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Abstract

The enigmatic eosinophil has emerged as an exciting component of the immune system, involved
in a plethora of homeostatic and inflammatory responses. Substantial progress has been achieved
through experimental systems manipulating eosinophils in vivo, initially in mice and more re-
cently in humans. Eosinophil knockout mice have identified a contributory role for eosinophils
in basal and inflammatory processes and protective immunity. Primarily fueled by the purported
proinflammatory role of eosinophils in eosinophil-associated diseases, a series of anti-eosinophil
therapeutics have emerged as a new class of drugs. These agents, which dramatically deplete
eosinophils, provide a valuable opportunity to characterize the consequences of eosinophil knock-
out humans. Herein, we comparatively describe mouse and human eosinophil knockouts. We put
forth the view that human eosinophils negatively contribute to a variety of diseases and, unlike
mouse eosinophils, do not yet have an identified role in physiological health; thus, clarifying all
roles of eosinophils remains an ongoing pursuit.

1. INTRODUCTION

The eosinophil was first described by Paul Ehrlich in the late 1800s and has been an enigmatic
cell that normally accounts for a small number of circulating leukocytes in most species (1-9). The
eosinophil was identified on the basis of its intense staining with the acidic coal tar dyes (e.g., eosin).
It is now appreciated that the vast majority of the cell’s protein content is derived from cationic
basic charged constituents that are stored in granules, which avidly bind the dye eosin, accounting
for the cell’s unique staining characteristics. These cationic proteins include major basic protein
(MBP), eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), and eosinophil
peroxidase (EPX). Interestingly, each of these proteins is cytotoxic to a variety of targets, including
host tissue, and ECP and EPX are members of the pancreatic ribonuclease family. Evolutionarily,
eosinophil-like cells have been maintained in vertebrates, including reptiles and fish, over millions
of years, suggesting a beneficial role for this cell. A prevailing theory is that the eosinophil partici-
pates in protective immunity against parasites, especially helminths, as the cationic proteins in the
granules get discharged onto parasites and have the capacity to kill these and other pathogens. Dys-
regulation of eosinophils is predicted to contribute to many eosinophil-associated diseases (EADs)
(10, 11). However, definition and validation of this role of eosinophils have been challenged, as the
evidence regarding their function and necessity in both mice and humans depleted of eosinophils
is mixed. A variety of experimental systems, including constitutive and conditionally eosinophil-
deficient mouse strains, have demonstrated that eosinophil-deficient mice have altered immune
and physiologic responses in specific homeostatic processes and in a variety of disease models, in-
cluding both EAD and non-EAD models. At the same time, data derived from eosinophil-depleted
humans following anti-eosinophil biologic therapy have revealed eosinophils to be proinflamma-
tory and destructive in EADs; evidence for a role in human physiological health is inconclusive.
These findings bring into question the many unique roles of eosinophils as described in mice that
are not evident in studies of eosinophil-depleted humans.

The concept for this article was formulated when the authors were convened as advisors to a
drug company (AstraZeneca) with the objective of considering the broad topic of eosinophil im-
mune dysfunction. During their deliberations, the authors realized the opportunity to synthesize
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emerging data concerning the role of eosinophils in health and disease, particularly the timely
data concerning the impact of recently approved, eosinophil-depleting biological agents. Herein,
without input from the drug company, we provide an overview of the consequences of manipulat-
ing eosinophil levels in mice and humans. We focus on considering the long-standing question of
the role of human eosinophils in health and disease.

1.1. Development and Localization

Prior to circulation and recruitment to the tissue, eosinophils originate in the bone marrow
from granulocyte/macrophage progenitor (GMP) precursors, followed by maturation of common
eosinophil, mast cell, and basophil progenitors and subsequent eosinophil lineage—committed pro-
genitor cells (EoPs). Eosinophil development occurs via decisive steps in cell fate driven by the
action of primary lineage-determining transcription factors, most notably GATA-1, and contri-
butions by GATA-2, ETS factor PU.1, the CCAAT-enhancer-binding protein (C/EBP) family
members C/EBPa and C/EBPe, FOG1, IRF8, X-box binding protein 1 (XBP1), and members of
the Ikaros zinc-finger IKZF) family (12-24). Under homeostatic conditions, eosinophilopoiesis
is regulated in part by a unique combinatorial program of these transcription factors, includ-
ing the requisite expression of GATA-1, which occurs through the use of an eosinophil lineage—
specific double palindromic enhancer in the GATA-1 gene itself. These transcription factors de-
fine the eosinophil lineage, including those encoding eosinophil granule cationic proteins, such as
MBP, EPX, the Charcot-Leyden crystal protein (CLC)/galectin-10, the eotaxin receptor CCR3
(CD193), and IL-5 receptor a (IL-5Ra, also known as CD125) (5). Baseline eosinophilopoiesis
is also regulated in part at the level of microRNAs and long noncoding RNAs (25, 26). EoPs
express the IL-5 receptor, and IL-5 drives progenitor cell expansion and development into ma-
ture eosinophils. IL-5 also regulates eosinophil migration from the bone marrow into the cir-
culation and the survival of tissue eosinophils. IL-5 is produced by cells of both the innate and
adaptive immune systems, including mast cells, group 2 innate lymphoid cells (ILC2s), and acti-
vated T helper 2 (Th2) lymphocytes (27). In addition to IL-5, IL-3 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) have been shown, at least in vitro, to drive both murine
and human EoPs to terminally differentiate and aid in survival. Recruitment of eosinophils into
the tissue and their activation are also regulated by chemokines, especially the eotaxin family of
eosinophil-selective chemoattractants C-C motif chemokine ligands (CCLs): CCL11 (eotaxin-
1) and CCL24 (eotaxin-2) in both humans and mice and CCL26 (eotaxin-3) in humans only
(28). These chemokines bind to the eosinophil-selective CCR3. Under homeostatic conditions,
eosinophil recruitment is regulated by constitutive expression of CCL11 within the gastrointesti-
nal tract (5) and elsewhere, including adipose tissue, thymus, and uterus (29). Similarly, under
inflammatory conditions, an array of chemotactic proteins participate in eosinophil recruitment
to the site of inflammation (30, 31). Notably, the eotaxin chemokines are markedly induced by
IL-13, providing a synergistic mechanism by which Th2 cells and ILC2s, coproducing IL-5 and
IL-13, regulate tissue eosinophilia.

1.2. Eosinophil Pleiotropy and Heterogeneity

Eosinophils have been classically viewed as terminally differentiated cells that respond to type 2
microenvironments generated by parasites or allergic eosinophilic inflammation and cells that
uniformly release granule contents as an immediate and final effector function. However, this
view is slowly changing as evidence emerges that these postmitotic cells undergo phenotypic
changes in response to tissue microenvironmental cues, including altered morphology, enhanced
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Figure 1

Eosinophil biology. Mouse and human peripheral blood eosinophils show similarities in eosin staining (pink) and differences in nuclei
(blue), with mouse nuclei in a circular or figure-eight shape and human nuclei being bilobed, as seen by standard light microscopy.
Secondary granules in both contain MBP-1, which creates a crystalline core, as visualized by electron microscopy, and the matrix
contains EPX. Human eosinophils have ECP and EDN, whereas mouse eosinophils have only divergent mEARs. Eosinophils undergo
several forms of degranulation, including classical exocytosis with release of entire granule contents or piecemeal degranulation, which
may occur through formation of sombrero vesicles or exosomes, resulting in the differential release of cytokines, chemokines, or
growth factors. Finally, eosinophils may undergo cytolysis, which includes release of cell-free granules and may also involve EETosis
whereby DNA, histones, and granule proteins are released, forming extracellular nets. Mediators from lipid bodies are shown, as well as
the many cytokines, chemokines, and growth factors. Siglec-8, IL-5R (receptors in 7ed), and IL-5 are targets for monoclonal antibodies
to deplete eosinophils. This figure shows some key representative eosinophil molecules and not a complete list. Abbreviations: BDNE,
brain-derived neurotrophic factor; CCL, C-C motif chemokine ligand; CCR, C-C motif chemokine receptor; CLC, Charcot-Leyden
crystal protein; CRTH?2, chemoattractant receptor-homologous molecule expressed on Th2 cells; CXCL, C-X-C motif chemokine
ligand; CXCR, C-X-C motif chemokine receptor; ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin; EPX,
eosinophil peroxidase; FceR, Fe-epsilon receptor; FeyR, Fe-gamma receptor; GM-CSFR, granulocyte-macrophage colony-stimulating
factor receptor; HETE, hydroxyeicosatetraenoic acid; ICAMI, intercellular adhesion molecule 1; LTB4R, leukotriene B4 receptor;
MBP-1, major basic protein 1; mEAR, mouse eosinophil-associated ribonuclease; NGE, nerve growth factor; NO, nitric oxide; PIRB,
paired immunoglobulin-like receptor B; PDLI, programmed death ligand 1; PRR, pathogen recognition receptor; ROS, reactive
oxygen species; Siglec, sialic acid-binding immunoglobulin-like lectin; ST2, suppressor of tumor 2 [also known as IL-1RL1
(interleukin-1 receptor-like 1)]; TGF-B1, transforming growth factor beta 1; TLR, Toll-like receptor; TSLPR, thymic stromal
lymphopoietin receptor; VEGE, vascular endothelial growth factor. Figure adapted from images created with BioRender.com.

responsiveness to cytokines (e.g., priming), prolonged survival for weeks, and various degrees
of cellular activation (4, 32-35). Additionally, eosinophils are capable of expressing diverse
sets of proteins (e.g., surface markers, cytokines), mRINA transcripts, and lipids in response to
different stimuli; in addition they release specific granule proteins (Figure 1). In the lungs of
mice (36-39) and humans (35, 40), differential expression of receptors and activation states have
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Figure 2

Type 2 immune responses in allergy. Allergens induce epithelial responses that lead to production of IL-33,IL-25, and TSLP, which are
immediate cytokine signals released upon epithelial activation or damage. A wide variety of cells, including ILC2s, eosinophils, DCs,
eosinophils, M2 macrophages, mast cells, basophils, and Th2 cells, respond to these cytokines. In principle, this can result in reciprocal
interactions between these cells to release additional mediators. IL-13 enhances expression of eotaxins to promote eosinophil
recruitment and leads to goblet metaplasia/mucus production. Red arrows represent products derived from eosinophils. Abbreviations:
APRIL, a proliferation-inducing ligand; CCL, C-C motif chemokine ligand; DC, dendritic cell; EDN, eosinophil-derived neurotoxin;
FceRI, Fe-epsilon receptor I; GM-CSEF, granulocyte-macrophage colony-stimulating factor; ILC2, group 2 innate lymphoid cell; MBP,
major basic protein; PAF, platelet-activating factor; TSLP, thymic stromal lymphopoietin; VEGE, vascular endothelial growth factor.
Figure adapted from images created with BioRender.com.

been identified. IL-33 is an innate proatopy cytokine (41) that is upregulated in asthma, induces
a wide range of transcripts in eosinophils, and activates eosinophils such that they can promote
type 2 inflammation in the lungs (42-44) (Figure 2).

