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KEY POINTS

� Targeting mast cells and the effects of their mediators in individuals with allergic hyper-
sensitivity disorders and reactions is a mainstay of therapy.

� Biologics for the treatment of allergic hypersensitivity and mast cell–associated disorders
are emerging as promising second-line interventions.

� There is lack of, and a critical need for, prospective randomized blinded placebo-
controlled trials of biologics in disorders where mast cells are central to the pathologic
condition.

� Cytoreductive biologics, particularly those targeting neoplastic mast cells, should be
reserved for select patients with aggressive and/or pernicious clonal diseases.
INTRODUCTION

Mast cells are bone marrow–derived tissue-resident cells of the myeloid lineage.1

They reside in large numbers adjacent to blood vessels and near mucosal surfaces
where they participate in aspects of both innate and adaptive immune responses
and are thought to contribute to the maintenance of connective tissues and potentially
other physiologic processes.2 Mature mast cells harbor abundant secretory granules
containing several biologically active preformed mediators that include proteases and
histamine, which, along with lipid-derived mediators, are critical to the development of
the signs and symptoms of immediate hypersensitivity reactions.3 Release and gener-
ation of such mediators occur during highly regulated degranulation events, resulting
canonically from antigen-specific immunoglobulin E (IgE) cross-linking of the
Funding: This research was supported by the Division of Intramural Research of the National
Institute of Allergy and Infectious Diseases, NIH.
a Translational Allergic Immunopathology Unit, Laboratory of Allergic Diseases, National In-
stitutes of Health, 9000 Rockville Pike, Building 29B, Room 5NN18, MSC 1889, Bethesda, MD
20892, USA; b Mast Cell Biology Section, Laboratory of Allergic Diseases, National Institute of
Allergy and Infectious Diseases, National Institutes of Health, BG 10 RM 11N244B, 10 Center
Drive, Bethesda, MD 20814, USA
* Corresponding author.
E-mail address: jonathan.lyons@nih.gov

Immunol Allergy Clin N Am 40 (2020) 667–685
https://doi.org/10.1016/j.iac.2020.06.007 immunology.theclinics.com
0889-8561/20/Published by Elsevier Inc.

mailto:jonathan.lyons@nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.iac.2020.06.007&domain=pdf
https://doi.org/10.1016/j.iac.2020.06.007
http://immunology.theclinics.com


Lyons & Metcalfe668
high-affinity IgE bearing surface receptor FcεRI following exposure to cognate anti-
gen.4 However, mast cell degranulation may be thought of as a threshold event
whereby several potentially additive or even synergistic pathways, including but not
limited to cytokine signaling, as well as sensation of temperature, vibration, and stress
signals may all contribute.5,6 Furthermore, mast cells may be activated by cytokines
and innate immune pathways to produce inflammatory cytokines independent of
degranulation.2 Many biologics have been developed, or are under development,
that target mast cells directly or indirectly through inhibition of cytokines that act
upon these cells and/or cytokines and other mediators produced by mast cells. In
this review, the authors discuss current and future biologics that may be used to target
mast cell disorders and reactions.

ROLE OF MAST CELLS IN ALLERGIC DISEASES AND REACTIONS

Mast cells are thought to be the principal mediators of acute symptoms in type I IgE-
mediated immediate hypersensitivity reactions, although blood basophils may also
contribute.7 To accomplish this, mast cells both generate and release several inflam-
matory mediators, including but not limited to histamine, platelet-activating factor,
prostaglandins, leukotrienes, and proteases, such as chymotrypsin and tryptase,
the latter of which are stabilized by serglycin-bound heparin and stored within secre-
tory granules.1–3,7 Mast cells activated following IgE cross-linking by allergen degra-
nulate and release these mediators, leading to vascular leak and pruritus. In
addition to their role in the acute phase of allergic hypersensitivity, following activation,
mast cells also contribute to the recruitment of other inflammatory cells through the
production of chemokines, cytokines, and lipid mediators8 including the recruitment
and activation of eosinophils, which promotes chronic type 2 inflammation.9 In this
way, mast cells are thought to contribute not only to immediate hypersensitivity but
also to several chronic allergic diatheses, including eosinophilic gastrointestinal dis-
ease (EGID), atopic dermatitis (AD), and food allergy.

