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Derived from the myeloid lineage, granulocytes, including basophils, eosinophils, and

allergic disease spectrum. While these cells and their mediators are commonly associ-
ated with allergic inflammation, they also exhibit several functions either promoting
or restricting tumor growth. In this Position Paper we discuss common granulocyte
and mast cell features relating to immunomodulatory functions in allergy and in can-

cer. We highlight key mechanisms which may inform cancer treatment and propose
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pertinent areas for future research. We suggest areas where understanding the com-
munication between granulocytes, mast cells, and the tumor microenvironment, will
be crucial for identifying immune mechanisms that may be harnessed to counteract
tumor development. For example, a comprehensive understanding of allergic and im-
mune factors driving distinct neutrophil states and those mechanisms that link mast
cells with immunotherapy resistance, might enable targeted manipulation of spe-
cific subpopulations, leading to precision immunotherapy in cancer. We recommend
specific areas of investigation in AllergoOncology and knowledge exchange across
disease contexts to uncover pertinent reciprocal functions in allergy and cancer and
allow therapeutic manipulation of these powerful cell populations. These will help

address the unmet needs in stratifying and managing patients with allergic diseases

and cancer.

KEYWORDS

1 | INTRODUCTION

AllergoOncology is an emerging multi-disciplinary field that strives
to unravel the links between cancer and allergy.! Allergies are tra-
ditionally linked to Type 2 granulocyte colony-stimulating fact
(Th2) responses, however, different disease endotypes often relate
to Type 1 (Th1) or Type 3 (Th17)-driven pathophysiological mech-
anisms.? Unravelling diverse functions of immune cells within the
wide range of allergic and malignant diseases presents significant
challenges.

Granulocytes, including basophils, eosinophils, and neutro-
phils, together with mast cells, are key immune cells contributing
to several allergic conditions, via multiple, significantly differing,
roles across disease pheno-endotypes. In principle, activated in re-
sponse to allergens, mast cells and basophils release inflammatory
mediators, leading to the characteristic allergy symptoms and plays
roles in tissue remodeling, contributing to chronic allergic inflam-
mation. Eosinophils contribute to tissue damage and inflammation
through granule protein and lipid mediator release, and neutrophils
are involved in late-phase allergic reactions and chronic allergic in-
flammation.® While these cells and their mediators are commonly
associated with allergic diseases and response to infections, includ-
ing in anti-parasitic immunity, they have also been ascribed several
tumor-promoting and contrastingly, tumor-restricting activities.*
The complexity and heterogeneity of mechanisms underlying aller-
gic diseases, translate into disparate effects in relation to cancer, in
keeping with the diverse environments across cancer types and an-
atomical locations in which these cells reside or are recruited. Thus,
we propose that the field requires detailed study of granulocytes
and mast cells in the wider allergy and cancer contexts to help un-
cover key and reciprocal roles in disparate disease settings.

In cancer, the pro- or anti-tumor functions of granulocytes, mast
cells and their subpopulations can be heavily influenced by the origin
and anatomical location of the cancer and the immune contexture of

AllergoOncology, allergy, basophils, cancer, eosinophils, granulocytes, mast cells, neutrophils

the tumor microenvironment (TME).> Allergy diagnosis tests, such
as the basophil activation test (BAT), have been increasingly applied
in oncology to evaluate hypersensitivity to therapeutic agents, such
as chemotherapies and biologics.6 Markers of neutrophil, eosinophil
and basophil activation have also been studied in oncology to eval-
uate immune responses, including in the TME. Current knowledge
of tumor immune surveillance and a wide range of immunomodulat-
ing roles attributed to different granulocyte populations has been
applied to develop anti-tumor therapies. Personalized medicine in
AllergoOncology therefore aims to enhance anti-tumor functions of
granulocytes and mast cells, while moderating their pro-tumor func-
tions for the development of promising therapeutic cancer strategy.”

In this Position Paper, we extract the current state of the art
knowledge on common features of granulocytes and mast cells and
their immunomodulatory functions in allergy and in cancer, and
highlight several juxtaposing roles. We discuss the unmet needs in
this emerging field and propose specific areas to focus research.
Drawing from these insights, the knowledge exchange in the differ-
ent disease contexts is expected to provide novel markers and con-
tributions of these cell populations to address the unmet needs and

future directions in the field of AllergoOncology.

2 | GRANULOCYTES AND MAST CELLS:
BIOLOGICAL ATTRIBUTES IN IMMUNE
DEFENSE AND ALLERGY

Neutrophils, eosinophils, basophils and mast cells are derived from
the myeloid lineage. They are characterized by the presence of
cytoplasmic granules and vesicles containing various effector mol-
ecules and a multilobulated nucleus. While neutrophils, eosino-
phils and basophils differentiate and mature in the bone marrow
and represent the most abundant cell type in peripheral blood
(i.e., polymorphonuclear leukocytes), mast cell progenitor cells
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circulate from the bone marrow to various strategic tissues where
under the influence of stem cell factors locally produced by many
cells in the tissue, they differentiate into mature mast cells. Thus,
they are found in nearly all human tissues (being CD117/c-Kit and
tryptase their best immunohistochemical markers), but particu-
larly abundant in the skin and mucous membranes, predominantly
near blood vessels and nerves.® Differentiation of granulocyte
subtypes and mast cells is regulated by different lineage-specific
cytokines and depends on a network of regulatory factors in-
cluding transcription factors, microRNAs, and long non-coding
RNAs (i.e., IL-5, IL-3, IL-33, and granulocyte-macrophage colony-
stimulating factor (GM-CSF) signaling).’

Several morphologically and functionally distinct granulocyte
populations according to characteristics of their cytoplasmic con-
tent: neutrophils, eosinophils, and basophils, represent 40%-60%,
1%-4% and <1% of circulating leukocytes, respectively.3 Mature
granulocytes and mast cells express a wide array of surface mol-
ecules involved in differentiation, migration, survival, and ac-
tivation.!°*2 The life span of granulocytes is <24h and can be
extended when these cells have migrated in tissues, while that
of mast cells can be several months. Several chemotactic factors
can influence granulocyte migration, depending on the dynamic
changes within a tissue microenvironment (i.e., members of the
eotaxin family and IL-5 for eosinophils).'® Furthermore, circadian
rhythms (i.e., biological timing mechanisms that generate 24-h/
daily rhythmicity of biochemical, physiologic, and behavioral func-
tions) influence cellular and humoral components of the immune
system, with granulocytes exhibiting circadian oscillations in their
numbers in blood in humans.** In homeostasis, neutrophil infil-
tration into most tissues is circadian, but not in the intestine or
the liver. Neutrophils perform different functions in a circadian-
independent manner, that is, in the intestine, they control gran-
ulocyte colony stimulating factor (G-CSF) production to mobilize
hematopoietic stem cells (HSCs). Nevertheless, in other tissues
they regulate circadian processes, such as transcriptional pro-
grams and tumor invasion in the lung.’® The circadian influence
in other tissues is not well-defined.® Existing evidence indicates
that the circadian clock functions as a gate that governs many as-
pects of the cancer-immunity cycIe.17’18