Unique activation states of eosinophils have been found in gastrointestinal disease as well. For
example, esophageal eosinophils, elicited by epithelial IL-13 overexpression in vivo, express an in-
creased number of genes compared with purified bone marrow eosinophils (45). The upregulated
genes in esophageal eosinophils encode multiple cell surface receptors: cytokine and chemokine
receptors, immunoglobulin-like receptors, and cell adhesion and migration molecules. Tissue

www.annualreviews.org o Eosinophil Knockout Mice and Humans 723



Annu. Rev. Immunol. 2021.39. Downloaded from www.annualreviews.org
Access provided by University of Liverpool on 03/04/21. For persona use only.

IY39CH27_Rothenberg ARjats.cls February 22,2021 15:57

TECHNOLOGICAL DIFFICULTIES UNIQUE TO EOSINOPHILS FOR SINGLE-CELL
TRANSCRIPTOMICS

A commonly used technique called single-cell RNA sequencing (scRINA-seq) enables single-cell resolution of whole

transcriptomics to characterize and identify individual cells from the overall heterogeneous population (257). New
classification systems for immune cells have been developed from this technique (258), and specific disease states of
immune cells have been identified (259). Successful scRNA-seq of tissue-derived eosinophils is at a technological
impasse, limiting our ability to define eosinophil activities in situ in health and disease. Several factors, including the

large number of intrinsic RNases in eosinophils as well as the easily triggered degranulation of human eosinophils,

are proposed to contribute to this technological difficulty (11). Thus, published reports of scRNA-seq on tissue

biopsies may underestimate the number or contribution of eosinophils. In light of these difficulties, new tech-
nologies with DNA that measure epigenetic methylation changes or chromosome accessibility may enable greater
insight into cell-specific activities of eosinophils (260).

724

eosinophils are dynamically regulated by a combination of activation and inhibitory receptors,
underscoring their pleiotropic capacity (see the sidebar titled Technological Difficulties Unique
to Eosinophils for Single-Cell Transcriptomics). For example, eosinophils incapable of inhibition
due to loss of the paired immunoglobulin-like receptor B (PIRB) exhibit an activated phenotype
and a modified transcriptomic signature that is associated with more severe experimental allergy
models such as eosinophilic esophagitis (EoE) (45). Likewise, intestinal eosinophils are phenotypi-
cally distinguishable from autologous blood eosinophils and express antigen presentation markers
not seen on blood eosinophils (46).

In addition to type 2 responses, eosinophils exposed to viral (47-51), bacterial, or fungal
pathogens (52-54) and eosinophils involved in cancer or autoimmunity (reviewed in 9, 55, 56)
undergo unique phenotypic changes associated with their ability to differentially regulate activa-
tion or suppression of the inflammatory process. Taken together, the emerging evidence indicates
that eosinophils are pleiotropic cells, capable of dramatically and dynamically modifying their
transcriptomic content in response to microenvironment and inflammatory signals.

2. ROLE OF EOSINOPHILS IN MICE

Although there are differences between mouse and human eosinophils, the similarities (reviewed
in 2, 57, 58) provide an advantage that has guided research toward defining the importance or
irrelevance of eosinophils with the use of novel strains of eosinophil knockout mice.

2.1. Generation of Eosinophil Knockout Mice

The process of manipulating eosinophils evolved from findings by several laboratories that IL-5
is a key mediator of eosinophil differentiation and hematopoiesis. Early in vitro studies demon-
strated that IL-5 is more critical than GM-CSF or IL-3 for expansion and final differentiation
and survival of eosinophils. Newly developed antibodies to IL-5 (e.g., TRFKS) were tested in
parasite-infected mice and demonstrated that eosinophilia can be reduced, also suggesting that
this cytokine is a clear target for inhibiting human eosinophilia in vivo (59, 60). Complete IL-5
(61) and IL-5Ra (62) knockout strains were generated in 1996 to test the role of IL-5 in greater
detail. These mice had near wild-type levels of bone marrow eosinophils yet moderately reduced
peripheral blood eosinophils and markedly impaired eosinophilia induction upon challenges in
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translational models, such as parasite infection or allergen exposure (60, 63, 64). The combina-
tion of off-target effects in IL-5/IL-5Ro—deficient mice (64—66) and the ability of eosinophils to
survive in the absence of IL-5/IL-5Ra (67, 68) resulted in unresolved questions about the role of
eosinophils.

In 2004, articles in Science described the first congenic eosinophil-deficient mice, AdblIGATA-1
(69) and PHIL (70), from a mouse model of asthma. GATA-1 is an X-linked transcription factor
whose cis-binding sites have been mutated to generate uniquely erythroid- and megakaryocyte-
deficient mice (GATA-1AneoAHS/GATA™) (71) or eosinophil-deficient mice (AdIbGATA-1)
(15,72). PHIL mice express diphtheria toxin A (DTA) downstream of an EPX promoter, resulting
in autonomous eosinophil death in the bone marrow. An additional congenic eosinophil-deficient
strain is the MBP-1""EPX~/~ double knockout mouse (73), which fails to produce eosinophils
owing to unknown mechanisms related to impaired granulopoiesis. All three of these genetic
strains are overall highly specific for eosinophil deficiency, yet they have intrinsic features that
require consideration when results are interpreted.

Two knock-in strains, iPHIL (74) and eoCre (75), provide new means to bypass some of the is-
sues of AdbIGATA-1 and PHIL. iPHIL mice express the human diphtheria toxin receptor (DTR)
downstream of the endogenous EPX promoter. Inducible depletion occurs upon administration
of diphtheria toxin (DT), resulting in targeted cell death in the bone marrow. eoCre mice ex-
press Cre recombinase downstream of the endogenous EPX promoter, permitting removal of
genes only in eosinophils by Cre/loxP mechanisms (57). Inducible depletion of eosinophils may
be achieved by crossing eoCre mice with mice having genes surrounded by loxP sites that en-
able their expression. For example, eosinophil-specific expression of DTR (52) or human Siglec-8
(sialic acid—binding immunoglobulin-like lectin 8) (76) would permit inducible depletion by DT
or antibody to Siglec-8, respectively. These new models provide the most versatility for defining
eosinophil-specific effector functions in an otherwise normal animal. Table 1 summarizes bene-
ficial and confounding features of mouse strains genetically engineered to modify eosinophils.

2.2. Homeostatic Functions for Eosinophils

Eosinophils have effector activities that suggest a necessary role for these cells in maintaining ho-
meostasis or preventing disease (2-6, 8, 9). The significance of these findings to health is difficult
to discern, as most eosinophil-deficient mice breed at normal rates, wean pups, live a normal life
span, and have no overt changes in vitality in the unstressed and environmentally controlled life of
a laboratory mouse (see also 77). Regardless, some key concepts of eosinophil functions in homeo-
stasis and potential roles in disease stand out as areas warranting further study in consideration of
their roles in human health.

2.2.1. Eosinophils, microbiome, mycobiome,and Th17 responses. Eosinophils reside in the
gastrointestinal tract, from the stomach to the rectum, of both mice and humans, with the largest
numbers in the small intestine (78). Early studies with congenic eosinophil-deficient IL-5Ra ™",
PHIL, and AdblGATA-1 mice (65, 66, 79-81) found that they had smaller Peyer patches, reduced
IgA* B cells, and altered microbiome composition relative to wild-type littermates. Several mech-
anisms (Figure 34) have been proposed for eosinophil modulation of IgA: (I) indirect activities
of eosinophils on bacteria resulting in downstream T follicular helper (Tth) cell-induced IgA
production (81); (b) Toll-like receptor (TLR) activation of eosinophils to release a proliferation-
inducing ligand (APRIL), IL-6, and transforming growth factor 1 (TGF-p1), which then induce
IgA class switching and production by B cells (79, 82); and (¢) eosinophil-derived, IL-1p-mediated
increases in the numbers of group 3 innate lymphoid cells ILC3s) (80), which express IL-17, a
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Table 1 Eosinophil-deficient mouse strains
Construct Eosinophil
Strain mechanism levels Advantages Constraints/off target References
IL-5~/~ and Knockout of IL-5 or | BM: normal Fosinophilia ® Incomplete eosinophil 60-68
IL-5Ra™/~ IL-5Ra, which are | Blood: reduced dramatically reduced depletion
important in Tissues: upon systemic m IL-5/IL-5Ra affects
eosinophil reduced challenge (allergy or B-1 (CD5™) cells
hematopoiesis, parasite) (mice), mast cells
survival, and Pathway is (mice), basophils, and
priming representative of likely some stromal cells
eosinophils in m IgM and IgA low
humans m Peyer patches small
AdbIGATA-1 | Mutation in the BM: deficient Complete ® Impairment of basophil | 15,71,72,
GATA-1? Blood: eosinophil depletion progenitors, basophil 261-263
cis-binding site deficient Normal breeding, IL-4 production, mast
needed for EoP Tissues: general cell numbers, and IgE
development. Not deficient development, and activation
to be confused life span B Red blood cells and
with GATA- hematocrit may be
1AneoAHS/ mildly reduced
GATA-11o¥ ® Unknown additional
transcription factor
effects
MBP-1-/-/ Double knockout of | BM: deficient >95% eosinophil ® Unknown mechanism 73
EPX~/~ eosinophil granule | Blood: depletion of cell death
proteins MBP-1 deficient Highly eosinophil
and EPX results in | Tissues: specific
death of EoPs deficient Normal breeding,
general
development, life
span
PHIL Transgenic mouse BM: deficient Complete ablation ® Due to random 70
expressing DTA Blood: of eosinophils integration into
downstream of an deficient Highly eosinophil genome certain
EPX promoter Tissues: specific due to EPX abnormalities in mice
deficient promoter may occur.
iPHIL Knock-in of EPX BM: deficient Inducible depletion ® Only EoPs are targeted, | 74
promoter driving Blood: of eosinophils as DTR does not
DTR (injection of deficient Highly eosinophil appear to be expressed
DT targets Tissues: specific due to EPX on differentiated
eosinophils) deficient promoter eosinophils
Normal breeding, ®m Mice develop
general antibodies to DT after
development, and three weeks (tested with
life span Cju mice)
m EPX fails to be
expressed, so
hemizygous iPHIL
must be used
(Continued)
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Table 1 (Continued)

