Journal Pre-proof . I

Allergy...Clinical
‘Ia:ngymunology

Drug-Induced Mast Cell Eradication: A Novel Approach to Treat Mast Cell Activation
Disorders?

Peter Valent, M.D., Cem Akin, M.D., Ph.D., Karin Hartmann, M.D., Andreas Reiter,
M.D., Jason Gotlib, M.D., M.S., Karl Sotlar, M.D., Wolfgang R. Sperr, M.D., Lina
Degenfeld-Schonburg, M.D., Dubravka Smiljkovic, Ph.D., Massimo Triggiani, M.D.,
Ph.D., Hans-Peter Horny, M.D., Michel Arock, Pharm.D., Ph.D, Stephen J. Galli,
M.D., Dean D. Metcalfe, M.D., M.S.

Pl S0091-6749(22)00451-1
DOI: https://doi.org/10.1016/j.jaci.2022.04.003
Reference: YMAI 15527

To appearin:  Journal of Allergy and Clinical Immunology

Received Date: 17 February 2022
Revised Date: 28 March 2022
Accepted Date: 6 April 2022

Please cite this article as: Valent P, Akin C, Hartmann K, Reiter A, Gotlib J, Sotlar K, Sperr WR,
Degenfeld-Schonburg L, Smiljkovic D, Triggiani M, Horny H-P, Arock M, Galli SJ, Metcalfe DD, Drug-
Induced Mast Cell Eradication: A Novel Approach to Treat Mast Cell Activation Disorders? Journal of
Allergy and Clinical Immunology (2022), doi: https://doi.org/10.1016/j.jaci.2022.04.003.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier Inc. on behalf of the American Academy of Allergy, Asthma &
Immunology.


https://doi.org/10.1016/j.jaci.2022.04.003
https://doi.org/10.1016/j.jaci.2022.04.003

10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34
35
36

37

38
39

40
41
42
43

Drug-Induced Mast Cell Eradication: A Novel Approach

to Treat Mast Cell Activation Disorders?

Peter Valent, M.D.12, Cem Akin, M.D., Ph.D.3, Karin Hartmann, M.D.*°, Andreas
Reiter, M.D.%, Jason Gotlib, M.D., M.S.7, Karl Sotlar, M.D.8, Wolfgang R. Sperr,
M.D.%2, Lina Degenfeld-Schonburg, M.D.*2, Dubravka Smiljkovic, Ph.D.>2, Massimo
Triggiani, M.D., Ph.D.°, Hans-Peter Horny, M.D.%°, Michel Arock, Pharm.D., Ph.D.*,
Stephen J. Galli, M.D.*?, Dean D. Metcalfe, M.D., M.S.13

1Department of Internal Medicine I, Division of Hematology and Hemostaseology, Medical
University of Vienna, Austria; 2Ludwig Boltzmann Institute for Hematology and Oncology,
Medical University of Vienna, Austria; 3Division of Allergy and Clinical Immunology,
University of Michigan, Ann Arbor, MI, USA,; “Division of Allergy, Department of
Dermatology, University Hospital Basel and University of Basel, Switzerland; *Department of
Biomedicine, University Hospital Basel and University of Basel, Switzerland; ®Department of
Hematology and Oncology, University Hospital Mannheim, Germany; “Stanford Cancer
Institute/Stanford University School of Medicine/Stanford Cancer Institute, Stanford, CA,
USA,; 8Institute of Pathology, Paracelsus Medical University Salzburg, Austria; °Division of
Allergy and Clinical Immunology, University of Salerno, Italy; °Institute of Pathology,
Ludwig-Maximilian-University, Munich, Germany; !Department of Hematological Biology,
Pitié-Salpétriére Charles-Foix Hospital, AP-HP Sorbonne University, Paris, France;
12Department of Pathology, Department of Microbiology and Immunology, and the Sean N.
Parker Center for Allergy and Asthma Research, Stanford University School of Medicine,
Stanford, CA, USA: 3Mast Cell Biology Section, Laboratory of Allergic Diseases, NIAID,
NIH, Bethesda, MD, USA

Support: P.V. was supported by the Austrian Science Fund (FWF), projects P32470-B and

F4704-B20. J.G. was supported by the Charles and Ann Johnson Foundation. D.D.M. was

supported by the Division of Intramural Research, NIAID, NIH. The content is solely the
responsibility of the authors and does not represent the official views of the NIH.



44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

83
84

85

86

Conflicts of Interest (COl):

Peter Valent: Consultancy (honoraria): Blueprint, Novartis, Deciphera, Celgene,
Incyte; Research Grant: Celgene, Pfizer.

Cem Akin: Consultancy (honoraria): Blueprint, Novartis; Research Grant: Blueprint;
Investigator in clinical trial: Blueprint.

