Syk inhibitors in the
in vitro and in vivo studies cannot be excluded (the inhibitor that was used for the in vitro
studies is no longer available).

One strength of our paper is its evidence that prophylaxis with two or three drugs
has similar suppressive effects on FceRI-mediated anaphylaxis in human cord blood-
reconstituted NSGS and NRGS mice, which have human mast cells and basophils, as it
has in normal mice. Substantial inhibition (albeit incomplete) was observed in these
reconstituted mice even though transgenic production of human stem cell factor, I1L-3 and
GM-CSF in this model causes the production of a large number of human mast cells,
partially activates these cells, and increases sensitivity to histamine.

Our observations, however, have four important limitations. First, agents that

have little or no ability to inhibit mast cell degranulation in mice may have considerable
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ability to inhibit mast cell degranulation in other species, including humans. In this
regard, cromolyn has been shown to have greater ability to suppress mast cell
degranulation in rats than in mice®. Second, even mice that have human mast cells have
mouse, rather than human tissues that respond to mast cell-released mediators; these may
respond differently than human tissues. Our failure to observe a therapeutic effect of
epinephrine may be an example of this. Third, our interpretations about the mechanisms
responsible for the effects of some of our inhibitors are complicated by the incomplete
specificity of some of these inhibitors. For example, fostamatinib inhibits some tyrosine
kinases, including the src-family kinases, JAK1, JAK3, c-Kit, and Flt 3 in addition to
Syk®. Consequently, we cannot totally eliminate the possibility that these off-target
effects of fostamatinib contribute to its inhibition of mast cell degranulation and/or mast
cell desensitization. We think this unlikely, however, because fostamatinib inhibits Syk
5-times more potently than it inhibits the other tyrosine kinases when studied in vitro on
mouse mast cells®® while a fostamatinib dose (40 mg/kg) that is barely able to inhibit
Syk-dependent mast cell degranulation in vivo significantly suppresses mast cell
desensitization (Fig. 7A-C). Fourth, our murine models, even those with human mast
cells and basophils, do not develop detectable IgE-mediated disease other than the
development of shock (e.g.; urticaria, bronchospasm, flushing, angioedema, and fever).
Consequently, drugs that suppress these disease features, but do not suppress shock
(which is predominantly mediated in mice by vascular leak), will not be found to be
efficacious in our models. This may explain why some of the drugs found useful by
Castells and her colleagues for IgE-mediated features other than shock, including

flushing and bronchospasm®, had no efficacy in our model. Thus, our observation that -
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adrenergic agonists are useful for preventing shock during rapid desensitization is more
likely to be human-relevant than the failure of several other agents to ameliorate
anaphylaxis in our models. We look forward to clinical trials that evaluate the usefulness
of adding relatively small doses of B-adrenergic agonists to antihistamines during rapid
drug desensitization and, we hope in the future, rapid desensitization with anti-FceRlo

mADbs.

28



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

References:

1.

Branum AM, Lukacs SL. Food allergy among children in the United States.
Pediatrics 2009; 124:1549-55.

Gupta RS, Springston EE, Warrier MR, Smith B, Kumar R, Pongracic J, et al.
The prevalence, severity, and distribution of childhood food allergy in the United
States. Pediatrics 2011; 128:e9-e17.

Rona RJ, Keil T, Summers C, Gislason D, Zuidmeer L, Sodergren E, et al. The
prevalence of food allergy: a meta-analysis. J Allergy Clin Immunol 2007;
120:638-46.

Sicherer SH. Epidemiology of food allergy. J Allergy Clin Immunol 2010;
127:594-602.

Yocum MW, Butterfield JH, Klein JS, Volcheck GW, Schroeder DR, Silverstein
MD. Epidemiology of anaphylaxis in Olmsted County: A population-based study.
J Allergy Clin Immunol 1999; 104:452-6.

Bernstein JA, Kagen SL, Bernstein DI, Bernstein IL. Rapid venom
immunotherapy is safe for routine use in the treatment of patients with
Hymenoptera anaphylaxis. Ann Allergy 1994; 73:423-8.

Burks AW, Jones SM, Wood RA, Fleischer DM, Sicherer SH, Lindblad RW, et
al. Oral immunotherapy for treatment of egg allergy in children. N Engl J Med
2012; 367:233-43.

Calvani M, Giorgio V, Miceli Sopo S. Specific oral tolerance induction for food.

A systematic review. Eur Ann Allergy Clin Immunol 2010; 42:11-9.

29



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

10.

11.

12.

13.

14.

15.

Cernadas JR, Brockow K, Romano A, Aberer W, Torres MJ, Bircher A, et al.
General considerations on rapid desensitization for drug hypersensitivity - a
consensus statement. Allergy 2010; 65:1357-66.

Fleischer DM, Burks AW, Vickery BP, Scurlock AM, Wood RA, Jones SM, et al.
Sublingual immunotherapy for peanut allergy: A randomized, double-blind,
placebo-controlled multicenter trial. J Allergy Clin Immunol 2012; 131:119-27
er.

Keet CA, Frischmeyer-Guerrerio PA, Thyagarajan A, Schroeder JT, Hamilton
RG, Boden S, et al. The safety and efficacy of sublingual and oral immunotherapy
for milk allergy. J Allergy Clin Immunol 2012; 129:448-55, 55 e1-5.

Melamed J, Stahlman JE. Rapid desensitization and rush immunotherapy to
trastuzumab (Herceptin). J Allergy Clin Immunol 2002; 110:813-4.

