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Biologic agents (also termed biologicals or biologics) are therapeutics that are synthe-
sized by living organisms and directed against a specific determinant, for example, a
cytokine or receptor. In inflammatory and autoimmune diseases, biologicals have rev-
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Figure 1 The sensitization phase of an allergic reaction. An allergic
reaction requires the priming (or sensitization) of an individual to an
allergen. Allergens enter via microlesions of a body surface (such
as the skin or the lungs), and their entry might be accompanied by
a concomitant exposure to pathogens. The allergen is phagocy-
tosed by antigen-presenting cells (APC), which subsequently
mature, aided by stimulation with different cytokines produced by
activated epithelial cells, such as tumor necrosis factor (TNF),
IL-1B, IL-33, and thymic stromal lymphopoietin (TSLP), as well as
contact with microbial products. Early on, also type-2 innate lym-
phoid cells (ILC2) become activated by IL-25 among other factors,
and produce IL-56 and IL-13, the latter of which can act on epithelial
cells. Mature APCs migrate to the local draining lymph nodes
where they stimulate undifferentiated CD4* T helper (ThO) cells via
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interaction of major histocompatibility complex (MHC) class Il/aller-
gen fragment—T-cell receptor (TCR), CD80/CD86—CD28, and lym-
phocyte function-associated antigen 3 (LFA-3)-CD2, as well as
cytokines, including IL-12. Under the influence of these interac-
tions and stimuli, ThO cells differentiate to Th2 cells, producing the
Th2-type cytokines IL-4 and IL-13 and further expanding via auto-
and paracrine actions of IL-2 binding to CD25 along with IL-2
receptor By. In parallel, allergen-specific B cells become activated
via their B-cell receptor (BCR) by the allergen, leading to their dif-
ferentiation and, under the influence of Th2-type cytokines, isotype
class switching to IgE-producing plasma cells. During this process,
B cells lose their surface CD20 expression. The molecules high-
lighted in yellow indicate the targets of biologicals for allergic
disorders.
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Figure 2 The re-exposure and chronic relapsing phase of an aller-
gic reaction. In an individual sensitized to an allergen (see Fig. 1),
the allergen-specific IgE molecules produced by B cells and
plasma cells have bound, via Fce receptors FceRI and FceRll, to
mast cells and basophils. Upon re-exposure to the same allergen,
allergen molecules bind to these IgE molecules, thereby cross-
linking and activating FceRs on mast cells and basophils and lead-
ing to the release within minutes of various mediators, such as
histamine, leukotrienes, prostaglandins, tryptase, heparin, seroto-
nin, and proteases. Similar to the arming of mast cells by IgE fol-
lowing sensitization, also T helper 2 (Th2) cells become recruited
to peripheral sites via activation of specific chemokine receptors
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such as CCR4 by chemokines produced in these tissues, includ-
ing CCL5, CCL17, and CCL22 in the skin. Th2 cells, upon activa-
tion by their T-cell receptor or cytokines, secrete Th2-type
cytokines, including IL-4, IL-5, IL-9, and IL-13, which synergize
with other sources of these cytokines to stimulate immune, epi-
thelial, and airway goblet cells (the latter producing mucus in the
airways). Chronification of certain allergic disorders is paralleled by
a recruitment of Th17 cells, able to produce IL-17 and IL-22,
which stimulate neutrophils and epithelial cells, respectively. Neu-
trophils can also be stimulated by various other cytokines, includ-
ing TNF. The molecules highlighted in yellow indicate the targets
of biologicals for allergic disorders.
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Biologicals in allergic disorders

Biologic agents (biologicals) are usually large molecular-
weight therapeutics, such as monoclonal antibodies (mAb),
that are synthesized by living organisms. In contrast to chem-
ical compounds and small-molecule agonists or antagonists,
biologicals bind a specific determinant, for example, a cyto-
kine or receptor. Owing to this selectivity, biologicals are
ideal for ‘personalized’ or ‘precision’ medicine. This, how-
ever, requires detailed knowledge of the pathophysiology and
subtypes (also termed endotypes) of the disease in question, a
challenge that also applies to allergic and urticarial disorders
(1). Below, we will briefly discuss the prevalent mechanisms
of allergic reactions, which will be helpful in understanding
the herein discussed biologicals.

Allergic disorders are caused by an immune response to an
innocuous environmental antigen, termed the allergen. Such
allergic reactions usually require the sensitization of an indi-
vidual to an allergen during a first contact (Fig. 1), followed
by a hypersensitivity reaction upon subsequent exposure to
the same allergen (Fig. 2). The molecular similarity of aller-
genic epitopes of two different allergens can lead to cross-
reactivity, a situation where sensitization toward an allergen
can cause a hypersensitivity reaction toward another allergen,
as seen, for example, with the oral allergy syndrome against
apple in birch pollen-sensitized individuals.

Allergic reactions are typically characterized by the
emergence of T helper (Th) 2-type cytokines, including
interleukin-4 (IL-4), IL-5, IL-9, IL-13, IL-25, and IL-31,
which favor antibody isotype class switching to immuno-
globulin E (IgE), along with the presence of eosinophil
granulocytes (eosinophils), basophil granulocytes (basoph-
ils), and mast cells (2, 3) (Figs 1 and 2). Notably, initial
IL-4 production by T cells, basophils, and natural killer T
(NKT) cells appears to be important for Th2 responses,
although recent data have shown that the IL-1 family
member [L-33 can promote Th2-type differentiation. Fur-
thermore, production of thymic stromal lymphopoietin
(TSLP) by epithelial cells can also induce Th2-type inflam-
mation via polarizing dendritic cells (DC). However,
certain endotypes of allergic asthma and other allergic
pathologies can feature another type of cytokine milieu,
more reminiscent of Thl- or Thl7-type diseases, with the
presence of type-I interferons, IL-17-producing T cells, and
abundant neutrophil granulocytes (neutrophils) (1).

Once IgE is produced by B cells during the sensitization
phase to an allergen, IgE binds to Fce receptors FceRI and
FceRII on mast cells and basophils (4) (Fig. 2), thus arming
these cells for subsequent contact with the same or a structur-
ally related allergen. Allergic inflammation is characterized by
an early-phase response and a late-phase response. During the
early-phase reaction, mast cells and basophils covered with
allergen-specific IgEs become activated and release within min-
utes various mediators, such as histamine, leukotrienes, pro-
staglandins, tryptase, heparin, serotonin, and proteases (5).
The early phase is dependent on the induction of IgE cross-
linking on effector cells by conformational and/or linear aller-
genic epitopes, while the late-phase response can be triggered
independently of IgE by linear peptides being recognized by
specific T cells. Mast cell-released vasoactive factors along with
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allergen presentation lead to the late-phase allergic response,
which is characterized by increased vasopermeability and infil-
tration and recruitment of additional granulocytes, T cells, and
other immune cells. Upon local activation of T cells, produc-
tion of Th2-type cytokines, chemokines, and growth factors
results in further immune activation including the stimulation
of eosinophils by IL-5 and mast cells by 1L-9 (Fig. 2). IL-4, IL-
9, IL-13, and IL-31 exert diverse actions on macrophages, turn-
ing them into alternatively activated (also termed M2) macro-
phages, and on lung epithelial and smooth muscle cells,
thereby contributing to mucus production, airway goblet cell
hyperplasia, airway hyper-responsiveness, myofibroblast dif-
ferentiation, contractility of smooth muscle cells, extracellular
matrix deposition, and itch sensation (2, 3, 5). IL-4, IL-9, and
IL-25 play important roles in the polarization and activation of
Th2 cells, while IL-25 can also act on type-2 innate lymphoid
cells (ILC), which, based on preclinical data, might play a role
in allergic responses. Th2-type cytokines exert their actions by
binding to specific receptors, which can be targeted by specific
biologicals (summarized in Table 1), as outlined below.

IgE-producing B cells can be targeted either by anti-IgE or
by anti-CD20 mAbs. IgE-directed strategies include the anti-
IgE mAbs omalizumab, MEDI4212, and QGEO031, as well as
quilizumab, a humanized mAb targeting the extracellular seg-
ment (also called M1 prime or M1’) of membrane IgE (6).
Omalizumab leads not only to a reduction in IgE molecules
but also to decreased FceR1 expression on basophils, mast
cells, and cutaneous DCs (7). The target of rituximab, CD20,
is expressed at high levels on immature and mature B cells,
including memory B cells, whereas plasmablasts and plasma
cells lose their CD20 expression and are thus resistant to
anti-CD20 treatment (8).

IL-4 is produced by T cells, basophils, and NKT cells.
IL-4 signaling is mediated by binding of IL-4 to its receptors,
consisting of heterodimers made of IL-4Ro and common
v-chain (y., also termed CD132) or IL-4Ra plus IL-13Ral.
IL-4Ro is mainly expressed on CD4" and CD8" T cells, B
cells, macrophages, lung epithelial cells, airway goblet cells,
and smooth muscle cells. However, other tissue cells have
also been described to respond to IL-4, such as cells of the
liver blood system, placenta, and brain. A key role of I1L-4 is
the polarization and maintenance of Th2 cells (5). Biologicals
directed against IL-4Ra include AMG-317, dupilumab, and
pitrakinra. While AMG-317 and dupilumab are both mAbs
targeting IL-4Ra, pitrakinra is a recombinant mutated 1L-4
molecule (IL-4 mutein) that binds to IL-4Ra without causing
a signal, thus competing with normal endogenous IL-4 and
IL-13 (see below). Altrakincept is a recombinant soluble form
of the extracellular part of IL-4Ra, able to capture soluble
IL-4, thus preventing binding to IL-4Rs. A somewhat similar
effect is achieved by pascolizumab and VAK694, both neu-
tralizing anti-IL-4 mAbs.

IL-5 is secreted mainly by Th2 cells, mast cells, NKT
cells, basophils, eosinophils, and type-2 ILCs. The IL-5R is a
heterodimer composed of o- and B-subunits, with IL-5Ra
responsible for binding of IL-5 and IL-5R[3 necessary for sig-
naling. IL-5Ra is expressed both on progenitors of and
mature eosinophils and basophils, and on B cells. IL-5
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Table 1 Overview of biologicals used for allergic and urticarial disorders. The biologicals are ordered alphabetically according to their target
antigen, followed by drug name

Drug name (alternative

Target antigen or brand name) Structure Route Dosing Tij2
CCR4 Mogamulizumab (KW0761, mAb (IlgG1x) vV - 18-21d
AMG-761, Poteligeo®)
CD2 Alefacept (Amevive®) LFA-3-IlgG1 Fc fusion protein IM 15 mg weekly 11d
for 12 wk
CD11a Efalizumab (Raptiva®) mAb (IgG1x) SC 1 mg/kg weekly 5d
CD20 Rituximab (Rituximab®, mAb (IgG1x) \Y 4 times 375 mg/m? or 22 d
Rituxan®) twice 1 mg/kg
CD25 Daclizumab (Zenapax®) mADb (IgG1) vV 1 mg/kg 20d
CD5b2 Alemtuzumab (Campath®) mAb (IgG1x) SCor IV 5-30 mg 1-3 times weekly 12d
IgE MEDI4212 mAb (IgG1) SC - -
IgE Omalizumab (Xolair®, mADb (IgG1) SC 75-600 mg q 2 or 26 d
Xolairoid®) 4 wk
IgE QGEO031 mAb (IgG1x) SC - -
IgE, M1’ Quilizumab (MEMP1972A,  mAb (IgGTk) SCorlV 3-5 mg/kg g 4 wk 20-21d
segment RG7449)
IL-1B Canakinumab (llaris®) mAb (IgG1x) SC 150 mg monthly 26 d
IL-1B Rilonacept (Arcalyst®) Dimeric fusion protein SC 320 mg weekly 8.6d
IL-1R1 Anakinra (Kineret®) Recombinant IL-1Ra SC 100 mg daily 4-6 h
IL-4 Altrakincept Recombinant IL-4Ra Inhaled 3 mg 7 d
IL-4 Pascolizumab (SB 240683) mADb (IgG1) SC orinhaled - 9d
IL-4 VAKE94 mAb \% 3 mg/kg g 4 wk -
IL-4Ra AMG-317 mAb (IgG2a) SCorlV 75-300 mg weekly 3.4d
IL-4Ro Dupilumab (SAR2311893, mAb (IgG4) SC 300 mg weekly -
REGN668)
IL-4Ro Pitrakinra (Aerovant™) IL-4 mutein (mutations: Inhaled 60 mg twice daily 0.5-0.6 h
R121D, Y124D)
IL-4/IL-13 QBX258 (combination of mAbs targeting IL-4 (VAK694) IV - -
VAKE94 and QAX576) and IL-13 (QAX576)
IL-5 Mepolizumab (SB 240563,  mAb (IgG1x) % 750 mg monthly 21d
Bosatria®)
IL-5 Reslizumab (SCH55700) mADb (IgG4) \% 1-3 mg/kg g 4 wk 25-30 d
IL-5Ra Benralizumab (MEDI-563) mAb (IgG1) SCorlV 25-200 mg 1-3 times monthly 18 d
IL-9 Enokizumab (MEDI-528) mAb SCor IV 0.3-3.0 mg/kg or 50 mg 35-38 d
twice weekly
IL-12p40 and Ustekinumab (Stelara®) mAb (IgG1x) SC 45 mg g 12 wk 21d
IL-23p40
IL-13 ABT-308 mAb SCor IV - -
IL-13 Anrukinzumab (IMA-638) mAb (IgG1x) SC 2 mg/kg weekly 25d
IL-13 CNTO-5825 mADb (IgG1k) SCor IV 0.1-10 mg/kg IV or 22-32.d
3 mg/kg SC
IL-13 GSK679586 mAb (IgG1) \% 10 mg/kg 3 times monthly 21d
IL-13 Lebrikizumab (MILR1444A)  mAb (IgG4k) SC 250 mg monthly -
IL-13 IMA-026 mAb (IgG1k) SC 2 mg/kg weekly 26 d
IL-13 QAX576 mADb (IgG1k) vV 6 mg/kg every 3 or 4 wk -
IL-13 Tralokinumab (CAT-354) mAb (IlgG4x) SC 150-600 mg q 2 wk 14-21d
IL-17A Secukinumab (Cosentyx®) mAb (IgG1x) SCorlV 150-300 mg q 4 wk 28 d
IL-17RA Brodalumab mADb (IgG2) SCor IV SC: 70-280 mg g 2 wk -
IV: 420-700 mg g 4 wk
IL-22 ILV-094 mAb SCor IV - -
IL-31 BMS-981164 mAb SC - -
IL-31R CIM331 mADb SC - -
OX40L (CD252)  huMAb OX40L mAb (IgG1) \% 4 mg/kg monthly 285d
TNF Adalimumab (Humira®) mAb (IgG1x) SC 40 mg g 2 wk 15d
Allergy 70 (2015) 727-754 © 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 731
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Table 1 (continued)
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Drug name (alternative