CLONAL AND NONCLONAL MAST CELL–ASSOCIATED DISORDERS

In rare instances, mast cells may undergo clonal expansion, most commonly because
of the acquired gain-of-function KIT p.D816V missense variant,10,11 which results in
constitutive activation and STAT5 phosphorylation independent of ligation by stem
cell factor (SCF).12,13 The net effect of this variant on mast cell homeostasis is at least
2-fold. First, mutant mast cells display indolent, but unrestrained growth, and second,
activation of KIT-dependent pathways promotes mast cell reactivity. Together, these
result in the clinical entity known asmastocytosis, which may exist in systemic or cuta-
neous forms as defined through established clinical criteria.1 Individuals with masto-
cytosis frequently display recurrent symptoms, such as flushing, pruritus, and
systemic anaphylaxis because of episodic mast cell degranulation that may occur
following antigen exposure (eg, hymenoptera envenomation) or for unidentified rea-
sons.14,15 Indeed, individuals with systemic mastocytosis are several times more likely
to experience systemic anaphylaxis than individuals in the general population.15–19 For
reasons that are less clear, urticaria and angioedema, symptoms frequently associ-
ated with mast cell mediator release, are not common clinical findings among masto-
cytosis patients.20

Symptoms observed in individuals with mastocytosis and associated with mast cell
mediator release may not be limited to individuals with identifiable mast cells clones.
Idiopathic anaphylaxis (IA) is an extreme example of a mast cell–associated disorder,
where affected individuals experience recurrent, often severe, systemic anaphylaxis in
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the absence of an identifiable antigenic exposure21; some of these individuals may
have evidence of clonal disease, but meet only 1 or 2 minor diagnostic criteria or no
criteria for the clinical diagnosis of mastocytosis.22–24 Another example is chronic
spontaneous urticaria (CsU), where, as the name suggests, affected individuals
have ongoing daily hives of at least 6 weeks’ duration without specific provocation.25

There are also individuals that report recurrent symptoms frequently associated with
mast cell mediator release, including, but not limited to, cutaneous flushing, pruritus
and/or angioedema, gastrointestinal pain, abdominal distension, vomiting and/or diar-
rhea, and impairment in energy and/or cognition. Many of these individuals are given
the evolving diagnosis of mast cell activation syndrome (MCAS).23,24 Although criteria
for this diagnosis continue to be debated within the medical community, consensus
opinion currently generally requires one of 3 clinically measurable mast cell mediators-
urine arachidonic acid or histamine metabolites, or serum tryptase- be elevated during
an acute symptomatic episode relative to the patient’s baseline level, in order to
achieve the diagnosis of MCAS.26–28

Finally, there are a growing number of heritable genetic conditions that lead to
increased mast cell reactivity that thus far have most commonly manifested as phys-
ical urticarias.29,30 One Mendelian genetic trait that bears mention in this context is he-
reditary alpha tryptasemia (HaT) caused by increased TPSAB1 copy number encoding
alpha-tryptase.31 It is estimated that this trait may affect up to 5% of the US population
and is a common cause for elevated serum tryptase, which can confound the diag-
nosis of MCAS.32 Furthermore, up to two-thirds of individuals with this trait have
been reported with phenotypes suggestive of mast cell mediator release, and recent
mechanistic studies have demonstrated that unique enzymatic properties of alpha-
tryptase containing heterotetrameric tryptases may contribute to this association.33,34
ALLERGEN IMMUNOTHERAPY: THE FIRST MAST CELL TARGETING BIOLOGIC

Strictly defined, biologics are treatments that are the products of living organisms or
contain living organisms within them. Thus, allergen immunotherapy is the first
example of the use of a biologic to target mast cell reactivity.
Paul Ehrlich first described mast cells (Mastzelle) in his doctoral dissertation in Leip-

zig in 1878.35 It was not for another 30 years that the first pioneering trial in allergen
immunotherapy was undertaken by Noon and Freeman,36,37 and nearly another
50 years before the first double-blind, placebo-controlled trial was conducted demon-
strating efficacy of allergen immunotherapy.38 It was around this time, in the late 1940s
and early 1950s, that mast cells were also firmly established as the culprit for imme-
diate hypersensitivity symptoms39,40 caused by allergens and mediated by the trans-
ferable “reaginic” substance in blood described decades earlier by Prausnitz and
Kustner,41 and later shown by Ishizaka to be gE antibodies,42 now known as IgE. Since
this pioneering work studying hay fever, there have been a large number of prospec-
tive studies using not only environmental allergens but also stinging insect extracts for
individuals with venom allergy, and food antigens, administered via several routes,
including subcutaneous, oral, sublingual, transdermal, and even intralymphatic.43–45

Collectively these studies have provided strong evidence that allergen immunotherapy
is safe and effective in inducing sustained nonresponsiveness to environmental and
stinging insect antigens and in increasing the tolerated mass of food antigen ingestion
by food allergic individuals.44,46 Safety and efficacy of allergen immunotherapy ap-
pears to remain largely true among individuals with mast cell–associated disorders.
Indeed, a prospective trial in venom allergic patients with indolent systemic mastocy-
tosis (ISM) demonstrated venom immunotherapy (VIT) as safe and effective.47
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However, the durability of VIT in patients with clonal disease may be diminished, and
retrospective data suggest that these patients may require life-long VIT maintenance
for protection from anaphylaxis resulting from field stings.48,49