Construct Eosinophil
Strain mechanism levels Advantages Constraints/off target References
eoCre Knock-in of EPX BM: deficient m Creis 99% efficient m EPX fails to be 24,52,75,

promoter driving Blood: when crossed to a expressed so 76
expression of Cre deficient ROSA floxed site hemizygous eoCre
(eosinophil- Tissues: m Validated with many must be used
specific Cre) deficient floxed strains m Cre efficiency depends

Depletion occurs by m Highly eosinophil on availability of floxed
crossing to: specific due to EPX gene, like any Cre/loxP
ROSA-fl-stop-fl- promoter system
DTA or m Normal breeding,
ROSA-fl-stop-fl- general
hSiglec-8 development, and
+aSiglec-8 life span
treatment or
Xbp 14

Abbreviations: BM, bone marrow; Cre, Cre recombinase; DT, diphtheria toxin; DTA, diphtheria toxin A; DTR, diphtheria toxin receptor; eoCre,
Epxmllerellee, FoP eosinophil progenitor; EPX, eosinophil peroxidase; iPHIL, Epx™21(HBEGH]Lee, MBP_1, major basic protein 1; PHIL, Tg(EPO-
DTA>#NAL.

2Xbpl and GATA-1 are transcription factors.

mediator of IgA production (83, 84). In contrast to these pathways promoting IgA and Th17
responses, intestinal eosinophils uniquely produce IL-1 receptor antagonist (85), which inhibits
IL-1B activity and suppresses Th17 responses. These collective findings indicate a dual function
for eosinophils in gastrointestinal homeostasis that may be pro-Th17 or anti-Th17.

The role of eosinophils as a modulator of Th17 pathways is not unique to the gastrointestinal
tract. Eosinophils either suppress or promote Th1/Th17 responses depending on the antigen—
ovalbumin (86) or Aspergillus fumigatus (50, 53, 54), respectively—in mouse allergic respiratory
inflammation models. Eosinophils in A. fumigatus allergy models produce IL-17, IL-23, IL-27,
and CXCL13. This finding brings into question the role of the mycobiome in eosinophil func-
tions during immune responses as well (83, 87). Although humans and mice have distinct micro-
biomes (88), microbiome/mycobiome changes have also been considered contributors to asthma
responses in humans (89, 90) and IgA levels (91), suggesting some commonality and a greater
need to understand immune interactions between eosinophils and the gastrointestinal micro-
biome/mycobiome in health and disease.

2.2.2. Eosinophils and metabolism. FEosinophils are found in adipose tissue in humans (92)
and mice (93). Mouse models strongly indicate that type 2 responses in the fat are beneficial to
metabolic health, leading to improved thermogenesis and glucose sensitivity and reduced weight
gain (94) (Figure 3b). Deficiencies in eosinophils at homeostasis (i.e., normal diet) lead to re-
duced expression of favorable lipid metabolism genes in the gastrointestinal tract and fat (95) and
reduced production of thermogenic fat (96-98). Several reports, though, show conflicting data on
the role of eosinophils in adipose tissue and metabolic health, particularly in models of obesity
(93, 95,99, 100). Several reasons for these variations exist, such as the methods of eosinophil ma-
nipulation in these models (i.e., adoptive transfers or gene knockouts that affect other cells) and
the contribution of the microbiome to gastrointestinal-adipose immune interactions (101). For
example, modulation of microbiota by either calorie restriction (102) or ablation of commensal
bacteria with antibiotics (103) induced recruitment of eosinophils to adipose tissue, concordant
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Figure 3 (Figure appears on preceding page)

Eosinophil activities in homeostasis in mice. (#) Eosinophil activities with the microbiome, B cells, and Th17
responses in the gastrointestinal tract. Eosinophils express receptors such as TLRs and CD300f that
recognize bacterial components to signal for immune responses. Eosinophils release the cytokines IL-6,
APRIL, and IL-1B to influence B cell IgA production. This may happen through Tth cells or Th17 cells,
which express IL-17. Eosinophil release of IL-1p increases the activity of ILC3s; TGF-p1, which inhibits
Tregs; and IL-17, IL-23, IL-6, and TNF-a, which may directly participate in the above responses.

(b) Eosinophil functions in metabolic and vascular health. Eosinophils induce relaxation of blood vessels in
PVAT through use of TH to release catecholamines that bind B3-AR, which stimulates iNOS in adipocytes
to make NO that results in smooth muscle cell relaxation. In WAT, ILC2s produce IL-13 in response to the
IL-33 produced by SCs. The IL-13 induces production of eotaxins that recruit eosinophils into fat. These
eosinophils release IL-4 to polarize macrophages into alternatively activated M2 macrophages that
contribute to transformation of white to beige fat cells, which are thermogenic cells that aid in metabolic
health. (¢) Eosinophils have multiple functions in vascular health. Eosinophils release a
12-hydroxyeicosatetraenoic acid (HETE) product that is generated from 12/15-LO and ultimately aids in
tissue factor activation and development of thrombi through thrombin and fibrinogen activation.
Eosinophils activate platelets through P-selectin promoting platelet binding to VWEF in endothelial cells,
which also aids in clot and plaque formation. Through integrin kindlin-3 binding of the endothelium,
eosinophils are activated to undergo EETosis, releasing MBP-1 that further activates platelets and promotes
atherosclerotic inflammation. (d) Eosinophils as lung-resident cells. Resident lung eosinophils are different
from inflammatory recruited eosinophils due to their differential expression of CD101. CD101~ cells that
are CD62L" suppress DC activation, which in turn inhibits Th2 cell release of cytokines IL-4, IL-13, and
IL-5. CD101~ eosinophils that are CD62L~ are reported as important in resolution of inflammation in that
they produce protectin D1 through 12/15-LO activity. Protectin D1 promotes efferocytosis, whereby Mres
phagocytose dead neutrophils. Eosinophil-derived IL-10 is also important in resolution functions of
eosinophils in the lung. Dashed arrows indicate either less-defined or indirect pathways of eosinophils in the
roles presented. Abbreviations: APRIL, a proliferation-inducing ligand; f3-AR, beta 3 adrenergic receptor;
CCL, C-C motif chemokine ligand; DC, dendritic cell; ILC2, group 2 innate lymphoid cell; iNOS,
inducible nitric oxide synthase; MBP-1, major basic protein 1; Mres, resolution macrophage; NO, nitric
oxide; PVAT, perivascular adipose tissue; SC, stromal vascular cell; Tth, T follicular helper; TGF-1,
transforming growth factor beta 1; Th, T helper; TH, tyrosine hydroxylase; TLR, Toll-like receptor;
TNF-a, tumor necrosis factor alpha; Treg, regulatory T cell; 12/15-L0O, 12/15 lipoxygenase; VWE, Von
Willebrand factor; WAT, white adipose tissue. Figure adapted from images created with BioRender.com.

with increases in M2 macrophages and improved insulin responses. Finally, the contributions of
eosinophils to metabolism are not exclusive to adipose tissue or the gastrointestinal tract, as the
same type 2 environment that is proposed to favor metabolic health of adipose tissue increases
the risk of fibrosis and eosinophil infiltration in the liver of patients with nonalcoholic fatty liver
disease and in the esophagus of patients with EoE and in mouse models (104-106).

2.2.3. Eosinophils, vasculature, and nerves. A recent set of studies have identified a role for
eosinophils in both physiologic vascular tone and hemostasis, as well as potential negative ef-
fects by eosinophils in the settings of thrombus formation and vascular sclerosis (Figure 3c).
Eosinophils are present in perivascular adipose tissue (PVAT) (107), which is found most pre-
dominantly around the aorta and other arteries of the heart (108). PVAT eosinophils induce re-
lease of adiponectin and nitric oxide, which are critical for vascular smooth muscle relaxation.
Vascular constriction and relaxation and thrombus formation are needed to prevent excessive
blood loss. Eosinophil-deficient mice have prolonged bleeding after an induced venous injury
and fail to form a sufficient intravascular thrombus. In addition to platelet-eosinophil interac-
tions, eosinophil-derived lipids produced by 12/15-lipoxygenase are necessary for promoting tis-
sue factor activation and generating thrombin and fibrinogen coagulation in the blood vessel (109).
Crossing eosinophil-deficient mice with an atherosclerosis model (ApoE~~) demonstrated that

www.annualreviews.org o Eosinophil Knockout Mice and Humans 729



Annu. Rev. Immunol. 2021.39. Downloaded from www.annualreviews.org
Access provided by University of Liverpool on 03/04/21. For persona use only.

