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Abstract

Despite being an integral part of the immune response in the tumor microenvironment (TME), few studies have
mechanistically elucidated eosinophil functions in cancer outcomes. Eosinophils are a minor population of granu-
locytes that are mostly explored in asthma and allergic disorders. Their influence on primary and metastatic tumors,
however, has recently come to light. Eosinophils’ diverse armamentarium of mediators and receptors allows them

to participate in innate and adaptive immunity, such as type 1 and type 2 immunity, and shape TME and tumor
outcomes. Based on TME cells and cytokines, activated eosinophils drive other immune cells to ultimately promote
or suppress tumor growth. Discovering exactly what conditions determine the pro-tumorigenic or anti-tumorigenic
role of eosinophils allows us to take advantage of these signals and devise novel strategies to target cancer cells. Here,
we first revisit eosinophil biology and differentiation as recognizing eosinophil mediators is crucial to their function
in homeostatic and pathological conditions as well as tumor outcome. The bulk of our paper discusses eosinophil
interactions with tumor cells, immune cells—including T cells, plasma cells, natural killer (NK) cells—and gut micro-
biota. Eosinophil mediators, such as IL-5, IL-33, granulocyte—macrophage colony-stimulating factor (GM-CSF), thymic
stromal lymphopoietin (TSLP), and CCL11 also determine eosinophil behavior toward tumor cells. We then examine
the implications of these findings for cancer immunotherapy approaches, including immune checkpoint blockade
(ICB) therapy using immune checkpoint inhibitors (ICls) and chimeric antigen receptor (CAR) T cell therapy. Eosino-
phils synergize with CART cells and ICB therapy to augment immunotherapies.
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Introduction

Almost 150 years after Paul Ehrlich discovered eosino-
phils, new regulatory functions are being added to their
list [1]. We can categorize the main functions of eosino-
phils into four groups: (1) effector functions, (2) tissue
remodeling, (3) cell interactions (4) immunomodula-
tion [2]. As an innate immune cell, eosinophils exhibit
antibacterial [3], antiviral [4] anti-parasitic [5], and anti-
tumor [6] effector functions and are involved in inflam-
matory disorders, allergies and parasitic infections due to
T helper type 2 (Th2) function. They are also believed to
participate in tissue repair and homeostasis in the steady
state and bridge innate and adaptive immunity [7]. In
synergy with other chemoattractants, interleukin 5 (IL-5)
facilitates eosinophil differentiation in the bone marrow
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(BM) and guides maturing eosinophils to the peripheral
blood. It also activates eosinophils and promotes their
tissue survival and degranulation [8]. Circulating eosino-
phils constitute less than 1% of the total eosinophils. The
majority of mature eosinophils reside in peripheral tis-
sues, particularly the mucosal lining of the gastrointes-
tinal (GI) tract. After recognizing endogenous alarmins,
pathogen- and damage-associated molecular patterns
(PAMPs/DAMPs), or cytokine stimulation, eosinophils
activate. Activated eosinophils (CD11b and Siglec-F)
[9] experience increased survival and expansion, high
adhesion receptor activation and finally release stored
mediators [10, 11]. Crystallizable fragment (Fc) e/y/a
binding to pathogen- or allergen-bound immunoglobulin
E/G/A also activates and expands eosinophils during the
antigen-specific type 2 immune response. Eosinophils
are terminally differentiated cells, but they demonstrate
various functions with their pleotropic activities. Despite
being traditionally known to participate in type 2 inflam-
matory responses—such as allergy—these leukocytes
take part in type 1 inflammation as well. This polarization
depends on environmental cues such as type 1 and type
2 cytokines, which they also secrete [12]. Understanding
these interactions is a necessary primary step to studying
eosinophils in cancer.

As cancer cells develop, they expand and reshape their
surrounding environment. This hypoxic tumor micro-
environment (TME), comprised of immune cells, fibro-
blasts, endothelial cells, cancer cells, etc. is a specialized
domain with intricate interactions between the resident
or recruited cells and cancer cells. The TME contrib-
utes to cancer progression and metastasis by providing a
nest conducive to tumor cell grow [13]. Every innate and
adaptive immune cell infiltrates TME in order to sup-
press tumor growth, which results in different outcomes.
The cross-talk of tumor cells with resident cells is cru-
cial to patient outcomes, which makes investigating such
interactions with every resident cell critical. The role of
eosinophils in tumor progression is being explored. First
described in the 19th century, tumor-associated tis-
sue eosinophilia (TATE), in which eosinophils infiltrate
tumor sites, is a recurring theme in cancer patients [14].
In solid tumors, TATE predicts favorable prognosis and is
inversely correlated with tumor metastasis and stage [15].
The precise function of eosinophils in killing or promot-
ing cancer cells is debated, but recent studies are mostly
in favor of their anti-tumorigenic role. These results are
also applicable in other eosinophil-related disorders
such as allergic asthma where eosinophil depletion as a
viable strategy could have negative long-term impact on
tumorigenesis in the patients. Combining eosinophil het-
erogeneity of function with their ability to cross-talk with
TME cells and their prognostic value justifies the need
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to investigate the role of eosinophils in cancer. Because
these findings provide the necessary knowledge for over-
coming the current challenges and drawback in cancer
immunotherapy, we summarized key studies pertaining
to the function of eosinophils in cancer outcome.