Burks W, Bannon G, Lehrer SB. Classic specific immunotherapy and new
perspectives in specific immunotherapy for food allergy. Allergy 2001; 56 Suppl
67:121-4.

Lack G, Nelson HS, Amran D, Oshiba A, Jung T, Bradley KL, et al. Rush
immunotherapy results in allergen-specific alterations in lymphocyte function and
interferon-y production in CD4" T cells. J Allergy Clin Immunol 1997; 99:530-8.
Sancho-Serra Mdel C, Simarro M, Castells M. Rapid IgE desensitization is
antigen specific and impairs early and late mast cell responses targeting FceRI

internalization. Eur J Immunol 2011; 41:1004-13.

30



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

16.

17.

18.

19.

20.

21.

22.

23.

Staden U, Rolinck-Werninghaus C, Brewe F, Wahn U, Niggemann B, Beyer K.
Specific oral tolerance induction in food allergy in children: efficacy and clinical
patterns of reaction. Allergy 2007; 62:1261-9.

MacGlashan D, Jr. Subthreshold desensitization of human basophils re-capitulates
the loss of Syk and FceRI expression characterized by other methods of
desensitization. Clin Exp Allergy 2012; 42:1060-70.

Khodoun MV, Kucuk ZY, Strait RT, Krishnamurthy D, Janek K, Lewkowich I, et
al. Rapid polyclonal desensitization with antibodies to IgE and FceRla. J Allergy
Clin Immunol 2013; 131:1555-64.

Ang WX, Church AM, Kulis M, Choi HW, Burks AW, Abraham SN. Mast cell
desensitization inhibits calcium flux and aberrantly remodels actin. J Clin Invest
2016; 126:4103-18.

Chinthrajah RS, Hernandez JD, Boyd SD, Galli SJ, Nadeau KC. Molecular and
cellular mechanisms of food allergy and food tolerance. J Allergy Clin Immunol
2016; 137:984-97.

Lewis A, MacGlashan DW, Jr., Suvarna SK, Peachell PT. Recovery from
desensitization of IgE-dependent responses in human lung mast cells. Clin Exp
Allergy 2017.

Mendoza GR, Orner FB. Reversibility of IgE-mediated rat mast cell
desensitization. Int Arch Allergy Appl Immunol 1982; 69:50-5.

Barbi E, Longo G, Berti I, Neri E, Saccari A, Rubert L, et al. Adverse effects
during specific oral tolerance induction: in-hospital “rush™ phase. Eur Ann

Allergy Clin Immunol 2012; 44:18-25.

31



565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

24,

25.

26.

27.

28.

29.

30.

Bouza TR, Palis RI, Legere HJ, 11, Castells MC. Rapid desensitization for
antibiotic-induced hypersensitivity reactions and anaphylaxis. In: Castells MC,
editor. Anaphylaxis and Hypersensitivity Reactions. New York: Humana Press;
2011. p. 313-32.

Castells MC, Tennant NM, Sloane DE, Hsu FI, Barrett NA, Hong DI, et al.
Hypersensitivity reactions to chemotherapy: outcomes and safety of rapid
desensitization in 413 cases. J Allergy Clin Immunol 2008; 122:574-80.

Diez Gomez ML, Quirce Gancedo S, Julia de Paramo B. Venom immunotherapy:
tolerance to a 3-day protocol of rush-immunotherapy. Allergol Immunopathol
(Madr) 1995; 23:277-84.

Itoh N, Itagaki Y, Kurihara K. Rush specific oral tolerance induction in school-
age children with severe egg allergy: one year follow up. Allergol Int 2010;
59:43-51.

Nadeau KC, Schneider LC, Hoyte L, Borras I, Umetsu DT. Rapid oral
desensitization in combination with omalizumab therapy in patients with cow's
milk allergy. J Allergy Clin Immunol; 127:1622-4.

Sharkey P, Portnoy J. Rush immunotherapy: experience with a one-day schedule.
Ann Allergy Asthma Immunol 1996; 76:175-80.

Casale TB, Busse WW, Kline JN, Ballas ZK, Moss MH, Townley RG, et al.
Omalizumab pretreatment decreases acute reactions after rush immunotherapy for
ragweed-induced seasonal allergic rhinitis. J Allergy Clin Immunol 2006;

117:134-40.

32



587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

31.

32.

33.

34.

35.

36.

37.

Factor JM, Mendelson L, Lee J, Nouman G, Lester MR. Effect of oral
immunotherapy to peanut on food-specific quality of life. Ann Allergy Asthma
Immunol 2012; 109:348-52 e2.

Nelson HS, Lahr J, Rule R, Bock A, Leung D. Treatment of anaphylactic
sensitivity to peanuts by immunotherapy with injections of aqueous peanut
extract. J Allergy Clin Immunol 1997; 99:744-51.

Schiavino D, Nucera E, Pollastrini E, De Pasquale T, Buonomo A, Bartolozzi F,
et al. Specific ultrarush desensitization in Hymenoptera venom-allergic patients.
Ann Allergy Asthma Immunol 2004; 92:409-13.

Vazquez-Ortiz M, Alvaro-Lozano M, Alsina L, Garcia-Paba MB, Piquer-Gibert
M, Giner-Munoz MT, et al. Safety and predictors of adverse events during oral
immunotherapy for milk allergy: severity of reaction at oral challenge, specific
IgE and prick test. Clin Exp Allergy 2013; 43:92-102.