Target antigen or brand name) Structure Route Dosing Ti2

TNF Golimumab (Simponi®) mADb (IgGTk) SC 50 mg monthly 14 d

TNF Infliximab (Remicade®) mADb (IgG1x) vV 3-5 mg/kg q 6-8 wk 7-10d

TNF + LT-B Etanercept (Enbrel®) TNFR-IgG1-Fc SC 25 mg twice or 50 mg 4d
fusion protein once weekly

TSLP AMG-157 mADb (IgG2h) \% 700 mg 3 times monthly -

d, day(s); LFA-3, lymphocyte function-associated antigen 3; LT, lymphotoxin; h, hour(s); IM, intramuscular; IV, intravenous; mAb, monoclonal
antibody; SC, subcutaneous; OX40L, OX40 ligand; q, each / every; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin; wk,

week(s).

induces the maturation, activation, and recruitment of eosin-
ophils. Biologicals interfering with IL-5 and its receptor com-
prise benralizumab, an anti-IL-5Ro mAb, as well as
mepolizumab and reslizumab, two anti-IL-5 mAbs. Unlike
mepolizumab and reslizumab, benralizumab targets IL-5SRa
and might thus also affect leukocytes expressing low levels of
IL-5Ra via antibody-dependent cell-mediated cytotoxicity.

IL-9 is produced by Th2 cells, Th9 cells, basophils, eosin-
ophils, mast cells, and maybe neutrophils (2). IL-9 mediates
its action by binding to IL-9Ra and vy.. IL-9 enables the
development and attraction of mast cells, and plays impor-
tant roles in the polarization and activation of Th2 cells.
Together with IL-4 and IL-13, IL-9 acts on lung epithelial
and smooth muscle cells, thus contributing to airway hyper-
responsiveness (5). Enokizumab is an IL-9-targeting mAb.

IL-13 is predominantly synthesized by Th2 cells, NKT
cells, mast cells, basophils, and type-2 ILCs (2). IL-4Ra-IL-
13Ral  heterodimers serve as a high-affinity receptor of
IL-13, whereas IL-13 can bind with low affinity to IL-13Ral
only. Moreover, IL-13 interacts with high affinity with
IL-13Ra2, which lacks signaling capacity, thus inhibiting the
action of IL-13. IL-13Ral is present on B cells, eosinophils,
monocytes, macrophages, lung epithelial cells, airway goblet
cells, endothelial cells, and smooth muscle cells. Along with
IL-4, IL-13 is responsible for the generation of alternatively
activated macrophages and for activating B cells to produce
IgE. IL-13 also causes mucus production, goblet cell hyper-
plasia, airway hyper-responsiveness, myofibroblast differenti-
ation, contractility of smooth muscle cells, and airway
remodeling. The latter is believed to rely, among others, on
the IL-13-mediated periostin secretion by bronchial epithelial
cells, with periostin exerting paracrine effects on fibroblasts
leading to airway remodeling (9), perhaps explaining the role
of 1L-13 in corticosteroid-resistant asthma (10). IL-13-target-
ing biologicals encompass several anti-IL-13 mAbs, including
ABT-308, anrukinzumab, IMA-026, lebrikizumab, CNTO-
5825, GSK 679586, QAXS576, and tralokinumab.

IL-12 and IL-23 are secreted by activated monocytes, mac-
rophages, and DCs (11). Both cytokines consist of two
subunits, of which they share the p40 subunit, while 1L-12
also contains a p35 and IL-23 a pl9 subunit. IL-12 binds to
the IL-12R comprised of IL-12RB1 and IL-12RpB2, whereas
specific binding to IL-23 is conferred by IL-23R, which
together with IL-12RPB1 forms the signaling receptor of

IL-23. Functional IL-12Rs and IL-23Rs are found on macro-
phages, DCs, natural killer (NK) cells, and activated T cells.
Accordingly, IL-12 and IL-23 stimulate these cells and affect
T-cell polarization and effector functions. Moreover, both
cytokines appear to influence B-cell responses, either directly
(IL-12) or indirectly (both IL-12 and IL-23). Ustekinumab is
a mAD targeting the p40 subunit of IL-12 and IL-23.

Apart from IL-25, which is also known as IL-17E, other
members of the IL-17 family might play a role in certain endo-
types of allergic disorders, such as allergic asthma and atopic
dermatitis (AD). IL-17A (also termed IL-17) and IL-17F are
produced by Th17 cells, CD8" T cells, vd T cells, NK cells,
NKT cells, and type-3 ILCs. IL-17A and IL-17F exist either
as IL-17A-IL-17A and IL-17F-IL-17F homodimers, respec-
tively, or as IL-17A-IL-17F heterodimers. All three dimers
bind to receptor multimers composed of IL-17RA and IL-
17RC (12). IL-17RA is found on endothelial cells, epithelial
cells, keratinocytes, synoviocytes, fibroblasts, bone marrow
stromal cells, myeloid cells, and B and T cells (12). Activation
of these cells by IL-17A and IL-17F leads to the secretion of
pro-inflammatory and chemotactic factors, including IL-1p,
IL-6, tumor necrosis factor (TNF; also termed TNF-o)), and
CXCLS (also known as IL-8). Biologicals directed against I1L-
17A or its receptor are brodalumab, a mAb targeting IL-
17RA, and secukinumab, an anti-IL-17 mAb.

Th17, Th22, NK cells, and mast cells are able to produce
IL-22. IL-22 binds to a heterodimer consisting of IL-10R2
and IL-22R1, the latter present on keratinocytes, hepato-
cytes, and airway and intestinal epithelial cells. ILV-094 is a
mAb targeting 1L-22.

In addition to the above-mentioned Th2- and Thl7-type
mediators, several other cytokines have been implicated in
the initiation, maintenance, and chronification of allergic
responses, including IL-1 family members (such as IL-13 and
1L.-33), IL-31 (causing pruritus), and TNF, as well as adhe-
sion and activation molecules of activated T and B cells (such
as CD2, CDlla, CD25, and CD52), which have been tar-
geted in different allergic conditions using biologicals. IL-1f
can be inhibited using a recombinant IL-1R antagonist
(IL-1Ra; anakinra), an anti-IL-1f mAb (canakinumab), or
an IL-1 trap (rilonacept), the latter consisting of the extracel-
lular domains of IL-1R1 and IL-1R accessory protein linked
to human IgG1-Fc. BMS-981164 and CIM331 are mAbs tar-
geting 1L-31 and IL-31R, respectively. TNF inhibitors, such
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Table 2 Overview of biologicals and their current stages of development for the indicated allergic and urticarial disorders

Allergic Atopic Food Eosinophilic

Target Biological Asthma rhinitis ABPA Urticaria dermatitis allergy disorders

CCR4 Mogamulizumab (2)

CD2 Alefacept CR

CD20 Rituximab 1/2 CR

CD25 Daclizumab 2

CD52 Alemtuzumab CR

IgE MEDI4212 1 1 1

IgE Omalizumab FDA, EMA 2 4 3/4 4 2 EGPA: CR
NP: 2

IgE QGEO031 1/2 2

IgE, M1 segment Quilizumab 2 1 2

IL-1B Canakinumab 2

IL-1B Rilonacept 2

IL-1R1 Anakinra 1

IL-4 Altrakincept 2 (halted)

IL-4 Pascolizumab 1 (halted)

IL-4 VAK694 1 2

IL-4Ro AMG-317 2 1

IL-4Ra Dupilumab 2a 2 2, (3) NP: 2

IL-4Ra Pitrakinra 2b 2

IL-4/1L-13 QBX258 1, (2)

IL-5 Mepolizumab 2, (3) 2 2, (3) EGPA: 2
EoE: 2
HES: 3
NP: 1/2

IL-5 Reslizumab 3 EoE: 3
HES 2
NP: 1/2

IL-5Ra Benralizumab 1, (3)

IL-9 Enokizumab 2b

IL-12p40 and IL-23p40 Ustekinumab 2

IL-13 ABT-308 1

IL-13 Anrukinzumab 2

IL-13 CNTO-56825 1

IL-13 GSK679586 2

IL-13 Lebrikizumab 2, (3)

IL-13 IMA-026 1

IL-13 QAX576 2 2 2

IL-13 Tralokinumab 2a, (2b)

IL-17A Secukinumab 2

IL-17RA Brodalumab 2

IL-22 ILV-094 2

IL-31 BMS-981164 1

IL-31R CIM331 2

OX4oL huMAb OX40L 2 1

TNF Adalimumab CR

TNF Golimumab 2 (susp)

TNF Infliximab 2 CR CR

TNF + LT-B Etanercept 2 CR CR

TSLP AMG-157 1b, (2) 1

ABPA, allergic bronchopulmonary aspergillosis;

that are recruiting or ongoing. Color coding: red, CR; yellow, phase 1; blue, phase 2; green, phase 3 and higher (up to approval).

CR, case report(s); EGPA, eosinophilic granulomatosis with polyangiitis; EMA, European
Medicines Agency; EoE, eosinophilic esophagitis; halted, development halted; FDA, U.S. Food and Drug Administration; HES, hypereosino-
philic syndromes; LT, lymphotoxin; NP, nasal polyposis; Schnitzler, Schnitzler's syndrome; susp, suspended.
Numbers refer to the most advanced developmental phase that has been completed to date, while numbers in parentheses indicate phases
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as anti-TNF mAbs (adalimumab, golimumab, infliximab)
and TNFR-IgG1-Fc fusion protein (etanercept), have been
extensively used in other immunological disorders and also
tried in allergic conditions. Alefacept is a fusion protein of
lymphocyte function-associated antigen-3 (LFA-3, also
termed CD58) linked to IgG1-Fc, thus binding CD2. Differ-
ent mAbs targeting CDIlla, CD25, and CDS52 are ef-
alizumab, daclizumab, and alemtuzumab, respectively.

The chemokine receptor CCR4 (also called CD194) is
expressed on memory CD4" T cells, especially skin-homing
T cells, possibly CD4" regulatory T cells, and platelets.
CCR4 mediates the recruitment of these cells toward a range
of chemokines, including CCL2 (MCP-1), CCL4 (MIP-1),
CCLS5 (RANTES), CCL17 (TARC), and CCL22 (MDC).
Mogamulizumab is a mAb targeting CCR4.