IY39CH27_Rothenberg

ARjats.cls  February 22,2021 15:57

730

eosinophils are recruited to sites of injured endothelium, are induced to release DNA, activate
platelets through MBP-1 binding, and promote atherosclerosis (110).

Some of these same mechanisms may promote the vascular injury and vascular permeabil-
ity that occur in some eosinophilic skin diseases. For example, eosinophil IgE binding induces
clotting reactions in a model of bullous pemphigoid (111), and thrombus formation promoted
by eosinophils is important in urticaria (112) and chronic rhinosinusitis (113). In mice, contact
dermatitis results in increased eosinophil-dependent vascular permeability and ear swelling (114,
115). It is plausible that eosinophils perform similar activities that increase vascular permeability
in inflammatory bowel disease (116), eosinophilic granulomatosis with polyangiitis (EGPA) (117,
118), and the blood-brain barrier upon injury (119).

Eosinophil-nerve interactions are important in physiological homeostasis of the vasculature
system and multiple organ systems at homeostasis and in disease (120, 121). Eosinophils express
numerous nerve-related proteins (122, 123); neuronal receptors (124); and IL-31 (125), a mediator
of itch, suggesting reciprocal function for eosinophils and nerves. Pan et al. (126) recently demon-
strated that eosinophil-derived IL-4 is directly responsible for nerve regeneration, suggesting that
eosinophils may both promote and resolve neuronal injury and inflammation depending on the
tissue and pathological context. For example, in skin disease models, eosinophil-deficient mice
demonstrate attenuated dendrite growth as measured by substance P (115, 127). A recent study
using 3D imaging demonstrated that at homeostasis, the synaptic vesicle ends of nerves directly
contact eosinophils in the lamina propria of the ileal mucosa, and they are proposed to contribute
to enteric nerve health (128).

2.2.4. Resident pulmonary eosinophils. Eosinophils are present in the lungs of mice and hu-
mans at homeostasis. In mice, this was first shown by flow cytometry of naive lungs (36, 129)
followed by intravital imaging identifying eosinophils as patrolling the lungs at homeostasis (32).
Two recent studies suggest that an identifying feature of lung-resident eosinophils is that they
are CD101~ and that they are absent in congenic eosinophil-deficient mice (i.e., AdbIGATA-1)
(Figure 3d). Mesnil et al. (37) demonstrated by ex vivo and adoptive transfer techniques that these
regulatory CD62L* CD101~ eosinophils inhibit type 2 responses to allergen through suppres-
sion of dendritic cell activation, thus prohibiting Th2 activation in response to allergens. The
role of IL-5Ra is unknown, as the resident lung eosinophils are unaffected by IL-5 deficiency,
and evidence for a human version of the regulatory eosinophil has not been obtained. In the sec-
ond model, an acute lung injury lipopolysaccharide model, a population of CD62L~ CD101~
eosinophils was found to produce elevated levels of protectin D1 (39), a lipid previously shown to
be made by eosinophils and to help promote macrophage uptake of neutrophils (130, 131). This
would suggest eosinophils are important in resolution of inflammation, as shown by others (132,
133). Moreover, the contributions of these resident cells to immune responses that develop in
the setting of infection; lung transplantation; and pulmonary diseases, such as chronic obstructive
pulmonary disease (COPD) require further study.

2.3. Eosinophil Deficiency in Mouse Models of Eosinophilic Disease

2.3.1. Asthma. Mouse models of asthma have evolved over the years, originally focusing on the
primary role of eosinophils as proinflammatory cells contributing to airway damage and hyper-
reactivity and eventually supporting a consensus that their role spans a diverse set of functions
ranging from proinflammatory to immune modulating. Early studies with ovalbumin models of
asthma, in which degranulation was insignificant, pointed to eosinophils as immune remodeling
and repair cells and not only destructive cells (69, 70, 134). Jacobsen et al. and several others
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demonstrated that eosinophils promote polarization of Th2 cells, recruitment of Th2 cells to the
lung, type 2 cytokine and chemokine production, and M2 macrophage polarization in type 2 al-
lergic asthma models (42, 43, 86, 135-137). More recent findings suggest that eosinophils also
modulate ILC2 accumulation and activation in the airways in response to IL-33 or allergen (138).
The importance of eosinophil immune activities was further demonstrated in mice with IL-5 and
eotaxin-2 dual overexpression that developed significant degranulation, pulmonary remodeling,
and lung dysfunction (139, 140). In particular, eosinophil-derived IL-13 was more critical to air-
way destruction and mucus production than release of either MBP or EPX from eosinophils in
this model (141, 142). Despite these findings, eosinophil-independent inflammation can occur
in asthma models (143). Moreover, the mechanisms of degranulation for mouse eosinophils as
compared to human eosinophils are strikingly distinct and mice lack EDN, ECP, and CLC; alto-
gether these findings lead one to be cautious in interpreting the significance (or insignificance) of
degranulation in mouse models.

Eosinophils may have an underappreciated role in heterogeneous asthma endotypes and in
exacerbating pulmonary infections. Eosinophils have the capacity to release IL-6 or type 17 me-
diators that occur in certain patients with exacerbation-prone asthma (144). Moreover, eosinophils
have unique functions in viral infections (47-49, 51), when they may produce inducible nitric oxide
synthase, take up viral particles, and activate CD8 T cells to kill viruses. In these nuanced disease
processes, eosinophils may be contributory cells rather than primary mediators.

2.3.2. Gastrointestinal disease. Inflammatory bowel disease has an eosinophil component
(145), as do eosinophilic gastrointestinal diseases (EGIDs) (78). Discordant results are published
concerning the role of eosinophils in colitis models (131, 146), and few studies indicate that
eosinophils may have a role in models of Crohn’s disease (147, 148). Given the recent under-
standing of the role of the microbiome and mycobiome, it is possible that the mice in each study
had unique commensal bacteria and fungi leading to worse or better health. Translational models
for EGIDs are limited regarding the use of eosinophil knockout strains, yet a few studies sug-
gest a role for eosinophils (45). A pathogenic effector role for eosinophils in gastric dysmotility
associated with axonal necrosis has been described (149). Additionally, a role for eosinophils in
eliciting allergen-mediated esophageal remodeling, including fibrosis, has been reported (150).
Yet, IL-13-elicited EoE in mice is unabated in the absence of eosinophils (105). Conversely, in
a mouse model of eosinophilic gastroenteritis, antibodies targeting human Siglec-8-expressing
eosinophils depleted eosinophils and reduced levels of inflammatory mediators, suggesting a role
for eosinophils in mediating disease pathologies (151).

2.4. Cancer

Understanding of the role of eosinophils in human tumor biology and immunology is actively
evolving (2, 55). Eosinophils release mediators, such as granule proteins and enzymes; growth
factors, such as TGF-B and vascular endothelial growth factor (VEGF); and metalloproteases
that remodel the extracellular matrix to promote or inhibit tumor growth through a multitude
of mechanisms. Eosinophils recruit to both necrotic and live regions of tumors, depending on
the tumor, including the stromal and nonstromal portions of tumors in both human and mice.
Eosinophil-deficient mice do not develop tumors at homeostasis, but eosinophils have either a pro-
or antitumorigenic role, depending upon the model. For example, tumor-infiltrating eosinophils
degranulate and are essential for colon tumor rejection independently of CD8 T cells and through
an IFN-y-linked antitumor effect (152). Conversely, in other cancer models, eosinophils promote
IFN-y-induced recruitment and activation of CD8 T cells, which mediate tumor killing (153).
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As an additional mechanism of antitumorigenic activity, eosinophils directly participate in tumor
killing following activation by IL-33 (154). Emerging data suggest that eosinophils can indeed
be predictive biomarkers and effector cells in immunotherapy, especially in response to immune
checkpoint blockade therapy (155). The implications are significant, as tumor-associated tissue
eosinophils are prevalent in a wide variety of human cancers and as eosinophils have the capacity
to survive in tumors in the absence of IL-5. Their localization in tumors and their numbers as de-
termined by histology correlate with effects that are beneficial (e.g., in colon cancer, breast cancer,
melanoma), detrimental (e.g., in lung cancer, Hodgkin lymphoma), or of unclear prognostic sig-
nificance (e.g., in brain cancer and pancreatic cancer). For example, in bladder cancer, eosinophils
are found at increased numbers in patients whose disease responds better to therapy (156). The
extensive presence of eosinophils in human cancer suggests that cancer could be considered a
variant of organ EADs, wherein eosinophils are effector cells in the immune pathology.

2.5. Injury, Transplantation, and Autoimmunity

Emerging studies are demonstrating that eosinophils may uniquely benefit ischemia reperfusion
injury repair (157) and allograft lung transplantations (158). Eosinophils are required to suppress
CD8 T cell-mediated allograft rejection in mouse models of lung transplantation. Additionally,
eosinophils may contribute to muscle injury repair in diseases such as muscular dystrophy by
activating fibro-adipocyte progenitors for repair (159). Yet, eosinophils may equally participate
in detrimental responses to autoimmune diseases (56, 119), indicating that the complexity of
eosinophil functions is potentially wider and more diverse than previously appreciated. These
diseases are very rare and tissue specific and thus may require special consideration for model
building to deeply understand the role of eosinophils.