Karin Hartmann: Research Funding: Thermo Fisher; Consultancy and Honoraria:
Allergopharma, ALK-Abello, Blueprint, Deciphera, Leo Pharma, Menarini, Novartis,
Pfizer, Takeda, Thermo Fisher.

Andreas Reiter: Consultancy (honoraria): Novartis, Blueprint, Deciphera; Research
support: Novartis.

Jason Gotlib: 1. Research Grant (funds for administration of clinical trials): Novartis,
Blueprint Medicines, Deciphera, Cogent Biosciences; 2. Advisory Board and
Honoraria: Blueprint Medicines, Novartis, Deciphera, Cogent Biosciences, 3.
Reimbursement of travel expenses: Novartis, Blueprint Medicines.

Karl Sotlar: Consultancy (honoraria): Novartis, Blueprint.

Wolfgang R. Sperr: Consultancy (honoraria): Thermofisher, AbbVie, Novartis, Pfizer,
Incyte, Deciphera, Jazz, Teva and Celgene

Michel Arock: Research Grants: Blueprint; honoraria: AB Science, Blueprint,
Novartis.

Hans-Peter Horny: Consultancy (honoraria): Novartis, Deciphera, Blueprint.
Massimo Triggiani: Consultancy (honoraria): Novartis, Deciphera, Blueprint;
Investigator in a clinical trial: Blueprint

Dean D. Metcalfe: Investigator in clinical trial: Sanofi US Services

The authors declare that they have no other conflicts of interest to disclose in this project.

Correspondence:

Peter Valent, M.D.

Department of Internal Medicine |

Division of Hematology and Hemostaseology and

Ludwig Boltzmann Institute for Hematology and Oncology
Medical University of Vienna, Austria

Waehringer Guertel 18-20, A-1090 Vienna, Austria

Phone: +43 1 40400 60850

E-mail: peter.valent@meduniwien.ac.at

Text word count; 3,990; Abstract word count: 199


mailto:peter.valent@meduniwien.ac.at

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Abstract

Mast cell activation is a key event in allergic reactions, other inflammatory states, and
mast cell activation syndromes. Mast cell-stabilizing agents, mediator-targeting drugs
and drugs interfering with mediator effects are often prescribed in these patients.
However, the clinical efficacy of these drugs varies, depending on the numbers of
involved mast cells and the underlying pathology. One straightforward approach would
be to eradicate the primary target cell. However, to date, no mast cell-eradicating
treatment approach has been developed for patients suffering from mast cell activation
disorders. Nevertheless, recent data suggest that long-term treatment with agents that
effectively inhibit KIT-function results in the virtual eradication of tissue mast cells and
a sustained decrease in serum tryptase levels. In many of these patients, mast cell
depletion is associated with a substantial improvement in mediator-induced symptoms.
In patients with an underlying KIT D816V+ mastocytosis, such mast cell eradication
requires an effective inhibitor of KIT D816V, such as avapritinib. However, the use of
KIT inhibitors must be balanced against potential side effects. We here discuss mast
cell-eradicating strategies in various disease models, the feasibility of this approach,
available clinical data, and future prospects for the use of KIT-targeting drugs in mast

cell activation disorders.
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List of Abbreviations:

ASM Aggressive systemic mastocytosis
BM Bone marrow

BMM Bone marrow mastocytosis

CM Cutaneous mastocytosis

FceRI Fc epsilon receptor type |

HaT Hereditary alpha tryptasemia
HSCT Hematopoietic stem cell transplantation
IgE Immunoglobulin E

ISM Indolent systemic mastocytosis
MC Mast cells

MCAS Mast cell activation syndrome
MCL Mast cell leukemia

SM Systemic mastocytosis

SM-AHN  Systemic mastocytosis with an associated hematologic neoplasm
SSM Smoldering systemic mastocytosis
WHO World Health Organization
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Introduction

Mast cells (MC) are key effector cells of allergic reactions and other inflammatory
processes in various pathologic conditions.’* These cells display high-affinity IgE
receptors, also known as Fc epsilon receptor type | (FceRI), as well as many other
activation-linked surface antigens and receptors, such as C5aR or MRGPRX2, and store
an array of vasoactive and inflammation-triggering mediators in their metachromatic
granules.t* During an anaphylactic reaction, allergen-induced cross-linking of MC
FceRlI results in the release of preformed granule-stored mediators, including various
proteases and histamine, and newly synthesized chemokines and cytokines.!* In
addition, activated MC release lipid membrane-derived arachidonic acid metabolites.*
MC originate from multi-lineage hematopoietic stem and progenitor cells as well as
MC-committed progenitors.*® These stem and progenitor cells reside in the bone
marrow but are also detected in the peripheral blood and in extramedullary organs.**
A complex network of cytokines and growth factor receptors is involved in the
regulating the differentiation, maturation, migration, adhesion, homing and activation
of MC in health and disease.*? The key regulator of the development, survival and
function of MC is stem cell factor (SCF) acting through its receptor, KIT. KIT itself is
expressed on the surface of uncommitted stem cells, MC progenitor cells, and mature
MC,*12 but is also expressed on a number of other cell types, including melanocytes,
Cajal cells of the gastrointestinal tract, and germ cells.!314