BIOLOGICS TARGETING MAST CELL PROLIFERATION AND EFFECTOR FUNCTION
Immunoglobulin E and Allergen-Specific Monoclonal Antibodies

Much in the same way that antigen has been used to suppress mast cell reactivity, so
have monoclonal antibodies been developed targeting this pathway (Fig. 1, Table 1).
The first such biologic developed and used clinically was omalizumab, which targets
IgE. Omalizumab is a humanized monoclonal IgG1 that binds to the Cε3 region of
IgE, preventing association with both high- and low-affinity IgE receptors on mast
cells and other cells bearing these receptors.50 It was first Food and Drug Adminis-
tration (FDA) approved for the treatment of allergic asthma in 2003.51 Through addi-
tional mechanistic studies it was recognized that in addition to limiting immediate
hypersensitivity reactions via sequestration of antigen-specific IgE, omalizumab
also led to downregulation of FcεRI and suppression of mast cell reactivity.52,53

Based in part on these findings, a trial was undertaken to examine the efficacy of
omalizumab among individuals with treatment-refractory CsU.54 Omalizumab pro-
vided significant benefit, and in 2014 received an FDA indication for this disorder.
Several additional prospective studies have since demonstrated efficacy of omalizu-
mab as an adjunctive therapy for oral and subcutaneous immunotherapy,55–57 and
still others are ongoing (NCT03881696).
Based upon these successes and the proof-of-concept that omalizumab can pro-

mote mast cell quiescence, omalizumab is frequently used in patients with mast
cell–associated disorders in clinical practice. Although a relatively large number of
case reports, series, and retrospective cohort studies have been largely positive on
the use of omalizumab in mast cell–associated disorders,21,58,59 including in ISM,
Fig. 1. Biologics targeting mast cell proliferation and effector function. Monoclonal anti-
bodies (red) currently FDA approved or in phase 2/3 clinical trials that can target mast cell
activation, proliferation, and/or effector functions.

Paolo Macor



Table 1
Current and future monoclonal antibodies targeting mast cell signaling and mediators

Target
FDA-Indication (I)/Disease Population
Under Study (S) Biologic

KIT (S) KIT1 solid tumors CDX-0158 (formerly KTN0158)

IgE (I) Allergic asthma, (I) CsU; (S) IA, (S) OIT Omalizumab, ligelizumab

Allergens (S) Allergic rhinoconjunctivitis REGN1908-1909 (Fel d 1);
REGN5713-5714-5715 (Bet v 1)

SIGLEC-8 (S) EGID, (S) allergic kerato/conjunctivitis,
(S) urticarias, (S) ISM

Antolimab (AK002)

IL4Ra (I) AD, (I) asthma, (I) CRSwNP; (S) EGID Dupilumab

IL6R (I) RA, (I) SJIA, (I) PJIA, (I) GCA, (I) CRS;
(S) ISMa

Tocilizumab, sarilumab

IL-9 (F) Asthma Enokizumab (MEDI-528)

IL-33 (S) Food allergy, (S) AD, (S) asthma,
(S) CRSwNP

Etokimab (ANB-020),
REGN3500, MEDI 3506

ST2 (S) Asthma, MSTT1041A, GSK3772847

Tryptase (S) Asthma � allergic fungal airway disease,
(S) AD, (S) COPD

MTPS9579A

Abbreviations: CRS, cytokine release syndrome; GCA, giant cell arteritis; OIT, oral immunotherapy;
PJIA, polyarticular juvenile idiopathic arthritis; RA, rheumatoid arthritis; SJIA, systemic juvenile
idiopathic arthritis.

a There are a large number of studies underway in other rheumatologic conditions using anti-
IL6R.
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MCAS, and IA, as well as in HaT,60 to date only 1 randomized double-blind placebo-
controlled trial in patients with IA has been undertaken to objectively examine efficacy
in any of these populations (NCT00890162). The complete results are not yet pub-
lished; although preliminary reported data suggest a positive effect, the study was un-
derpowered to achieve its primary endpoint in part owing to the rigorous nature of the
inclusion criteria limiting recruitment. While the preponderance of the literature would
suggest that in a manner similar to that seen in patients with CsU, omalizumab has ef-
ficacy in some patients with mast cell-associated diseases, the trials to demonstrate a
broader use have yet to be undertaken, and which endotypes may most benefit from
this biologic remain speculative.
A second anti-IgE drug, ligelizumab, which is a humanized IgG that functions in a