3. EOSINOPHIL DEPLETION IN HUMANS
3.1. Generation of Eosinophil-Depleting Monoclonal Antibodies

The observations in mice demonstrating a role for eosinophils in the airway hyperresponsive-
ness of asthma models led to the pursuit of monoclonal antibody therapies to deplete eosinophils
in humans (Figure 4; Table 2). The first monoclonal antibody developed for clinical use is
mepolizumab, which neutralizes IL-5. The preclinical trials in cynomolgus monkeys demon-
strated safety in primates and identified dosages resulting in significant decreases in blood
eosinophilia and eosinophil migration into the lung (160). In humans, mepolizumab induced
maturational arrest of EoPs in the bone marrow (161) and reduced levels of blood and tissue
eosinophils with a negative impact on their activation status (40, 162, 163). A second monoclonal
antibody targeting neutralization of IL-5, reslizumab, was also developed. Mutagenesis experi-
ments with recombinant IL-5 demonstrated that reslizumab neutralizes IL-5 by binding to amino
acids 89-92 and prevents its binding to the IL-5 receptor (164). Reslizumab exhibits greater bind-
ing affinity for IL-5 than does mepolizumab (165). Finally, a third monoclonal antibody, ben-
ralizumab, is a humanized, nonfucosylated antibody that targets the IL-5Ra chain. The lack of
fucosylation leads to enhanced antibody-dependent cellular cytotoxicity (ADCC), and by target-
ing the IL-5 receptor, benralizumab actively kills eosinophils and also basophils. Benralizumab
binds to a site on the IL-5Ra chain in close proximity to the IL-5 binding site; however, its pri-
mary mechanism of depletion is inducing cell death via ADCC rather than affecting IL-5 binding
to the receptor (166). Notably, a single intravenous administration of benralizumab results in de-
pletion of peripheral blood eosinophils for up to 12 weeks, depending on the dose (167). Repeat
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subcutaneous dosing can produce significant reductions in tissue eosinophilia within 12 weeks
(168). Interestingly, the initial clinical trials to deplete eosinophils in patients with asthma did not
meet end points of reducing airway hyperresponsiveness or lung function improvement (163, 169).
However, eventually all three anti-eosinophil antibodies were shown to dramatically improve var-
ious clinical, biological, and pathological features of a subgroup of patients with asthma and were
approved by the United States Food and Drug Administration (FDA) between 2015 and 2017 for
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Figure 4 (Figure appears on preceding page)

Monoclonal antibodies that target eosinophils and eosinophil-associated diseases. (#) Biologics that target eosinophils for depletion.
Mepolizumab and reslizumab are monoclonal antibodies that neutralize IL-5, leading to inhibition of eosinophilopoiesis and impaired
eosinophil activation and survival. Benralizumab is a monoclonal antibody that targets the IL-5Ra component. Benralizumab induces
Fc-mediated killing by NK cells that mediate ADCC. Lirentelimab binds Siglec-8. This antibody induces intrinsic cell death and
mediates ADCC. Eosinophil depletion that occurs in the blood or tissues is shown, with green representing no depletion and red
representing complete depletion. (b)) Eosinophil-associated diseases and their diversity. Eosinophils classically participate in type 2
diseases and also in non-type 2 diseases. Pathological responses may be eosinophil dependent or independent; in the latter case, other
effector cells direct the disease phenotype. Pink eosinophils denote that substantial clinical studies demonstrate clear evidence of some
benefit by antibodies targeting eosinophils. Gray eosinophils denote that preliminary clinical studies or a portion of the clinical study
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outcomes indicate that targeting eosinophils leads to improvement. Please note that studies indicating lack of response to
anti-eosinophil therapy are not reflected in this figure. Please also note that HES is on both sides of the figure, as both type 2 and
non—type 2 mechanisms are involved and are amenable to anti-eosinophil therapy. Abbreviations: ADCC, antibody-dependent cellular
cytotoxicity; ANCA, antineutrophil cytoplasmic antibody; DC, dendritic cell; EGID, eosinophilic gastrointestinal disease; HES,
hypereosinophilic syndrome; ILC2, group 2 innate lymphoid cell; M1 macrophage, classically activated macrophage; M2 macrophage,
alternatively activated macrophage; NK, natural killer; Siglec-8, sialic acid-binding immunoglobulin-like lectin 8; Th1, T helper 1.
Figure adapted from images created with BioRender.com.

treatment of eosinophilic asthma. Shortly after, they were approved by the European Medicines

Agency (EMA).

A new, currently unapproved monoclonal antibody, lirentelimab (AK002), has been developed
on the basis of the discovery of Siglec-8—an inhibitory receptor selectively expressed on ma-

ture eosinophils and mast cells and with low expression on basophils (151, 170-172). AK002

is a first-in-class, humanized, nonfucosylated IgG1 anti-Siglec-8 monoclonal antibody that de-

pletes eosinophils in blood and tissues via natural killer cell-mediated ADCC and apoptosis
(151, 171). AK002 and other anti-Siglec-8 antibodies also inhibit mast cell activation, thereby
reducing degranulation, secretion of inflammatory mediators, and recruitment of additional mast

Table 2 Anti-Eosinophil therapeutics

Therapeutic Lirentelimab
parameters Mepolizumab Reslizumab Benralizumab (AK002)
Target IL-5 IL-5 IL-5Ra Siglec-8
Antibody (parent) Humanized IgG1x Humanized IgG4x Humanized Humanized
(murine 2B6) (rat 39D10) nonfucosylated IgGlk nonfucosylated
IgGlk
Indicated for severe Yes (100 mg SC, four Yes (3 mg/kg IV, four Yes (30 mg SC, three No
eosinophilic asthma doses weekly) doses weekly) doses weekly, then every
eight weeks)
Indicated for Yes No? No? No
EGPA/HES
Other indications HES, EoE, CRSWNP CRSwNP HES, EGID, CRSWNP EGID
being pursued
Pediatric indication 6 years and above No 12 years and above No
Eosinophil reduction Yes () Yes (11) Near complete (|| ) Near complete (4 {)
(blood/tissue)
Effect on other cells No No Reduction of basophils Inhibition of mast
cells

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyposis; EGID, eosinophilic gastrointestinal disease; EGPA, eosinophilic granulomatosis with

polyangiitis; EoE, eosinophilic esophagitis; HES, hypereosinophilic syndrome; IV, intravenous; SC, subcutaneous; Siglec-8, sialic acid-binding

immunoglobulin-like lectin 8.

*Pending studies.
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cells, eosinophils, and other immune cells to the tissue (151, 171). A recent double-blind phase 2
trial demonstrated efficacy for eosinophilic gastritis and eosinophilic duodenitis (173). This study
demonstrated nearly complete ablation of eosinophils from the blood and gastrointestinal tissue
and clinical improvements.

3.2. Positive Effects of Eosinophil Depletion on Disease States

Eosinophilic immune dysfunction is observed across a spectrum of conditions, and depending on
the relative contribution of eosinophils to pathogenesis and disease manifestations, these disor-
ders can be divided into eosinophil-dependent and -independent diseases. In the most extreme
form, hypereosinophilia is considered the predominant cause of tissue damage, dysfunction, and
disease manifestations; this is likely best exemplified by idiopathic hypereosinophilic syndrome. In
more common conditions, blood and/or tissue hypereosinophilia accompanies a chronic inflam-
matory disease that also involves other cell types and disease mechanisms. Examples include severe
eosinophilic asthma, chronic rhinosinusitis with nasal polyposis (CRSWNP), EoE, EGPAs, bullous
pemphigoid, and atopic dermatitis. These disorders have complex pathogenic mechanisms, includ-
ing but not limited to eosinophil-mediated organ damage and dysfunction. Eosinophil expansion
can also occur in the setting of a number of secondary disease processes, such as the severe form of
drug allergy DRESS (drug reaction with eosinophilia and systemic symptoms) and paraneoplastic
hypereosinophilia associated with T cell lymphoma. Within these categories, a range of immune
responses occur as well, from classical type 2 to non-type 2 responses, indicating different immune
mechanisms of eosinophil effector functions likely occur in these diseases (Figure 4).

3.2.1. Severe eosinophilic asthma. A reconsideration of the role of inflammation in airway
disease has led to progress, with many targeted therapies now under development. A key change
has been the identification of clinically relevant phenotypes and endotypes based on the under-
lying pathogenesis (174, 175). A new taxonomy of airway diseases based on biological mecha-
nisms has been needed to identify the efficacy and optimize the use of biological therapies, and
biomarker assessment has a central role (175, 176). The first controlled trial with mepolizumab
showed that it dramatically reduced the blood and sputum eosinophil counts in patients with
mild allergic asthma but did not improve the airway response to inhaled allergen, or airway re-
sponsiveness in general (169). A subsequent large randomized control trial looking at the safety
and efficacy of mepolizumab in patients with moderate asthma showed again that blood and spu-
tum eosinophil counts are significantly lowered by the drug; however, the clinical end points of
lung function and quality of life did not significantly improve (177). This disappointing result—
greatly reduced numbers of eosinophils not translating to improved symptoms—Ied to questions
of whether eosinophilic inflammation has as important a role in asthma as initially thought. Two
alternative explanations for the observed lack of clinical efficacy were that the drug was used in
patients who did not have active eosinophilic inflammation and that the studies focused on the
wrong outcomes.

Patients with active eosinophilic disease are at risk of exacerbation, and this outcome can be
dissociated from symptoms and lung function. When focusing on patients with elevated sputum
eosinophil percentages of >3 % (normal is <2 %), elevated blood eosinophil counts (>150 cells/nL
of blood on inhaled glucocorticoid therapy), and/or severe asthma, a combination of benefits is
observed in multiple clinical trials with the three recently FDA-approved anti-eosinophil ther-
apeutics. These benefits include risk reduction of severe exacerbations, modest improvements
in asthma-specific quality-of-life scores, oral corticoid steroid (OCS) reduction, and modest
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improvements in FEV; (178-183). Interestingly, the blood eosinophil count was predictive of
response to anti-IL-5 therapy, suggesting that the treatment targets circulating eosinophils.

Nearly 30% of patients with COPD have an eosinophilia that may or may not be asso-
ciated with asthma, resulting in a highly heterogeneous population. In the METREO trial
(NCT02105948), mepolizumab was demonstrated to result in a mild reduction in exacerbations in
COPD patients with blood eosinophilia (>300 cells/pL), although this was not reached in another
mepolizumab trial [METREX (NCT02105961)] (184). Benralizumab treatment also failed to re-
sult in significant primary outcomes in the GALATHEA (NCT02138916) and TERRANOVA
(NCT02155660) trials, unless patients were stratified specifically by exacerbation rates in years
prior (3), blood eosinophilia >220 cells/pL, and triple inhaled therapy (185, 186). This suggests
further studies on patients with stratified eosinophilic COPD are needed to define the potential
of these eosinophil biologics.