MC activation occurs in a number of different pathologic conditions and disorders,

including allergic diseases, chronic inflammatory reactions, infectious diseases,
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intolerance reactions, and toxic reactions.**!>20 In patients with allergic (atopic)
disorders as well as in mastocytosis, MC activation may be substantial and systemic,
often resulting in overt anaphylaxis.**>16-1° When the symptoms are severe, episodic
and recurrent, a MC activation syndrome (MCAS) may be diagnosed.'>!-21 In some of
these cases, life-threatening anaphylaxis is seen, especially when one or more
underlying conditions and contributing pathologies, such as a concomitant mastocytosis
and/or allergy, are also present.518-21

Based on mouse studies, symptoms typically recorded in an anaphylactic (allergen-
induced and IgE-dependent) reaction are largely if not entirely dependent on the
presence of MC.?2-%6 Basophils also can participate in anaphylactic reactions, but their
contribution to the manifestations of severe anaphylaxis is assumed to be generally of
less impact. Thus, MC are a critical target cell population in anaphylactic reactions in
various disease models, including IgE-dependent allergies, mastocytosis, and MCAS.
In patients with severe forms of MC activation and anaphylaxis, a number of drugs are
employed in the hope of bringing MC activation under control.?’-3? In the acute phase of
a MC activation-related event (anaphylactic shock), “emergency drugs™ such as
epinephrine (first line immediate therapy) and corticosteroids, as well as antihistamines,
are administered.?”-? In the symptom-free interval, MC-stabilizing agents, mediator-
targeting drugs, and drugs interfering with the effects of these mediators on various
target cells (e.g., histamine receptor blocker) are prescribed to help prevent or lessen an
episode of recurrent anaphylaxis, should it occur.?7:28:30-32

In certain forms of MC activation, anaphylactic events may be life-threatening and
resistant to conventional therapy.>-1%2-%0 These include patients with an underlying MC

neoplasm (mastocytosis), an underlying genetic predisposition, an atopic diathesis,
6
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and/or multiple severe IgE-dependent allergies. When two or three of these conditions
are present in the same patient, the risk for recurrent life-threatening events may be
exceptionally high.*>-2! In such cases a MCAS may be diagnosed.*>%-2! For patients with
recurrent severe events, including those with MCAS not protected by conventional
approaches, additional pharmacologic agents may be administered, including IgE-
targeting antibodies (omalizumab), specific immunotherapy, and MC-stabilizing
agents.33-38

An emerging novel strategy is to reduce the numbers of MC in the hope of decreasing
or even eliminating the risk of occurrence of severe anaphylaxis. Especially in patients
with both MCAS and systemic mastocytosis (SM), where the numbers of MC are
excessively elevated, a reduction in, or eradication of, MC could be a highly effective
therapeutic maneuver. In support of such an approach, several studies have shown that
MC reduction induced by an effective inhibitor of KIT D816V, or other drugs with
similar effects on MC, is followed by a decrease in the symptom burden and an
improvement in quality of life.3%** Indeed, KIT, a tyrosine kinase receptor for stem cell
factor (SCF), is a well-known master regulator of MC and their progenitor cells®t113
and the KIT mutant form D816V has recently been identified as a primary target in MC-
dependent disorders.3® Currently, however, the approach of targeting KIT and thus
suppressing MC development with a highly effective pharmacologic inhibitor, is offered
almost exclusively to patients with advanced SM.3%4 On the other hand, there are a few
studies in which the efficacy of KIT-targeting drugs in indolent SM has been explored
with the goal of suppressing MC growth and MC activation.

Such experience prompts our discussion of the potential use of established and novel

KIT-targeting drugs as MC-eradicating therapy in patients with anaphylaxis and MCAS,
7
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particularly in the context of IgE-dependent allergies, atopic and other predisposing
conditions, and SM. Moreover, we also review the available data and discuss future
applications in clinical trials, as well as associated concerns related to safety, side effects

and special indications.