Granulocytes and mast cells respond to different stimuli such
as 1gG and/or IgE-mediated activation, cytokines, neuropeptides,
danger-associated molecular patterns (DAMPS) or alarmins, com-
plement and hypoxic conditions. This is mediated by a broad array
of pattern recognition receptors (PRR, like Toll-like receptors
(TLRs), nucleotide oligomerization domain (NOD)-like receptors
(NLRs) and retinoic acid-inducible gene-l (RIG-I)-like receptors
(RLRs)), complement and Fc receptors that can influence their
participation in immune responses (Table $1).1°7*2 Although some
differences among granulocyte subtypes and mast cells exist,
granules mainly contain serine proteases, acid hydrolases, cationic
proteins, metalloproteases, and others for example, histamine,
heparin, and proteases, rapidly released upon cell activation. In
addition, leukotrienes, prostaglandins and an array of chemokines
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and cytokines are newly synthesized and released following cell
activation (Table S2). Moreover, neutrophilic and eosinophilic
granulocytes have nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity which can produce toxic oxygen rad-
icals. Following activation, the granule content can be released
via three main mechanisms: exocytosis, piecemeal degranulation
and cytolysis. Exocytosis is the release of granule or vesicular con-
tents, into the extracellular space resulting from the fusion of the
granule directly with the plasma membrane (classical exocytosis),
or from intracellular granule-granule fusion prior to interaction
with the plasma membrane (compound exocytosis). Piecemeal
degranulation occurs when activated cells selectively release
granule contents, such as cytokines and other granule proteins,
while remaining viable, that is, do not empty as completely or as
explosively as would be anticipated if exocytosis is taking place.
Finally, cytolysis is also classified as a form of degranulation be-
cause the release of intact cell granules can occur (p.e., neutrophil
and eosinophil extracellular DNA traps release).*>'*® Such variety
of secreted mediators help potentiate a wide range of functions
through different pathways: damaging and killing of pathogens
(intracellularly or extracellularly), activation of the endothelium
and regulation of trafficking and activity of other leukocytes (i.e.,
promoting recruitment and activation of monocytes and dendritic
cells (DCs), T cells, neutrophils, and Natural killer (NK) cells early in
infections®), contribution to tissue-remodeling upon infection, and
influencing both innate and adaptive immune responses, as well
as hematopoiesis.9 IgE-mediated and TLR-mediated mast cell re-
sponses can mobilize DCs to migrate to lymph nodes, promoting T
cell-DC interaction and Th2 polarization.'®!! The complexity and
heterogeneity of these mechanisms translate to disparate effects
and consequences of granulocytes and mast cells in relation to
allergies and in different cancers (Figure 1).

Neutrophils, as the most abundant leukocytes of innate immu-
nity, rapidly respond to tissue injury and infection via a multitude
of functions due to their panoply of preformed cytolytic granules
(Table S2). Their main immune functions comprise degranulation,
phagocytosis, and the release of neutrophil extracellular traps
(NETs) or NETosis. Neutrophils can also present cognate antigen
to T cells and can also mediate antibody-dependent cellular cy-
totoxicity (ADCC), mainly via IgG and IgA antibodies whose Fc
receptors are expressed on the cell surface.? Eosinophils, pres-
ent in low levels in the periphery, have also relevant cytotoxic
effects to pathogens (including helminths, bacteria, viruses, and
fungi), tumor cells and respiratory epithelial cells. Upon parasitic
infections, eosinophils can play both anti- (directly or by enhanc-
ing adaptive immune response through antigen presentation)
or pro- pathogen roles (i.e., in Trichinella spiralis infection and
Heligmosomoides polygyrus).?® Eosinophil extracellular traps (EETs)
have a protective effect by limiting the migration of pathogens
and antimicrobial activity to a controlled range. Multiple clinically
relevant allergens trigger EET formation. Chronic inflammation
can lead to the overproduction of EETs, which can induce and

exacerbate allergic asthma through multiple mechanisms.?!?2
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FIGURE 1 Granulocytes and mast cells: Main traits and functions in allergy and cancer. Key examples of similar and distinct roles of
mast cells, eosinophils, basophils, and neutrophils in the different contexts of allergy and cancer. AERD, aspirin-exacerbated respiratory
disease; APC, antigen presenting cell; BAL, bronchoalveolar lavage; BAT, basophil Activation Test; CRS, chronic rhinosinusitis; CSU, chronic
spontaneous urticaria; DAMPS, danger associated molecular patterns; ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin;
EET, eosinophil extracellular trap; EPX: Eosinophil peroxidase; Gl, gastrointestinal; Igs, immunoglobulins; IL, interleukin; MBP, major basic
protein; MDP-2, myeloid differentiation protein-2; NETosis, formation of neutrophil extracellular trap; NK, natural killer; NLR, neutrophil-to-
lymphocyte ratio; ROS, reactive oxygen species; TAN, tumor associated neutrophil; TATE, tumor-associated tissue eosinophilia; TLR, toll-like
receptor; TME, tumor microenvironment.

Among them they can activate pulmonary neuroendocrine cells the autotaxin and lysophosphatidate (ATX-LPA) signaling axis has
via the CCDC25-ILK-PKCa-CRTC1 pathway, which is potentiated been described.?® Due to overexpression of ATX, the ATX-LPA
by eosinophil peroxidase (EPX), subsequently amplifying allergic axis plays a crucial role in cancer cell proliferation and growth,
immune responses via neuropeptides and neurotransmitters. With motility, invasion, and tumor tissue angiogenesis and therapy out-
this, EETs integrate immunological and neurological cues to drive come in different cancer types, such as glioblastoma, melanoma,
asthma progression. Very recently, a link between eosinophils and liver, breast and renal cancers.?*2¢ Recently, ATX-LPA signaling
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was shown to shape the TME by inhibiting eosinophil recruitment,
resulting in increased tumor growth in pancreatic ductal adeno-
carcinoma (PDAC).?” In addition, eosinophils have been reported
to play a role in immunoregulation (interacting with a variety of
immune cells such as T cells, MCs, DCs, and B cells), tissue homeo-
stasis, wound healing and tissue remodeling.?%%® Mast cells and
basophils contribute to allergic reactions and anaphylaxis often,
but not exclusively, mediated by IgE. Basophils are the rarest
granulocytes but with many similarities with tissue-resident mast
cells'?) which constitutively express high levels of the tetrameric
high-affinity IgE receptor FceRI. Eosinophils also express trimeric
FceRI, but at much lower levels and predominantly intracellularly.
Allergen-IgE-FceRI cross-linking induces cell activation leading to
allergic symptoms and initiation of inflammatory reactions due to
the release of an array of acute and delayed inflammatory medi-
ators (Table S1). Basophils are primed by and secrete IL-3 which
supports their development and functions in allergic diseases.’®
During basophil degranulation, activation markers, such as CD63
and CD203c are upregulated, as measured by flow cytometry (i.e.,
BAT).2? Upregulation of CD63 is reported to directly correlate
with histamine release and inversely correlate with intracellular
diaminoxidase.3%%! Like BAT, passive mast cell activation test ((p)
MAT) is a tool to measure mast cell activation by different allergen
sources, including drugs,®? but is executed with human mast cells
derived from healthy donor peripheral blood CD34" progenitor
cells or LAD2 cell lines, sensitized overnight with patient sera.
Afterwards cells are challenged with the antigen/allergen of in-
terest and cell activation is assessed. This method is particularly
relevant because cell activation through newly uncovered mast
cell surface receptors, such as Mastocyte-related G-protein cou-
pled receptor (GPCR) member X2 (MRGPRX2) which respond to
small molecules and basic peptides independently of IgE, can be
analyzed. Recent detection of these receptors has broadened the
possibilities of potential interactions between mast cells and the
TME.23 Furthermore, the capacity of mast cells for antigen sensing
has recently been linked to allergen avoidance behavior.3*%°

In neutrophils, FcyR expression, especially the low affinity
FcyRIlIb, has been reported to play an important role in anaphy-
laxis.2® Neutrophils also contribute to the development and pro-
gression of allergic diseases®’ including allergic asthma®® (Figure 1).
Neutrophils and neutrophil-derived products influence the underly-
ing allergic type 2 immune response and the cardinal features of al-
lergic asthma.®” Studies depicting neutrophils as biomarkers during
allergic development, exacerbation, and as part of pathogenesis are
sparse. Neutrophil FceRI expression has been reported to be mini-
mal at most in both patients with asthma and non-allergic individuals
and consequently not regulated by serum IgE, unlike other human
FceRI™ cells.*® However, rhinovirus infection is reported to drive
dsDNA release, associated with NETs and induction of type 2 immu-
nity, leading to asthma exacerbation***?; and neutrophils have been
defined as biomarkers for non-type 2 asthma, referred to as neutro-
philic asthma, and activated neutrophil subsets (CD16"&" CD62L4™)

are increased in blood and nasal fluids of allergic patients during the

pollen season.*®

3 | GRANULOCYTES AND MAST CELLS IN
AllergoOncology

3.1 | Mastcells: allergic inflammatory cells with
increasingly appreciated roles in cancer