The following parts of this article discuss in detail the cur-
rent state of experience and development of the before-men-
tioned biologicals in different allergic and urticarial diseases
(summarized in Table 2), followed by their use in specific
immunotherapy (SIT), their adverse events (AE), and future
research directions in this field. Although allergen extracts,
recombinant native or modified allergens, and allergen frag-
ments might also qualify as biological response modifiers
according to our definition, we will not discuss allergens but
focus this article on the before-mentioned biologicals.

Diseases
Asthma

CCR4: Mogamulizumab (phase 1 completed)
Mogamulizumab is approved in Japan for the treatment of
refractory or relapsed CCR4" T-cell leukemia/lymphoma
(13). Currently, a phase-1 randomized controlled trial (RCT)
investigating the safety, tolerability, pharmacokinetics, and
pharmacodynamics of mogamulizumab in patients with
asthma has been terminated, but, so far, no results have been
published (13, 14).

CD25: Daclizumab (phase 2 completed)

A phase-2 RCT (n = 115) in patients with moderate-to-severe
persistent asthma has been completed (15), the primary end-
point being the forced expiratory volume in one-second
(FEV1) and secondary endpoints consisting of asthma exacer-
bations, peak expiratory flow (PEF), use of rescue medication,
and asthma symptoms. Daclizumab-treated patients showed a
slight improvement in FEV1, reduced asthma symptoms, and
reduced use of rescue medications. Also, daclizumab reduced
the frequency of asthma exacerbations (15).

Conclusion — Further studies are needed to assess the possible use
of daclizumab in patients with asthma. In Europe, daclizumab has
been withdrawn from the market in 2008 upon request of the mar-
keting authorization holder for commercial reasons. This deci-
sion was not related to any safety concerns (16).

IgE: MEDI4212 (phase 1 completed)
The results of a phase-1 RCT assessing safety and tolerability
(primary endpoints) of MEDI4212 in allergic patients
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(asthma, rhinitis, AD) have not become available yet (17).
Secondary endpoints included pharmacokinetics, immunoge-
nicity, and pharmacodynamics.

IgE: Omalizumab (approved)

Several RCTs have shown that omalizumab decreases the use
of inhaled corticosteroids (ICS) and rescue medication,
reduces the frequency of exacerbations, emergency visits, and
hospitalizations, and improves asthma-related quality of life
(QoL) in patients with severe asthma not otherwise manage-
able and in (inner city) children with asthma (18-21).
Although there is some evidence that omalizumab reduces
airway remodeling and improves FEV1, these findings need
further confirmation (20, 22).

The efficacy of omalizumab has also been shown in real-
life settings in multicenter observational studies (23, 24).
Moreover, omalizumab has been used in nonallergic (intrin-
sic) asthma associated with nasal polyposis (NP), showing a
reduction in the frequency of exacerbations (25). However,
further studies are needed to confirm these preliminary
results.

Omalizumab is currently approved for the use in patients
aged 6 years and above with positive skin test or in vitro
reactivity to a perennial aeroallergen who suffer from moder-
ate-to-severe (US guidelines) or severe (European guidelines)
persistent asthma despite the use of high-dose ICS (>800 pg/
day beclomethasone dipropionate or equivalent) plus long-
acting beta-agonist (LABA) and/or other controllers (4, 26).
Persistent asthma manifestations include reduced lung func-
tion and frequent daytime symptoms or nighttime awaken-
ings (4). Further data are needed to determine the optimum
duration of treatment (24).

Omalizumab is well tolerated and considered cost-effective
compared to standard therapy alone (27).

Conclusion — Omalizumab is indicated in patients with
moderate-to-severe persistent asthma despite the use of high-
dose ICS plus LABA and/or other controller medications (4,
26).

IgE: Omalizumab and specific immunotherapy

A multicenter RCT investigated the combination of oma-
lizumab (given 16 weeks prior to and throughout the first
3 weeks of SIT) together with cluster SIT for 1-3 different
perennial allergens (dog or cat dander or house dust mite) in
asthmatic patients (n = 248). Omalizumab-treated patients
had fewer respiratory AEs and significantly lower rates of
seasonal allergic rhinitis (SAR). Moreover, the number of
patients that reached the maintenance dose was higher in the
group receiving omalizumab (28).

Compared to SIT alone, the addition of omalizumab also
improved the efficacy of SIT on symptoms and reduced the
risk of systemic reactions by SIT (21, 29), as shown in a par-
allel-group RCT in children with allergic rhinitis (n = 221)
and a double-blind multicenter RCT (n = 140) in adults with
moderate persistent uncontrolled asthma receiving ICS. How-
ever, it is unclear whether these effects persist once oma-
lizumab is discontinued, while maintaining SIT for a total of
3-5 years (30). In rush immunotherapy (RIT), omalizumab
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was used as a premedication due to its ability to prevent seri-
ous AEs (SAE) following immunotherapy (31) (see section
‘Allergic rhinitis’).

IgE: QGEO031 (phase 12 completed, phase 2 ongoing)

A phase-1 and a phase-1/2 study for the use of QGEO031 in
patients with asthma completed investigating the efficacy
(compared to omalizumab and placebo), safety, tolerability,
pharmacokinetics, pharmacodynamics, and immunogenicity,
but the results have not become available yet (32, 33). Fur-
thermore, two phase-2 studies are currently ongoing, investi-
gating dosing and long-term safety (34, 35).

IgE: Quilizumab (phase 2 completed, phase 2b ongoing)
A phase-2 RCT in patients (n = 29) with mild asthma evalu-
ated efficacy, safety, and tolerability of quilizumab, given three
times intravenous (IV) 4 weeks apart, followed by an allergen
challenge on day 86 (6). Primary endpoint was the late asth-
matic response. Quilizumab showed a significant decrease in
total and allergen-specific serum IgE levels as well as a reduc-
tion in the early asthmatic response. Remarkably, the reduc-
tion in IgE remained for at least 6 months after the last dose of
quilizumab. Furthermore, following quilizumab, late asth-
matic response and sputum and blood eosinophils were dimin-
ished although these changes remained nonsignificant.
Conclusion — The results of quilizumab in asthma are
promising. Currently, a phase-2b trial in patients with persis-
tent asthma is ongoing (36).

IL-4: Altrakincept (phase 2 completed, development halted)

In a double-blind, placebo-controlled phase-1/2 RCT using
altrakincept, 25 patients with moderate asthma requiring ICS
were randomly assigned to receive either a single inhalation of
altrakincept 1500 pg or altrakincept 500 pg, or placebo after
stopping ICS. Treatment with altrakincept produced signifi-
cant improvement in FEV1 and forced expiratory flow at 25—
75% of forced vital capacity compared to placebo. Asthma
symptom scores stabilized, and patients required significantly
less B2-agonist treatment when receiving altrakincept. The
study concluded that 1500 pg altrakincept was as safe as and
significantly more effective than 500 pg altrakincept (37).

A second study (n = 62) that was conducted suffered from
considerable withdrawal of patients as prior to starting the
study ICS were discontinued, leading to a worsening of
asthma symptoms in most study subjects (38). The highest
dose consisting of 3000 pg altrakincept allowed stabilization
of asthma symptoms, despite the absence of any notable
change in circulating eosinophil counts or serum IgE levels in
these patients.

Conclusion — The effects of altrakincept on asthma were
rather minimal, which is why further development of altra-
kincept was halted (39).

IL-4: AMG-317 (phase 2 completed)

AMG-317 has been tested in asthma in three phase-1 trials
and one double-blind phase-2 RCT in patients with moder-
ate-to-severe asthma (40, 41). The phase-2 trial (n = 294)
failed to demonstrate a significant improvement in asthma
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following AMG-317 treatment, as assessed by the asthma
control questionnaire (ACQ) and FEVI1. However, a sub-
group analysis showed that patients with baseline ACQ
scores in the top tertile significantly improved their ACQ
score and patients receiving the highest dose of AMG-317
showed a trend toward improvement in FEV1 and reduction
in exacerbations (41). Thus, patients with a higher baseline
ACQ tended to respond better to AMG-317 and, in the
group administered 300 mg AMG-317, FEVI and PEF were
improved compared to placebo (41). Moreover, a dose-
dependent reduction in IgE levels was observed, which, how-
ever, did not correlate with FEV1 or ACQ (41).

Conclusion — Although the phase-2 trial using AMG-317 in
moderate-to-severe asthma did not find any significant bene-
fits overall, some subgroups appeared to benefit from the
treatment, such as patients with high baseline ACQ. Further
trials with subgrouping of patients and using perhaps higher
doses are necessary.

1L-4: Dupilumab (phase 2 ongoing)

A recent double-blind, parallel-group phase-2a RCT
assessed the efficacy of dupilumab in 104 patients with
moderate-to-severe asthma and elevated blood or sputum
eosinophil counts, in which asthma persisted despite the
use of medium to high doses of ICS and LABA (42). The
study consisted of a 12-week intervention and an 8-week
follow-up period. At week 4, LABA was discontinued and,
through weeks 6-9, ICS was gradually reduced. The
authors reported that asthma exacerbations, the primary
outcome of the study, were 87% lower in the dupilumab
group than in placebo, including a significant improvement
in FEVI, morning PEF, the ACQ-5, and exhaled nitric
oxide (FeNO). Serum levels of CCL17, CCL26, and IgE
were also reduced. There was no change in peripheral
blood eosinophil counts.

Conclusion — Although this first study showed beneficial
effects, experience with more patients and longer intervention
time is necessary to conclude on the efficacy of dupilumab in
patients with moderate-to-severe asthma.

1L-4: Pascolizumab (phase 2 completed, development halted)
Despite promising preclinical studies, a double-blind phase-2
RCT in patients (n = 120) with symptomatic steroid-naive
asthma failed to provide any clinical benefit with pas-
colizumab (43).

Conclusion — Pascolizumab failed to show any significant
clinical improvement in patients with asthma, and its devel-
opment for asthma was halted.

1L-4: Pitrakinra (phase 2b completed)

Two double-blind, parallel-group phase-2a RCTs assessed
safety and efficacy of pitrakinra in patients (total n = 56)
with asthma, reporting that inhaled pitrakinra increased
FEV1 during the late asthmatic response and decreased levels
of FeNO (44). Patients receiving pitrakinra experienced fewer
asthma-related symptoms and were able to reduce rescue
medications, although pitrakinra had no effect on airway
hyper-responsiveness or blood IgE levels.
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However, a recent placebo-controlled phase-2b RCT
(n = 534) did not show any effect of inhaled pitrakinra on
asthma exacerbations during a 12-week period, which consti-
tuted the primary outcome (45). Yet, a subgroup analysis
showed a significant reduction in the incidence of asthma
exacerbation in patients with blood eosinophilia. A pharma-
cogenetic analysis in 407 subjects with moderate-to-severe
asthma from above study showed that in patients with a spe-
cific IL4Ra genotype (rs8832GG), pitrakinra was able to
reduce asthma exacerbations and decrease symptoms includ-
ing nocturnal awakenings (45).

Conclusion — Pitrakinra showed promising results in a sub-
group of patients with asthma and blood eosinophilia. How-
ever, the long-term effects and pharmacodynamics of
pitrakinra require further investigations, as systemic applica-
tion of pitrakinra leads to a quick degradation of this IL-4
mutein, which in turn requires daily administration. Cur-
rently, there are no ongoing studies investigating the use of
pitrakinra in patients with asthma.

IL-4/IL-13: QBX258 (phase 1 completed, phase 2 ongoing)
QBX258 is a combination of QAX576 and VAK694. No
results have yet become available from a phase-1 study that
is completed and a phase-2 study that is recruiting currently,
assessing safety and efficacy of QBX258 in patients with
asthma (46, 47).

IL-5: Benralizumab ( MEDI-563; phase 1 completed, phase 2/3
ongoing)

As of to date, three studies have been completed, assessing
the safety of benralizumab. An open-label phase-1 study
(n = 44) used increasing IV doses and observed an efficacy in
patients with mild asthma along with a reduction in periph-
eral blood eosinophil counts and eosinophil cationic protein
(48).

In a multicenter phase-1 RCT (n = 13), asthma patients
were randomized to three monthly subcutaneous (SC) injec-
tions of placebo vs 100 or 200 mg benralizumab. Single-dose
IV and multiple-dose SC benralizumab reduced eosinophil
counts in airway mucosa and submucosa and in sputum and
suppressed eosinophil counts in bone marrow and peripheral
blood (49).

Currently, a multicenter phase-2 RCT is ongoing, assessing
safety and efficacy of IV benralizumab following an acute
asthma exacerbation (50).

Conclusion — Available clinical data are sparse, and further
RCTs are needed to assess the role of benralizumab in asth-
matic patients. Three phase-3 efficacy and safety studies of
benralizumab are currently ongoing (51-53).