Role of KIT in Expansion and Activation of MC

Human and mouse MC reportedly derive from transplantable hematopoietic stem and
progenitor cells.*>-*" The tyrosine kinase receptor KIT and its ligand, SCF, also called
KIT-ligand, play a dominant role in the development and maturation of tissue MC.%*
In contrast to other myeloid cells, MC are long-lived. This is because the development
of fully mature MC from their stem cells and pluripotent and committed MC progenitor
cells may take several months.482450 |n addition, some mature tissue MC survive
months or perhaps years when residing within local tissue microenvironments. Based
on observations in patients with clonal MC disorders who have undergone
hematopoietic stem cell transplantation, the in vivo development of human MC from
donor stem cells takes at least 6 months.*” Similarly, full differentiation of human MC
from their stem and progenitor cells and full maturation in vitro takes at least 6-12
weeks.®48-51 At maturation, MC reside in local tissue sites where SCF and other growth
factors and other cytokines are expressed, supporting long-term survival as well as
effector cell functions. It is important to note that the survival of mature MC in various
tissues is dependent on SCF and KIT, and that after an effective blockade of the SCF-
KIT-axis in vivo, it takes at least several weeks until (normal) mature tissue MC undergo

apoptosis and disappear. 101147
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Other cytokines can also induce or promote MC differentiation. Whereas in the mouse
and rat, several growth factors, including interleukin-3 (IL-3) and SCF may induce MC
development?®, differentiation of human MC is promoted by only a few cytokines.48-5¢
In fact, in an early phase of MC development (stem and progenitor cell level), IL-3, IL-
6, and IL-9 can promote proliferation and thus SCF-induced development of MC.4851-53
IL-4, in turn, acts on a more mature stage of MC development. In particular, IL-4
promotes in vitro maturation, chymase expression and expression of FceRI in maturing

MC precursor cells cultured in the presence of SCF.53-%6

Classes of KIT-Targeting Tyrosine Kinase Inhibitors (TKI), Drug-Target

Interaction Profiles, and Pharmacology

KIT-targeting TKI can essentially be divided into i) drugs interacting with several
different kinase targets, including wild type (wt) KIT but not with KIT D816V
(example: imatinib), ii) drugs that interact primarily or selectively with wt KIT but not
with KIT D816V or other kinase targets (example: masitinib), iii) drugs that recognize
wt KIT, KIT D816V and several other oncogenic kinases (example: midostaurin), and
Iv) inhibitors of KIT D816V (and sometimes wt KIT) that interact with only a limited
number of additional kinase targets (example: avapritinib). A compilation of such KIT-
targeting drugs is provided in Table 1.

In addition, several antibody-based drugs against KIT or the KIT ligand SCF, and
several CAR-T cell approaches employing KIT as a cellular target, are currently being
developed and tested in preclinical studies and clinical trials. In one study, the anti-KIT

antibody CDX-0159 produced profound and durable MC suppression in healthy
9
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donors.>” In addition, bi-specific antibodies targeting KIT and other key surface targets
have been developed. However, in the current article, our focus is on small molecule-
type KIT TKI, with more to follow as information accumulates on these other
approaches targeting KIT-bearing cells.

Available KIT-targeting TKI vary in their efficacy against KIT and KIT variants, their
half-life in vivo, their effects on SCF-dependent and IgE-mediated MC activation, and
their toxicity profiles. For example, although dasatinib inhibits wt KIT and exerts effects
on KIT D816V and IgE-dependent mediator secretion and MC activation in vitro®-,
the pharmacologic half-life of the drug (2-4 hours) is too limited to suppress KIT
continuously and to block MC growth and activation in vivo. Another important
consideration is that depending on their structure and chemical properties, some KIT-
targeting drugs are degraded in vivo into more or less inactive metabolites. For example,
midostaurin is degraded into two major metabolites.? Whereas both midostaurin
metabolites continue to block SYK and thus anti-IgE-induced histamine release, only
one of these metabolites can sufficiently block KIT and KIT-downstream signaling, and
thus SCF-induced or KIT D816V-mediated growth of MC.5?

When applying a KIT TKI in a routine setting or in clinical trials, a most important point
to consider is that only a KIT TKI that can block KIT D816V (iii and iv) will be able to
suppress the development and survival of neoplastic MC in patients with KIT D816V+
SM. Another important point is that highly specific KIT-targeting drugs lack activity
against other oncogenic kinases and FceRI-downstream signaling molecules. The
consequence is that these agents may only be able to counteract MC activation and

MCAS to a substantial degree when most or all MC are eliminated in a given patient.

10
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It is also important to know that side effects correlate with the number and types of
targets recognized and that most of these TKI have been developed to treat malignant
diseases (cancer) but not MCAS or anaphylaxis. Finally, because expression of KIT is
not limited to MC*314, consideration should also be given to the possibility of unknown

adverse effects of administration of KIT TKI over longer periods of time.