manner very similar to omalizumab, recently demonstrated efficacy in patients with
CsU based on standardized validated symptom scores in a phase 2b study61 and is
currently in 2 phase 3 studies for CsU (NCT03907878, NCT03580356). Interestingly,
in the phase 2b study, ligelizumab was reported to have greater efficacy compared
with omalizumab in improving symptom scores and resolving patients’ hives. Howev-
er, baseline weight and total IgE were not stratified for or taken into account post hoc,
and thus it is not clear whether this difference is due to a failure to meet the 0.016 mg/
kg/IgE (IU/mL) therapeutic threshold for omalizumab, or if the observed increase in ef-
ficacy will be reproduced in larger ongoing trials.
Like omalizumab, the binding site of ligelizumab is in the Cε3 region of IgE, which is

inaccessible once IgE is bound to FcεRI,62 thus preventing unwanted cross-linking of
receptor-bound IgE that would result in signaling and mast cell degranulation. Despite
this design, between 0.09% and 0.2% of individuals who receive omalizumab develop
systemic anaphylaxis,63 typically on the first few administrations, and thus
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omalizumab has a black box warning associated with this risk. The mechanism under-
lying these rare reactions is unclear. Several hypotheses have been proposed,
including non-IgE–mediated hypersensitivity to polysorbate,64,65 an excipient con-
tained in omalizumab preparations, and the presence of preexisting antibodies
directed against some portion of omalizumab,66 although neither has been definitely
demonstrated to be the culprit. Because of this uncertainty, it is recommended that
all individuals receiving this medication be observed by a medical group capable of
treating anaphylaxis for 2 hours on the first 3 injections, and for 30 minutes with
each subsequent injection.66

Recently, an alternative strategy to allergen immunotherapy has been developed
whereby neutralizing monoclonal antibodies targeting major allergen components
have been developed to limit immediate hypersensitivity reactions resulting from
exposure. Two such targets have biologics in development. Two pooled monoclonal
IgG4P antibodies (REGN1908 and REGN1909)- the modified isotype nomenclature
indicating the presence of IgG1 sequence at the hinge-region rendering the mono-
clonal antibody more stable- targeting the major cat allergen Fel d 1, have completed
a phase 1 study.67 In this study, a single injection of both of the 2 noncompetitive
monoclonal inhibitors given to cat-allergic individuals resulted in significant improve-
ment in total nasal symptom scores (TNSS) following nasal provocation. Both TNSS
and wheal size in response to skin-prick testing to cat hair extract was reduced for
up to 85 days after injection. The mechanism underlying the potential durability of
this intervention is unclear.
Using a similar strategy, another pool of 3 noncompetitive monoclonal antibodies

targeting the major birch allergen Bet v 1 (REGN5713, REGN 5714, REGN5715) is
currently under investigation in a 2-part phase 1 randomized, double-blind, pla-
cebo-controlled study (NCT03969849) with the same primary endpoints at the Fel
d 1 study: evaluating safety and tolerability in part 1, and assessing TNSS and skin
prick testing (SPT) responses to birch in part 2.

Stem Cell Factor Receptor KIT

The development of mast cell precursors in the bone marrow as well as the mainte-
nance of long-lived mature mast cells in tissue is dependent on SCF signaling via its
cognate tyrosine kinase receptor KIT. Because gain-of-function variants in KIT as
well as exogenous administration of SCF to humans promote mast cell activation,68,69

targeting this pathway to limit symptoms of immediate hypersensitivity has long been
of interest. Complicating this strategy is the fact that SCF is also crucial for normal he-
matopoietic stem cell maturation.70 Thus, identifying ways to inhibit this pathway while
limiting marrow suppression and toxicity has been of paramount importance.
Although several small molecules have been developed to inhibit tyrosine kinase ac-

tivity generally, including imatinib, nilotinib, dasatinib, midostaurin, masitinib, ibrutinib,
and avapritinib, few have been KIT-specific, andmost have had significant and limiting
toxicity.71 One KIT-specific biologic CDX-0158 (formerly KTN0158), a humanized
monoclonal antibody that has inhibitory activity against both wild-type and mutant
KIT, completed a phase 1 trial for KIT-positive advanced solid tumors in mid-2019
(NCT02642016). Although these first-in-human data are not yet available, in preclinical
studies CDX-0158 reduced mast cell degranulation, mast cell number in tissues, and
mast cell tumor size in canines.72 In dogs, this monoclonal antibody resulted in anemia
in 1 animal, suggesting marrow suppression may occur.
An additional intriguing strategy for targeting this pathway has been described byGar-

cia and colleagues.73 They have engineered an SCF-analogue with partial agonistic ac-
tivity that preferentially activates hematopoietic progenitors and does not promote mast
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cell activation in vitro or inmousemodels.Whether such a partial agonist could be devel-
oped and applied to mast cell–associated disorders in humans remains to be seen.