IL-5: Mepolizumab (phase 2 completed, phase 3 ongoing)
Four RCTs using mepolizumab in asthma patients have been
conducted so far. A first multicenter RCT in patients
(n = 362) with moderate persistent asthma treated with me-
polizumab 250 or 750 mg once monthly IV for 3 months
failed to demonstrate any notable improvement in asthma
symptoms, but showed significant effects on eosinophil
counts in sputum and blood (54).
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However, three recent RCTs reported a significant benefit
of mepolizumab in eosinophilic asthma (43, 55-57). In a dou-
ble-blind, parallel-group RCT (n = 20), mepolizumab was
used in a subgroup of chronic severe asthma patients with
airway eosinophilia and frequent exacerbation despite ICS
and systemic corticosteroids (55). Monthly IV injections of
mepolizumab 750 mg for 4 months caused a significant
decrease in blood and sputum eosinophils. These changes
were accompanied by a significant reduction in asthma exac-
erbations and corticosteroid use and a significant improve-
ment in FEV1 and the asthma control score.

Similarly, another double-blind, parallel-group RCT
(n = 61) reported a significant decrease in asthma exacerba-
tions as well as a marked reduction in blood and sputum
eosinophilia in  asthma  patients receiving 750 mg
mepolizumab monthly for 1 year (56).

A recent multicenter RCT (DREAM study) assessing
mepolizumab in 621 patients with severe, exacerbation-prone
eosinophilic asthma showed an effective decrease in the fre-
quency of asthma exacerbations along with a significant
decrease in blood and sputum eosinophilia (57).

Conclusion — The current data demonstrate that me-
polizumab is effective in patients with eosinophilic asthma
characterized by frequent exacerbations and persistent, ste-
roid-resistant eosinophilia.

IL-5: Reslizumab (phase 3 completed)
A recent multicenter phase-2 RCT evaluated IV reslizumab
in patients with eosinophilic asthma with persistent symp-
toms despite high-dose ICS. Compared to placebo (n = 53),
reslizumab (n = 53; 3 mg/kg) exhibited a significant
decrease in sputum eosinophilia together with a nonsignifi-
cant improvement in asthma control as assessed by the
ACQ, the primary study endpoint, and a nonsignificant
reduction in asthma exacerbations (58). In patients with
concomitant NP and high blood and sputum eosinophil
counts, reslizumab treatment significantly improved asthma
symptoms. These data led to the initiation of several
phase-3 RCTs using reslizumab that are currently com-
pleted or ongoing (59).

Conclusion — Reslizumab appears to be effective in asthma
patients with sputum eosinophil levels of 3% and more,
which needs further confirmation in larger RCTs.

IL-9: Enokizumab ( MEDI-528; phase 2b completed)
Four clinical trials have evaluated the effects of enokizumab
on asthma, namely two phase-1 and two phase-2 studies.

The phase-2 trials (total n = 47) found no significant
improvement in the asthma symptom score following
enokizumab, although there were some indications that
enokizumab was able to reduce exacerbations and improve
the asthma symptom score (60, 61). A limitation of these
trials consisted in the low number of patients enrolled. Of
note, one of the trials was stopped before reaching the end,
which was due to a patient showing a conspicuous pontine
lesion on MRI that turned out to be an artifact (60).

A recent multicenter phase-2b RCT including 329 subjects
with uncontrolled asthma demonstrated that enokizumab
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failed to show any improvement in asthma symptoms, FEVI,
or reduced asthma exacerbations compared to placebo (62).
Conclusion — Currently, completed trials provided negative
results. Further studies are needed to evaluate whether eno-
kizumab might benefit a certain endotype of asthma.

IL-13: ABT-308 (phase 1 completed)

Currently, a phase-1 RCT investigating safety, tolerability,
and pharmacokinetics of ABT-308 in asthma is completed,
but results have not become available yet (63).

IL-13: Anrukinzumab (IMA-638, phase 2 completed), IM A-
026 (phase 1 completed)
A parallel-group phase-1/2 RCT in patients with mild asthma
compared IMA-638 (anrukinzumab, n = 27) and IMA-026
(n = 29) with placebo (64). The biologicals were administered
on days 1 and 8, and allergen challenge was performed on
days 14 and 35. Primary endpoint was the late asthmatic
response. Secondary endpoints included early asthmatic
response, bronchial hyper-responsiveness (BHR), sputum eo-
sinophils, safety, and tolerability. IMA-638 significantly
attenuated the early and late asthmatic responses on day 14,
whereas IMA-026 did not affect the early and, only mini-
mally, the late asthmatic responses. Both drugs failed to
show an effect on BHR, blood and sputum eosinophils, and
total IgE.

Conclusion — Some of the results of anrukinzumab are
promising, but further studies are needed to determine its use
in asthma.

IL-13: CNTO-5825 (phase 1 completed)

CNTO-5825 was tested in a phase-1 RCT (n = 64) in healthy
and nonsymptomatic atopic patients, assessing its safety, tol-
erability, immunogenicity, and efficacy (65). Compared to
placebo, CNTO-5825 led to a significant decrease in serum
IgE levels.

IL-13: GSK679586 (phase 2, completed)

Following a phase-1 RCT, assessing safety and tolerability
in healthy (n=32) and mild asthmatic subjects (n = 28)
(66), a phase-2 RCT (n = 198) investigated the efficacy and
safety of GSK679586 in patients with severe asthma receiv-
ing high-dose ICS of 1000 pg/d and more (67). Primary
endpoint was the change in ACQ-7 over 12 weeks. The
study found no statistically significant improvement in
ACQ-7, FEVI1, asthma exacerbation rate, serum IgE levels,
or blood eosinophil counts. The authors suggested that this
might be due to the high-dose ICS treatment, which
already reduced IL-13.

Conclusion — A recent phase-2 study reported a lack of effi-
cacy of GSK679586 in patients with severe asthma. Further
studies should evaluate whether GSK679586 might benefit
certain subgroups of asthma patients.

1L-13: Lebrikizumab (phase 2 completed, phase 3 ongoing)

Lebrikizumab has been tested in a multicenter RCT in 219
adults with asthma (9). Patients with uncontrolled moderate-
to-severe asthma receiving lebrikizumab (in addition to stan-
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dard inhalation therapy) showed a significant increase in
FEV1. The increase in FEVI, along with a significant reduc-
tion in FeNO, IgE levels, CCL13, and CCL17, was most
notable for patients showing high pretreatment serum levels
of periostin (9). Notably, periostin correlates with IL-13 lev-
els (68), suggesting it might serve as a biomarker in clinical
practice to determine the asthma endotype, which is most
sensitive to lebrikizumab treatment. However, exacerbation
rates or asthma symptoms were not found to be significantly
reduced in this study (9).

In a recent dose-ranging study in asthmatic patients
(n = 212), lebrikizumab led to an increase in FEVI in
patients with high periostin serum levels although the differ-
ence was not statistically or clinically significant in compari-
son with patients with low periostin serum levels (69).

Conclusion — Although first results are promising in
patients showing high periostin serum levels, further studies
are needed to evaluate the efficacy of lebrikizumab in
asthma.

I1L-13: QAXS576 (phase 2 ongoing)

No results have yet been published from two phase-2 studies
that are investigating safety, tolerability, and efficacy of
QAXS576 in asthma (70, 71).

1L-13: Tralokinumab (CAT-354; phase 2a completed, phase
2b ongoing)
In a parallel-group multicenter RCT, 194 subjects with moder-
ate-to-severe asthma were randomized to either tralokinumab
(150, 300 or 600 mg) or placebo (68). Primary endpoint was
the change from baseline in the mean ACQ-6. No improve-
ment in ACQ-6 was found in the tralokinumab group. How-
ever, subjects treated with tralokinumab showed an
improvement in FEV1 and reduced use of rescue medication.
Conclusion — Further studies are needed to evaluate
whether tralokinumab might benefit a subset of asthma
patients, such as those with increased periostin levels.

IL-17: Brodalumab (AMG-827; phase 2 completed)

In a recent phase-2 RCT, 302 subjects with inadequately con-
trolled asthma were randomized to brodalumab (140, 210 or
280 mg) or placebo. Primary outcome was ACQ, and second-
ary outcomes included FEVI1, symptom scores and symptom-
free days. The study failed to demonstrate any difference
between the groups; however, subgroup analysis showed a
trend for ACQ improvement only in the high-reversibility sub-
group (postbronchodilator FEV1 improvement >20%) (72).

Safety and kinetics of brodalumab have been evaluated
positively in patients (n = 198) with psoriasis (73).

Conclusion — Further studies are needed to assess the efficacy
of brodalumab in asthma, especially in the group of asthma
patients with high reversibility. Indeed, a phase-2 trial of brod-
alumab in subjects with inadequately controlled asthma show-
ing high reversibility is recruiting participants (39).

IL-17: Secukinumab (AIN457; phase 2 ongoing)
No completed studies using secukinumab in asthma have so
far been reported. There is an ongoing multidose phase-2
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RCT, recruiting participants with inadequately controlled
asthma receiving ICS and LABA (74). Its primary endpoint
is the change in ACQ, and its secondary endpoints include
FEVI, FeNO, and sputum neutrophils, as well as tolerability
and safety.

Safety and efficacy of secukinumab were previously
assessed in patients with ankylosing spondylitis (n = 30) (75).

Conclusion — No data are currently available, assessing the
role of secukinumab in asthma.

OX40L: huMAb OX40L (phase 2 completed)

A phase-2 RCT in patients (n = 28) with mild asthma investi-
gated efficacy, safety, and tolerability of huMAb OX40L,
given IV over 3 months, with allergen challenges performed
on days 56 and 113 (76). Primary endpoint was the late-
phase asthmatic response; secondary endpoints included
early-phase asthmatic response, BHR, serum IgE, and blood
and sputum eosinophils. huMAb OX40L did not reach the
primary or most of secondary endpoints. Only serum IgE lev-
els were significantly reduced after the second allergen chal-
lenge, while effects on eosinophils were inconclusive.
Although huMAb OX40L significantly reduced sputum eo-
sinophils before the allergen challenge, no difference was
found following the challenge.

Conclusion — Although the results of a first phase-2 trial do
not support its use in mild asthma, further studies are needed
to assess the efficacy of (higher doses of) huMAb OX40L in
moderate-to-severe asthma.

TNF: Etanercept (phase 2 completed)
The use of etanercept in patients with moderate-to-severe or
refractory asthma has been evaluated in several trials.

In a first open-label, uncontrolled pilot study (n = 17),
patients receiving etanercept experienced improvements in
subjective asthma control (Juniper ACQ), lung function
(PEF, FEV1 and forced vital capacity), and BHR (77).

In a second double-blind, placebo-controlled crossover
pilot study (n = 30), treatment with etanercept resulted in
improvements in asthma control (Juniper ACQ), BHR, and
postbronchodilator FEV1 (78).

In a third study (n = 39), a slight improvement in ACQ
but no differences in asthma QoL, PEF, BHR, or exacerba-
tion rates between etanercept and placebo was reported (79).

The largest study so far evaluating etanercept in asthma
(n = 132) found no significant difference in prebronchodilator
FEVI1, ACQ-5, asthma exacerbations, BHR, and asthma QoL
(80).

Conclusion — Available data question the use of etaner-
cept in severe asthma. Larger studies are necessary to
investigate whether etanercept might benefit a certain
asthma endotype.

TNF: Golimumab (phase 2 completed)

Golimumab was evaluated in asthma in a multicenter phase-
2 RCT, enrolling 309 patients with severe, persistent asthma
(81). Changes in FEV1 and asthma exacerbations were end-
points. No significant differences were observed in any of the
endpoints between golimumab and placebo. An increased
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rate of SAEs was observed in the golimumab treatment
group (see section on ‘Adverse events’), which led to the
interruption of the trial (81).

Conclusion — Golimumab caused an increased rate of SAEs
in patients with asthma, which makes future studies evaluat-
ing golimumab in asthma rather unlikely.

TNF: Infliximab (phase 2 completed)
A RCT assessed infliximab in 38 patients with moderate
asthma that were symptomatic despite receiving ICS (82).
PEF, FEVI, FeNO, and asthma exacerbations were evalu-
ated. The group receiving infliximab reported reduced PEF
variations and lower asthma-related exacerbations.
Conclusion — Available data are limited to evaluate the
therapeutic role of infliximab in asthma. Moreover, adminis-
tration of another TNF inhibitor (golimumab) in asthma led
to an increase in SAEs, thus cautioning the use of TNF
inhibitors in asthma.