Effects of KIT-Targeting TKI on Development of MC from their Progenitors

As mentioned, the development of normal and neoplastic MC is largely dependent on a
functionally active KIT receptor. In normal MC, KIT activation is initiated by its ligand
SCF.%1! By contrast, in neoplastic MC, specific point mutations in KIT lead to SCF-
independent activation of KIT and thus to autonomous (SCF-independent)
differentiation of MC from their stem and progenitor cells.®*% In line with these
observations, all 4 classes of KIT TKI can inhibit SCF-induced growth of stem cells and
thus SCF-dependent in vitro development of MC from their normal stem- and progenitor
cells.55-%8 By contrast, only drugs targeting KIT D816V can suppress the growth and
survival of MC and MC lines exhibiting KIT D816V, whereas these cells are resistant
to imatinib, masitinib or other drugs lacking activity against KIT D816V (Table 1).8%-73
Figure 1 shows the growth-inhibitory effects of avapritinib and midostaurin on
neoplastic MC exhibiting KIT D816V.

The same efficacy profiles are also observed in patients in vivo. In particular, drugs
targeting only wt KIT but not KIT D816V (imatinib, masitinib, and others) are unable
to suppress growth of neoplastic MC in patients with KIT D816V+ advanced SM."4"®

By contrast, drugs targeting KIT D816V, such as midostaurin or avapritinib, suppress
11
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MC expansion in patients with advanced SM.3%-4478-80 Eor these patients, avapritinib
appears to be a more effective agent.*3#* An associated observation is that administration
of avapritinib leads to a rapid decrease in the burden of neoplastic MC in these
patients.*>** This observation is best explained by the fact that this drug is a very
effective inhibitor of KIT D816V, and that not only proliferating immature progenitor
cells but also mature MC depend on KIT D816V for survival and thus represent a
sensitive target.”?

Another remarkable phenomenon is that midostaurin induces rapid improvement of
mediator-related symptoms in patients with advanced SM.*! This cannot be explained
by a reduction of the MC burden alone, as MC numbers decrease only slowly (or not at
all) with midostaurin.®® Instead, this beneficial drug effect appears to be due to its impact
on SYK activity in MC, and thus on IgE-dependent and -independent MC activation and
mediator secretion.®? Indeed, even in patients without meaningful hematologic
responses, midostaurin can alleviate mediator-induced symptoms and quality of life
substantially.** Moreover, in a phase Il trial, midostaurin was able to improve refractory
symptoms caused by MC mediator release and thus the quality of life in more than 70%
of all patients with ISM.8% At high concentrations, avapritinib also exerts some
inhibitory effects on MC and basophil activation and mediator release (Table 1).
Finally, it must be noted that there are adult patients with SM in whom neoplastic MC
do not exhibit KIT D816V but have other mutant forms of KIT or even wild type (wt)
KIT.828¢ These include patients with well-differentiated SM, a subset of cases with MC
leukemia (MCL) including MCL arising from mast cell sarcoma (MCS), and some with
aggressive SM (ASM).82% |n these patients, KIT is often sensitive not only to

midostaurin but also to imatinib or other wt KIT-targeting drugs (Table 1).82-8¢
12
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Therefore, imatinib may be considered as a MC-depleting therapy in such patients,
especially those with a well-differentiated MC morphology. Indeed, major responses or
even remissions have been reported during imatinib therapy in these patients.8> |t
should also be noted that imatinib is a FDA- and EMA-approved drug for this indication

(KIT D816V-negative SM).

Will a Potent KIT-Targeting TKI Eradicate Normal Mast Cells?

To date, little is known about the ability of KIT-targeting drugs to reduce or even
eradicate normal MC and their progenitors in patients. In one report, patients with
chronic myeloid leukemia (CML) were treated with imatinib for several years. During
this therapy, MC numbers in the bone marrow and serum tryptase levels were
determined. The numbers of MC decreased after 12 months, and after 24 months, MC
were almost completely absent in bone marrow sections.®® Simultaneously, serum
tryptase levels decreased to the point where they were low to undetectable.®® These
observations strongly suggest that a potent wt KIT inhibitor, like imatinib, can eradicate
normal MC when administered for at least 24 months. By contrast, after 12 months MC
decreased in number but were still detectable.%® Whether this is due to the relatively
weak effect of imatinib on non-dividing mature MC (having a lifetime of several months
in vivo) and/or due to the fact that imatinib preferentially blocks the growth of (dividing)
MC progenitors, remains at present unknown. In several of the CML patients examined,
allergy-related symptoms also decreased or disappeared and patients were able to limit

or stop anti-allergic drugs (P.V., unpublished observation).
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Can a Potent KIT D816V-Targeting TKI induce MC Eradication in SM?