Alongside their widely described roles in allergic diseases, multiple
danger signals based on endogenous DAMPs or alarmins (e.g., IL-33,
Thymic stromal lymphopoietin (TSLP), Adenosine triphosphate (ATP),
DNA/CpG motifs, high mobility group Box 1 (HMGB1)), adenosine,
hypoxia, and low pH in the TME activate mast cells to discharge their
mediators with disparate pro-tumorigenic or anti-tumor activities.**
As aresult, both positive and negative impacts of mast cells in cancer
have been increasingly recognized (Figures 2 and 3, Tables 1 and 2).
Their roles in cancer growth and expansion remains controversial,
with beneficial and detrimental effects reported in different cancer-
specific contexts and likely related to different characteristics such
as the anatomical location of the tumor, the specific cancer type, and
the inflammatory conditions of the TME.*®

Mast cell infiltration (mast cell density, MCD) has been associ-
ated with enhanced cancer growth and clinical therapy resistance in

solid tumors (Tables 1 and 2), including melanoma,46 breast cancer,47

),*8 prostate cancer,*’ and col-

non-small cell lung cancer (NSCLC
orectal cancer (CRC).*° Furthermore, increased numbers of tumor-
infiltrating mast cells (TIMs) were found in skin tissue of patients

with primary cutaneous lymphoma,>*

patients with progressive
cutaneous lymphoma compared to patients with a stable course,
and in patients with the most severe cutaneous T-cell lymphoma.
An autocrine/paracrine loop between SCF'/c-Kit* mast cells has
been described to promote cutaneous melanoma progression,52
Contrastingly, positive associations with survival have also been re-
ported in various cancers®®™>° (Table 1). Conditions with both ele-
vated mast cells and increased blood vessel density could indicate
areas of mast cell release of vascular endothelial growth factor A,56
and recruitment of effector cells into tumor tissues. In childhood
classical Hodgkin lymphoma, mast cell, eosinophil and B cell signa-
tures were enriched, whereas macrophage and stromal signatures
were more prominent in adult disease, opening an opportunity for
risk-stratification at diagnosis.”” Not only the abundance but the
phenotype/signature of TIMs, that is, activated vs resting for in-
stance, seem to determine the positive or negative effect towards
cancer.

Communication of mast cells with tumor cells and other cells in
the TME may lead to changes in mast cell responses and differenti-
ation into different mast cell phenotypes.®®~° Particular mast cell
gene signatures have been identified in certain tumors, such as head

and neck squamous cell carcinoma,®* lung adenocarcinoma,®? and
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FIGURE 2 Granulocytes and mast cells in AllergoOncology. Composite schematic representing basophils, eosinophils, neutrophils and
mast cells and their key functions in allergy and in cancer. Each cell segment is shown with its respective membrane-bound receptors and
intracellular cytokines. With some differences among granulocyte subtypes and mast cells, the granules are mainly loaded with serine
proteases, acid hydrolases, cationic proteins, metalloproteases, and other proteins—For example, histamine, heparin, and proteases. In
addition, these cells can release leukotrienes, prostaglandins, and an array of chemokines and cytokines that are newly synthesized following
cell activation. Such variety of secreted mediators allow them to exert a wide range of functions: Damaging and killing of pathogens,
regulation of trafficking and activity of other leukocytes and contribution to tissue-remodeling. Granulocytes and mast cells express
different Complement and Fc receptors that can influence their participation in immune responses. In Allergy: Basophils, eosinophils,
neutrophils and mast cells are found in the allergic microenvironment; eosinophils are recruited towards chemoattractants to tissues,
depending on the dynamic changes within a tissue microenvironment; mast cells and basophils drive differentiation of naive T cells to Th2
and stimulate ILC2s; mast cell and basophil activation by allergen-IgE immune complex formation triggers release of mediators, including
histamine and chymase/tryptase; allergens can also stimulate neutrophil immune responses, especially through the low affinity IgG receptor
FcyRIlIb, they play a role in anaphylaxis but neutrophils contribute to the development and progression of allergic diseases, infiltrating

the airways and skin during allergen-induced late-phase-reaction and can serve as antigen-presenting-cells to allergen-specific CD4" T

cells. Furthermore, certain pollen species attract neutrophils to the airways where they internalize and degrade pollen allergen and induce
proliferation and cytokine production of specific effector T cells. Neutrophils, especially activated subsets, were found to be increased

in blood and nasal fluids from allergic patients during the pollen season. In Cancer: Basophils, eosinophils, neutrophils and mast cells are
found in the TME, and may be engaged and activated by anti-tumor antibodies; mast cells can selectively recruit NK cells and modulate their
function; granulocyte and mast cell numbers and activation can be associated with altered patient risk and prognosis (see Table 1); mast cell
infiltration into lymph nodes may be associated with cancer outcomes; granulocytes and mast cells release an array of mediators which may
be either pro- or anti-tumoral which is likely dependent on the particular TME. Neutrophils can also present cognate antigen to T cells and
can also mediate antibody-dependent cellular cytotoxicity (ADCC), mainly via IgG and IgA antibodies whose Fc receptors are expressed on
the cell surface. ILC, Innate Lymphoid Cell; NK, natural killer; TME, tumor microenvironment.
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Anti-tumoral

Adrenocortical carcinoma
Breast cancer
Cervical carcinoma
Colorectal cancer (CRC)
Gallbladder cancer
Hepatocellular carcinoma
Lung adenocarcinoma
Non-small cell lung cancer (NSCLC)
Ovarian cancer

Tumour
Microenvironment
(TME)

Bladder cancer
Breast cancer
Cholangiocarcinoma
Lung cancer

Colorectal cancer
Glioblastoma
Ovarian cancer
Breast cancer
Endometrial cancer
Lung cancer
Sarcoma

Wi LEYJﬁ

Pro-tumoral

Cervical carcinoma
Colorectal cancer (CRC)
Cutaneous lymphoma
Esophageal cancer (EC)
Head and neck squamous cell carcinoma
Gastric cancer
Thyroid cancer
Prostate cancer
Classic Hodgkin lymphoma
Muscle-invasive bladder cancer
Ovarian cancer
Metastatic uterine carcinosarcoma

Metastatic renal cell carcinoma
Rectal cancer
Hepatocellular carcinoma (HCC)
Intrahepatic cholangiocarcinoma (ICC)
Head and neck cancer (HNC)
Non-small cell lung cancer (NSCLC)
Renal cell carcinoma (RCC)

— Gastric cancer
Prostate cancer

Bladder cancer
Hodgkin Lymphoma

PN e
{Key; //‘Neutrophil @j@Eosinophil };/V}Cancer cell
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ey * "\ Yin and yang of anti-/pro-
: Mast cell Q tumoural activity

FIGURE 3 Pro-tumoral and anti-tumoral roles of granulocytes and mast cells in cancer. Key examples of the “yin and yang” anti-/pro-

tumoral activities associated with granulocytes and mast cells within the tumour microenvironment (TME) of different cancers. Basophils
and mast cells exhibit both anti- and pro-tumoral influences within the TME of certain cancers, whilst eosinophils and neutrophils largely
play solely anti- and pro-tumoral activities in the TME of certain cancers, respectively.

adrenocortical carcinoma,®® to be associated with prognosis and im-

munotherapy response.

3.2 | Eosinophils and their possible roles in cancer
Studies on eosinophils have mainly focused on their role in helminth
infections and allergic diseases, but peripheral eosinophilia in cancer
patients has been documented for over 120years (Figure 1). In lung
cancer, CRC and melanoma, eosinophil infiltration in the TME (i.e.,
tumor-associated tissue eosinophilia (TATE)) is likely partially de-
pendent on signaling through the IL-5 receptor (IL-5R) alpha-CCR3
signaling axis.%* In addition, IL-25 and IL-33 regulate IL-5 production
by innate lymphoid cells (ILCs) and may affect eosinophil priming and
migration into lungs that harbor metastases.®® Eosinophils are also
recruited to regions of dying cells and hypoxia within tumors when
DAMPs, such as HMGB1 and IL-33, are present. This process can be
triggered by the expression of CCL-13 and CCL-4 by HMGB1, and
by the expression of CCL-11 by IL-33, as potent inducers of type 2T
helper cells (Th2). Recent studies have shown that the microbiota
can also influence eosinophil migration to the TME.®4%¢