Westall GP, Thien FC, Czarny D, O'Hehir RE, Douglas JA. Adverse events
associated with rush hymenoptera venom immunotherapy. Med J Aust 2001;
174:227-30.

Bonamichi-Santos R, Castells M. Desensitization for drug hypersensitivity to
chemotherapy and monoclonal antibodies. Curr Pharm Des 2016; 22:6870-80.
Sloane D, Govindarajulu U, Harrow-Mortelliti J, Barry W, Hsu FI, Hong D, et al.
Safety, costs, and efficacy of rapid drug desensitizations to chemotherapy and

monoclonal antibodies. J Allergy Clin Immunol Pract 2016; 4:497-504.

33



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

38.

39.

40.

41.

42.

43.

44,

Galvao VR, Castells MC. Hypersensitivity to biological agents-updated diagnosis,
management, and treatment. J Allergy Clin Immunol Pract 2015; 3:175-85; quiz
86.

Bavbek S, Ataman S, Akinci A, Castells M. Rapid subcutaneous desensitization
for the management of local and systemic hypersensitivity reactions to etanercept
and adalimumab in 12 patients. J Allergy Clin Immunol Pract 2015; 3:629-32.
Castells M, Sancho-Serra Mdel C, Simarro M. Hypersensitivity to antineoplastic
agents: mechanisms and treatment with rapid desensitization. Cancer Immunol
Immunother 2012; 61:1575-84.

Liu A, Fanning L, Chong H, Fernandez J, Sloane D, Sancho-Serra M, et al.
Desensitization regimens for drug allergy: state of the art in the 21st century. Clin
Exp Allergy 2011; 41:1679-89.

Breslow RG, Caiado J, Castells MC. Acetylsalicylic acid and montelukast block
mast cell mediator-related symptoms during rapid desensitization. Ann Allergy
Asthma Immunol 2009; 102:155-60.

Dombrowicz D, Brini AT, Flamand V, Hicks E, Snouwaert JN, Kinet JP, et al.
Anaphylaxis mediated through a humanized high affinity IgE receptor. J Immunol
1996; 157:1645-51.

Wunderlich M, Chou FS, Link KA, Mizukawa B, Perry RL, Carroll M, et al.
AML xenograft efficiency is significantly improved in NOD/SCID-IL2RG mice
constitutively expressing human SCF, GM-CSF and IL-3. Leukemia 2010;

24:1785-8.

34



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

45.

46.

47.

48.

49,

50.

51.

Waunderlich M, Brooks RA, Panchal R, Rhyasen GW, Danet-Desnoyers G,
Mulloy JC. OKT3 prevents xenogeneic GVHD and allows reliable xenograft
initiation from unfractionated human hematopoietic tissues. Blood 2014;
123:e134-44.

Baniyash M, Eshhar Z. Inhibition of IgE binding to mast cells and basophils by
monoclonal antibodies to murine IgE. Eur J Immunol 1984; 14:799-807.
Rudolph AK, Burrows PD, Wabl MR. Thirteen hybridomas secreting hapten-
specific immunoglobulin E from mice with Ig? or Ig° heavy chain haplotype. Eur
J Immunol 1981; 11:527-9.

Rieger A, Wang B, Kilgus O, Ochiai K, Mauerer D, Fodinger D, et al. FceRI
mediates IgE binding to human epidermal Langerhans cells. J Invest Dermatol
1992; 99:30S-2S.

Smith-Gill SJ, Wilson AC, Potter M, Prager EM, Feldmann RJ, Mainhart CR.
Mapping the antigenic epitope for a monoclonal antibody against lysozyme. J
Immunol 1982; 128:314-22.

Strait RT, Morris SC, Yang M, Qu XW, Finkelman FD. Pathways of anaphylaxis
in the mouse. J Allergy Clin Immunol 2002; 109:658-68.

Dombrowicz D, Flamand V, Miyajima |, Ravetch JV, Galli SJ, Kinet JP. Absence
of FceRI o chain results in upregulation of FcyRI11-dependent mast cell
degranulation and anaphylaxis. Evidence of competition between FceRI and
FcyRI1I for limiting amounts of FcR 3 and y chains. J Clin Invest 1997; 99:915-

25.

35



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

52.

53.

54.

55.

56.

S7.

58.

59.

Figueiredo A, Ribeiro CA, Goncalo M, Almeida L, Poiares-Baptista A, Teixeira
F. Mechanism of action of doxepin in the treatment of chronic urticaria. Fundam
Clin Pharmacol 1990; 4:147-58.

Neffen H, Oehling A, Subira ML. A study of the protective effect of ketotifen in
food allergy. Allergol Immunopathol (Madr) 1980; 8:97-104.

Bissonnette EY, Befus AD. Anti-inflammatory effect of 2-agonists: inhibition of
TNF-a release from human mast cells. J Allergy Clin Immunol 1997; 100:825-31.
Undem BJ, Peachell PT, Lichtenstein LM. Isoproterenol-induced inhibition of
immunoglobulin E-mediated release of histamine and arachidonic acid
metabolites from the human lung mast cell. J Pharmacol Exp Ther 1988; 247:209-
17.

Dong Y, Ishikawa H, Wu Y, Yoshitomi T. Vasodilatory mechanism of
levobunolol on vascular smooth muscle cells. Exp Eye Res 2007; 84:1039-46.
Inagaki N, Miura T, Daikoku M, Nagai H, Koda A. Inhibitory Effectos of B-
Adrenergic stimulants on increased vascular permeability caused by passive
cutaneous anaphylaxis, allergic mediators, and mediator releasers in rats.
Pharmacology 1989; 39:19-27.