3.2.2. Chronic rhinosinusitis with nasal polyps. Chronic rhinosinusitis is divided into two
major macroscopic phenotypes according to the presence (CRSWNP) or absence (CRSsNP) of
noncancerous growths in the lining of the nose and surrounding sinuses (i.e., nasal polyps) (187).
Most of the cases in Europe and North America are characterized by a chronic type 2 inflamma-
tory response with tissue eosinophilia and significantly elevated levels of tissue expression of IL-5
and CLC (188, 189). CRSwNP in Asia was historically described as a predominantly neutrophilic
disease (190); however, in the last 20 years, a shift toward an increased proportion of patients with
tissue eosinophilia has been documented in several Asian countries (191-193). Pathophysiolog-
ically, eosinophils accumulate and display evidence of prolonged survival in sino-nasal mucosae
(194) of patients with CRSWINP and release into the tissue several inflammatory mediators that
are thought to be, at least partially, responsible for many of the pathological features and clini-
cal consequences of the chronic inflammation (189, 195, 196). Moreover, eosinophils from nasal
polyps are activated (197) and able to promote both innate and adaptive immune responses (198),
fibrin formation (113), and tissue remodeling (199), therefore possibly directly contributing to
CRSwNP pathogenesis.

Mepolizumab has been tested for efficacy and safety in patients with CRSwNP in two clinical
trials, showing significant reduction in nasal polyp size, sino-nasal symptoms, and need for new
sinus surgery (200, 201). A significant reduction in concentration of soluble IL-5 in nasal lavage
fluid has been detected in patients treated with mepolizumab compared with those on placebo,
but a significant reduction in ECP in nasal lavage fluid has not been observed. Blood eosinophils
and serum soluble IL-5 were reduced, suggesting that mepolizumab has a greater effect on pe-
ripheral eosinophilia compared to tissue cell infiltration in CRSWINP (200). A phase 3 clinical
trial testing subcutaneous mepolizumab in patients with severe CRSwINP has recently been com-
pleted, but the results are not yet published (NCT03085797). Thus far, reslizumab has been tested
only in a small, double-blind, placebo-controlled study with 24 patients investigating drug safety
and pharmacokinetic properties. The study found a significant reduction in nasal polyp size in
treated patients compared to those on placebo, particularly in those with the highest concentra-
tions of IL-5 in nasal lavage (202). Benralizumab is currently under evaluation for the treatment of
CRSwNP in several clinical trials, two of which have recently been completed, but whose results
are not yet published (NCT03401229, NCT 03450083, NCT04185012).

3.2.3. Eosinophilic skin disease. Chronic dermatologic conditions with significant
eosinophilic infiltrates include those occurring in the setting of atopic and allergic immune
responses and certain autoimmune disorders and primary immunodeficiencies. The most com-
mon form of eosinophilic skin disease is atopic dermatitis, a form of atopic eczema, with a type
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2 immune response component at early stages leading to skin damage and itch. In two small,
randomized, double-blind clinical trials, treatment with mepolizumab for both shorter (750 mg
intravenous, 2 weeks) and longer (100 mg subcutaneous, 16 weeks) durations successfully reduced
blood eosinophilia but did not induce significant clinical improvement (i.e., with regard to
physician global assessment, clinical scores, size of lesions, and pruritus) compared to placebo. A
marginal potential benefit was suggested in terms of disease activity in the study with the higher
dosing regimen, but exposure to treatment was too short to allow any meaningful conclusions in
such a chronic and spontaneously fluctuating disease (203). The impact of treatment on tissue
eosinophilia was not assessed, nor was the possibility that treatment could reduce occurrence of
disease flares rather than baseline disease activity (NCT03055195) (204). The role of lympho-
cytes, mast cells, and other cells in the immune pathology may be more significant than that of
eosinophils in pathogenesis of this complex disorder.

Chronic spontaneous urticaria is characterized by recurrent wheals, angioedema, and pruritis
for greater than six weeks, with some patients experiencing remitting and relapsing disease over
a life span. Although mast cells are considered a significant mediator of disease manifestations,
benralizumab was shown to be efficacious in reducing the urticaria activity score [(UAS?7), incor-
porating severity of wheals and pruritus] in patients with persistent disease activity despite antihis-
tamine treatment in a small pilot study (205). This suggests a more prominent role for eosinophils
in pathogenesis of this disease (NCT03183024). A phase 2 trial is underway with lirentelimab
(NCT03436797), in addition to a phase 1 trial with mepolizumab (NCT03494881). Correlating
the occasion of eosinopenia (50 cells/pL), which is characteristic of 10% of these patients (206),
with the effectiveness of a specific biologic may provide additional insight into treatment strat-
ification. An additional complex dermatological disease, bullous pemphigoid, is characterized by
eosinophilic infiltration and type 2 immune responses that co-occur with autoimmune features to
culminate in blister formation (207, 208). The one clinical study to date targeting eosinophils in
bullous pemphigoid (NCT01705795) (209) has been completed with mepolizumab and failed to
show changes in relapsing disease, suggesting a potential need for either patient stratification or
treatment that targets additional cells (e.g., lirentelimab).

3.2.4. Eosinophilic gastrointestinal diseases. Abundance of eosinophils is associated with an
emerging class of diseases referred to as EGIDs, such as EoE, eosinophilic gastritis, eosinophilic
gastroenteritis, and eosinophilic colitis. In these disorders, the eosinophil is thought to be one of
the key effector cells and is therefore an obvious target for therapy.

Most data on the role of eosinophils and anti-eosinophil treatment come from studies of EoE,
a chronic, food antigen—mediated disease characterized by esophageal dysfunction and intraep-
ithelial eosinophil accumulation [>15 eosinophils per high-power field (hpf)] (210). Its etiology
involves a complex interplay of genetic and environmental factors (211). It is associated with
strong heritability and is characterized by high sibling recurrence risk (212) and early-life en-
vironmental exposures (213). Genetic variants at 2p23 and 5¢22 promote disease susceptibility,
likely through the esophageal epithelial proteins calpain 14 (CAPN14) and thymic stromal lym-
phopoietin (T'SLP), respectively (214-217). EoE molecular pathophysiology is underscored by
esophageal epithelial dysfunction and CD4 T cell-associated type 2 immune responses associated
with CAPN14 (215-217) and TSLP (214,216,218-220) induction. Reduction of eosinophils using
dietary or medical treatment is accompanied by improvement of symptoms, reduction in overall
histological disease severity, type 2 inflammatory pathway gene expression, and endoscopic im-
provement. However, most treatments do not selectively target the eosinophil but instead broadly
affect the entire type 2 pathway.
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Mepolizumab was first assessed in a small open-label series of adults with longstanding, symp-
tomatic EoE. Four weeks after three infusions of intravenous mepolizumab, four of four patients
demonstrated a clinical response (221). A large decrease in esophageal eosinophilia was observed,
but peak eosinophil counts remained over the diagnostic threshold of 15 eosinophils/hpf. Two
subsequent placebo-controlled trials with adults and children with EoE found a lack of clin-
ical improvement with mepolizumab, despite reduction in eosinophils in most patients (222,
223).

Reslizumab was first evaluated in a randomized controlled trial with a large sample of pediatric
patients with EoE. The proportion of patients with a reduced peak eosinophil count was signifi-
cantly larger among those treated with reslizamab compared to those who received a placebo, but
patients did not reach the threshold of clinical response (224). Six patients from one site contin-
ued to receive reslizumab in an open-label extension phase. Additionally, four patients were treated
with reslizumab on the grounds of compassionate use. After nine years of treatment, reslizumab
was still associated with a persistent reduced eosinophil count and was associated with a substantial
improvement in EoE symptoms (224).

The results with monoclonal antibodies targeting IL-5 are thus mixed, with sometimes an
incomplete inhibition of eosinophils or an insufficient effect on symptoms in an important sub-
set of patients. A recent phase 2 trial with the Siglec-8 inhibitor lirentelimab and patients with
eosinophilic gastritis and eosinophilic duodenitis, which have more systemic manifestations than
does EoE (225), showed an almost complete abolition of eosinophils (>95% reduction) and a
strong reduction in symptoms in patients treated with lirentelimab, which also blocks mast cells
(151). The striking positive results from early clinical trials with anti-IL-13 and anti-IL-4R thera-
peutics are evidence that the clinical and histological features of EoE may be more causally related
to type 2 inflammation than to eosinophils alone (226-228).

3.2.5. Hypereosinophilic syndromes. Depending on the pathogenic mechanisms involved in
eosinophil expansion, hypereosinophilic syndromes (HESs) are classified as primary or neoplastic
(HESy, clonal eosinophil expansion), secondary or reactive (HESg, polyclonal eosinophil expan-
sion in response to overexpression of eosinophilopoietic factors), or idiopathic (HESy4, mech-
anisms of eosinophil expansion unknown) (10). HESy4 is commonly restricted to a single organ,
such as in chronic eosinophilic pneumonia, gastroenteritis, and dermatitis, whereas the other forms
of HES tend to have multi-organ involvement. The most common form of HESy is FIP1L1-
PDGFRA™ chronic eosinophilic leukemia, and first-line treatment is undisputedly imatinib me-
sylate, a tyrosine kinase inhibitor that targets the product of this fusion gene (229). Lymphocytic
variant HES (L-HES), driven by dysregulated (often clonal) T cells producing type 2 cytokines
including IL-5, is the best-documented form of HESg (230). Patients with L-HES or HESy4 (i.e.,
the majority of patients with HES) often require maintenance OCS therapy and/or cytotoxic or
immunomodulatory agents for disease control. The disease course is often debilitating because of
recurrent or persistent disease activity and/or treatment-related morbidity.