Several promising TKI targeting KIT D816V have recently been developed, and many
more may be developed in the near future. Available TKI at the time of writing of this
manuscript include midostaurin, ripretinib, avapritinib, BLU-263, bezuclastinib, and
nintedanib.3%-4470-387 Midostaurin and avapritinib, in particular, have rapidly been
developed and translated into clinical applications.>*** Their clinical efficacy is
summarized in Table 2. Interestingly, these two drugs behave differentially in patients
with KIT D816V+ advanced SM. Midostaurin blocks MC activation by interfering with
KIT-dependent and IgE-dependent signaling pathways in neoplastic MC®? and exhibits
some MC reducing ability in most patients with KIT D816V+ advanced SM, but usually
midostaurin is unable to eliminate all neoplastic MC in patients.3®*4° By contrast,
avapritinib is often able to induce substantial MC cytoreduction and thus hematologic
remission in a substantial subset of patients with advanced KIT D816V+ SM**# and at
higher concentrations, also shows some inhibitory effects on IgE-dependent MC
activation (Table 1, Figure 2). Whether this additional effect of avapritinib can explain
the rapid clinical improvement sometimes seen in patients with MC disorders®, remains
at present unknown.

In summary, both midostaurin and avapritinib are highly effective in reducing the
symptoms of MC activation in patients with advanced SM, but the primary mechanisms
of drug action appear to vary, and only avapritinib may qualify as a drug inducing MC

eradication in a subset of patients with advanced SM.

14



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

Effects of KIT-Targeting TKI on SCF-dependent and IgE-Dependent Mediator

Secretion in MC

The releasability of MC depends on a number of different factors, such as the type of
allergen, numbers of IgE receptors, and cytokine exposure. For example, interleukin-4
(IL-4) can promote the expression of high-affinity IgE-binding sites on MC8%, and
SCF can augment releasability in MC stimulated by IgE-dependent or IgE-independent
stimuli.®-% At higher concentrations and with prolonged exposure, SCF itself is capable
of inducing mediator secretion in MC through activation of KIT.%-% Therefore, potent
KIT inhibitors or antibodies against KIT may be able to block SCF-induced MC
activation and possibly SCF-augmented (priming) effects on IgE-dependent MC
activation (Table 1). However, these effects of KIT TKI may be negligible in clinical
(in vivo) contexts. Rather, MC activation induced by exogenous antigens (allergens) is
usually not effectively blocked by pharmacologically meaningful concentrations of a
specific inhibitor of wt KIT or KIT D816V.

In KIT D816V+ MC in patients with SM, the situation is similar. Here, SCF is no longer
required to activate KIT as KIT is activated in an autonomous manner® and the affected
cells appear to be chronically activated and possibly desensitized against KIT-dependent
stimuli. Therefore, KIT inhibitors may only be capable of interfering with MC activation
when these drugs are also directed against other critical targets relevant in IgE-
dependent and/or KIT-dependent MC activation, such as SYK, LYN or BTK (Table
1).%% Indeed, midostaurin has been reported to suppress IgE-dependent activation and
mediator secretion in MC and basophils.®>% In addition, avapritinib can suppress IgE-

dependent histamine release in patients with SM (P.V., unpublished observation). So
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far, it remains unknown whether midostaurin and/or avapritinib can also suppress MC

activation triggered through other surface antigens, such as C5aR or MRGPRX2.

Clinical Efficacy of KIT TKI in Patients with Mast Cell Activation: Do we have

Evidence for a New Concept?

To date, little is known about the in vivo efficacy of KIT-specific or multi-targeted TKI
in the treatment of patients with IgE-dependent allergies and MC activation disorders.
This is of interest, as several studies have shown that KIT, the KIT ligand SCF, and MC,
are involved in a number of atopic/allergic disease states?®-26%6-%° and KIT-targeting
drugs have been reported to interfere with, or even fully block, MC activation and
mediator-induced symptoms in allergy-related animal models.100-19

However, very few studies have investigated the potential beneficial effects of KIT-
targeting drugs in patients with severe allergic disorders where MC activation apparently
plays a role.

In one study, masitinib (3-6 mg/kg/day orally) was administered in 44 patients with
severe corticosteroid-dependent asthma.'% After 16 weeks, oral corticosteroid therapy
could be reduced to a greater degree and in more patients in the treatment arm compared
to the placebo group.’® However, lung function parameters did not change when
comparing the treatment group with the placebo arm. Reported side effects during
masitinib treatment were nausea (30.3%), a skin rash (30.3%), peripheral edema
(18.2%), diarrhea (18.2%), vomiting (12.1%), fatigue (12.1%), and pruritus (12.1%).1%
No reports on patients treated with masitinib over 24 months (or longer) have been

published so far.
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In another study, 62 patients with poorly controlled or uncontrolled severe asthma who
had airway hyperresponsiveness despite receiving maximal medical therapy were
treated with imatinib (400 mg/day orally) for 24 weeks.'% Therapy with imatinib was
found to reduce airway hyperresponsiveness more effectively in these patients compared
to the placebo control.1® MC numbers measured in the airway fluids declined in both
groups without a significant difference between imatinib and the placebo control.
Clinically relevant side effects included muscle cramps and hypophosphatemia, both of
which were more frequently recorded in the imatinib arm.% Interestingly, the authors
also reported on a slight decrease in serum tryptase levels and tryptase levels in the
bronchial alveolar fluids.'® However, no studies of long-term-imatinib-treated patients
with severe asthma have been published to date.