Matsubara S, Li G, Takeda K, Loader JE, Pine P, Masuda ES, et al. Inhibition of
spleen tyrosine kinase prevents mast cell activation and airway
hyperresponsiveness. Am J Respir Crit Care Med 2006; 173:56-63.

Rouleau A, Garbarg M, Schwartz JC, Ruat M. Molecular cloning of rat mast cell
protease 1 and development of specific probes for its gene transcript. Biochem

Biophys Res Commun 1994; 199:593-602.

36



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

60.

61.

62.

63.

64.

65.

66.

Wang M, Han J, Domenico J, Shin YS, Jia Y, Gelfand EW. Combined blockade
of the histamine H1 and H4 receptor suppresses peanut-induced intestinal
anaphylaxis by regulating dendritic cell function. Allergy 2016; 71:1561-74.

Han SY, Bae JY, Park SH, Kim YH, Park JH, Kang YH. Resveratrol inhibits IgE-
mediated basophilic mast cell degranulation and passive cutaneous anaphylaxis in
mice. J Nutr 2013; 143:632-9.

Kim M, Lim SJ, Kang SW, Um BH, Nho CW. Aceriphyllum rossii extract and its
active compounds, quercetin and kaempferol inhibit IgE-mediated mast cell
activation and passive cutaneous anaphylaxis. J Agric Food Chem 2014; 62:3750-
8.

Li X, LuY,JinY, Son JK, Lee SH, Chang HW. Curcumin inhibits the activation
of immunoglobulin e-mediated mast cells and passive systemic anaphylaxis in
mice by reducing serum eicosanoid and histamine levels. Biomol Ther (Seoul)
2014; 22:27-34.

Obiri DD, Flink N, Maier JV, Neeb A, Maddalo D, Thiele W, et al. PEST-
domain-enriched tyrosine phosphatase and glucocorticoids as regulators of
anaphylaxis in mice. Allergy 2012; 67:175-82.

Csaba B, Jusupova, S. Effects of disodium chromoglycate on systemic
anaphylaxis in guinea pigs, rats and mice. Int Arch Allergy Appl Immunol 1979;
59:95-8.

Inagaki N, Miura T, Ohira K, Nagai H, Xu Q, Koda A. Effect of CV-3988, a
specific antagonist against platelet activating factor, on homologous passive

cutaneous anaphylaxis in the mouse ear. J. Pharmacobio-Dyn 1990; 13:272-7.

37



698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

67.

68.

69.

70.

71.

72.

73.

74.

Inagaki N, Miura T, Nagai H, Koda A. Active cutaneous anaphylaxis (ACA) in
the mouse ear. Jpn J Pharmacol 1992; 59:201-8.

Sala-Cunill A, Bjorkgvist J, Senter R, Guilarte M, Cardona V, Labrador M, et al.
Plasma contact system activation drives anaphylaxis in severe mast cell-mediated
allergic reactions. J Allergy Clin Immunol 2015; 135:1031-43 e6.

Malo PE, Bell RL, Shaughnessy TK, Summers JB, Brooks DW, Carter GW. The
5-lipoxygenase inhibitory activity of zileuton in in vitro and in vivo models of
antigen-induced airway anaphylaxis. Pulm Pharmacol 1994; 7:73-9.

Gajbhiye S, Agrawal RP, Atal S, Tiwari V, Phadnis P. Exercise-induced
anaphylaxis and antileukotriene montelukast. J Pharmacol Pharmacother 2015;
6:163-5.

Finkelman FD, Madden KB, Morris SC, Holmes JM, Boiani N, Katona IM, et al.
Anti-cytokine antibodies as carrier proteins. Prolongation of in vivo effects of
exogenous cytokines by injection of cytokine-anti-cytokine antibody complexes. J
Immunol 1993; 151:1235-44.

Strait RT, Morris SC, Smiley K, Urban JF, Jr., Finkelman FD. IL-4 exacerbates
anaphylaxis. J Immunol 2003; 170:3835-42.

Luskova P, Draber P. Modulation of the Fce receptor | signaling by tyrosine
kinase inhibitors: search for therapeutic targets of inflammatory and allergy
diseases. Curr Pharm Des 2004; 10:1727-37.

Ito T, Smrz D, Jung MY, Bandara G, Desai A, Smrzova S, et al. Stem cell factor

programs the mast cell activation phenotype. J Immunol 2012; 188:5428-37.

38



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

75.

76.

77,

78.

79.

80.

81.

82.

Lee JJ, McGarry MP. When is a mouse basophil not a basophil? Blood 2007;
109:859-61.

MacGlashan D, Jr., Lavens-Phillips S, Katsushi M. IgE-mediated desensitization
in human basophils and mast cells. Front Biosci 1998; 3:d746-56.

MacGlashan D, Jr., Vilarino N. Polymerization of actin does not regulate
desensitization in human basophils. J Leukoc Biol 2009; 85:627-37.

Coleman J, Holliday M, Kimber I, Zsebo K, Galli S. Regulation of mouse
peritoneal mast cell secretory function by stem cell factor, IL-3 or IL-4. The
Journal of Immunology 1993; 150:556-62.