Novel therapeutic options with less toxicity are essential to improve outcomes of patients with
HES. Given the purported critical pathogenic role of eosinophils, this disorder is particularly
appealing to test proof-of-concept of eosinophil-targeted therapy. Strategically, these patients with
HES were important in the early phases development of therapeutic monoclonal antibodies. After
promising results of small open-label pilot studies evaluating efficacy of anti—IL-5 in subjects with
HES (231,232),a large-scale, phase 3, randomized, placebo-controlled clinical trial was conducted
in the early 2000s (NCT00086658). Patients with steroid-dependent, FIP1L1-PDGFRA~ HES
received either 750 mg intravenous mepolizumab or placebo every 4 weeks for 32 weeks, and
baseline OCS treatment was successfully tapered during the treatment period in patients receiving
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mepolizumab compared with those receiving a placebo (233). It took more than ten years to set
up a second phase 3 clinical trial evaluating efficacy of mepolizumab in patients with FIP1L1-
PDGFRA™ HES (NCT02836496). In this trial, patients whose disease was uncontrolled (i.e., who
experienced at least two flares during the 12 months prior to enrollment and whose eosinophil
counts at inclusion were at least 1,000/ L) received either 300 mg subcutaneous mepolizumab or
placebo every 4 weeks for 32 weeks. The proportion of patients who experienced disease flares
and the flare rate during the treatment period were significantly lower in the active treatment
arm, firmly establishing efficacy of anti-IL-5 treatment for this rare condition and leading to
FDA approval (234).

Evidence that biologics targeting the IL-5 receptor may also benefit patients with HES was
recently shown in a single-center, phase 2 pilot study evaluating safety and efficacy of 30 mg sub-
cutaneous benralizumab every four weeks in FIP1L1-PDGFRA™ disease (235), and a large-scale,
multicenter, phase 3, randomized, placebo-controlled clinical trial is in preparation (NATRON,
NCT04191304).

The combined favorable impacts of benralizumab treatment on blood eosinophilia, disease ac-
tivity, and requirement for background OCS therapy are progress toward the long-held prospect
of improved management of FIP1L1-PDGFRA~ HES. However, observations during the above
clinical trials as well as a retrospective analysis of patients enrolled in the mepolizumab com-
passionate use program indicate that treatment responses may vary depending on disease vari-
ants. Although the majority of patients fall in the category of HESyy and respond remarkably
well to therapy targeting IL-5 or its receptor, those with myeloproliferative/HESy (235, 236) or
lymphocytic/HESg (235-237) are refractory or present with suboptimal clinical and/or hema-
tological responses. Biomarker substudies conducted in parallel with these clinical trials should
improve our understanding of the mechanisms involved in reduced efficacy of IL-5(R)-targeted
therapy in such patients.

3.2.6. Eosinophilic granulomatosis with polyangiitis. EGPA is a rare and heterogeneous
eosinophilic condition characterized by severe eosinophilic asthma associated with blood and tis-
sue hypereosinophilia, granulomatous eosinophilic inflammation, and vasculitis (238). EGPA is
classified among the antineutrophil cytoplasmic antibody (ANCA)-associated vasculitides (AAVs),
although the prevalence of ANCA (anti-myeloperoxidase, roughly 30-40%) is much lower in
EGPA than in the other AAVs (239). The hypereosinophilic disease component is similar to
HES, with eosinophilic infiltration of various tissues and organs, including most commonly (but
not restricted to) the lungs with involvement of the paranasal sinuses. The vasculitic component
may comprise both eosinophilic and non-eosinophilic invasion of small vessel walls, involving
most commonly the skin, peripheral nerves, gastrointestinal tract, and kidneys. In clinical prac-
tice, biopsy-proven vasculitis is not mandatory for diagnosis of EGPA, and typical surrogates for
vasculitic involvement include mononeuritis multiplex and palpable purpura. In many cases, how-
ever, diagnosis is made even in the absence of such evidence if patients have a combination of
severe adult-onset asthma, chronic rhinosinusitis, and blood hypereosinophilia with various other
manifestations of eosinophilic organ infiltration. In such cases, there is significant diagnostic over-
lap with HES and chronic eosinophilic pneumonia, and this is consistent with the absence of
specific biomarkers distinguishing EGPA from the other eosinophilic conditions with lung in-
volvement (240). Observational studies have shown that ANCA status partially accounts for dis-
ease heterogeneity, with ANCA-positive patients showing more frequent vasculitic disease com-
plications such as peripheral neuropathy and glomerulonephritis, whereas those without ANCA
are more likely to experience eosinophilic myocarditis (241). The importance of ANCA was re-
cently corroborated by a large-scale genome-wide association study conducted with more than 650
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patients with EGPA. Some of the observed genetic polymorphisms thought to be relevant in terms
of pathogenesis differed according to ANCA status and, interestingly, overlapped with known type
2 immunity-associated loci (242). With HLA-DQ gene polymorphisms in ANCA-positive disease
and barrier function gene polymorphisms in ANCA-negative disease, as well as a series of anoma-
lies involving eosinophil/type 2 immunity across both groups, it is clear that EGPA as currently
defined encompasses disorders with complex and heterogeneous pathogenic mechanisms. Fur-
thermore, although eosinophils are prominent cells in EGPA, invading both tissues and vessel
walls, there is evidence that other cells and mediators are involved in pathogenesis, including type
2 cells ILC2s and Th2 cells) and Thl, Th17, and B cells (238).

Given the putative role of IL-5 in EGPA exacerbations (243) and the efficacy of IL-5R tar-
geting in patients with severe eosinophilic asthma and HES, both of which share characteristics
with EGPA, clinical trials have been designed to evaluate antibodies targeting the IL-5 pathway
in patients with this disease. Clinical efficacy of anti-IL-5 antibodies in patients with EGPA has
been demonstrated in individual case reports; pilot studies (244, 245); and a phase 3, random-
ized, placebo-controlled clinical trial comparing efficacy of 300 mg subcutaneous mepolizumab
versus placebo every 4 weeks for 52 weeks in patients with treatment-refractory or relapsing dis-
ease (MIRRA, NCT02020889). The latter trial showed significant benefit with active treatment
in terms of accrued time in remission, proportion of patients in remission, relapse rate, and OCS
tapering (246), leading to the approval of mepolizumab for treatment of EGPA in the United
States. Efficacy of 30 mg subcutaneous benralizumab every 4 weeks is now being compared to
that of mepolizumab in patients with EGPA in the setting of an ongoing phase 3 randomized clin-
ical trial (MANDARA, NCT04157348). An ambitious mechanistic substudy is being conducted
in parallel, investigating mechanisms of action of these agents and cellular and molecular predic-
tors of treatment responses and may improve our understanding of the relative contribution of
eosinophils to specific EGPA disease components and variants.

Indeed, data collected during the MIRRA trial have not satisfactorily addressed the concern
that eosinophil-independent vasculitic complications may occur during IL-5-targeted therapy,
especially if improvement in eosinophil-mediated disease manifestations results in tapering of
background therapy. Although mepolizumab was reported to have a favorable effect on both
asthma/sinonasal and vasculitic disease relapses, the nature of vasculitic complications that were
controlled by treatment was not detailed. The proportion of ANCA-positive patients enrolled in
this trial was only 10%, precluding subgroup analyses to explore differential efficacy of treatment
for infiltrative versus vasculitic components of disease and according to ANCA status. Further-
more, disease relapses were reduced but not abolished in the active treatment arm, raising ques-
tions similar to those regarding eosinophilic asthma and the complex interplay between triggers,
cells, and mediators that eventually results in a clinical exacerbation.

4. CONCLUSION
4.1. Health Status of Eosinophil Knockout Humans

Allied to an appreciation that the eosinophil may have a role in health has been a degree of appre-
hension that therapies targeting the eosinophil may inadvertently cause harm. In particular, these
concerns have centered on the theoretical potential for impaired host defense against infection,
impaired metabolism, and an increased risk of or poor outcome with malignancy. However, robust
evidence of these possibilities in humans appears elusive (247).

Early reports of patients rendered eosinopenic due to immunodeficiency or immunoglobulin
G-mediated eosinophil precursor destruction did not highlight any clinical sequelae attributable
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to the eosinophil reduction (248, 249). OCS used for decades in the setting of many severe res-
piratory, rheumatological, and other organ-specific conditions effectively depleted eosinophils
(250) without any clear evidence of increased malignancy rates (251). While both mepolizumab
and reslizumab reduce eosinophil numbers, the almost complete eosinophil depletion that occurs
with benralizumab and lirentelimab presents the optimal opportunity to study the implications of
eosinopenia in humans.

Over 8,000 patients have received benralizumab following enrollment in a clinical devel-
opment program (247), and the combination of prospective phase 3 trial data in both asthma
(SIROCCO and CALIMA trials and subsequent BORA extension trial) (182, 183,252) and COPD
(GALATHEA and TERRANOVA trials) (186) along with additional real-world (253, 254) and
postmarketing data provides insights into the potential risks of eosinophil depletion. In the asthma
studies, treatment with benralizumab was well-tolerated, with overall adverse event types and fre-
quencies similar to those of placebo. The additional 56 weeks of benralizumab exposure as part
of the BORA extension study likewise did not highlight any new safety concerns, providing ad-
ditional reassurance. Evidence of malignancy was assessed by an independent safety event adju-
dication committee throughout the benralizumab phase 3 asthma program. The incidence rates
of malignancy in the benralizumab treatment arms of the one-year placebo-controlled trials and
56-week extension period were 4/1,663 (0.2%) and 12/1,576 (0.8%), respectively (182, 183, 252).
The incidence of malignancy for patients continuously exposed to benralizumab from the start
of the controlled treatment period through the end of the extension period (up to two years) was
8/1,030 (0.8%), and there were no clear trends in organs or tissue types affected.