Sialic Acid–Binding Immunoglobulin-Type Lectin-8

Sialic acid–binding immunoglobulin-type lectins (SIGLECs) are a family of
immunoglobulin-like carbohydrate-binding molecules present primarily on the plasma
membrane of immune cells that recognize specific sialic acid residues.74 Each of the
15 known human SIGLECs display different tissue distributions and serve diverse
functions. Although these molecules may contribute to cellular signaling, adhesion,
and phagocytosis, most contain an intracytoplasmic domain bearing one or more
immunoreceptor tyrosine-based inhibitory motif (ITIM) motifs and serve to limit im-
mune cell activation. SIGLEC-8 was first cloned from a human with idiopathic hyper-
eosinophilic syndrome75 and is known to be expressed only on human allergic effector
mast cells and eosinophils, and to a lesser extent on basophils.76 Engagement of
SIGLEC-8 by the endogenous ligand 6ʹsulfo-sialyl-Lewis-X induces eosinophil
apoptosis and inhibits IgE-mediated mast cell calcium flux and degranulation.77,78

Thus, an agonist or suicide immunoglobulin that could direct antibody-dependent
cell-mediated cytotoxicity (ADCC) of allergic effector cells could be an effective treat-
ment for mast cell–associated disorders.
Antolimab (formerly AK002) is a nonfucosylated IgG1 monoclonal antibody targeting

SIGLEC-8 under study for several clinical indications. This molecule is currently given
as an infusion, and owing to the lack of fucosylation, induces ADCCof blood eosinophils.
In humanizedmousemodels, it limits systemicanaphylaxis aswell aseosinophilic inflam-
mationof thegut.79Ostensibly it is thisADCCactivity that results in first infusion reactions,
which have been described in unpublished reports of early phase studies; extension
phase studies are ongoing (NCT03664960). This drug is currently being evaluated in
several ongoing or recently completed clinical trials, including EGID (NCT03496571,
NCT03664960), treatment-refractory urticarias, including CsU, cholinergic urticaria,
and symptomatic dermatographism (NCT03436797), and a phase 1b study of severe
allergic conjunctivitis (atopic keratoconjunctivitis, vernal keratoconjunctivitis, and peren-
nial allergic conjunctivitis refractory to topical treatments) (NCT03379311). Finally, an
open-label phase 1 dose-finding study in patients with ISMwas also recently completed
(NCT02808793). Although the preliminary data reported in these studies have thus far
been positive, the results currently remain unpublished.

Cytokine and Cytokine-Receptor Blockade

In addition to the effects of SCF on mast cell reactivity and homeostasis, there are
many biologics available or in development targeting other cytokines that contribute
to the pathogenesis of type I hypersensitivity reactions.
Interleukin-4 (IL-4) is an early and potent driver of Th2 immune responses, contrib-

uting to skin barrier dysfunction and promoting IgE class-switching in humans.80,81 IL-
4 shares a coreceptor IL4Ra, with IL-13, which has been shown to be important for
generation of high-affinity IgE associated with strong mast cell activation and severe
allergic reactions in mice,82,83 and is an important effector cytokine in allergic inflam-
matory responses. Both of these cytokines are generated by activated mast cells, and
IL4Ra is present on the cell surface.84–86 IL4Ra has also been shown to contribute to
IL-33–associated histamine release in mouse models.87

Dupilumab is a fully human IgG4 monoclonal antibody that blocks receptor activa-
tion by IL-4 or IL-13. It is FDA approved for the treatment of individuals older than
12 years of age with moderate to severe AD or moderate to severe asthma, and in
adults with chronic rhinosinusitis with nasal polyposis chronic rhinosinusitis with nasal
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polyps (CRSwNP) refractory to standard-of-care interventions.88–90 Although it is
thought that some of the efficacy observed in these atopic disorders may result
from reduced activity of mast cell–derived IL-4 and IL-13 as well as reduced IL4Ra--
signaling in mast cells, the mast cell–specific contribution to the pathogenesis or
improvement of these diseases remains undefined in humans.
IL-6 has been demonstrated to increase proliferation and IgE-dependent activation of