Columbo M, Horowitz EM, Botana LM, MacGlashan DW, Jr., Bochner BS, Gillis
S, et al. The human recombinant c-kit receptor ligand, rhSCF, induces mediator
release from human cutaneous mast cells and enhances IgE-dependent mediator
release from both skin mast cells and peripheral blood basophils. J Immunol
1992; 149:599-608.

Khodoun M, Kucuk ZY, Strait RT, Krishnamurthy D, Janek K, Lewkowich IP, et
al. Rapid polyclonal desensitization with antibodies to IgE and FceRla. J Allergy
Clin Immunol 2013; 133:1555-64.

Khodoun M, Morris S, Shao W, Potter C, Angerman E, Kiselev A, et al.
Suppression of IgE-mediated anaphylaxis and food allergy with monovalent anti-
FceRla mADs. J Allergy Clin Immunol 2021; 147:1838-54.

Khodoun MV, Morris SC, Angerman E, Potter C, Schuman R, Wunderlich M, et
al. Rapid desensitization of humanized mice with anti-human FceRlo monoclonal

antibodies. J Allergy Clin Immunol 2020; 145:907-21 e3.

39



743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

83.

84.

85.

86.

87.

88.

89.

Kuo JC, Hawkins C, Yip D. Treatment outcomes of rapid desensitisation
protocols for chemotherapeutic agents and monoclonal antibodies following
hypersensitivity reactions. Intern Med J 2014; 44:442-9.

Limsuwan T, Castells MC. Outcomes and safety of rapid desensitization for
chemotherapy hypersensitivity. Expert Opin Drug Saf 2010; 9:39-53.

Zink S, Rosen P, Sackmann B, Lemoine H. Regulation of endothelial
permeability by B-adrenoceptor agonists: contribution of 31- and 2-
adrenoceptors. Biochim Biophys Acta 1993; 1178:286-98.

Juurikivi A, Sandler C, Lindstedt KA, Kovanen PT, Juutilainen T, Leskinen MJ,
et al. Inhibition of c-kit tyrosine kinase by imatinib mesylate induces apoptosis in
mast cells in rheumatoid synovia: a potential approach to the treatment of
arthritis. Ann Rheum Dis 2005; 64:1126-31.

Ali K, Camps M, Pearce WP, Ji H, Ruckle T, Kuehn N, et al. Isoform-specific
functions of phosphoinositide 3-kinases: p110 delta but not p110 gamma
promotes optimal allergic responses in vivo. J Immunol 2008; 180:2538-44.
Yang Q, Modi P, Newcomb T, Queva C, Gandhi V. Idelalisib: First-in-class
PI3KS3 inhibitor for the treatment of chronic lymphocytic leukemia, small
lymphocytic leukemia, and follicular lymphoma. Clin Cancer Res 2015; 21:1537-
42.

Smiljkovic D, Blatt K, Stefanzl G, Dorofeeva Y, Skrabs C, Focke-Tejkl M, et al.
BTK inhibition is a potent approach to block IgE-mediated histamine release in

human basophils. Allergy 2017; 72:1666-76.

40



765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

90.

91.

92.

93.

94.

95.

Dispenza M, Krier-Burris R, Chhiba K, Undem B, Robida P, Bochner B. Bruton's
tyrosine kinase inhibition effectively protects against human IgE-mediated
anaphylaxis. J Clin Invest 2020; 130:4759-70.

Katz RL. Epinephrine and Plv-2: cardiac rhythm and local vasoconstrictor effects.
Anesthesiology 1965; 26:619-23.

Adrenalin. RxList, 2019.

MacGlashan D, Jr., Undem BJ. Inducing an anergic state in mast cells and
basophils without secretion. J Allergy Clin Immunol 2008; 121:1500-6, 6 e1-4.
Oka T, Kalesnikoff J, Starkl P, Tsai M, Galli SJ. Evidence questioning cromolyn's
effectiveness and selectivity as a 'mast cell stabilizer' in mice. Lab Invest 2012;
92:1472-82.

Cha H-S, Boyle D, Inoue T, Schoot R, Tak P, Pine P, et al. A novel spleen
tryosine kinase inhibitor blocks c-Jun N-terminal kinase-mediated gene

expression in synoviocytes. JPET 2006; 317:571-8.

41



782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

Figure legends:

Figure 1. HR1 antagonists antihistamines partially protect against anti-IgE mAb-induced
hypothermia. A and B: BALB/c mice (6/group) were injected i.p. with 200 pg of
triprolidine or vehicle, followed 1 hour later by i.v. injection of saline (no treatment) or
20 pg of anti-mouse IgE mAb and followed for 60 minutes for development of
hypothermia. Kruskal-Wallis followed by Whitney-Mann U test. B: Doxepin (10 mg/kg
injected i.p. 5 minutes before challenge) and triprolidine protect BALB/c mice (6/group)
against anti-lgE mAb-induced hypothermia to the same extent. Kruskal-Wallis followed
by Whitney-Mann U test. C. BALB/c mice (5-6/group) were injected i.p. with saline, 200
pg of triprolidine, and/or 1 mg/kg of ranitidine, followed 1 hr later by i.v. injection of
saline (no treatment) or 20 pg of anti-mouse IgE mAb and followed for 60 minutes for
development of hypothermia. Ranitidine did not significantly suppress IgE-mediated
hypothermia; triprolidine + ranitidine did not suppress hypothermia significantly >
triprolidine alone. Kruskal-Wallis followed by Mann-Whitney U test. For all figures, * =
<0.05; ** =< 0.01; *** = <0.001; **** = < 0.0001.