TSLP: AMG-157 (phase 1 completed)

A phase-1 RCT assessed the use of AMG-157 in 31 patients
with mild asthma who were assigned to receive placebo or
AMG-157 IV three times a month (83). All patients under-
went an allergen challenge on days 42 and 84. Primary end-
point was the late asthmatic response; secondary endpoints
included early asthmatic response, safety, AEs, and immuno-
genicity; and exploratory endpoints comprised BHR, FeNO,
total serum IgE, sputum and blood eosinophils, Th2 cell
counts, and ratio of Th2 to Thl cells in blood. This study
showed in the late and early asthmatic responses that, in
comparison with placebo, AMG-157 reduced the maximum
decreases in FEVI following an allergen challenge by 34%
on day 42 and 46% on day 84, although no significant
changes were noted in FEV1 before the allergen challenges.
The reason why AMG-157 was unable to change the baseline
FEV1 may be due to the fact that the recruited patients had
near-normal FEV1 values at the beginning of the study. Fur-
thermore, AMG-157 led to a significant decrease in blood
and sputum eosinophil counts and FeNO, while no signifi-
cant changes were noted in total IgE levels and the Th2-to-
Thl ratio.

Conclusion — Although the results seem promising, further
studies are needed to evaluate the use of AMG-157 in
patients with severe asthma. A phase-2 RCT is currently
recruiting.

Allergic rhinitis

IgE: Omalizumab (phase 2 completed)
A RCT (n = 536) assessed the efficacy of omalizumab on
symptoms of SAR in 25 centers in the USA (84). This study
showed that during the pollen season, patients with low free
IgE following omalizumab experienced significantly fewer
symptoms and needed significantly less rescue antihistamine
medication compared to placebo.

Another RCT (n = 251) investigated the use of oma-
lizumab in SAR in birch pollen-sensitized patients in Scan-
dinavia (85). In this study, clinical efficacy was related to
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free IgE levels. Thus, the average daily nasal symptom
severity score, average daily number of tablets of rescue
antihistamines, and proportion of days with medication use
were significantly lower when serum-free IgE was 25 ng/ml
or less.

Similar effects with omalizumab were observed in Japanese
patients (n = 100) with SAR to Japanese cedar pollen (86).
In accordance with the above-mentioned RCT, this study
demonstrated that the daily symptoms assessed by daily nasal
and daily ocular symptom medication scores, daily nasal
symptom severity score, and daily ocular symptom severity
score during the pollen season as well as the use of daily
nasal and daily ocular rescue medication scores were signifi-
cantly lower in patients receiving omalizumab (86). More-
over, this study showed a direct correlation of low free IgE
and a decrease in symptoms. No antidrug antibodies (ADA)
against omalizumab were observed during the course of this
study.

Subsequently, the same group of investigators assessed
efficacy and immunogenicity of omalizumab when re-
administered to 34 patients with SAR to Japanese cedar
pollen (87). Retreatment did not induce ADAs and was well
tolerated.

Conclusion — In patients with SAR, RCTs have shown
omalizumab to reduce nasal symptoms and use of antihista-
mines, leading to improved QoL (21, 84).

IgE: Omalizumab and specific immunotherapy

The combination of biologicals with SIT is considered to
decrease the rate of AEs, prolong efficacy, increase toler-
ance development, and allow application of SIT to high-
risk groups. Currently, clinical trials assessing the combined
use of biologicals with SIT are limited to omalizumab
treatment during the pre-SIT, dosing-up, and allergen sea-
sonal phases.

A RCT (n=159) investigated the impact of omalizumab
on RIT in patients with ragweed-induced SAR (31). Oma-
lizumab was given for 9 weeks prior to RIT and continued
for another 12 weeks. Patients receiving RIT plus oma-
lizumab had 40% decrease in overall AEs and 78% decrease
in anaphylaxis requiring adrenaline (epinephrine) treatment
as compared to RIT alone (31). While allergen-specific 1gG4
levels remained unaltered, CD23-dependent IgE-allergen
binding on B cells was completely blocked under omalizumab
and RIT (88).

A second study (n = 140) compared grass and rye allergen
SIT with or without omalizumab, demonstrating that addi-
tion of omalizumab showed an intraseasonal positive effect
on the severity of symptoms (89). However, this effect was
not lasting, as no difference was observed between the groups
in the following extension seasons, during which both groups
only received SIT without omalizumab (90). Interestingly,
SAR patients belonging to the former SIT plus omalizumab
group were found to have a slight increase in FEV1 in the
follow-up period.

A third study (n =221), conducted in children aged
6-17 years, contained four treatment arms, including birch
allergen SIT, grass allergen SIT, birch allergen SIT plus oma-
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lizumab, and grass allergen SIT plus omalizumab (91). Both
SIT groups receiving omalizumab showed a significant reduc-
tion in symptoms during the pollen seasons compared to SIT
only. The need of antihistamine rescue medication in the
omalizumab-treated SIT groups was particularly low. Fur-
thermore, seven patients developed eczema on SIT only,
while the groups receiving concomitant omalizumab
remained free of eczema.

Conclusion — The combination of omalizumab with SIT
showed a positive effect on SAR symptoms and SIT-related
AEs. However, the beneficial effects of omalizumab appear
to be temporary.

IgE: Quilizumab (phase 1b completed)

A phase-1b RCT (n = 36) assessed safety, tolerability, and
pharmacokinetics of quilizumab in patients with allergic rhi-
nitis (6). Primary endpoints were safety and tolerability of IV
and SC quilizumab. The trial showed a significant reduction
in total and allergen-specific IgE levels and an acceptable
safety profile.

I1L-4: VAK694 (phase 2 completed)

A phase-2 RCT investigated 37 grass pollen-monosensitized
SAR patients receiving placebo, SIT, or SIT plus VAK694;
however, the results of this study have not been published
yet (92).

IL-13: QAX576 (phase 2 completed)

The results of a phase-2 proof-of-concept study investigating
the efficacy of QAXS576 in patients with SAR have not been
published yet (93).

Food allergy

IgE: Omalizumab (phase 2 completed|stopped)
A parallel-group phase-2 RCT assessing the use of oma-
lizumab in peanut allergic patients (n =45) had to be
stopped because two severe allergic reactions occurred during
a first oral peanut allergen challenge (94). Nevertheless,
analysis of 14 patients that finalized the study, including a
second oral food challenge, showed that omalizumab led to a
larger increase in the tolerability of peanut allergen upon oral
food challenge compared to placebo.

Conclusion — Omalizumab increases the tolerability in
patients with food allergy, as assessed in 14 patients. Further
studies are needed involving a larger patient collective.

IgE: Omalizumab and specific immunotherapy (phase 2)
Neither oral immunotherapy (OIT) nor sublingual immuno-
therapy is currently recommended for routine clinical use in
food allergic patients due to a high risk of AEs. Moreover,
SIT-induced tolerance quickly disappears after cessation of
SIT (95). Nevertheless, recent studies showed that the combi-
nation of OIT with anti-IgE strategies might be a promising
therapeutic approach (96-98).

Omalizumab treatment combined with milk OIT in chil-
dren (n = 11) allergic to cow’s milk led to rapid desensitiza-
tion in most patients within 7-11 weeks (96). Nine of 10
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patients who completed the study passed a double-blind pla-
cebo-controlled food challenge and an open challenge with
milk without showing any symptoms; these patients subse-
quently introduced and tolerated normal amounts of milk in
their diet. Tolerance induction correlated with a reduction in
milk-specific IgE, an increase in milk-specific 1gG4, and a
decrease in milk-specific T-cell responses, the latter of which
shifted from IL-4 to interferon-y production (99).

This proof-of-concept study was followed by other clinical
trials in patients with milk or peanut allergy, assessing
whether a combination of IgE targeting and OIT represents
a useful therapeutic option for patients with severe food
allergies (100).

Conclusion — Results from studies with omalizumab-com-
bined OIT are promising, which await confirmation by fur-
ther studies.

Hymenoptera allergy

IgE: Omalizumab and specific immunotherapy (case reports)
Currently, six case reports have been published, investigating
the effects of combining venom-specific immunotherapy
(VIT) with omalizumab with somewhat mixed results (101—
103). These case studies were conducted in patients (between
15 and 45 years of age) suffering from bee venom allergy
who either developed severe AEs to or failed to respond to
rush or ultra-rush VIT. Omalizumab was administered at a
dose of 150 mg every 2 weeks, starting 6 weeks prior to VIT
and continuing for the duration of VIT (103). While this
combination seemed to be protective in a patient when stung
by a bee after 12 months on treatment, reduction in oma-
lizumab to 75 mg after 24 months led to an anaphylactic
reaction upon VIT in that same patient (103). Alternatively,
another report used a single dose of 300 mg omalizumab
2 weeks prior to VIT, which allowed the patient to tolerate
the maximum dose of ultra-rush VIT (101). Similarly, in a
third report, a patient with mastocytosis and bee venom
allergy was administered monthly 300 mg omalizumab prior
to VIT (initially 7 days and then at shorter intervals up to
40 min prior to VIT), which resulted in the patient tolerat-
ing VIT and led to a decrease in patient’s serum tryptase
levels (102). Subsequent reduction in the dose of oma-
lizumab to 150 mg in the same patient led upon VIT to
extended flushing, transient mild tachycardia, injection site
reaction, and a mild increase in tryptase, which is why the
authors returned to the 300 mg dose for subsequent admin-
istrations, under which therapy VIT-related AEs did not
occur (104).

Contrarily, another case report failed to demonstrate a
positive effect of combining 300 mg omalizumab, once
monthly, with ultra-rush VIT, as even following the addition
of omalizumab, the patient was unable to tolerate the main-
tenance dose of VIT (105).

Conclusion — On the basis of the present case reports, it is
not possible to draw a firm conclusion on whether VIT
should be combined with omalizumab. Randomized con-
trolled trials are needed to evaluate the effect of this combi-
nation treatment in patients with hymenoptera allergy.
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Urticaria and urticarial syndromes

Chronic urticaria comprises chronic spontaneous urticaria
(CSU, also termed chronic idiopathic urticaria), chronic
inducible urticaria (CindU), and chronic autoimmune urti-
caria (CAU). Chronic autoimmune urticaria makes up for
about 40-45% of patients with chronic urticaria and usually
presents with autoantibodies against the high-affinity IgE
receptor FceRI, suggesting an underlying autoimmune etiol-

ogy.

CD20: Rituximab (phase 1/2 suspended)
Rituximab has shown some efficacy in a limited number of
patients with CAU, but not in CSU (106-108).

Conclusion — Controlled clinical trials are needed to evalu-
ate the efficacy of rituximab in chronic urticaria, including
CSU and CAU.

IgE: Omalizumab (phase 3 completed, phase 4 ongoing)
Several studies have demonstrated the safety and efficacy of
omalizumab in patients with moderate-to-severe CSU refrac-
tory to standard treatment.

In a multicenter phase-3 RCT, omalizumab at doses of 150
or 300 mg significantly improved CSU in a dose-dependent
manner in patients (n = 323) who had previously been symp-
tomatic despite the use of licensed doses of H1-antihistamines
(109).

Another multicenter phase-3 RCT (n = 336) investigated
safety, tolerability, and efficacy of 300 mg omalizumab in
patients with CSU who remained symptomatic despite treat-
ment with up to four times the licensed doses of H1-antihis-
tamines, in addition to an H2-antihistamine, leukotriene
receptor antagonist, or both (110). Patients receiving oma-
lizumab experienced a significant reduction in symptoms,
including days free of urticaria and angioedema. After dis-
continuation of omalizumab, symptoms gradually recurred
over a period of about 10 weeks to levels similar to those
observed with placebo.

Recently, a real-life retrospective analysis (n = 51) indi-
cated that omalizumab was a safe and rapidly and highly
effective treatment in both CSU and CindU (111). Interest-
ingly, efficacy did not correlate with baseline IgE levels.
Other smaller studies (total n = 25) reported on several
beneficial effects of omalizumab, such as reduced need of
immunosuppression and Hl-antihistamines and sustained
long-term efficacy for patients with severe therapy-resistant
CSU (112, 113).

Several case reports have shown efficacy in the treatment
of different types of CindU using omalizumab (114-116).
Moreover, a trial enrolling seven patients with recalcitrant
CindU showed a significant improvement in symptom control
upon omalizumab treatment (117).

Omalizumab has shown some efficacy in a small explor-
atory proof-of-concept study in 12 patients with CAU resis-
tant to Hl-antihistamines (118). More recently, omalizumab
was found to be effective in improving urticarial symptoms
in a subset of patients (n = 49) with CAU expressing IgE-
type autoantibodies to thyroid peroxidase (117).
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Conclusion — Based on the available data, omalizumab
seems to be safe and effective in the treatment of refractory
CSU and CAU, and might be useful in CindU. Accordingly,
the revised international treatment guidelines for the manage-
ment of urticaria recommend omalizumab as third-line ther-

apy (119).