cultured human mast cells in vitro.91 Individuals with ISM have been shown to have
elevated levels of serum IL-6, which may contribute to several clinical symptoms,
includingmast cell reactivity.92–95 Heightened serum levels in these individuals are asso-
ciated with the presence of the KIT p.D816V gain-of-function missense variant, which
promotes constitutive overexpression of IL-6 in vitro.95 There are 2 currently FDA-
approved IL-6 receptor inhibitors: tocilizumab, a humanized monoclonal IgG1, and sar-
ilumab, a fully humanmonoclonal IgG1, both of which are approved for the treatment of
autoimmune disease. Tocilizumab also has an indication for the treatment of cytokine
release syndrome associated with chimeric antigen receptor T-cell therapy, which is
thought to be a result of exuberant cytokine release from activated macrophages.
Although mast cells have been implicated in the pathogenesis of joint destruction in dis-
orders such as rheumatoid arthritis,96 it is generally thought that other immune cells are
principal drivers of autoimmune inflammation. However, the observed effects of IL-6 on
themast cell compartment among patients with ISM have led to an investigator-initiated
phase 2 double-blind placebo-controlled trial of sarilumab in patients with this disorder
(NCT03770273). Results are not yet available, but primary outcome measures include
safety and quality of life as measured by a validated questionnaire.
IL-9 is a pleiotropic cytokine produced by several immune cell lineages, including

many lymphocytes as well as mast cells.97 Among the identified activities of this cyto-
kine, it has been demonstrated that IL-9 can promote mast cell proliferation in vitro,98

contributes to tissue recruitment of mast cells to sites of allergic inflammation
in vitro,99 and IL-9 produced both by mucosal mast cell and tissue homing/infiltrating
Th2 cells may promote allergic phenotypes, such as AD and food allergy. Enokizumab
(formerly MEDI-528) is a humanized IgG1 targeting IL-9. Despite the associations be-
tween allergic inflammation, mast cells, and IL-9, it failed in a phase 2b study of adults
with uncontrolled asthma whereby no difference was seen in the Asthma Control
Questionnaire-6 score, forced expiratory volume in 1 second (FEV1), or rate of
exacerbation.100

IL-33 is a member of the IL-1 superfamily of cytokines and is expressed predomi-
nantly by cells of ectodermal and myeloid origin, including epithelia and mast cells.101

This cytokine is produced following epithelial damage or stress and contributes to
allergic inflammation via signaling through its cognate receptor ST2 found on mast
cells, eosinophils, ILC2s, and Th2 lymphocytes. In this context, mast cells both pro-
duce and respond to IL-33. Etokimab (ANB020) is a humanized IgG1 anti-IL-33 mono-
clonal antibody that has been evaluated in phase 2a trials for AD and food allergy.102 In
the AD study, all subjects received a placebo infusion followed 1 week later by a single
infusion of study drug. AD severity significantly improved as measured by a reduction
in Eczema Area and Severity Index core, with maximal improvement occurring be-
tween day 29 and 57. This improvement appeared to persist in some individuals out
to 150 days after infusion. Although the mast cell compartment was not evaluated
in this study, another similarly sized placebo-controlled phase 2a study examined
the efficacy of etokimab in peanut allergic adults.103 In this study, 11/15 peanut-
allergic individuals who received a single infusion of drug and failed an oral food chal-
lenge (OFC) at baseline were able to pass OFC at day 15, and 4 remained tolerant at
day 45 after infusion. None of those receiving placebo were able to pass OFC. Despite
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this clinical result, there was no detectable difference in SPT responses to peanut dur-
ing the study. In vivo and in vitro data suggest that short-term exposure to IL-33 can
increase both IgE-dependent and -independent mast cell activation,104,105 potentially
without clear provocation in a manner dependent on IL4Ra-mediated signaling.87

Taken together, these results thus suggest that IL-33 blockade may be a viable ther-
apy for prevention of mast cell activation generally, and there are several clinical trials
recently completed or underway evaluating the effect of IL-33/ST2 blockade on
several allergic and pulmonary diseases where mast cells may contribute. A phase
2 study of etokimab in patients with severe eosinophilic asthma (NCT03469934)
was recently completed, and another in patients with CRSwNP is still recruiting
(NCT03614923). Phase 2 studies of another fully human IgG4P anti-IL-33 monoclonal
antibody REGN3500 (formerly SAR440340) in patients with AD (NCT03112577) and
allergic asthma (NCT02999711) alone, or in combination with dupilumab, have
recently been completed, and a third phase 2 study in chronic obstructive pulmonary
disease (COPD) (NCT03546907) has also completed recruitment. A third anti-IL-33
monoclonal antibody MEDI 3506 is also recruiting adults with moderate to severe
AD for a phase 2 safety and efficacy study (NCT04212169).
Within the same pathway, GSK3772847 (formerly CNTO 7160), a human IgG2 anti-

ST2 monoclonal antibody, has completed a phase 2 study designed to determine ef-
ficacy in adults with moderate to severe asthma (NCT03207243) and has completed
recruitment in another phase 2 study of individuals with moderate to severe asthma
with concomitant allergic fungal airway disease (NCT03393806). A second anti-ST2
candidate, MSTT1041A (formerly AMG 282 and RG6149), a defucosylated fully human
monoclonal antibody, has completed phase 1 study in patients with allergic asthma
(NCT01928368) and CRSwNP (NCT02170337); phase 2 studies in moderate to severe
AD (NCT03747575), severe asthma (NCT02918019), and COPD (NCT03615040) have
also either recently been completed or have finished recruiting. Published results from
all of these trials are not yet available.