Figure 2. p-adrenergic agonists partially protect against anti-lgE mAb induced
hypothermia. BALB/c mice (4-6/group) were pretreated with or without formoterol (A),
terbutaline (B), albuterol (C) or indacaterol (D), challenged i.v. with 20 pg of anti-mouse
IgE mAb and followed for 60 min for development of hypothermia. Formoterol was
injected i.v. 37 minutes prior to challenge; terbutaline was injected s.c. 30 minutes prior
to challenge; albuterol was injected i.p. 30 minutes prior to challenge; indacaterol was
injected i.v. 30 min prior to challenge. Statistical tests: A-D. Kruskal-Wallis followed by

Whitney-Mann U test.
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Figure 3. Syk and BTK dependence of anaphylaxis and mast cell degranulation. A. In 2
separate experiments, BALB/c mice (6/group) were pre-treated by i.p. injection with
vehicle or 40 or 80 mg/kg of fostamatinib, then challenged i.v. with 20 pg of anti-mouse
IgE mAb and followed 60 minutes for hypothermia. B. In 2 separate experiments,
BALB/c mice (4-6/group) were treated 1 hour prior to challenge with vehicle,
triprolidine, 80 mg/kg of fostamatinib, or 2.5 mg/kg s.c. of indacaterol and challenged i.v.
with 20 pg of anti-mouse IgE mAb. Mice were bled 4 hours after challenge and serum
MMCP1 determined by ELISA. C. BALB/c and huFceRIa mice (5/group) were pre-
treated by i.p. injection with vehicle or 25 mg/kg ibrutinib and challenged 30 min later
i.v. with saline or 20 ug of anti-mouse IgE mADb, then followed 60 minutes for
hypothermia. Both temperature curves and maximum decreases in temperature are
shown. Similar results were observed in a second experiment (not shown). D. In the same
experiment shown in C, mice were bled 4 hr after anti-IgE mAb or saline challenge and
serum MMCP1 levels determined by ELISA. Statistical tests: A: Whitney-Mann U test. B
- D: Kruskal-Wallis followed by Whitney-Mann U test.

Figure 4. Inhibition of IgE-mediated anaphylaxis with combinations of an antihistamine,
a f-adrenergic agonist, and a Syk inhibitor. BALB/c mice (5-6/group) were pretreated
with the agents shown and challenged i.v. with 20 pg of anti-mouse IgE mADb, then
followed for 60 minutes for development of hypothermia. All mice were treated with IL-
4C that contained 1 ug of IL-4 24 hours prior to challenge for experiments shown in
panel D. For all panels: Kruskal-Wallis followed by Whitney-Mann U test.

Figure 5. Synergistic inhibition of IgE-mediated anaphylaxis by tyrosine kinase

inhibitors. BALB/c mice (4-6/group) were pre-treated i.p. 30 minutes prior to challenge
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with vehicle, fostamatinib, imatinib, idelalisib, or ibrutinib, or combinations of
fostamatinib with each of the other tyrosine kinase inhibitors, then challenged i.v. with 20
pg of anti-IgE mAb and followed for 60 minutes for development of hypothermia.
Statistical tests: A: Kruskal-Wallis + Whitney-Mann U (2-tailed); B — C: 2-way ANOVA
+ THSD. D - F: Kruskal-Wallis + Whitney-Mann U (1-tail) with adjustment for multiple
groups.

Figure 6. Inhibition of IgE/FceRI-mediated anaphylaxis in humanized mice by a
combination of an antihistamine, a S-adrenergic agonist, and a Syk inhibitor. Non-
reconstituted (C) or human cord blood-reconstituted (A-D) NSGS mice (3-4/group) were:
A) pre-treated with vehicle (no drugs) or a combination of 80 mg/kg of fostamatinib, 2.5
mg/kg of indacaterol and 200 pg of triprolidine and challenged i.v. with 10 pg of an anti-
huFceRla mAD; B) primed i.v. with 10 pg mouse IgE anti-TNP mAb, pre-treated with
vehicle or a combination of 80 mg/kg of fostamatinib, 2.5 mg/kg of indacaterol and 200
pg of triprolidine and challenged i.v. with 10 pg of TNP-OVA,; or C) pre-treated with
vehicle or 40 mg/kg of fostamatinib, 2.5 mg/kg of indacaterol and 200 pg of triprolidine
and challenged i.v. with 50 pg of an anti-huFceRla mAD. Statistical tests: Fisher’s exact
test for comparison of mortality.

Figure 7. Fostamatinib inhibits mast cells and/or basophil desensitization. A and B) In 2
pooled experiments, a total of 12 huFceRIa transgenic mice/group were sensitized i.v.
with 10 pg of mouse IgE anti-TNP mAb (which binds avidly to huFceRI1a), and pre-
treated the next day with 40 mg/kg of fostamatinib or vehicle, followed 30 min later by
I.v. injection of 100 pg of 15.1 anti-huFceRlo. mAb or isotype control mAb. Four hours

later, mice were challenged i.v. with 10 pg of TNP-BSA and followed for 60 minutes for
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development of hypothermia. C. In a separate experiment (5 mice/group), peritoneal mast
cells were analyzed for membrane expression of mouse IgE by flow cytometry 24 hours
after anti-FceRla mAD injection. Fostamatinib was used at 80 mg/kg. D and E. The
ability of ibrutinib to suppress mast cell desensitization in vivo by 15.1 anti-FceRlo mAb
was tested, using the diagrammed protocol. 6 mice/group. Statistical tests: A: Kruskal-
Wallis followed by Whitney-Mann U test. B: Kruskal-Wallis and 1-tailed Whitney-Mann

U test with correction for multiple comparisons.
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Supplemental Table 1. Agents tested for inhibition of IgE-mediated anaphylaxis.