IgE: Quilizumab (phase 2 ongoing)

A phase-2 RCT investigating the safety and efficacy in
patients with CSU refractory to Hl-antihistamine treatment
is currently ongoing, but no results have become available
yet (120).

IL-1: Anakinra, canakinumab (phase 2 completed), and rilona-
cept (phase 2 completed)

Several diseases and well-characterized autoinflammatory
syndromes can be associated with urticaria and angioedema,
although these pathologies are no longer considered sub-
types of urticaria. A detailed discussion of biologicals used
for the treatment of autoinflammatory diseases is beyond
the scope of this article and has been recently reviewed (121,
122). Overall, targeting IL-1 signaling has significantly
improved the outcome of patients with autoinflammatory
syndromes.

For Schnitzler’s syndrome, a recent expert consensus panel
agreed that anakinra should be used as the first-line treat-
ment in patients with significant impairment of QoL or regu-
larly elevated inflammation markers (123). Moreover, an
open-label study using rilonacept in eight patients with
Schnitzler’s syndrome demonstrated a rapid and significant
clinical improvement (124). In another open-label, single-
treatment arm trial including eight patients with Schnitzler’s
syndrome, monthly injections of 150 mg canakinumab
proved to be effective and well tolerated (1295).

In urticarial vasculitis, treatment of 10 patients using cana-
kinumab within an open-label trial was shown to be safe and
efficacious for this disease (126).

Conclusion — 1L-1-targeting biologicals have provided very
promising results in treating autoinflammatory disorders,
including those associated with urticaria.

TNF: Adalimumab, etanercept, and infliximab (all: case
reports)
In an observational study of 20 adult patients with chronic
urticaria, 16 patients with CSU, two patients with CAU, one
patient with delayed pressure urticaria, and one patient with
neutrophilic urticaria, TNF inhibitors were shown to result
in complete or almost complete resolution of urticaria in
60% of patients, while partial response was found in another
15% of patients (127). In another small series, six patients
affected by CSU or urticarial vasculitis unresponsive to other
immunosuppressive therapies experienced a significant clinical
improvement when given TNF inhibitors (128). Furthermore,
two case reports have shown efficacy of TNF inhibitors in
delayed pressure urticaria and cold contact urticaria (129,
130).

Conclusion — Controlled studies are needed to assess the
efficacy of TNF inhibitors in patients with chronic urticaria.
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Atopic dermatitis

CD2: Alefacept (case reports, development halted)

In an open-label pilot study, 10 patients with moderate-to-
severe AD not adequately responding to topical corticoste-
roid therapy and/or calcineurin inhibitor therapy were
treated with 12 weekly intramuscular injections of 15 mg
alefacept. This resulted in an improvement in the clinical
severity of AD, and a reduction in skin T cells and T-cell
activation markers (131).

In another open-label study, nine patients with moderate-
to-severe AD were treated with 30 mg alefacept intramuscu-
larly; only two of nine patients demonstrated a significant
clinical response (132).

In 2011, alefacept was removed from the market due to
insufficient market.

Conclusion — Inhibition of T-cell activation and migration
to the skin by blocking CD2—LFA-3 interaction provide a
possible target for treating AD although, following the
withdrawal of alefacept from the market, there is currently
no biological targeting these molecules.

CDlla: Efalizumab (case reports, withdrawn)

In a systematic retrospective study of medical files of AD
patients, only two of eleven patients demonstrated an improve-
ment in AD following treatment with efalizumab (133).

In a prospective, open-label pilot study enrolling 10 sub-
jects with severe AD, significant clinical improvement was
demonstrated in six of 10 patients (134).

Conclusion — Although efalizumab showed some effects in
AD, this biological has been withdrawn from the market as
it was associated with progressive multifocal leukoencephal-
opathy (135).

CD20: Rituximab (case reports)

The first study using rituximab in patients with severe AD
was an open-label pilot study including six patients adminis-
tered twice 1 g rituximab IV 2 weeks apart (136). All patients
experienced an improvement in skin lesions, pruritus, and
skin texture, and were able to reduce their use of corticoster-
oids, with effects lasting for at least 24 weeks. Although
allergen-specific IgE levels remained unchanged, the authors
suggested that the results were due to a reduction in both
B- and T-cell responses in blood and skin.

Conversely, another case report including two patients
with severe AD found no response to rituximab 500 mg. The
lack of efficacy of rituximab in this report, in comparison
with the above-mentioned one, might be due to a lower dose
of rituximab used and a likely higher disease severity of the
patients from the second study (137).

A recent single-center observational study used a combina-
tion of omalizumab and rituximab in six patients with severe
AD, leading to an improvement in pruritus, skin lesions, and
QoL (138). The rationale for this combination consisted in
rituximab reducing B cells and T-cell responses, while oma-
lizumab targets IgE levels.

Conclusion — Despite the presence of some promising data, lar-
ger RCTs are needed to investigate the effect of rituximab on AD.

Allergy 70 (2015) 727-754 © 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 741



Biologicals in allergic disorders

IgE: Omalizumab (phase 4, completed)
The results on the use of omalizumab in patients with AD
are controversial (21). A 28-week open-label trial using
omalizumab in 20 adults with moderate-to-severe AD found
that a positive response was most notable in a subgroup of
patients not carrying a filaggrin mutation (139). Conversely,
a double-blind RCT enrolling 20 AD patients did not find
any positive effect following omalizumab (140), which the
authors concluded might be due to the difference between
acute and chronic AD, as this study only included chronic
AD patients, unlike previous trials involving patients with
acute AD. Interestingly, most AD patients resistant to
omalizumab treatment had very high pretreatment IgE levels,
which might explain treatment failure (21). In another
open-label trial, 11 AD patients with high IgE levels received
low-dose omalizumab for 20 weeks, with six patients
responding positively to the treatment, while the others expe-
rienced worsening or no improvement, leading the authors to
suggest that omalizumab was only slightly better than pla-
cebo (141).

Conclusion — Further studies are needed to clarify the
effects of omalizumab in acute and chronic AD.

IgE: QGE031

A phase-2 RCT evaluating the efficacy and safety of
QGEO031 in patients with moderate-to-severe AD has been
completed (142), but the results have not been published yet.

1L-4: Dupilumab (phase 2 completed)
A recent publication summarizing four phase-1/2 RCTs
(total n = 207) showed that dupilumab at 300 mg led to a
marked and rapid improvement in pruritus scores, the
eczema area and severity score by 50%, and investigator’s
global assessment in moderate-to-severe AD, either as a
monotherapy for four or 12 weeks or in combination with
topical corticosteroids for 4 weeks (143). Moreover,
patients receiving dupilumab had less frequent skin infec-
tion compared to placebo.

Conclusion — These studies indicate that dupilumab may be
a good consideration in patients with moderate-to-severe
AD, leading to marked improvement in skin lesions and pru-
ritus as well as a reduction in skin infections. Further studies
enrolling more patients are needed to confirm these promis-
ing results.

1L-5: Mepolizumab (phase 2 completed)

In a RCT in AD patients (n =43), two single doses of
750 mg mepolizumab, given 1 week apart, caused a signifi-
cant decrease in blood eosinophils and, to a lesser extent, tis-
sue eosinophils (144, 145). However, clinical improvement
was not achieved, possibly due to the relatively short dura-
tion of mepolizumab treatment.

IL-12/IL-23: Ustekinumab (phase 2 ongoing)

On the basis of two off-label case studies demonstrating a
clinical benefit of ustekinumab in two patients with AD (146,
147), two phase-2 RCTs using ustekinumab in AD are cur-
rently ongoing (148).
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IL-22: ILV-094 (phase 2 recruiting)

A phase-2 RCT to determine safety, tolerability, pharmaco-
dynamics, and clinical efficacy of ILV-094 in AD is currently
recruiting (149).

I1L-31: BMS-981164 (phase 1 ongoing) and CIM331 (phase 2
ongoing)

A phase-1 RCT assessing the safety of BMS-981164 is
currently ongoing (150). Moreover, CIM331 is currently
being tried in a phase-2 RCT for efficacy in treating
AD (151). Results of these studies have not become avail-
able yet.

TNF inhibitors (case reports)
The TNF inhibitors infliximab (n = 9) and etanercept (n = 2)
have been evaluated in pilot studies in both children and
adults with AD, showing a poor therapeutic benefit of these
biologicals for AD (152, 153). Only two of nine treated
adults demonstrated some improvement. Importantly, in
both treated children flare-ups of both bacterial and viral
infections were observed during TNF inhibitor treatment.
Conclusion — Based on pilot studies, TNF inhibitors do not
appear to be beneficial in treatment of AD. The reason for
this failure of TNF-targeting agents in AD might be due to
either a limited role of TNF in AD inflammation or the
increased frequency of bacterial and viral infections following
TNF blockade, thus driving AD.

TSLP: AMG-157 (phase 1 completed)

A phase-1 study evaluated the safety of AMG-157 in healthy
and AD patients (154); however, results have not become
available yet.

Eosinophilic disorders

Allergic bronchopulmonary aspergillosis

IgE: Omalizumab (phase 4 completed). Most of the trials
assessing omalizumab in allergic bronchopulmonary aspergil-
losis (ABPA) were performed in patients with ABPA and
cystic fibrosis. Some case reports and case series demon-
strated a benefit of omalizumab in children with cystic fibro-
sis and ABPA as treatment with omalizumab resulted in
improved FEV1, fewer respiratory symptoms, and decreased
use of corticosteroids (155-158). Conversely, one report
showed no improvement in ABPA in a patient with cystic
fibrosis receiving omalizumab (159), which may be due to
omalizumab being efficacious in the acute, but not chronic
phase of ABPA (21).

However, a Cochrane review including only one eligible
trial enrolling 14 patients reported that there was a lack of
evidence pertaining to the efficacy and safety of omalizumab
therapy in patients with cystic fibrosis and ABPA (160).

Likewise, there are only a few studies on the efficacy of
omalizumab in the treatment of ABPA in asthmatic patients
not affected by cystic fibrosis (161-164). Although the num-
ber of patients included was rather small, these trials showed
an improvement in daily asthma symptoms and FEV1, and a
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reduction in oral corticosteroid use and asthma exacerba-
tions. This was accompanied by a reduction in inflammatory
markers, blood eosinophilia, total serum IgE levels, and
FeNO.

Both in patients with asthma and ABPA, the optimal dose
of omalizumab remains controversial. In asthma patients
with serum IgE levels between 30 and 700 IU/ml, the pro-
posed dose is based on pretreatment IgE levels and body
weight and varies between 225 and 600 mg. However,
patients with ABPA often show serum IgE levels of 1000 1U/
ml and more, suggesting that higher omalizumab doses are
needed (165). A recent case report obtained a good clinical
response in a patient with ABPA and cystic fibrosis by calcu-
lating the monthly dose of omalizumab using 0.016 mg per
kg body weight per IgE IU/ml (156).

Conclusion — Omalizumab seems to be a potential alterna-
tive to corticosteroids for patients with ABPA. Future studies
including RCTs are needed to determine the efficacy of oma-
lizumab in ABPA.

Eosinophilic granulomatosis with polyangiitis

Patients affected by eosinophilic granulomatosis with polyan-
giitis (EGPA; formerly called Churg—Strauss syndrome) often
present with an atopic background and almost all have
asthma, in addition to showing marked blood eosinophilia.

IgE: Omalizumab (case studies). A few case reports provided
evidence supporting the use of omalizumab in EGPA as an
adjuvant therapy in adults and children (166-170). These
papers suggested that omalizumab probably acted by block-
ing IgE-mediated eosinophil accumulation and proliferation
in EGPA.

IL-5: Mepolizumab (phase 2 completed, phase 3 ongoing). In
a case report of a 28-year-old female patient with EGPA,
monthly infusions of 750 mg mepolizumab reduced periph-
eral blood eosinophil counts to normal levels after a month
and resolved the patient’s asthma symptoms after 6 months,
which was paralleled by a radiographic improvement in lung
parenchyma (171).

In an open-label pilot study, seven patients were treated
with four monthly infusions of 750 mg mepolizumab. The
treatment resulted in 64% and 61% decreases in corticoste-
roid use at 12 and 24 weeks, respectively, along with a
reduction in eosinophilia; however, these effects reversed
and exacerbations recurred upon cessation of the drug (172,
173).

Conclusion — Although some evidence suggests a benefit of
using mepolizumab in EGPA, available data are too limited
to reach a conclusion.

Nasal polyposis

IgE: Omalizumab (phase 2 completed). A retrospective pilot
study in atopic patients with comorbid asthma examined
whether omalizumab was efficacious in the management of
NP previously treated with endoscopic surgery. Four patients
were given omalizumab postoperatively and compared to
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four control subjects. Nasal symptom scores improved in the
omalizumab group, but no significant improvement was seen
in sinus computed tomography (CT) in either group (174).