Tryptase Neutralization

Although targeting mast cell mediators using antihistamines, leukotriene antagonists,
and mast cell stabilizers is the mainstay of treatment of individuals with mast cell dis-
orders, there is currently no FDA-approved biologic other than immunotherapy with
allergen that targets these inflammatory molecules. However, there is renewed inter-
est in targeting tryptase to treat allergic diseases. Human tryptases are a family of
serine proteases that have only recently evolved and share only modest homology
with orthologs, even those present in nonhuman primates.106 There are 5 known tryp-
tase loci, with TPSAB1 and TPSB2 encoding the known common secreted forms a-
and/or b-tryptase.107 Enzymatically active tryptases exist as tetrameric complexes
stabilized in mast cell granules by heparin.108 In a humanized mouse model, neutral-
ization of enzymatically active human tryptase has been shown to reduce the severity
of IgE-dependent systemic anaphylaxis.109 Furthermore, post hoc analysis reexamin-
ing the treatment benefits of omalizumab in patients with allergic asthma suggests that
a greater number of the enzymatically active b-tryptase isoform is associated with a
failure to respond to this IgE-directed therapy. Based on these observations, a phase
2a, randomized, placebo-controlled, double-blind, multicenter, 2-arm study is under-
way to evaluate the safety and efficacy of a humanized antitryptase IgG4 monoclonal
antibody (MTPS9579A) as an add-on therapy in patients with uncontrolled moderate
to severe asthma (NCT04092582). The primary composite endpoint is the time to first
asthma exacerbation or diary worsening. Several additional objective clinical and lab-
oratory measures will be evaluated as secondary endpoints. Although clinical efficacy
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data are not yet available, targeting tryptase in mast cell–associated disorders may be
of benefit as mature tryptases- in particular heterotetrameric ab-tryptase- may
contribute to many clinical phenotypes reported.33

BIOLOGICS TARGETING NEOPLASTIC MAST CELLS

In addition to targeting dysregulated physiologic processes that lead to enhanced
mast cell activation, proliferation, or reactivity, several additional targets have been
identified on neoplastic mast cells that can be targeted to eliminate mast cells
(Fig. 2). Generally, these biologics are cytotoxic, either bearing a conjugated
poisonous payload to cells they target or exhibiting strong ADCC activity (Table 2).
Thus, these agents carry significant off-target effects and should be reserved for indi-
viduals with advanced disease or those with associated hematologic malignancies
and given by physicians experienced in the care of such patients.

CD25

IL-2 is an essential cytokine for immune function.110 Failure of IL-2 signaling, princi-
pally in T lymphocytes, because of autosomal or X-linked recessive loss-of-function
mutations in one of the 3 heterotrimeric IL-2R subunits, results in combined or severe
combined immunodeficiency.111–114 IL-2 is also important for maintenance of immune
tolerance, and impairment in signaling has been shown to result in loss of peripheral
and self-tolerance in humans. IL2RA encodes the alpha subunit, which is also
commonly known as CD25, which is aberrantly expressed on the surface of neoplastic
mast cells,115 where it is able to bind IL-2, but unable to signal because of the absence
of IL-2Rb. Daclizumab is an anti-CD25 humanized IgG1 monoclonal antibody
approved for adults with relapsing forms of multiple sclerosis.116 In 1 small case se-
ries, 4 patients with refractory aggressive systemic mastocytosis were treated open
and off-label with daclizumab. Only 1 individual demonstrated evidence of a tempo-
rary partial clinical response with improvement in pleural effusions, ascites, flushing,
emesis, diarrhea, fatigue, and joint pain over the weeks following administration of
daclizumab. At that time, changes were also observed on bone marrow section, which
suggested mast cell destruction. However, disease fully recurred within 1 month, and
none of the other 3 individuals demonstrated benefit.117 This drug has since been
Fig. 2. FDA-approved biologics that can target neoplastic mast cells. Monoclonal antibodies
(red) FDA approved for malignancy or immunosuppression that have shown some efficacy in
case reports of patients with advanced or aggressive clonal mast cell disease.