Agent

Fostamatinib

Imatinib
Triprolidine
JNJ-777120
Resveratrol
Formoterol
Theophylline
Cromolyn
Curcumin
Kaempferol
Quercetin

Indacaterol

Doxepin
Terbutaline

Albuterol

Dose Range

2.5, 5, 10, 20, 40, or 80 mg/kg

1.25 mg

50, 100, 200, 400 or 800 ug
20 mg/kg

10 mg/kg

10, 20, or 40 pg/kg
5 mg/kg

300 pg

50 mg/kg

50 mg/kg

50 mg/kg

2.5, 5, or 10 mg/kg
or 2.5 mg/kg

10 mg/kg

0.5 or 2 mg/kg

0.078125, 0.15625, 0.312, 0.625,
1.25, 2.5, 5, 10, or 20 mg/kg

Route

0.0.

0.0.

0.0.

i.v.
S.C.

Min. Pre-Challenge Vehicle

30, 37, 60,
75, 120, 150

30

30, 60, or 120
30 mins

60

10, 37, 75, or 150
30

30

60

60

60

30

37, 60, 75, 150,
300, or 600

)

30

30

0.1% carboxymethylcellulose

saline

saline

4.4% DMSO in saline
2% DMSO in saline
.6% DMSO in saline
saline

saline

7.3% DMSO in saline
7.3% DMSO in saline
7.3% DMSO in saline
2.3% DMSO in saline
0.55% DMSO in saline
saline

saline

saline



Idelalisib

Ibrutinib
Ketotifen fumate
Zileuton
Montelukast
Ranitidine

Epinephrine

5, 10, 20, 40 or 80 mg/kg

10 or 25 mg/kg
25mg/kg

50 mg/kg

6 mg/kg

100 mg/kg

2,10 or 50 pg

30

30
30
24 or 60
24 or 60
30

5 (post-challenge)

30% polyethylene glycol 400 / 0.5%
Tween 80 / 5% propylene glycol

1.8% DMSO in saline
25% DMSO in saline
23.8% DMSO in saline
16.7% DMSO in saline
PBS

saline



Supplemental Table2. Effects of individual agents on IgE-mediated anaphylaxis

Target

Histamine R1

Histamine R2
Histamine R4

[-adrenergic R

o- and B-adrenergic R

Syk

Bruton’s tyrosine kinase (BTK)
PI3K P1108

Abl/Kit

Mast cells

5-lipoxygenase

CysLT1

Inhibitor/Agonist
Triprolidine
Doxepin®
Ketofen?
Ranitidine
JNJ-777120
Formoterol
Terbutaline
Albuterol
Indacaterol
Epinephrine
Fostamatinib®
Ibrutinib
Idelalisib

Imatinib
Cromolyn sodium

Zileuton

Montelukast

Effect on FceRI-Mediated Induction of Hypothermia
Considerable dose-related inhibition

Considerable inhibition, similar to triprolidine

Less effective inhibition than triprolidine or doxepin
No effect

tendency towards mild inhibition, but not significant
Considerable dose-related inhibition

Considerable dose-related inhibition

Considerable dose-related inhibition

Considerable dose-related inhibition

Direct toxic effect, induces hypothermia
Considerable dose-related inhibition

Little or no effect

Little or no effect

Little or no effect

Little or no effect

Little or no effect

Little or no effect



Leukotriene D4R

PAFR

S5-HTR122a7

Corticosteroid R

Multiple targets and
anti-oxidant effects

Multiple targets

nhibits both H1R and H2R
2Inhibits H1R and 5-HTRs

REV 5901

ABT-491

Metergoline
Ketanserin

Dexamethasone

Resveratrol
(phenol/phytoalexin)
Quercetin

(flavonoid polyphenol)
Kaempferol

(antioxidant flavanol)
Curcumin

(phenol diarylheptanoid)

Theophylline

$Also suppresses FceR| desensitization

Little or no effect

Little or no effect

Little or no effect

Little or no effect
Little or no effect
Little or no effect
Little or no effect

Little or no effect

Moderate inhibitory effect



Supplemental Table 3. Effects of combinations of agents on IgE-mediated anaphylaxis.

Drug Combination
Triprolidine + ranitidine
Triprolidine + JNJ-777120
Triprolidine + albuterol
Triprolidine + indacaterol
Triprolidine + terbutaline
Triprolidine + fostamatinib
Triprolidine + idelalisib
Triprolidine + ibrutinib
Triprolidine + imatinib
Albuterol + idelalisib
Albuterol + ibrutinib
Albuterol + imatinib
Indacaterol + fostamatinib
Triprolidine + indacaterol + fostamatinib

Triprolidine + albuterol + fostamatinib

Targets'

H1R, H2R

H1R, H4R

H1R, A-AR

H1R, A-AR

H1R, /AR

H1R, Syk

H1R, PI3K P1105
HI1R, BTK

H1R, Abl/Kit
F-AR, PI3K P1106
BAR, BTK

SAR, Abl/Kit
BAR, Syk

H1R, f-AR, Syk

HIR, A-AR, Syk

Suppressive Effect on FceRI-Mediated Hypothermia

= triprolidine alone

tendency to be > triprolidine alone, but not significant

> either drug alone
> either drug alone
> either drug alone
> either drug alone
= triprolidine alone
> either drug alone
= triprolidine alone
= albuterol alone