Both TATE and peripheral blood eosinophilia have been as-
sociated with both favorable and poor prognosis in different
disease contexts and model systems (most recent human epide-
miological studies are summarized in Table 1 and Figure 3) and
immunotherapy outcome (Table 2).64%7-%? However, most of the
evidence comes from exploratory studies with small numbers of
patients where eosinophil counts from different samples were
calculated. Thus, systematic analyses of eosinophil phenotypes
are needed for clarification of their role. There has been also con-
troversy regarding the role of eosinophils in the TME, being the
interplay eosinophils-adaptive immune response key in decrypt-
ing their effect on cancer.® A given microenvironment does not
instruct eosinophils to perform a single and rigid end-stage func-
tion. Distinct eosinophil subpopulations have been described in
the context of allergy and cancer in mice and humans, with dif-
ferent phenotypes for those populations recruited to the TME
compared with the tissue-resident subsets. For instance, there
is a general heterogeneous transcriptome signature between
colitis-associated cancer eosinophils compared with normal
colonic eosinophils in mice, indicating plasticity in the eosino-
philic response, as is already demonstrated for macrophages and
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(Continued)

TABLE 1

Tumoral effect
(anti/pro)

References

Impact on prognosis and/or cancer risk

Cancer type

Biomarker

Cell type

217

High neutrophils: adverse prognostic factor

High NLR predict for poor OS

Pro-tumoral

mRCC

Neutrophil blood count (NBC)

Neutrophils

119,120

Pro-tumoral

Rectal cancer

Neutrophil-to-lymphocyte ratio (NLR)

218

High TAN adverse prognostic effect. High levels of intra-tumoral
neutrophils are associated with unfavorable recurrence-free,

cancer-specific and OS

Pro-tumoral

Hepatocellular

Tumor-associated neutrophils (TANSs)

carcinoma (HCC)

Intrahepatic

Cholangiocarcinoma

(ICC)

Head and Neck
Cancer (HNC)
NSCLC

RCC

PASCAL ET AL.

Abbreviations: CC, cervical carcinoma; CRC, colorectal cancer; DFS, disease free survival; EC, esophageal cancer; ELR, eosinophil-to-lymphocyte ratio; EOS, eosinophils; GBC, gallbladder cancer;
GC, gastric cancer; HNC, head and neck cancer; ICC, intrahepatic cholangiocarcinoma; MC, mast cell; MCD, mast cell density; MCps, circulating mast cell progenitors; mRCC, metastatic renal cell

carcinoma; NBC, neutrophil blood count; NLR, neutrophil-to-lymphocyte ratio; NSCLC, non-small cell lung cancer; OC, ovarian cancer; OS, overall survival; PC, prostate cancer; PDAC, pancreatic ductal
adenocarcinoma; PFS, progression-free survival; PNE, post-operative number of eosinophils; SAR, survival time after recurrence; TANs, tumor-associated neutrophils; TATE, tumor-associated tissue

eosinophilia; TIEs, tumor-infiltrating eosinophils; TILs, tumor-Infiltrating lymphocytes; TIM, tumor-infiltrating mast cells.

neutrophils.”® In a mouse model of experimental asthma two dis-
tinct eosinophil populations, tissue-resident (CD125™MtSiglec-Fintc
D62L*CD101"°%) and recruited (CD125M €< Fhicpg21"CcD101M)
have been revealed. Studies in the lung also revealed a regulatory
phenotype for normal resident eosinophils (rEos) able to inhibit
allergen-loaded DC maturation. In contrast, recruited inflamma-
tory eosinophils (iEos) promoted a Th2 cell immune response,
that positively correlated with asthma.”* These regulatory pro-
cesses may also operate in the TME and the stimulatory state
of eosinophils, and their functions, are likely to be heavily influ-
enced by the anatomical location and inflammation conditions
across different tumor types.®” Recently, ultrastructural findings
of eosinophil clustering and ETosis add novel mechanistic in-
sights for eosinophil anti-tumoral activity.”? These differences in
eosinophil phenotype and functions in diverse TMEs should be
the focus of future systematic studies to clarify the controversy
surrounding the use of eosinophils as biomarkers for prediction
and prognosis in different cancer types.

3.3 | Presence and potential influence of basophils
in tumors

Although basophil activation states and functions can be influenced
by Th2-biased, and most likely alternative Th2 inflammatory signals,
which are known features of several tumor types, until recently
basophils have received little attention in cancer. This may be a re-
flection of their small numbers in the blood and the small tumor-
infiltrating basophil numbers as a proportion of lymphocytes.

In a limited number of studies, basophils have been identified in
the TME, of several tumor types including in lung adenocarcinoma
patient lesions,”® tumor-draining lymph nodes (TDLNSs) from PDAC
patients,74 and in tumors from mouse models of melanoma.”” More
recently, the presence of basophils and activated basophils in both
normal and malignant tissues were indicated by gene expression sig-
natures, including CCR3, CD123, FceRI, CD203c, and tryptase, and
in the case of ovarian cancer were confirmed with protein detection
by immunohistochemistry (IHC) (Figure 1).%7¢ Of the cancers stud-
ied, cholangiocarcinoma, thymoma, renal, and pancreatic cancers
appeared to most clearly express basophil and activated basophil
signatures.®

Associations between patient survival outcomes and baso-
phils, and their activation state, have also been observed (Table 1;
Figure 3). Poor patient outcomes have been associated with greater
intra-tumoral basophil infiltration in gastric cancer,”’” and elevated
blood basophil counts in metastatic hormone-sensitive prostate
cancer.”® Furthermore, higher peripheral basophil counts were as-
sociated with worse response to anti-PD-1 inhibitor and chemo-
therapy combination treatment (Table 2), worse progression-free
survival (PFS) and overall survival (OS), as well as accumulation of
intra-tumoral basophils and M2 macrophages in gastric cancer.”?
Conversely, lower circulating basophil counts were associated

C80,81

with worse outcomes in patients with CR and glioblastoma.®?
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TABLE 2 Evidence on the roles of mast cells and granulocytes on immune checkpoint blockade (ICB) outcomes.

WiLEY- L2

Cell Effect on ICB outcome  Biomarker Cancer Model References
Mast Cells Resistance/Decreased Tumor infiltrating mast cells (TIMs, Early-stage lung adenocarcinoma 49
response molecular subtypes 1 and 2)
Activated mast cell density + Nrf2 Esophageal 189
mutation
Abundance stromal TIMs Ovarian 203
Activated TIMs and PD1+ TIMs Melanoma 2
Increased response Resting TIMs NSCLC 15
Eosinophils Positive response Eosinophilia/AEC Metastatic melanoma (including in stage 1V) 2200223
Several tumor types 228
mRCC 225
Intratumoral eosinophil Solid tumors E8
accumulation
Neutrophils Lower response rate Elevated neutrophil-to-lymphocyte Melanoma 226
(NLR) ratio NSCLC 122
Responders Decrease in Neutrophil-to- mRCC 108,118
eosinophil (NER) ratio
Reduced efficacy IL-8 in serum Four phase 3 clinical studies: CheckMate 227
067 (melanoma); CheckMate 017 (squamous
NSCLC); CheckMate 057 (nonsquamous
NSCLC); and CheckMate 025 (RCC)
228

Positive response
IFN-gene signature)

Sell state neutrophil (enhanced

Lung adenocarcinoma (mouse model)

Abbreviations: AEC, absolute eosinophil count; ICB, immune checkpoint blockade; NER, neutrophil-to-eosinophil; NLR, neutrophil-to-lymphocyte;
nsgNSCLC, nonsquamous NSCLC; sqNSCLC, squamous NSCLC; TIMs, tumor infiltrating mast cells.

Similarly, in ovarian cancer, higher numbers of circulating basophils
and basophils with greater capacity for ex vivo stimulation, as well
as higher expression of gene signatures denoting activated basophils
(CCR3, CD123, FceRI, CD63, CD203c, with or without expression
of tryptase) in the TME have all been shown to be associated with
improved survival outcomes.”® Similarly, higher expression of gene
signatures for activated basophils in tumors were associated with
greater survival in endometrial cancer and sarcoma, but with worse
outcomes in gastric cancer (epidemiological studies of basophils in
cancer are summarized in Table 1). Overall, basophils in the circula-
tion and within the TME across different cancers, especially in their
activated states, may contribute to anti-tumor immunity and patient
survival outcomes. The mechanisms through which basophils may
play a role in cancer are not well-understood. Activated basophils
may contribute to anti-tumor immunity by release of mediators, such
as granzyme B, TNF-a, and histamine. Furthermore, combined anti-
tumoral effects may result from crosstalk between basophils and
other immune cells. There is an urgent need to gain a more compre-
hensive view of their roles. Due to new developments whereby op-
timized BAT discriminates between allergic and merely sensitized/
healthy it seems to be a promising in vitro tool in studying basophils

83-85 and cancer patients by monitoring hypersensi-

in both allergic
tivity to chemotherapeutics and immunotherapies, and the progress
of therapeutic agent desensitization.”®®%%” Future studies are likely
to include greater elucidation of such mechanisms in specific cancers

and may utilize such in vitro tools.