The two 56-week, placebo-controlled COPD trials of benralizumab, GALATHEA and
TERRANOVA (186), included 2,792 patients, and the reported malignancy rates were 1.7% in the
benralizumab arm and 2.1% in the placebo arm. Importantly, the subjects recruited to the COPD
studies were at intrinsically higher risk of malignancy than those in the asthma studies, both being
older (mean age 65 years as compared to 49 years) and having significant smoking histories. In-
deed, a third of the subjects were active smokers at the time of recruitment, while fewer than 1%
of the asthma subjects were current smokers. Yet, caution is needed when interpreting these fig-
ures, as observation times were comparatively short and statistical power for rare events is lacking.
The extended COLUMBA (255) study of mepolizumab in severe asthma offers some additional
reassurance in this regard, with no specific concerns relating to malignancy or infection identified
following the treatment of 347 patients for an average of 3.5 years (4.5 years maximum), albeit
eosinopenia was incomplete (i.e., absolute blood count did not fall to zero) in this study. Finally,
postmarketing data (while naturally limited by a dependence on continuous reporting) include
only 17 cases of spontaneous malignancies worldwide during more than 35,000 patient-years of
exposure since launch (247).

The potential diminution of antihelminth defense with anti-IL-5 or anti-IL-5R monoclonal
antibodies has also been a concern for clinicians, especially in regions where such infections are
endemic. However, no helminth infections were reported for the phase 3 and extension studies.
Importantly, CALIMA/SIROCCO included almost 500 subjects from South American countries,
including Argentina (z = 269), Brazil (n = 36), Chile (# = 31), and Peru (n = 97), as well as subjects
from other countries with a high incidence of helminth infections, including the Philippines (z =
61), Vietnam (z = 15), and South Africa (z = 26). In addition, evidence that eosinophil depletion
might impair antiviral responses is lacking; there is a similar rate of herpes zoster infection (0.5 %)
in the placebo and benralizumab arms of the SIROCCO/CALIMA studies. No safety concern
has yet been reported for patients with corona virus disease 2019 (COVID-19) and eosinophilic
disease, including those on anti-eosinophil therapy (49).
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Monoclonal antibodies, such as mepolizumab and benralizumab, are transported across the
placenta during the third trimester. The consequences of therapeutic eosinophil ablation with
these agents for the developing human fetus are largely unknown. In a long-term safety trial of
mepolizumab for HES, one patient gave birth to a healthy neonate (256). A pre- and postnatal
study of benralizumab in cynomolgus monkeys found no evidence of fetal harm following expo-
sures up to 310 times higher than the licensed human dosage (247). Postmarketing surveillance
studies investigating pregnancy and infant outcomes for women exposed to mepolizumab and
benralizumab are currently ongoing.

4.2. Mouse Versus Human Eosinophil Knockout

How does one align the seemingly contradictory findings discussed herein that eosinophils have
a role in health but that their therapeutic depletion in humans does not appear to cause harm?
One possibility is that the former is largely derived from murine studies and that the translational
significance of these insights to humans remains questionable. Another is that there is sufficient
redundancy within the immune system to counteract drug-induced eosinopenia.

Several caveats should be considered regarding the disparities between studies of eosinophil
depletion in humans and the roles of eosinophils in health and disease in animal models. First
and foremost, the animal models of IL-5 antibody treatment and use of IL-5~~ or IL-5Ra~/~
mice faithfully predicted a role for eosinophils in certain models of EADs. Similar to the case of
incomplete eosinophil deficiency in IL-5-deficient mice, biologics targeting IL-5 (mepolizumab
or reslizumab) failed to achieve full depletion of eosinophilia in inflamed tissues (163). Therefore,
some conclusions derived from mepolizumab or reslizumab studies with regard to the relative
contribution of eosinophils to disease phenotype and activity may not apply to benralizumab or
lirentelimab, as the former two may not represent an ideal model of eosinopenia in humans. This
is particularly relevant given that eosinophils can survive in tissue without IL-5 and may leave
behind cell-free granules that continue to inflame.

The goal of the human studies presented herein for these biologics has been to treat EADs
and ensure safety in treatment and placebo cohorts. Here the data are quite similar to those for
mice. Eosinophil-depleted mice, whether eosinophil depletion is congenic or induced, do not de-
velop significant ill health simply due to the absence of eosinophils. For example, the findings
with benralizumab strongly suggest eosinophil depletion is unlikely to trigger or enable cancers
and that the role of eosinophils in immunosurveillance of cancer is not critical. This would be
in agreement with studies in animal models, as eosinophil-deficient mice do not spontaneously
develop cancer. Rather, for both mouse and human studies, one would be required to ask what
the role of eosinophils is in disease settings such as bladder, pancreatic, and intestinal cancers,
where eosinophils are a significant infiltrate, and specifically include assessment of the association
between eosinophil counts and activation with patient outcome among primary study end points.
Therefore, the existing studies are excellent evidence that eosinophil depletion in and of itself does
not potentiate ill effect, yet the role of eosinophils in a variety of diseases, particularly non-EADs,
requires additional consideration and longer-term studies to clarify nuances in diseases that may
take decades to develop in predisposed individuals.

4.3. Eosinophil-Independent Eosinophilic Diseases

Despite the demonstrable benefit of eosinophil depletion in clinical trials, a substantial number
of patients with the same diseases targeted in those trials do not respond to eosinophil deple-
tion. These can be categorized as (#) cases where eosinophil depletion in tissue does not occur
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or is incomplete and (b) cases where eosinophils are depleted but pathologies and symptoms per-
sist. Limited depletion of tissue eosinophilia may occur due to downregulation of IL-5Ra, IL-
5—independent eosinophil development and survival, and/or impaired ADCC mechanisms (67).
In the case of apparent eosinophil-independent disease mechanisms, the quantity of eosinophils
in tissue may not be correlated with their contribution to the immune and inflammation re-
sponses. If, for example, eosinophils display predominantly immune regulatory or immune sup-
pressive activities in a given disease, very few eosinophils may be required to mediate large ef-
fects. The lack of efficacy of eosinophil-targeted therapy in such instances would therefore not
signify that eosinophils do not have a major (albeit regulatory) role in pathogenesis. Yet, when
eosinophil depletion is complete, the role of eosinophils may be more nuanced or indeed irrel-
evant. Several scenarios may occur that include occult eosinophil activities, such as persistence
of cell-free granules that mediate some level of effector functions in the absence of eosinophils,
giving the impression of inflammation that is eosinophil independent. Conversely, eosinophils
may indeed be irrelevant to disease progression and not primary promoters of the inflamma-
tory process; rather, cells such as ILCs and T cells may predominate. This may help explain the
mixed results of eosinophil-depleting therapies in asthma, atopic dermatitis, COPD, CRSwNP,
and EGIDs. EGPA pathology spans both allergic, eosinophil-mediated mechanisms and vasculitic
mechanisms, with eosinophil depletion not necessarily addressing the latter in cases nonresponsive
to anti-IL-5 or anti-IL-5R therapies. Finally, the remodeling that generates significant symptoms
in some diseases, such as EoE and severe chronic asthma, may be irreversible at some disease
stages; thus, removing the effector cells of the disease is a belated effort. In such cases, phys-
ical treatment, such as bronchoplasty and esophageal balloon dilation in asthma and EoE, re-
spectively, relieves symptoms. Furthermore, it is possible that future trials combining anti-IL-5
therapies with other biologics, such as dupilumab, will enhance improvement of symptoms and
pathologies.

5. FINAL REMARKS

Significant gains have been made translating findings in mice to treatment of eosinophilic dis-
eases in humans. IL-5- and IL-5R—targeted therapies are effective in a number of patients with
EADs and have a good safety profile in humans. As in mice, the dependence of eosinophils on IL-5
is incomplete in humans, providing a partial explanation of the reduced ability of mepolizumab
and reslizumab to produce true eosinophil knockout humans. Notably, benralizumab and lirente-
limab, which bind IL-5Ra and Siglec-8, respectively, kill eosinophils, thereby generating a near—
eosinophil knockout human. These biologics permit insights into the enigmatic role of the
eosinophil in humans, particularly regarding whether humans require eosinophils for health and
disease. Findings from these studies have proven that human eosinophils have a contributory
disease-causing role in a number of common and rare diseases, such as severe asthma and hy-
pereosinophilic diseases, respectively. These studies refute a key role for human eosinophils in
contributing to physiological health, as eosinophil knockout humans develop no overt disease
predispositions, although additional data are warranted. A caveat to the lack of adverse events
in humans is that clinical trials and postmarketing surveillance studies may have selection bias
for individuals with higher socioeconomic status (e.g., those with healthcare insurance) and thus
may not be applicable to other populations that may suffer from different diseases and/or mani-
festations, such as parasitic infections. We predict that eosinophil knockout humans will also help
stratify EADs into eosinophil-dependent and eosinophil-independent processes, and we anticipate
that this will lead to reclassification of at least some diseases formerly considered to be primary
eosinophilic diseases.
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1. Mouse models have paved the way for discovery of a variety of biologics that deplete
eosinophils in humans.

2. A new class of precision drugs, referred to as anti-eosinophil therapeutics, is available to
treat a variety of eosinophil-associated diseases.

3. These new anti-eosinophil biologics result in something close to an eosinophil knockout
human.

4. Animal models suggest that eosinophils participate in some homeostatic processes that
are made evident when challenged by external stimuli, injury, or disease.

5. Monoclonal antibodies targeting human eosinophils reduce asthma symptoms and exac-
erbations, as well as manifestations of a number of other eosinophil-associated diseases,
and their safety profile has no adverse events.

6. Despite the success of these monoclonal antibodies, human eosinophil depletion does
not reduce pathologies in all eosinophil-associated diseases, underscoring heterogeneous
and complex disease mechanisms.

7. Eosinophil knockout humans have no overt medical problems, suggesting that the pri-
mary role of eosinophils is promoting selective eosinophilic inflammatory diseases and
that eosinophils do not have primary roles in maintenance of health.

8. Itis unclear whether biologics can alter the outcomes of patients with non-eosinophil-
associated diseases that have an extensive eosinophil presence, such as cancer.
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