The development and biology of eosinophils
Eosinophils are known as granulocytic leukocytes, dif-
ferentiated from myeloid progenitors in the BM [5, 16].
Eosinophil differentiation is controlled by four main
cytokines, including IL-3, granulocyte—macrophage
colony-stimulating factor (GM-CSF), stem cell factor
(SCF), and most importantly IL-5 [5]. The early effect
of C/EBPa, C/EBPg, GATA-1 and -2, IRF8, and PU.1
transcription factors is even more pivotal for eosino-
philic lineage commitment [17]. After a short 3 to
18-hour period in the peripheral blood, mature eosino-
phils migrate to tissues such as the GI tract, adipose
tissue, lungs, and thymus with the aid of their numer-
ous receptors. In baseline, non-pathological conditions,
eosinophils are primarily drawn by CCL11 (eotaxin-1)
to the GI tract and then other tissues in fewer num-
bers. In response to inflammation, they are recruited
to inflamed tissues under the chemoattractive influ-
ence of Th2 cytokines (IL-4, IL-5, IL-13), chemokines
such as eotaxins, 5-0xo 6, 8, 11, 14-eicosatetraenoic acid
(5-0x0-ETE) and prostaglandin-D2 (PGD2), and finally
IL-33 [18]. CCL11, which is the most potent eosino-
phil chemotactic factor, is produced by epithelial cells
and fibroblasts and, to a lesser extent, by other leuko-
cytes. Eosinophils consist of different subsets. Resident
eosinophils (CD125™Siglec-F"CD62LFCD101°") that
are drawn to tissues in the steady state and possess reg-
ulatory functions and recruited inflammatory eosino-
phils (CD125™Siglec-FNCD62L"CD101") that promote
inflammatory responses [19]. Eosinophils infiltrate a
tissue using extracellular matrix-degrading matrix met-
alloproteinases (MMPs) that not only help with the
infiltration of other immune cells but also reshape the
connective tissue [20].

Cell-to-cell contact or indirect mediation by their medi-
ators allow eosinophils to influence other resident cells in
a tissue [21]. The stored mediators of eosinophils and their
intra and extracellular receptors possess key roles in eosin-
ophilic functions and interaction with other cells (cross-
talk). Eosinophil mediators are a plethora of preformed
cytokines, chemokines, cationic proteins, growth factors,
neuro-mediators, and lipids stored in eosinophil granules
(Table 1). Mediator storage allows for rapid eosinophil
response without the need for de novo protein synthesis,
which makes them unique compared to other immune
cells [2]. Eosinophil secretory organelles are small primary
granules (also immature specific granules), large specific
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(secondary) granules, and lipid bodies that house a variety
of cytokines, chemokines, receptors, growth factors, and
lipids with distinct functions (Table 1). Such a collection
of mediators testifies to the diverse role of eosinophils.
They owe their main morphological feature to specific
granules that contain highly basic cationic proteins such
as major/main basic protein (MBP) in their electron-dense
crystalloid core and eosinophil peroxidase (EPX/EPO),
eosinophil cationic protein (ECP), and eosinophil-derived
neurotoxin (EDN) in their electron-lucent matrix whose
acidophilic nature stains red with acid dyes such as eosin
[5]. Charcot-leyden crystal (CLC) proteins (galactin-10),
which interact with eosinophil lysophospholipases and
cause inflammation and Th2 stimulation, are stored in pri-
mary granules but mostly in the peripheral cytoplasm [22].
The prominent presence of large secondary granules helps
microscopically distinguish eosinophils from other granu-
locytes. Eosinophils express a range of receptors needed
for activation, proliferation, trafficking, adhesion, pattern
recognition, and degranulation as well. These allow them
to migrate to tissues and interact with resident cells and
molecules making them a player in the intricate cell cross-
talk in tissues [23].