3.4 | Neutrophils and their functions in cancer

Neutrophils are the most abundant circulating leukocytes in hu-
mans®’ and are known to infiltrate the TME.8 Neutrophils in cancer
were originally described either as anti-tumorigenic (termed N1 or
high-density neutrophils (HDN)), or pro-tumorigenic (termed N2 or
low-density neutrophils (LDN)). The cancer stage, the tumor type
and the local microenvironment are key determinants modulat-
ing neutrophil functions. Indeed, tumoricidal capacities of neutro-
phils may decline over time with tumor growth. Thus, neutrophils
may support features of cancer progression such as proliferation,
metastasis, angiogenesis, and immunosuppression through multiple
mechanisms, among which the role of NETs is growing. Tumors have
systemic effects that modulate NETosis. Cancer cells have been pro-
posed to recruit neutrophils to TME, where neutrophils are activated
to release NETs that can promote tumor growth, tumor progression,
metastasis, and tumor associated thrombosis.**®%° Nevertheless,
neutrophils present a higher heterogeneity and plasticity than pre-
viously appreciated,”>?? including in PDAC,”® melanoma, and lung
cancer.”*?> It is now accepted that different subsets of neutrophils
can have differential impact on oncogenesis and consequently on
patient survival following treatment’® (Tables 1 and 2). In TME, the
correlation between TANs and patient OS shows contradictory re-
sults, though most relevant data in human points at pro-tumoral ef-
fects.®® Moreover, the prognostic significance of TANs was thought
to be dependent on tumor histology, and their intra-tumoral or

85UBO1T SUOLUIOD SAITEID (e [dde ay) Ag pausenob a2 sapoie YO ‘8sh JO SajnJ o AreIqiT8UIUO A3]1/ UO (SUONIPUOD-PUR-SLUBIAL0D AS | IMAReid 1 pul|uo//SAny) SUonIpuoD pue swie | a1 885 *[9202/50/50] Uo Aeiqiauliuo A3|Im ‘(Pepiues ap OLBISIUIN) UOSIAOI] [UOTEN SURIUD0D UsIUedS Aq 9vZ9T |/e/TTTT OT/I0p/u0d A8 im Alelq 1 jpuljuo//sdny wolj pepeojumod ‘6 ‘vZ0Z ‘G66686ET



PASCAL ET AL.

BOX 1 Open questions and future insights on granulocytes and mast cell mechanisms to be explored in oncology

and ICB immunotherapy (IT)

Immune cell type

Mast cells

Eosinophils

Neutrophils

Oncology

Which mast cell activation mechanisms
can stimulate the recruitment and
pro-inflammatory functions of different
immune cells such as T cells, NK cells,
macrophages?

What are the regulatory checkpoints that
prevent mast cell anti-tumor functions?

Is the location of mast cells in the TME
significant in relation to the anti- or pro-
tumoral functions of these cells?

Are known mechanisms of eosinophil
recruitment to sites of allergic
inflammation (e.g., eotaxin-CCR3, IL-5,
CCL-5, CCL-11, IFNy) also relevant to
recruitment of these cells in the TME
to promote tumor-associated tissue
eosinophilia (TATE)?

Can mediators produced by eosinophils
in allergic inflammation via which
eosinophils exert cytotoxic effects
against parasites (e.g., MBP, EPX, IFNy,
TNF, IL-5, IL-33, and CCL-11) also kill
cancer cells?

EET are favored in chronic allergic
inflammation and they can also impact
neuroendocrine signaling; could this
influence the TME and eosinophil
phenotype and activation against cancer?
Which mediators (e.g., TSLP), and
mechanisms in the TME, influence
eosinophil plasticity towards a Th2
phenotype, tolerance (IL-4, IL-5, IL-10,
IDO, I1L-13) and tumor growth promotion
(e.g., EGF, FGFs, NGF, TGF-1, PDGF,
VEGFA)?

Identification of a robust mRNA
signature for eosinophils and their
activation states

Could differential levels of tumor-
associated neutrophils (TANSs) or
neutrophil-to-lymphocyte ratios

(NLR) contribute to disparate clinical
outcomes?

Could well-described neutrophil
mediators in allergic inflammation

(e.g., TGF-B, PGE2, neutrophil-derived
proteases, NE, MMP-9) promote cancer
growth?

Immunotherapy (e.g., ICBIT)

Can Histamine-HRH1 upregulation and its link to T cell
dysfunction implicate mast cells in ICB IT resistance?
Could H1-antihistamine treatment during IT help
improve clinical outcomes?

Could the balance of resting versus activated mast cell
subsets predict IT outcomes in different cancer types?
Could cancer associated antigen specific IgE
stimulation re-activate mast cell pro-inflammatory
functions in the cancer context?

Could B-tryptase or other released activation mediators
be useful biomarkers in monitoring toxicity to
chemotherapy and biological drugs?

Could eosinophil levels serve as biomarkers of response

to ICB or other IT and/or increased risk of toxicity?

e Does this apply to specific IT treatment?

e Is this predictive model confined to patients with
cancer types known to be responsive to IT?

e Could subsets of activated eosinophils help refine
predictive models?

What are the mechanisms of cross-talk between

eosinophils and other immune cells (e.g., IL-5, CCL-5

expressing CD8+ T cells; CCL-11 expressing CD4+ T

cells; CXCL-9 and CXCL-10 expressing macrophages)

that are critical for eosinophil-mediated anti-tumor

functions in IT?

Patients receiving eosinophil-depleting treatments

should be monitored for cancer prevalence

Can circulating neutrophil-to-lymphocyte ratio (NLR) or
neutrophil-to-eosinophil ratio (NER) offer more refined
predictive models for ICB response?

e Could these be combined with immunological
markers such as IL-8 or with neutrophil infiltration in
tumors?

Could IT influence neutrophil activation states in the

circulation and the TME?

Could an intervention that triggers a neutrophil pro-

inflammatory phenotype shift enhance IT response?

Could CAR neutrophils hold promise as a cancer IT

modality?

Could IgA class antibodies specific for cancer-

associated antigens shown pre-clinically to activate

and direct the power of neutrophils to kill tumor cells
by ADCC via engagement of Fca receptors emerge as
novel immunotherapy for patients with cancer?
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BOX 1 (Continued)

Immune cell type Oncology

WiILEY-L2®

Immunotherapy (e.g., ICB IT)

Basophils e Are basophils primed by known allergic e Are basophils stimulated by endogenous IgE reactive

inflammation signals (e.g., IL-3) in cancer
and could these signals influence their

activation and functions?

e Could Th2 mediators known to be

to anti-cancer drugs via their FceRI, leading to
degranulation and type | hypersensitivity?

e Could the BAT become a clinically used tool to be used
to predict allergic reactions to anti-cancer drugs?

released by basophils in allergic diseases, e Could the BAT become a clinically used tool to identify

(e.g., prostaglandins, leukotrienes, IL-4,
IL-13) influence the TME and basophil

activated basophils to predict prognosis and treatment
outcome?

phenotype and activation against cancer? e Is the phenomenon of basophil non-responsiveness

Unknown mechanisms e Do granulocyte populations, and
that may apply to all
granulocytes

which ones, alter their phenotypes
and shift their functions during cancer

in BAT the same in allergy and cancer and/or has it
pathomechanistic significance?

e [s an activated IFNy pathway important in the
contributions of different granulocyte populations to IT
response?

evolution? How does this fit within the
immunoediting hypothesis model? Could
different cell populations be involved in
preventing tumor growth during the early
disease stages, while being directed to
promote tumor expansion and metastasis

during advanced disease?
o |s there an IFNy signature for

granulocytes and their roles in cancer?
e What are the pertinent mechanisms by

which DAMPs (e.g., IL-33, ATP, DNA/
CpG motifs, HMGB1, GM-CSF) in the

clinical setting influence tumor growth by
promoting the survival of granulocytes

and modulating adaptive immune cells

within the tumor?

peri-tumoral localization. Possibly the discrepancy related to the
prognostic value most likely results from diverging methods applied
to define neutrophil subsets, highlighting the importance of ongo-
ing initiatives to adopt consensual nomenclature when investigating
these cells.88719% Future studies may focus on neutrophil pheno-
types and their potential for activation by anti-cancer therapeutics.