> either drug alone
= albuterol alone

> either drug alone
Similar to any of the 2 drug combinations

Similar to triprolidine + albuterol



Imatinib + fostamatinib Abl/Kit; Syk > either drug alone
Idelalisib + fostamatinib PISBK P110801 Syk > either drug alone

Ibrutinib + fostamatinib BTK, Syk > either drug alone

'Plain type signifies antagonist; italic type signifies agonist



Supplemental figure legends:

Figure S1. Triprolidine dose-response (A, 4-5 mice/group) and kinetic data (B, 4-5 mice/group)
establish that the maximum ability of this antihistamine to inhibit IgE-mediated anaphylaxis is
achieved by administration of at least 200 pg/mouse 30 — 60 minutes prior to challenge.
Statistics: Kruskal-Wallis and 1-tailed Whitney-Mann U test with correction for multiple
comparisons. For all supplemental figures, * = <0.05; ** = <0.01; *** = <0.001; **** =<
0.0001.

Figure S2. Epinephrine fails to inhibit the development of IgE-mediated anaphylaxis in BALB/c
mice. BALB/c mice (4/group) were primed by injection of 10 pg of IgE anti-TNP mAb and
challenged i.v. the next day with 10 pg of TNP-BSA. Five minutes after challenge mice were
injected s.c. with saline or 2, 10, or 50 pg of epinephrine and followed for 1 hour for
development of hypothermia. No significant differences (Kruskal-Wallis).

Figure S3. Prophylactic effect of epinephrine and therapeutic effects of triprolidine and
albuterol on IgE-mediated anaphylaxis. A. BALB/c mice (5-6/group) were injected s.c. with
saline or 25 pg of epinephrine. 10 min later they were injected i.v. with saline or 20 pg of EM-95
mouse anti-IgE mAb and rectal temperatures were followed for 60 min. To adjust for the direct
effects of epinephrine on rectal temperature, deviations from baseline in mice injected with
epinephrine alone (red line) were subtracted for each time point from temperatures in mice
injected with epinephrine + anti-IgE mAb (green line). Adjusted temperatures are shown in
orange line. B. BALB/c mice (6/group) were injected i.v. with saline or 20 pug of EM-95 anti-
mouse IgE mAb. 5 min later some mice were injected i.p. with the doses of albuterol and/or
triprolidine shown. Rectal temperatures were followed for 60 min after anti-mouse IgE mAb

injection. Statistics: Kruksal-Wallis and Mann-Whitney U test.



Figure S4. Fostamatinib, but not imatinib, idelalisib, or ibrutinib provides acute protection
against anaphylaxis in BALB/c mice. BALB/c mice (4-6/group) were pre-treated with vehicle,
imatinib (1.25 mg/kg), fostamatinib (80 mg/kg), idelalisib, or ibrutinib (10 mg/kg) and
challenged i.v. with 20 pg of anti-mouse IgE mAb. Mice were followed for 60 minutes for
development of hypothermia; sera were obtained from some mice 4 hours after challenge and
MMCPL1 levels were determined by ELISA. Statistical tests: 1-way ANOVA with 1-tailed
Whitney-Mann U-test with correction for multiple comparisons.

Figure S5. Combined antihistamine (triprolidine), S-adrenergic agonist (albuterol), and Syk
inhibitor (fostamatinib) treatment protects highly susceptible mice from FceRI-mediated
anaphylaxis. A. huFceRla transgenic mice (5/group) were pre-treated with vehicle or a
combination of triprolidine, albuterol and fostamatinib and challenged i.v. with 50 pg of AER-37
anti-huFceRla or isotype-control mAb, then followed for 60 minutes for development of
hypothermia. Statistical tests: Kruskal-Wallis and 1-tailed Whitney-Mann U test with correction
for multiple comparisons. B. reNSGS mice were pre-treated with vehicle, 2.5 mg/kg of
indacaterol + 200 pg of triprolidine; or indacaterol, triprolidine + 40 mg/kg of fostamatinib and
challenged i.v. with 500 ng of anti-huFceRIa. mAb. Mice were followed for 60 min for rectal
temperature. Statistical tests: 2- or 3-way ANOVA + THSD. Statistical tests: 3-way ANOVA
and THSD.

Figure S6. The combination of albuterol and triprolidine enhances protection against IgE-
mediated anaphylaxis in male and female BALB/c mice and female C57BI/6 mice. A. Anti-mouse
IgE mADb induces anaphylaxis in male and female BALB/c mice and female C57BI/6 mice. B.
The combination of albuterol, 5 mg/kg i.p. and triprolidine, 200 pg i.p. decreases hypothermia

induced by 20 pg EM-95 anti-IgE mAb in both BALB/c and C57BI/6 female mice. Combination



of 2 experiments, total 10 mice/group. C. The combination of albuterol, 5 mg/kg i.p. and
triprolidine, 200 pg i.p. decreases hypothermia induced by 20 pg of EM-95 anti-IgE mAb in both
BALB/c male and female mice. 5 mice/group. Statistical test: Kruskal-Wallis and 1-tailed

Whitney-Mann U test with correction for multiple comparisons.