On the other hand, there are studies available where changes in allergy-related
symptoms in patients with advanced SM under long-term treatment with midostaurin
have been reported.®>*° In most of these patients, relevant mediator-related symptoms
decreased and did not return during long-term therapy. However, as mentioned,
midostaurin also exerts direct effects on MC activation, which makes it difficult to
define MC-depleting effects of this drug in the context of allergic reactions and related
symptoms. In patients treated with avapritinib, symptoms also disappeared rapidly, and
in many of these cases, MC-depletion may indeed have been responsible (as an
underlying drug action) for the observed improvement of their symptoms and their
quality of life.4344

However, to date, long-term results are lacking. Such data might not only support a new
pharmacologic concept (MC eradication to stop allergies and MC activation disorders)

but would also provide additional proof that MC are indeed the most important and
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relevant effector cells in human allergic disorders, thereby also reconfirming that the
terms MC activation disorders and MCAS are justified.

There are, of course, additional remaining questions to consider. First, long-term
treatment (over many years) with multi-targeted anti-cancer agents, like midostaurin or
avapritinib, may cause unexpected long-term side effects. Therefore, one question is
whether next-generation TKI targeting KIT even more specifically or KIT-targeting
antibodies, will be developed and may be even more suitable to apply in patients with
MC-dependent (otherwise drug resistant) allergic disorders or MC activation disorders.
It is also worth noting that several different normal cell types, such as germ cells,
hematopoietic stem cells, and melanoblasts, display KIT and that application of such
drugs may be associated, for example, with mutagenic or teratogenic effects.

Another unresolved question is whether all atopic/allergic disorders are strictly MC-
dependent. In fact, some of these disorders may also be triggered by basophils, which
also express IgE receptors and contain mediators of allergic reactions. It is worth noting
that neither midostaurin nor avapritinib (nor any other KIT-targeting TKI) are known to
eradicate blood basophils although some of these TKI do appear to decrease IgE- and
antigen-dependent basophil activation.%®62% This is particularly relevant, as basophils
may also participate in anaphylaxis reactions.?4910

Finally, MC are thought to have important functions, as for example within the immune
system (including contributing to resistance against certain parasite infections and
mediating acute resistance to some venoms) and the reproductive systems, and long-
term depletion of MC may not always be beneficial.>*%1%" In summary, more research

and more clinical studies are required to define the exact value of TKI-induced MC-
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depletion therapies as a new pharmacologic concept and to translate such concepts into

clinical practice in patients with MC activation disorders.

Concluding Remarks and Future Perspectives

MC activation occurs in a number of different disease states and pathologies. The
resulting clinical symptoms represent an emerging challenge in daily practice. In severe
forms, life-threatening anaphylaxis may occur, leading to the diagnosis of a MC
activation syndrome. Recent data suggest that therapy with KIT-targeting drugs may
lead to a partial or even complete eradication of the MC lineage in patients with various
MC diseases. In addition, some of these TKI can also suppress IgE-dependent activation
of MC and basophils. Whereas several different KIT-targeting drugs are available that
may suppress growth and activation of normal MC, suppression or even eradication of
neoplastic MC exhibiting KIT D816V can only be achieved with novel TKI directed
against this KIT mutant form. The most effective and specific KIT D816V-targeting
drug available to date appears to be avapritinib. By contrast, whereas midostaurin is less
effective in blocking the activity of KIT D816V, this drug also blocks SYK activity and
thus IgE-dependent MC activation. Both drugs suppress MC expansion in patients with
KIT D816V+ SM. Whether MC eradication induced by continuous treatment with an
effective KIT TKI is safe and effective in patients with IgE-dependent allergies, and can
help to avoid or mitigate the clinical symptoms of MCA and anaphylaxis in these

patients, remains to be determined in forthcoming clinical studies.
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Legends to Figures

Figure 1

Effects of avapritinib and midostaurin on proliferation of neoplastic MC

HMC-1.2 cells expressing KIT D816V (upper panels) and primary neoplastic MC
obtained from a patients with MCL (lower panels) were incubated in control medium
(Co) or medium containing various concentrations of avapritinib (left panels) or
midostaurin (right panels) at 37°C for 48 hours. Then, 3H-thymidine uptake was
measured. Results are expressed as percent of control and represent the meanzS.D. from
three independents (HMC-1.2) or triplicates (MCL cells). The data are in line with the
available literature®®5°7%77 and suggest that the effective range and 1Cso values obtained
with these cell lines are within the plasma concentrations (nM-range) measured in
patients with mastocytosis receiving these drugs. Asterisk (*): p<0.05 compared to

control. MCL, mast cell leukemia.