Some epidemiological studies defined neutrophil-to-lymphocyte
ratios (NLR) in the periphery as an independent factor to predict can-
cer risk and a strong prognostic determinant in many cancers, espe-
cially in advanced cancers.”””® NLR are associated with reduced OS
and PFS (reviewed by Ocana et al.?? and in Table 1).8? Furthermore,
formation of NETs has been demonstrated to predict the develop-

ment of disease progression in several cancer types.100

4 | GRANULOCYTES AND MAST CELLS IN
CANCER THERAPY: EFFECT ON IMMUNE
CHECKPOINT BLOCKADE (ICB) AND T CELL
THERAPY OUTCOMES

Immune checkpoint blockade (ICB) therapies have yielded significant
clinical benefits and durable responses in subsets of cancer patients.

Outcomes are likely affected by the complex TME, meaning that
not all patients benefit101-103 Interestingly, mechanisms underly-
ing resistance to therapy include suggested contributions of mast
cells, granulocytes, and their secreted mediators!©3104-19¢ (Box 1).
Histamine-HRH1 upregulation in the TME can induce T cell dysfunc-
tion and immunotherapy resistance; therefore, histamine release,
either from allergic responses or in response to cancer-associated
inflammation may be involved in immune regulation. Patients with
melanoma and lung cancer taking H1l-antihistamines during immu-
notherapy exhibited improved clinical outcomes. Therefore, anti-
histamines may achieve a reversal of Th2-skewed inflammation;
further studies may ascertain whether such interventions could help
overcome T cell exhaustion, reinforcing anti-tumor immunity.1°7-110
Mast cells may also provide a target of immune checkpoint blockade.
In a model of gastric cancer, inhibition of mast cell-associated PD-
L1 resulted in increased T cell activation and restriction of tumor
growth.!!?

The main evidence of the role of granulocytes and mast cells on
ICB outcome is summarized in Table 2. Mast cells, eosinophils and
neutrophils have been implicated in resistance to anti-PD1 therapy
as well as the occurrence of associated toxicities (immune-related

adverse effects, iRAEs). 104106110112 ghecific cell signatures and
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abundance in the TME seem to be relevant in several solid tumors
to predict therapy outcome and thus disease survival,10%104.113-115
Indeed, the relative numbers between neutrophils and eosino-
phils, and with lymphocytes, as well as the interaction with them
seems to be relevant. NLR and neutrophil-to-eosinophil ratio (NER)
have been proposed as prognostic indicators to identify respond-
ers for ICB.14128 Studies have shown that intratumoral eosino-
phil accumulation depends on CD4* and CD8" T cells expressing
IL-5, CCL-5 (in CD8* T cells), and CCL-11 (in CD4" T cells), as well
as IFNy. Furthermore, IFNy release by eosinophils was essential for
anti-CTLA-4 treatment-induced vessel normalization.'?’ In addi-
tion, IFNy-dependent chemokines CXCL-9 and CXCL-10 expressed
by macrophages were critical for the anti-tumor immune response
following dual blockade of PD-1 and CTLA-4, consistent with a re-
quirement for accessory myeloid cells in this process.64 Eosinophils
are showing promising results in chimeric antigen receptor (CAR)
T cell therapies, possibly given their support on T cell recruitment
and activation.®® Resistance associated with mast cells was also
demonstrated by improved efficacy of anti-PD-1 therapy following
depletion of mast cells from a mouse model of melanoma using c-kit
specific agents, sunitinib or imatinib.t3°

In the context of antigen-specific T cell immunotherapy, a study
conducted in a mouse model of melanoma revealed that resident
neutrophils can contribute to the killing of tumor antigen escape
variants that are not directly targeted by the transferred T cell ther-
apy.'®! Transcriptomic analyses following immunotherapy, revealed
that neutrophils acquired more mature anti-tumorigenic profiles
compared to the untreated group. Furthermore, this unique tran-
scriptomic signature was able to further stratify those melanoma
patients with more favorable survival. Additionally, characterization
of pre- and post-treatment tissue biopsies from a small cohort of
cancer patients who received an anti-OX40 antibody in a phase |
neoadjuvant trial indicated that this immunotherapy resulted in NET
formation, suggesting activation of neutrophils.131 Furthermore,
neutrophil activation is observed in patients treated with T cell

immunotherapies.t31132

5 | SUGGESTED FUTURE DIRECTIONS

Several features and attributes of mast cells and granulocytes
and their immunomodulatory functions in allergy are increas-
ingly appreciated with regards to cancer-associated inflammation
(Figures 1 and 3) and cancer immunotherapy response (Table 2).
In the immunotherapy and personalized medicine era, these in-
sights are urgently needed to inform therapy and patient outcomes
(Boxes 2 and 3).

In allergic diseases and cancers, activated granulocytes and mast
cells stimulate the recruitment of innate and adaptive immune cells.
Cell localization, density, heterogeneity, and stimulatory signals in
the TME may influence the quantity, content, and location of me-
diator release and contribute to a likely fine balance between their
tumor-restricting versus tumor-promoting effects.

For instance, studies pointing at histamine-HRH1 upregulation
and T cell dysfunction, at least in advanced disease stages, may link
mast cells with immunotherapy resistance. However, it is possible
that in a therapeutic setting anti-tumor IgE-mediated activation of
mast cells may reverse the regulatory functions of these cells. The
successful completion of a Phase | clinical trial of the first-in-class
IgE antibody therapeutic recognizing a cancer-associated antigen, '
may pave the way towards to delving into such complex interactions
between granulocytes and mast cells with the TME.

In another example, the potential influence of circadian rhythms
on neutrophils needs to be defined in relation to impact on tum-
origenesis and progression of cancer. It is also unknown whether
this effect also occurs with other granulocytes and/or mast cells.
Similarly, the impact of neuroendocrine signaling activation between
allergy and cancer by granulocytes, like eosinophils (EETs and ETosis)
remains to be fully elucidated. Understanding this coordinated net-
work may aid the development of new behavioral and pharmacolog-
ical cancer therapies. 313>

In allergic inflammation, the eotaxin-CCR3 axis and IL-5 along-
side CCL-5, CCL-11 and IFNy may prime eosinophil migration to
tissues, while in asthma, IL-4 or IL-13 also stimulate human eosin-
ophils and endothelial cells to promote further migration, whereas
IL-5-induced changes support granulocyte differentiation.t
Similar mechanisms may promote tumor-associated tissue eosin-
ophilia (TATE). A range of mediators produced by eosinophils in
allergic inflammation can exert cytotoxic effects to parasites and
cancer cells. Eosinophils from allergic donors appear to be primed
to kill cancer cells more effectively and promote CD8" T cells and
pro-inflammatory macrophages likely to exert anti-tumor effects.
On the other hand, depending on the dynamic changes within a
tissue microenvironment, eosinophils could be switched towards
Th2 or tolerant phenotypes. This has been shown in models of
allergy, but the same plasticity is likely to reflect their diverse and
disparate roles in tumors. Tumors may differentially activate eo-
sinophils via classical allergic mechanisms such as TSLP to secrete
Th2 mediators or angiogenesis factors. Together these can pro-
mote alternatively activated macrophages, immune tolerance, as
well as pro-survival signals on cancer cells to support cancer pro-
liferation and metastatic spread.

With regards to therapies, current evidence does not support an
increased prevalence of neoplasia in patients receiving eosinophil-
depleting treatments. Continued monitoring of these lifelong ther-
apy interventions may be required for many eosinophil-associated
disorders on cancer prevalence. Higher eosinophil infiltration and
IFNy-producing eosinophils promoting pro-inflammatory cells, such
as macrophages in the TME, may contribute to checkpoint inhibitor
treatment response. While a balance between supporting therapy
response and toxicity may need to be considered, future studies will
probably provide clarification of the role of eosinophils in cancer,
such as by including a robust mRNA signature for eosinophils, some-
thing currently missing in the field.