Recently, a phase-2 RCT evaluated the efficacy of oma-
lizumab in patients with NP (n = 24) also suffering from
asthma (25). This study reported positive results in the oma-
lizumab-treated group, including a significant decrease in
total nasal endoscopic polyp scores further confirmed by CT
after 16 weeks on omalizumab. Omalizumab had also a bene-
ficial effect on nasal and asthma symptoms and QoL scores,
irrespective of the presence of atopy.

Conclusion — Omalizumab may be considered in carefully
selected patients with inadequately controlled chronic rhinosi-
nusitis with NP and comorbid asthma in atopic and nona-
topic patients.

I1L-5: Mepolizumab (phase 1/2 completed). Mepolizumab was
assessed in a recent RCT in 30 patients with severe NP
refractory to corticosteroid treatment. Two single 1V injec-
tions of 750 mg mepolizumab resulted in significant improve-
ment in NP and CT scan scores in 12 of 20 patients receiving
mepolizumab compared to only one of 10 patients receiving
placebo (175).

Conclusion — Promising results were obtained with the use
of mepolizumab in patients with severe chronic rhinosinusitis
and NP. Larger RCTs are needed to determine the efficacy
of mepolizumab in NP.

IL-5: Reslizumab (phase 1/2 completed). The safety, pharma-
cokinetics, and biologic activity of a single IV dose of res-
lizumab (1 or 3 mg/kg) were investigated in 24 subjects with
bilateral NP in a two-center RCT (176). Reslizumab treat-
ment reduced peripheral blood eosinophil counts along with
eosinophil cationic protein concentrations in nasal secretions.
A significant reduction in the size of individual nasal polyps
occurred in half of the treated patients, with responders
exhibiting increased IL-5 concentrations in nasal secretions
prior to treatment. Thus, IL-5 levels in nasal secretion might
be considered a possible biomarker in future clinical trials
using IL-5 antagonists.

Conclusion — Further studies are necessary to evaluate
whether reslizumab might be beneficial in patients with NP.

Hypereosinophilic syndromes

CDS52: Alemtuzumab (case reports). The use of alemtuzumab
in hypereosinophilic syndromes (HES) is considered off-label.
Two case reports and one observational study with 11
patients found promising results in patients with HES with
complete normalization of blood eosinophil counts in over
90% of patients (177, 178). However, these effects were
accompanied by SAEs, including cytomegalovirus reactiva-
tion and severe infections, which is why a prophylaxis with
valganciclovir and strict monitoring is recommended. In
addition, the duration of the beneficial effects was short, thus
requiring the continuous administration of alemtuzumab.
The same group reported on a long-term follow-up study
of 12 patients with HES and chronic eosinophilic leukemia
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treated with alemtuzumab. Alemtuzumab was found to be
effective, as 10 of 12 patients (83%) achieved a complete he-
matologic response, including the elimination of disease-
related symptoms (179).

Conclusion — Limited data suggest alemtuzumab to be a
valuable treatment option for advanced HES that are refrac-
tory to standard therapy or biologicals targeting IL-5, but
larger RCTs are necessary to conclude on the efficacy of
alemtuzumab in HES.

I1L-5: Mepolizumab (phase 2|3 completed). Based on small
open-label studies (180), a multicenter double-blind RCT
comprising 85 patients assessed the efficacy of mepolizumab
in FIPILI-PDGFRA-negative HES; this study showed that
mepolizumab induced a significant steroid-sparing effect
along with a sustained reduction (up to 12 weeks) in blood
eosinophil counts (181).

An open-label extension study of the above-mentioned trial
enrolling 78 patients investigated the long-term safety and
efficacy of mepolizumab in HES over more than 5 years and
demonstrated that mepolizumab could serve as a long-term,
well-tolerated alternative to corticosteroid treatment in
patients with FIPIL1-PDGFRA-negative, corticosteroid-
responsive HES (182).

Another trial (n = 63) in lymphocytic variant HES, charac-
terized by overproduction of IL-5 by Th2 cells, showed that
administration of mepolizumab reduced corticosteroid use to
a similar extent in lymphocytic and nonlymphocytic HES,
although blood eosinophil counts were lowered more effi-
ciently in patients with nonlymphocytic compared to lympho-
cytic HES (183).

Conclusion — Mepolizumab treatment exerted a substantial
corticosteroid-sparing effect on patients with FIPIL1-PDG-
FRA-negative HES, thus reducing corticosteroid-related mor-
bidity. Further, larger RCTs are necessary to determine the
efficacy of mepolizumab in HES.

IL-5: Reslizumab (phase 2 completed). The safety and effi-
cacy of reslizumab have been evaluated in a small open-label
study on four patients with treatment-refractory HES, one of
whom was subsequently found to have the FIPILI-PDG-
FRA fusion gene (184). Two patients experienced a rapid
decrease in blood eosinophil counts and marked improve-
ment in clinical symptoms within 48 h after receiving a single
IV dose of 1 mg/kg reslizumab. The treatment was well tol-
erated, but exacerbation of symptoms and eosinophilia above
baseline levels occurred as drug levels waned off.

Conclusion — Anti-IL-5 therapy may be useful in the treat-
ment of HES irrespective of the underlying etiology, although
rebound eosinophilia and attenuation of the therapeutic
response were observed following cessation of reslizumab.
Randomized controlled trials are needed, evaluating the use
of reslizumab in HES.

Eosinophilic esophagitis

IL-5: Benralizumab (under development). As benralizumab
reduces blood eosinophil counts, it is conceivable to use ben-

Boyman et al.

ralizumab in HES, eosinophilic esophagitis (EoE), NP, and
EGPA (50, 178).

IL-5: Mepolizumab (phase 2 completed). An open-label
phase-1/2 safety and efficacy study of mepolizumab in four
adult patients with EoE and longstanding dysphagia with
esophageal strictures demonstrated a decrease in peripheral
blood and esophageal eosinophilia upon treatment (185). All
patients showed improved clinical outcomes, including
decreased dysphagia and improved QoL.

Another RCT demonstrated that mepolizumab was able to
reduce eosinophil counts in the esophagus by 54% in adults
(n = 11) with EoE but reported only mild clinical improve-
ment (186).

Two recent studies determined the efficacy of mepolizumab
in children (total n = 59) with EoE and showed that me-
polizumab reduced esophageal eosinophilic inflammation in
these patients (187, 188).

Conclusion — Although clinical trials in patients with EoE
treated with mepolizumab demonstrated a significant reduc-
tion in esophageal and peripheral blood eosinophils, over-
all clinical improvement was not significant. This may be
due to the fact that mepolizumab does not affect mucosal
mast cells (189). Better standardization of patient-reported
outcomes and identification of responders are required
in future RCTs assessing the efficacy of mepolizumab in
EoE.

IL-5: Reslizumab (phase 2/3 completed). A phase-2 dose-
ranging RCT (n = 227) of reslizumab in children and adoles-
cents with EoE showed 67% reduction in esophageal eosino-
philia after treatment. However, this reduction did not
correlate with an improvement in symptoms that were similar
following reslizumab and placebo (190).

Conclusion — Further studies are needed to evaluate whether
reslizumab might benefit patient subgroups with EoE.

IL-13: QAX576 (phase 2 ongoing). Currently, a phase-2
RCT is investigating the safety and efficacy of QAXS576 in
the treatment of EoE (191). The results are not available yet.

Adverse events

This section lists the reported AEs of the herein discussed
biologicals, excluding the biologicals where currently no
information is available on safety, tolerability, and AEs. The
biologicals are ordered alphabetically according to their tar-
get (cf. also Table 1). Percentages indicate reported frequen-
cies of the AE, while numbers refer to patients with AE over
total counts of patients treated with the biological. If not
otherwise indicated, there is no significant difference between
placebo and active drug.

CD2: Alefacept

Alefacept can cause injection site reaction, elevated serum
levels of aminotransferases, lymphopenia, and rarely serious
infections and allergic reactions (131, 132).
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CDl11a: Efalizumab

Due to its association with JC virus-induced progressive mul-
tifocal leukoencephalopathy, efalizumab was withdrawn from
the market (135).

CD20: Rituximab

Adverse events with the use of rituximab include standard
infusion reactions and progressive hypogammaglobulinemia
(865/3200); rarely thrombocytopenia (27 cases) and noninfec-
tious interstitial lung disease (0.3-1%); and very rarely psori-
asiform skin eruptions (six cases), cutaneous vasculitis (three
cases), Stevens—Johnson syndrome, and toxic epidermal necr-
olysis (both single cases) (192). There is an increased risk of
liver failure when rituximab is used in patients with hepatitis
B virus, both in active and in occult carriers (192).

CD25: Daclizumab

Overall, AEs were similar in the daclizumab group compared
to placebo, although daclizumab caused more severe AEs,
including (transient) lymphopenia, increased rate of infections
(nasopharyngitis), elevated serum levels of aminotransferases
and bilirubin, cutaneous rash, nausea, and rarely anaphylac-
tic reactions (15).

CD52: Alemtuzumab

Adverse events following alemtuzumab in patients with HES
comprised infusion reactions, fever (4/12), lymphopenia (11/
12), increased risk of infection [including herpes zoster (1/12),
and pneumonia (3/12)] or reactivation [especially cytomegalo-
virus (2/12)], skin rash (1/12), and very rarely Epstein—Barr
virus-positive B-cell lymphoma (1/12) (179).

IgE: Omalizumab

Omalizumab is safe and well tolerated according to several
RCTs and postmarketing surveillance. Adverse events were
usually mild, such as injection site reaction and headache
(especially in children), and also included pharyngitis. The
risk of immediate anaphylactic reactions occurring within
2 h following injection of omalizumab has been estimated
at 0.1-0.2% (124/57300) (193), which is rather low and
may be due to omalizumab’s failure to inhibit cross-linking
of FceR1 by cell-bound IgE or other mechanisms (4, 21).
Furthermore, particular attention has been dedicated to the
risk of parasitic infections, cancer, and cardiovascular and
cerebrovascular diseases. As for parasitic infections, a mod-
est, nonsignificant increase in infection with intestinal helm-
inths was found in a population of patients at a high risk
of intestinal helminth infection when treated with oma-
lizumab (34/68; 50%) as compared to placebo (28/69;
41%) (194); the other concerns have not been confirmed
so far (22, 195).

In combination with SIT (n = 221), omalizumab caused
only few AEs, including injection site reaction (19/213), head-
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ache (3/113), gastrointestinal (3/113) and ear symptoms (2/
113), and infections (1/113) (21, 29).

All above-mentioned AEs concern the use of omalizumab
in patients with asthma and/or perennial allergic rhinitis.

IgE: Quilizumab

Quilizumab was well tolerated with the most frequent AEs—
headache (2/15) in asthmatic patients and upper respiratory
tract infections (7/24) in patients with allergic rhinitis—occur-
ring at similar frequencies as with placebo (6).

IL-1: Anakinra

Adverse events under treatment with anakinra in patients
with rheumatoid arthritis comprise elevated serum levels of
aminotransferases (5/1295) (196), leukopenia (7/1295) (196),
increased risk of serious infections (30/2062) (197), and
very rarely psoriasiform skin eruptions (one case reported)
(192).

IL-1: Canakinumab

Use of canakinumab in patients with urticarial vasculitis was
well tolerated by the patients and did not cause any SAEs (0/
10) (126).

IL-1: Rilonacept

An open-label study in eight patients with Schnitzler’s syn-
drome reported a total of 13 AEs that were mild or moderate
in severity and considered not related to rilonacept, including
infections (3/8) and skin rash (5/8) (124). No SAEs (0/8) were
noted in that study.

IL-4: Altrakincept

Altrakincept was well tolerated with no major AEs in com-
parison with placebo. Most frequent AEs in patients with
asthma were headache (6/46), nausea (6/46), upper respira-
tory tract infection (5/46), and pain (5/46) (38).

IL-4: AMG-317

In a phase-2 RCT in patients with asthma (n = 294), a few
AEs associated with AMG-317 treatment were noted, mainly
pertaining to injection site reaction (73/217), while upper
respiratory infection (30/217), viral gastroenteritis (6/217),
urticaria (1/217), headache (21/217), and dizziness (5/217)
were seen rarely (41).

IL-4: Dupilumab

Injection site reaction (15/52), nasopharyngitis (7/52), nausea
(4/52), and headache (6/52) were observed more often with
dupilumab compared to placebo in a phase-2 trial in asth-
matic patients (n = 104) (42) and in a phase-1/2 trial in AD
(total n =207) (143). Furthermore, three cases of SAEs (3/
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179) were noted, but none of these reactions were considered
related to dupilumab.