Table 2
Food and Drug Administration–approved monoclonal antibodies that can target neoplastic
mast cells

Target Indication Normal Tissue Distribution Biologic

CD25 Allograft rejection prophylaxis;
multiple sclerosis

Lymphocytes and
activated granulocytes

Basiliximab,
daclizumaba

CD30 Hodgkin or anaplastic lymphoma;
CD301 T-cell lymphomas

Lymphocytes and
granulocytes

Brentuximab
vedotin

SIGLEC-3
(CD33)

AML Myeloid lineage cells
and precursors; activated
T lymphocytes

Gemtuzumab
ozogamicin

a Voluntarily withdrawn by the manufacturer over safety concerns.
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voluntarily withdrawn from the market over safety concerns.118 Basiliximab is a
chimeric IgG1 monoclonal antibody that also targets CD25 and is indicated for the
acute organ rejection prophylaxis following renal transplantation.119 This biologic
has not been studied in mast cell diseases.
CD30

Tumor necrosis factor receptor superfamily member 8, or CD30, is normally
expressed on the cell surface of activated T, B, and NK lymphocytes, and at
a lower level in some myeloid cells, such as activated monocytes and eosino-
phils.120 Ligation of CD30 by CD30L leads to NF-kB activation that can promote
cellular proliferation or death. Brentuximab vedotin is a chimeric IgG1 mono-
clonal antibody targeting CD30 conjugated to monomethyl auristatin E (vedotin)
that disrupts microtubule formation. It has several clinical indications, including
advanced and high-risk Hodgkin lymphomas, systemic or cutaneous anaplastic
large cell lymphoma, or other CD30-expressing peripheral T-cell lymphomas.121

Treatment of CD30-positive systemic mastocytosis in 1 case series involving 4
patients with aggressive systemic mastocytosis (ASM) or ISM was associated
with evidence of reduced disease burden in 2 patients.122 One individual experi-
enced partial remission with resolution of pancytopenia such that growth factor
support was no longer necessary, and the patient was continued for 44 monthly
cycles of drug.
Sialic Acid–Binding Immunoglobulin-Type Lectin-3 (CD33)

SIGLEC-3, or CD33, belongs to the same family of sialic acid–binding lectins as
SIGLEC-8, the promising therapeutic target present on nonneoplastic mast cells.74

In healthy individuals, CD33 is found on the surface of many myeloid lineage cells,
including mast cells, as well as on activated T lymphocytes, where it serves as an
inhibitory receptor regulating signaling. Gemtuzumab ozogamicin is a humanized
IgG4 monoclonal antibody against CD33 that has been conjugated to a cytotoxic
agent (N-acetyl gamma calicheamicin dimethyl hydrazide) approved for the treatment
of CD33-positive acute myeloid leukemia (AML) in adults and reserved for relapsed or
refractory CD33-positive AML in children.123 In 1 case report, an individual with mast
cell leukemia refractory to several agents, including imatinib, cladribine, and midos-
taurin, was treated with gemtuzumab ozogamicin resulting in complete histologic
remission out to 7 months of follow-up.124
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DISCUSSION

The utilization of biologics, in the form of allergen-specific immunotherapy, to target
mast cells and their mediators in order to treat and even prevent immediate hypersen-
sitivity symptoms and reactions has been part of clinical practice for over a century.
Recent advances in technologies have massively expanded the number of mono-
clonal antibodies that may be used in a similar manner. Although published random-
ized prospective blinded placebo-controlled trials evaluating efficacy of the expanding
number of biologics are generally lacking, many of these molecules hold significant
promise for mast cell–associated diseases and reactions.

SUMMARY

Several biologics exist that hold promise for mast cell–associated diseases. However,
only allergen immunotherapy, IgE-blocking monoclonal antibodies, and more
recently, anti-IL33, have been shown to be effective in clinical trials involving clinical
phenotypes resulting from mast cell activation, namely, IgE-mediated immediate hy-
persensitivity or CsU. Although additional studies have been completed and published
results should be forthcoming, the only prospective studies of biologics in mast cell–
associated disorders in the literature currently are trials of anti-IgE monoclonal thera-
pies for CsU and VIT in ISM. Thus, prospective randomized placebo-controlled clinical
trials of biologics in mast cell–associated diseases are critically needed because effi-
cacy in CsU or other allergic diseases, such as asthma and AD, may not translate to
the mast cell compartment.

CLINICAL CARE POINTS

� Diagnostic criteria for MCAS are incompletely defined and unevenly applied by
physicians, making the care and study of individuals with this diagnosis very
challenging.

� VIT is safe and effective but potentially less durable in patients with ISM who may
require lifelong maintenance to ensure protection from field stings.

� Anti-IgE therapy is effective for antihistamine-refractory CsU, but case reports
and cohort studies suggest it may not effectively treat many other symptoms
frequently attributed to mast cell activation.

� There are no prospective studies to support off-label use of any monoclonal anti-
body in clonal or non-clonal mast cell–associated diseases.

� Cytoreductive biologics should be reserved for patients with aggressive clonal
mast cell disease and administered only by physicians experienced in caring
for these complex patients.
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