Figure 2

Target organs primarily involved in mastocytosis and MCAS

Several different organ systems may be involved in patients with mast cell activation
syndromes (MCAS), non-advanced systemic mastocytosis (SM), and advanced SM.
Whereas in patients with MCAS and non-advanced SM, mast cell-derived mediators
usually affect organ function (examples: anaphylaxis, skin rash, ulcerative disease in the
gastrointestinal tract), patients with advanced SM often suffer from organ damage
induced by the local mast cell infiltrates (typical examples: severe cytopenia,

hepatosplenomegaly with ascites and weight loss, or focal osteolysis).
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Tables

Table 1

Molecular Targets and Activity Profiles of KIT-Targeting Tyrosine Kinase Inhibitors

Blocks in vitro growth of Blocks

KIT-blocking Additional = ----m-mmemem MC
Drug/name profile major targets normal MC: KIT-mutated MC: activation**
Imatinib wt KIT, a few ABL1, ABL2, + - +/-
mutant forms PDGFRs,
many more
Masitinib wt KIT, a few LYN n.k. - +/-
mutant forms
Dasatinib wt KIT, a few ABL1, ABL2, +* +/-* +
mutant forms BTK, PDGFRs,
(KIT D816V)*  many more
Nilotinib wt KIT, a few ABL1, ABL2, + +/- +/-
mutant forms
(KIT D816V)
Midostaurin wt KIT, most FES, FGR, + + +
mutant forms, SYK, LYN,
KIT D816V PDGFRs,
many more
Avapritinib wt KIT, most PDGFRs n.k. + +/-
mutant forms,
KIT D816V
Ripretinib wt KIT, most PDGFRs, n.k. + +/-
mutant forms, VEGFR2
KIT D816V
Nintedanib wt KIT, most PDGFRs, n.k. + +/-
mutant forms, VEGFR2
KIT D816V FGFR
Bezuclastinib KIT D816V unknown n.k. n.k. n.k.

and other KIT
mutant forms

*Although dasatinib blocks the activity of wild type KIT and KIT D816V and is capable of suppressing
the in vitro growth and differentiation of human MC, dasatinib is usually unable to block the expansion
of KIT D816V+ neoplastic MC in patients with mastocytosis, which is primarily due to the low in vivo
half-life time (a few hours) of this drug.
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**All KIT-targeting drugs can suppress stem cell factor-mediated (KIT-dependent) MC activation and
SCF-induced mediator secretion, whereas only two of these drugs, midostaurin and dasatinib, both of
which recognize IgE receptor-downstream targets, also substantially block IgE-dependent mediator
secretion in MC. +, substantial suppression/blockage; +/-, some suppressing effects under certain
conditions; -, no suppression (even with high drug concentrations) seen.

Abbreviations: MC, mast cells; PDGFR, platelet-derived growth factor receptor; wt, wild type; BTK,
Bruton’s tyrosine kinase; VEGFR, vascular endothelial growth factor receptor; FGFR, fibroblast growth
factor receptor; n.k., not known.

Table 2

Clinical Efficacy Profiles of KIT-Targeting Tyrosine Kinase Inhibitors (TKI) in SM

Complete Effects on Recurrent and
Approved by  mast cell mediator-induced clinically relevant
Name of TKI FDA for eradication symptoms adverse events
Imatinib SM without  Seen in few cases Limited or no effects Facial edema,
KIT D816V  with wt KIT, or skin depigmentation,
or unknown  KIT K509, or obstipation,
KIT mutation KIT F522C, or renal function
status other KIT impairment*,
variants diarrhea

Midostaurin ~ Advanced SM Seen in few cases Major effects on mediator- Nausea,
with KIT D816V related symptoms in most  vomiting,
patients with advanced SM diarrhea

Avapritinib  Advanced SM Seen in 30-40%  Major effects on mediator- Cytopenia,
of patients with  related symptoms in most ~ facial edema,
KIT D816V+ patients with advanced skin depigmentation,
advanced SM** SM diarrhea, nausea,
intracranial
bleeding***
*After several years of treatment, less than 5% of all patients with chronic myeloid leukemia develop
an impairment in kidney function — in many of these patients, a renal disease is also detected.
**|n about 30% of these patients, avapritinib also induced molecular remission defined as no evidence
of KIT D816V using droplet digital PCR (ddPCR).
Abbreviations: FDA, Food and Drug Administration; SM; systemic mastocytosis.
***Intracranial bleeding mostly has been reported in patients with severe thrombocytopenia.
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