IL-4: Pascolizumab

The development of pascolizumab was halted due to a lack
of efficacy in patients with asthma (43).

IL-4: Pitrakinra

There were only a few AEs following administration of pit-
rakinra in asthmatic patients, mostly injection site reaction
and discomfort (8/12) when pitrakinra was given SC (44).
General discomfort (7/16) was also reported following nebu-
lizer administration of pitrakinra (44, 45).

IL-5: Benralizumab

Overall, benralizumab was well tolerated in patients with
asthma, showing only few AEs, including nasopharyngitis
(12/44), increased creatine kinase (11/44), and reduced white
blood cell counts (15/44) (48, 50).

IL-5: Mepolizumab

In patients with HES, the frequency of AEs was similar
between mepolizumab and placebo (181). The most frequent
AEs observed in these patients were fatigue (15/61), upper
respiratory tract infection (15/61), cough (14/61), headache
(11/61), dyspnea (11/61), and nausea (11/61). Most AEs were
considered not related to the study drug (198, 199).

IL-5: Reslizumab

Following reslizumab in patients with asthma, AEs were
noted in similar frequency as with placebo, including head-
ache (2/53), fatigue (4/53), nasopharyngitis (11/53), and phar-
yngolaryngeal pain (3/53) (58).

IL-9: Enokizumab

In patients with asthma, enokizumab was found to be safe
and AEs were similar in characteristic and frequency as in
the placebo group. Adverse events included hyperglycemia
(12/63), nasopharyngitis (6/27), injection site reaction (10/63),
pharyngolaryngeal pain (11/56), and reduced lymphocyte
counts (6/56) (60, 61).

IL-12/IL-23: Ustekinumab

Ustekinumab is in patients with psoriasis associated with
headache (165/2138), fatigue (71/2138), pruritus (59/2138),
back pain (60/2138), injection site reaction (81/2138), arthral-
gia (72/2138), and infections (571/2138), including nasophar-
yngitis (184/2138) and upper respiratory tract infections (121/
2138) (200, 201). Rarely, ustekinumab is also linked to seri-
ous infections, including viral infections and herpes zoster (7/
2138) (192, 201). A meta-analysis suggested there was no
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association of ustekinumab with serious cardiovascular
events (192).

IL-13: Anrukinzumab (IMA-638) and IMA-026

Adverse events were comparable between placebo and active
drug in patients with asthma (anrukinzumab, n = 27; IMA-
026, n = 29) and included upper respiratory tract infections,
injection site reaction, and pharyngolaryngeal pain (64). No
SAEs were reported.

IL-13: CNTO-5825

Adverse events with CNTO-5825 in healthy and atopic sub-
jects (n = 48 received CNTO-5825) were mild to moderate
and included headache (8/48), back pain (3/48), nasopharyn-
gitis (6/48), epistaxis (2/48), erythema (2/48), palpitations (2/
48), and vomiting (2/48) (65).

IL-13: GSK679586

Overall, GSK679586 appeared to be safe and well tolerated in
a phase-1 and phase-2 RCT in healthy subjects and patients
with asthma (total n = 144 received GSK679586) (66, 67).
Most frequent AEs included nasopharyngitis (17/144), head-
ache (24/144), lethargy (6/144), and diarrhea (5/144). Three
SAEs occurred during the study periods, of which one case of
extended syncopal episode was considered not related, whereas
one case of supraventricular extrasystoles and one case of leth-
argy were related to GSK 679586 (66, 67).

IL-13: Lebrikizumab

In patients with asthma, lebrikizumab was not associated with
AEs other than the ones also noted in the placebo group,
except for musculoskeletal events (14/106) that appeared more
frequently in the lebrikizumab group, such as arthralgia (3/
106), back pain (1/106), pain in the extremities (2/106), myal-
gia (2/106), neck pain (0/106), and arthritis (1/106) (9).

IL-13: Tralokinumab

The most frequent AEs with the use of tralokinumab in
patients with moderate-to-severe asthma were injection site
reaction (10/146), increase in asthma symptoms or asthma
exacerbation (16/146), headache (13/146), nasopharyngitis
(10/146), diarrhea (5/146), urinary tract infections (6/146),
and transient slight increase in blood eosinophil counts (4/
146) (68). No SAEs were observed (10, 68).

IL-17: Brodalumab

In patients with psoriasis, more AEs were observed with
brodalumab than with placebo (73). The most common AEs
were nasopharyngitis (13/158), upper respiratory tract infec-
tion (13/158), arthralgia (7/158), and injection site reaction
(9/158), as well as rarely SAEs, including neutropenia (2/
158).
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IL-17: Secukinumab

The most frequent AEs with the use of secukinumab in
psoriasis were nasopharyngitis (69/337), upper respiratory
tract infection (11/337), headache (25/337), and worsening
of psoriasis (18/337) (202). Rare cases of leukopenia and
grade 1 or 2 neutropenia (19/337) have also been observed
(202).

OX40L: huMAb OX40L

huMAb OX40L was well tolerated in asthmatic patients
(n = 28) and no SAEs were noted in a phase-2 trial, with AEs
occurring more often in the placebo group in this study (76).

TNF: Adalimumab

Overall, adalimumab is safe and well tolerated. Adalimumab
has been associated with standard infusion reactions (13%
with adalimumab vs 7% in controls; >1/10, especially with
the presence of ADAs), elevated serum levels of amin-
otransferases (<1/10 to >1/100), increased risk of severe infec-
tion (0.03 per patient-year; <1/10 to 1/100), including herpes
zoster (<1/10 to >1/100) (203), high risk of reactivation of
tuberculosis  (<1/100 to >1/1000), and hematological
cytopenias (leucopenia <1/10 to >1/100; anemia and throm-
bocytopenia <1/100 to >1/1000); rarely psoriasiform skin
eruptions (<1/100 to >1/1000), cutaneous lupus, lupus-like
syndrome (<1/1000 to >1/10 000), and other immunological
syndromes (see AEs of infliximab); and very rarely thrombo-
embolism (seven cases, especially with the presence of ADAs)
and neurological AEs (<1/1000 to >1/10 000) (see AEs of inf-
liximab), especially demyelinating central and peripheral
neuropathies (192, 204).

TNF: Etanercept

The overall safety and tolerability profile of etanercept is very
good. Adverse events of etanercept are similar to those of
infliximab and adalimumab, with the exception that the risk
of reactivation of tuberculosis (<I : 1000) is lower for etaner-
cept than for the anti-TNF mAbs, but still higher with eta-
nercept than with rituximab or anakinra (192, 204).

TNF: Golimumab

Overall, golimumab is safe and well tolerated. In a multicen-
ter phase-2 RCT enrolling patients (n = 309) with severe per-
sistent asthma, golimumab was reported to cause an
increased rate of SAEs (30.3%; 70/231), which is why that
trial was stopped (81). Based on that RCT and the literature,
AEs due to golimumab treatment include serious infections
(<1/10 to >1/100) and a high risk of reactivation of tubercu-
losis (<1/100 to >1/1000) (81, 192). Furthermore, the phase-2
RCT reported asthma exacerbations (<1/10 to >1/100) and
the occurrence of eight malignancies in the golimumab
group, including breast cancer, B-cell lymphoma, malignant
melanoma, cervical melanoma, renal cell carcinoma, colon
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cancer, and two cases of basal cell carcinoma (81), although
it is unclear whether these malignancies were linked to goli-
mumab (192, 204).

TNF: Infliximab

Overall, infliximab is well tolerated and safe. Adverse
events associated with the use of infliximab comprise stan-
dard infusion reactions (<1/10 to >1/100, especially with
the presence of ADAs), elevated serum levels of amin-
otransferases (<1/10 to >1/100), an increased risk of severe
infection (<1/100 to >1/1000, including herpes zoster), a
high risk of reactivation of tuberculosis (<1/100 to >1/
1000), and hematological cytopenias (<1/100 to >1/1000);
rarely psoriasiform skin eruptions (<1/10 000), cutaneous
vasculitis (<1/1000 to >1/10 000), cutaneous lupus, lupus-
like syndrome (<1/100 to >1/1000; 0.1-0.8%), interstitial
lung disease (<1/1000 to >1/10 000; in some reports up to
1%), sarcoidosis, inflammatory ocular disease, and anti-
phospholipid syndrome; and very rarely renal vasculitis,
autoimmune hepatitis (<1/1000 to >1/10 000), inflammatory
myopathy, pulmonary vasculitis, central and peripheral ner-
vous system vasculitis, induction of optic neuritis (<1/1000
to >1/10 000), Guillain-Barré syndrome (<1/1000 to >I/
10 000), and demyelinating central and peripheral neuropa-
thies (<1/1000 to >1/10 000) (192, 204).

TSLP: AMG-157

Adverse events in patients with asthma (n = 31) under treat-
ment with AMG-157 were comparable to placebo, with no
SAEs occurring (83).

Conclusions on AEs

As IgE and Th2 cytokines have been shown in preclinical
models to play an important role in fighting parasites, it was
suggested that biologicals targeting these molecules might
increase the risk of parasitic infections. Overall, this concern
has not been confirmed, although a slight—but in compari-
son with placebo insignificant—increase in risk of parasitic
infections was noted with the use of omalizumab (22, 195).
Notably, the trials have been conducted in regions with a
low incidence of parasitic infections.

As for IL-5 blocking agents, these biologicals lead to a
reduction in eosinophils and basophils and might thus favor
an increased frequency of recurrent infections. Several lines
of evidence suggest that a deficiency in eosinophils is not
associated with any pathology, although this merits further
observation (205).

Overall, biologicals targeting IgE or Th2 cytokines have
proved to be well tolerated.

Adverse events occurring with biologicals targeting TNF
have been well examined, especially in patients suffering from
chronic inflammatory and autoimmune disorders rather than
in allergic diseases. Overall, TNF antagonists are well toler-
ated and safe. Particular AEs associated with the use of TNF
antagonists include an increased risk of severe infection
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(including herpes zoster), a high risk of reactivation of tuber-
culosis, and hematological cytopenias (192).

Future research directions

By accepting that asthma, AD, and other allergic diseases are
complex syndromes comprising several endotypes, we realize
that the underlying immunological, cellular, and molecular
mechanisms of these entities are probably very heteroge-
neous. This might also explain why some clinical trials assess-
ing certain biologicals in allergic disorders may have been
unsuccessful in the past because they were performed without
any consideration of the endotype of a given disease. Thus, it
becomes crucial to better define endotypes and to discover
disease biomarkers.

As for biomarkers, serum periostin levels, nasal IL-5
concentrations, and blood and tissue eosinophil counts
might serve as predictors of a positive response to biologic
therapy. Thus, patients with high pretreatment periostin
serum levels showed better responses to IL-13-targeting
treatments (9, 68, 69). Likewise, subjects with NP and
increased nasal IL-5 concentrations were more likely to
respond favorably to IL-5-directed biological therapy (176).
And, blood or tissue eosinophilia served as a predictor of
favorable response to IL-4Ra-targeting biologicals, such as
pitrakinra (45). Moreover, the same study suggested that a
subgroup of patients with moderate-to-severe asthma and
blood eosinophilia carrying a specific /L4Ra genotype
(rs8832GG) were particularly responsive to treatment with
pitrakinra (45).

Also, IgE levels might serve as a biomarker. In fact, aller-
gen-specific IgE levels have long been used to gauge thera-
peutic responses to SIT and VIT. With the advent of several
new anti-IgE mAbs currently undergoing phase-1/2 testing,
including MEDI-4212, QGEO031, and quilizumab, IgE-based
pretreatment assessment might become useful. In comparison
with omalizumab, some of these new biologicals have
improved IgE-binding properties, which is why these anti-IgE
therapeutics might be of special interest in patients with IgE
levels higher than 700 IU/ml.

Another mechanism likely responsible for the ineffective-
ness of certain biologicals is the large redundancy in the

References

Boyman et al.

immune systems. Thus, different cytokines and cytokine
receptors ensure similar immunological and inflammatory
processes, which make use of a single biological insufficient
for blocking the targeted inflammatory pathway. Conse-
quently, effective treatment might require blocking of multi-
ple targets by using two and more biologicals or by
combining a biological with another nonbiological therapeu-
tic. Furthermore, better understanding of the pathophysiol-
ogy of allergic disorders will also help identifying the most
critical mediators of allergic inflammation.

It is to be expected that in the future, the indication for a
biological will depend on biomarkers, endotypes, and genetic
characteristics, rather than on clinical disease entities and
syndromes. In this process, it is also paramount to character-
ize and understand AEs that follow a particular biologic
therapy. The integration of these elements will allow a more
tailored approach in using these biological response modifiers
that will increasingly replace traditional treatment algo-
rithms.
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