Different subsets of neutrophils can have differential impact on
cancer outcomes, and are modulated by tumor type, stage, and local
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WILEY-2*
microenvironment. Neutrophils can directly kill cancer cells and responding and contributing to TGF-p. Produced mediators well de-
stimulate anti-tumor immune responses, but also promote tumor scribed in the process of allergic inflammation such as prostaglan-
growth and metastasis through various mechanisms, including via dine E2 (PGE2) which may have juxtaposed pro- and anti-tumoral

BOX 2 Potential future therapy strategies based on targeting granulocytes and mast cells

Potential therapeutic

strategy Supporting evidence
Enhance tumor killing e MC suppress tumor growth and induce apoptosis of CRC cells by specifically inducing endoplasmic
capacity of mast cells reticulum stress (ERS) through secretion of cystatin C and activation of the unfolded protein response

(UPR).*% Similar observations have been described in head and neck squamous cell carcinoma.'#°

e Virus-infected mast cells have been shown to selectively recruit NK cells and positively modulate their
functions through mechanisms dependent on soluble mediators, such as interferons, thus enhancing
their tumor killing capacity.***

e Expression of Fc receptors, including the high affinity IgE receptor FceRI on the surface of mast
cells mark these as anticipatory effector cells ready to promptly respond to tumor antigen-specific
antibodies, including IgE. Antibody-mediated bridging of mast cells with cancer cells can lead to
cancer cell death via mechanisms such as ADCC.

e In the TME, antigens shed by cancer cells, or multiple copies of tumor antigens expressed on cancer
cells or on cancer cell fragments, together displaying tumor-associated molecular patterns,**? can
cross-link FcR-bound anti-tumor antibodies, including IgE, triggering mast cell degranulation. Immune
complex formation, and mast cell-cancer junctions formed in the presence of therapeutic antibodies
in tumors, may potentiate antigen presentation and result in enhanced adaptive immune responses.
Cross-linking Fc receptors leading to the release of histamine, proteases, prostaglandins, leukotrienes,
and other mediators may support local inflammation and recruitment of immune cells to tumors,
potentially resulting in “hot” tumors.

Activation of eosinophils e |L-10 and IL-12 secreted by activated eosinophils inhibited prostate cancer cell growth and enhanced
to secrete mediators that E-cadherin expression, which may suppress metastatic development.

promote cytotoxicity of e Direct eosinophil-mediated cytotoxicity of cancer cells has been observed in many human and mouse
cancer cells and suppress in vitro co-culture models of eosinophils and tumor cell lines.”®143-148

metastatic development e Arange of mediators including (interferon gamma) IFNy, IL-5, IL.-33, and CCL-11 could augment

eosinophil-mediated killing of cancer cells, indicating a role for eosinophil-derived factors in
eosinophil-mediated tumor cell cytotoxicity.”%144-14¢

e By upregulating the integrin lymphocyte function-associated antigen 1 (LFA1) and intracellular
adhesion molecule 1 (ICAM1), IL-18 has been shown to promote eosinophil adhesion to Colo-205 CRC
cells.1*®

e Eosinophils from allergic donors were more cytotoxic than those from healthy donors or patients with
hypereosinophilic syndrome,'*® suggesting that harnessing allergic mechanisms may promote anti-
tumor functions in AllergoOncology.

e Activation of human and mouse eosinophils by IFNy increased the killing of CRC cells.

e TNF-activated and IFNy-activated eosinophils induced anti-tumor immunity by infiltrating CD8+ T
cells and normalizing blood vessels, which activated pro-inflammatory macrophages known to exert
anti-tumor effects.”%*>°

e The GM-CSF-IRF5 signaling axis in eosinophils promotes anti-tumor immunity through activation of
type 1T cell responses in CRC. GM-CSF activates interferon regulatory factor 5 (IRF5) in vitro and
in vivo and can be administered recombinantly to improve tumor immunity.*>>2

e ATX-LPA signaling suppresses a CCL11-eosinophil axis to promote pancreatic cancer progression.
ATX suppresses eosinophil accumulation via an autocrine feedback loop, wherein ATX-LPA signaling
negatively regulates the activity of the AP-1 transcription factor c-Jun, in turn suppressing the
expression of the potent eosinophil chemoattractant CCL11 (eotaxin-1).2% An in vivo study showed
that intraperitoneal injection of GLPG1690, an ATX inhibitor, suppressed tumor progression in a
xenograft model.?*

e Chronic inflammation can lead to the overproduction of EETs, which activate pulmonary
neuroendocrine cells via the CCDC25-ILK-PKCa-CRTC1 pathway amplifying allergic immune
responses via neuropeptides and neurotransmitters. Inhibition of CCDC25 can induce and exacerbate
allergic asthma through multiple mechanisms.'*?° Downregulation of neuro-immune signaling could
have a beneficial impact in cancer.

149

Enhance eosinophil e Administration of the DPP4 (Dipeptidyl Peptidase IV (DPP 1V)) inhibitor sitagliptin increases CCL-

migration into solid tumors 11 levels and eosinophil migration into solid tumors, leading to enhanced tumor control, which is
dependent on tumor-cell expression of IL-33 and contributes to the effectiveness of checkpoint-
inhibitor therapy.*>®
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BOX 2 (Continued)

Potential therapeutic
strategy

Enhance the growth-
inhibitory potential of
neutrophils against early-
stage cancer

Enhance basophil
activation and release of
chemokines

Blockade of
immunosuppressive
functions of neutrophils

Control/Reduction of
pro-tumoral activities of
granulocytes and mast
cells: decreasing secretion
of growth factors and
matrix metalloproteinases,
as well as promotion of
angiogenesis

PASCAL ET AL.

Supporting evidence

In the TME, neutrophils can secrete a large array of chemo-attractive factors to recruit and activate
immune cells with anti-tumoral functions. Colony stimulating factor 3 receptor (CSF3R) expression by
neutrophils and neutrophil infiltration promoted secretion of IL-12 by macrophages and drove type-1
immune responses through unconventional T cells (UTCap) to induce immune resistance against
sarcoma and other tumors.*>*

Neutrophils can function as antigen-presenting cells (APCs) to potentiate the proliferation of T

cells through the expression of the major histocompatibility complex (MHC) and co-stimulatory
molecules.?>

Neutrophils can directly kill neoplastic cells through the use of cytolytic granules, such as neutrophil
elastase (NE), cathepsin-G or H,0,/oxidative stress, and to kill antibody-opsonized neoplastic cells
by trogoptosis.'>® Expression of Fc receptors renders these cells able to perform ADCC mechanisms
against cancer cells via IgG and IgA'®71%8 (Table S1).

In a melanoma mouse model, recruitment of T cells into tumors by chemokines released from
basophils, such as CCL-3 and CCL-4, led to tumor rejection.75

Basophil stimulation of B cells through CD40L and secretion of mediators, such as IL-4, IL-6, IL-13, B
cell activating factor (BAFF), and histamine, may augment B cell proliferation, survival, and anti-cancer
antibody responses.t>”1%8

Neutrophils are well known for their immunosuppressive function associated with polymorphonuclear
myeloid-derived suppressor cells (PMN-MDSCs) in advance cancer stages. The blockade of MDSC with
all-trans retinoic acid (ATRA), fatty acid transporter protein 2 (FATP2), PKR-like endoplasmic reticulum

kinase (PERK) and Toll interacting protein (TOLLIP) signaling inhibitors can improve anti-tumor immune
responses and immunotherapy outcome.**’

Cervical cancer cells can activate eosinophils, by thymic stromal lymphopoietin (TSLP), and induce
the production of IL-4, IL-5, IL-10, and IL-13 by eosinophils, which promote cervical cancer cell
proliferation.*¢°

In several mouse models of cancer, IL-5 and eosinophils facilitated lung metastasis colonization.
Epidemiological human studies have shown a link between higher levels of IL-5 in breast carcinomas
and poor prognosis in distant metastases.*¢®

Eosinophils can potentially promote angiogenesis by storing and secreting an array of growth factors
(vascular endothelial growth factor A, VEGFA), epidermal growth factor (EGF), and platelet-derived
growth factor (PDGF), fibroblast growth factor (FGF)s, Nerve growth factor (NGF), Transforming
growth factor beta 1 (TGF-p1) and some members of the S100 family).%4

Eosinophil-secreted EPX triggered increased mucin-4 (MUC4) and human epidermal growth factor
receptor 2 (HER2) expression which supported cancer cell survival and proliferation through HER2
and its intracellular signaling cascades such as extracellular signal-regulated kinase 1 and 2 (ERK1/2)
and has been shown to stimulate tumor growth, survival, and metastasis mouse models. 164166
Eosinophils may promote tumor growth by releasing IL-4 and IL-13, which in turn may shape
macrophage polarization to alternatively activated M2 phenotypes in the TME, or through
indoleamine 2,3-dioxygenase (IDO) production, which is essential for promoting immune tolerance to
tumors.167-167

Pro-tumoral activities of basophils may include the release of pro-angiogenic and lymphogenic
mediators,'”%"*2 the suppression of anti-tumoral immune mechanisms, such as through interactions
with Treg ceIIs,173 and the modulation of the TME towards an immuno-evasive environment,
infiltrated with immunosuppressive cells such as M2 macrophages.”””?

Transforming growth factor-beta (TGF-f) promotes a pro-tumoral state, whereas contact with IFNy
favors the anti-tumoral phenotype of tumor associated neutrophils (TANs).

Tumoricidal capacities of neutrophils may decline over time with tumor growth. Neutrophils promote
tumorigenesis through the release of reactive oxygen species (ROS) that mediate DNA damage and
favor cellular mutational load.?#”> They directly potentiate cancer cell proliferation via numerous
paracrine-signaling pathway. For example, prostaglandine-E2 (PGE2), known for anti-inflammatory,
pro-tumoral effects can be secreted by neutrophils to reduce cancer proliferation by direct cell-to-cell
contact.}”

Release of growth factors, laminin degradation by the neutrophil-derived proteases neutrophil
elastase (NE) and MMP-9 may support cancer cell proliferation.'’”

An increase in the capacity of neutrophils to release NETs during cancer progression has also been
shown to promote tumor progression and metastatic dissemination.'”®

Neutrophils participate in angiogenesis through the release of MMP-9 and S100A8/9 that
subsequently activate VEGF.'?

161,162
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BOX 3 Unmet needs and proposed research avenues

WiLEY- L2

e Better comprehension of the role of granulocytes and mast cells in cancer inflammation and the cross-talk between cells.
e Systematic analyses of granulocytes and mast cell phenotypes to clarify the controversy surrounding the use of these cells as a

biomarkers for prediction and prognosis in different cancer types.

e Stratified studies to explore the associations between granulocytes and mast cells with primary or metastatic disease, and tissue vs

organ-specific tumors.

e Robust cell signatures and their respective roles, as well as the factors influencing their development: different subsets and
activation status of granulocytes and mast cells can have differential impact on cancer and patient survival as well as on therapeutic

toxicities.

e Harmonized and standardized methods to define cell subsets and support to initiatives to adopt consensual nomenclature when

investigating and describing phenotypes.

e Understanding of the effect of cancer stage, the tumor type and the local microenvironment (known to be key determinants
modulating neutrophil functions) on eosinophils, basophils and mast cells.
e Exploration of the critical aspects for granulocytes and mast cell interactions with the TME, as well as the detailed conditions that

trigger specific behaviors of these cells.

o Definitions of the plasticity of granulocytes and mast cells in the context of allergy and cancer.
e Determining the links between granulocytes and mast cells with therapeutic response and resistance (particularly focusing on

immunotherapy).

e Understanding and harnessing the consequences of granulocytes and mast cells depletion, to enable targeted manipulation of
specific populations and fine-tuned immunotherapy, and development of novel cell-based therapeutical strategies.

e Studies of effects of antigen-specific T cell immunotherapy besides neutrophils.

e Clinically validated and feasible biomarkers, individual parameters or combined, for prognosis and therapy outcome and toxicities.

e The ratios NLR and NER have been proposed as prognostic indicators to identify responders for ICB, nevertheless other ratios
involving other granulocytes and mast cells in the TME should be explored.

e Basophils deserve attention from the field despite being scarce in the periphery compared to other cells and in tumor
microenvironment. The mechanisms through which basophils may play a role in cancer are not well-understood.

e Improved understanding of the immunomodulatory role of allergy mediators in the circulation of patients with cancer and in the
TME. Considering similarities and differences between periphery and TME.

e Further development and clinical validation of in vitro models to assess the roles of granulocytes and mast cells in AllergoOncology
(BAT, pMAT), and to support the development of new therapeutic strategies.

e Assessment of the impact of granulocyte and mast cell circadian rhythms in cancer.

e Understanding the coordinated neuroendocrine-immune signaling opens the door to the development of new behavioral and

pharmacological cancer therapies.

roles and neutrophil-derived proteases NE and matrix metallopep-
tidase-9 (MMP-9), participate in angiogenesis and support cancer
growth. The relationship between TANs and patient survival is still
unclear, but some studies report that increased numbers of neutro-
phils or neutrophil-to-lymphocyte ratios (NLR) associate with less-
favorable survival in certain cancers.

In a therapeutic setting, neutrophils offer opportunities, ex-
emplified by the development of engineered CAR neutrophils as
immunotherapy. Importantly, IgG and IgA antibodies specific for
cancer-associated antigens may activate and direct neutrophils to
kill tumor cells via engagement of cell surface Fcy and Fca recep-
tors, respectively, by mechanisms such as ADCC and complement
activation.'®”138 While current methods of neutrophil depletion may
remove both harmful and beneficial neutrophil states, further inves-
tigation is required to understand the different states of neutrophils
in tumors and the factors influencing their development. This knowl-
edge will enable targeted manipulation of specific neutrophil sub-
populations and a chance to fine tune immunotherapy.

Basophil function is widely studied in allergy, however, under-
standing these cells in cancer is limited. Many attributes of basophils,
including their propensity for activation by allergic inflammation

signals such as IL-3, may influence their functions in cancer. Th2 me-
diators released by basophils in allergic diseases drive stimulation
of ILC2s, eosinophils, B cells and differentiation to Th2 cells, but
can also influence immune responses in cancer. Importantly, baso-
phils can be stimulated by endogenous IgE reactive to anti-cancer
drugs via FceRlI, leading to degranulation and type | hypersensitivity.
Allergic reactions to anti-cancer drugs can be predicted and con-
firmed with the BAT and monitored through mediator release. BAT
is an emerging tool in the allergy clinic (i.e., diagnosis and monitoring
allergen-specific immunotherapy), but also a promising tool in on-
cology. Future studies may include more in-depth evaluations of ba-
sophils and the BAT in oncology to optimize for routine clinical use.
Thus, further research is needed to determine the critical as-
pects for granulocytes and mast cell interactions with the TME, as
well as the detailed conditions that trigger specific cell behaviors.

6 | CONCLUSION

Emerging and disparate roles of granulocytes and mast cells in cancer
prognosis and therapy outcomes (Figure 3; Tables 1 and 2) highlight
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the urgent need for a comprehensive understanding of their activa-
tion states, interactions with their microenvironment, plasticity and
functions in allergy and how these translate to the cancer setting. A
better insight into allergy mediators may point to immunomodula-
tory interactions between granulocytes and mast cells with other
components of immune response in patient circulation and the TME.

In addition to epidemiological associations between granulo-
cytes and mast cells with oncology treatment responses and patient
survival outcomes (Table 1), these cells and their activation may
offer novel avenues for therapy. This may include enhancing their
activation to promote several attributes, such as: (a) secretion of me-
diators that can exert anti-tumoral functions, (b) tumor cell killing
capacity, (c) migration of mast cells and granulocytes into tumors, (d)
increased interactions with other immune cells, and (e) reduction of
pro-tumoral activities of granulocytes and mast cells (evidence for
the potential for such approaches are outlined in Box 2).

Improved comprehension of the role of granulocytes and mast
cells in cancer inflammation and the cross-talk between cells and
mediators, as well as systematic analyses of granulocytes and mast
cell phenotypes, is required to clarify and better define the use of
these cells as biomarkers for prediction and prognosis in different
cancer types and disease stages, and toxicities to therapy (Box 3).
Furthermore, uncovering specific immunological mechanisms be-
yond these observations opens the door to novel therapeutic strat-

egies in AllergoOncology.
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