Eosinophil functions in non-pathological

and pathological conditions

Although eosinophils are primarily known for their role
in allergic disorders and anti-parasitic function, espe-
cially against helminths, they are involved in many non-
pathological activities as well [24]. In the steady state,
resident eosinophils perform functions related to tis-
sue development/maintenance, tissue regeneration and
remodeling [25, 26], metabolism, and immune homeo-
stasis [18], all of which are integral to innate immunity.
Contrary to cytotoxic mediators, eosinophil cytokines
and growth factors improve tissue health when pro-
duced in moderation. The GI tract benefits the most from
these non-pathological functions that include plasma
cells (PCs) maintenance, IgA class switching and mucus
production [27], regulatory T cell (Treg) and T helper
17 (Th17) differentiation and regulation, Peyer’s patch
development, and alteration of gut microbiota composi-
tion [28]. A number of other functions in various organs
are performed by eosinophils: wound healing, epithelial
remodeling and immune homeostasis in the respira-
tory system [29], maintenance of alternatively activated
(M2) macrophages that contribute to insulin sensitiv-
ity, glucose tolerance, and inflammation regulation in
the adipose tissue [30] and maintenance of PCs via IL-6
and APRIL in the bone marrow. Apart from increasing
PC survival and IgA production, eosinophils serve in
humoral immunity through the priming of B cells and the
early generation of antigen-specific IgM as well [31]. By
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discarding apoptotic cells and participating in the elimi-
nation of self-reactive T cells—negative selection—via
indoleamine 2,3-deoxygenase (IDO) secretion, eosino-
phils serve to maintain thymus homeostasis [32].
Eosinophils carry out their duty in pathological situa-
tions by secreting their mediators, stimulating other cells,
using antibody- and complement-mediated cytotoxic-
ity, performing phagocytosis, or utilizing their receptors
and remodeling tissues [2]. Pattern-recognition receptors
(PRRs) are crucial in activating degranulating eosino-
phils in pathogen-infested sites to allow eosinophils to
participate in innate immunity. The main cytotoxic con-
tents of an eosinophil are MBP and eosinophil-associated
RNases such as ECP and EDN that induce cell necrosis
and tissue inflammation in both invading and host cells.
The secondary granules release proteins that exert direct
cytotoxic effects on bacteria and viruses [33]. Eosino-
phils chiefly employ piecemeal degranulation (PMD) as
their most common degranulation strategy. PMD, first
described in basophils and then mast cells, allows granule
contents to be transferred to the cell surface via vesicular
transport in a controlled manner. This is while the cells
stay viable and alert. The secretory eosinophil sombrero
vesicles (EoSVs), which are not granules, secrete these
mediators. If the strength and duration of the stimulation
are above a certain threshold, eosinophils die and release
both intact granules and free mediators via cytolysis.
Ejected whole granules are capable of remaining viable in
tissue for weeks and release their contents upon stimula-
tion [34]. Exocytosis of mediators is another less frequent
form of direct degranulation. Finally, eosinophil extracel-
lular traps (EETs), which are amalgamations of cationic
proteins and mitochondrial DNA that capture and kill
pathogens, are another type of mediator release [35].
Eosinophilic interactions with innate and adaptive
immune cells and their receptors enhance and regu-
late immune and tissue responses, particularly in type
2 immunity [21]. After extravasating into the tissue,
eosinophils release chemoattractants to recruit Th2 cells
(Fig. 1). Although not a professional antigen-presenting
cell, antigen-exposed eosinophils stimulate primed T
cells via major histocompatibility complex-II (MHC-
II) and CD80/CD86 costimulatory molecules, denoting
their role in adaptive immunity. Activated eosinophils
polarize naive CD4+T cells to Th2 cells, causing a posi-
tive feedback loop to eosinopoiesis and Thl suppres-
sion [36]. They also provide Th2 chemotaxis by secreting
CCL17 and CCL22. Th2 and type 2 innate lymphoid cells
(ILCs) produce cytokines (e.g. IL-5) that are crucial in
eosinophil expansion, activation, survival, and trafficking
[37, 38]. Alarmins such as thymic stromal lymphopoi-
etin (TSLP), IL-25 (IL-17E), and IL-33 stimulate type 2
ILC secretion of IL-5 to create eosinophilia [21]. IL-5 is
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Fig. 1 Eosinopoiesis, its transcription factors, and eosinophil chemotaxis to the blood and tissue and their function in type 2 immunity. IL-5

is pivotal in stimulating eosinopoiesis and recruiting mature eosinophils to tissue with CCL11, which is produced from fibroblasts and epithelial
cells. Type 2 innate lymphoid cells (ILCs) and dendritic cell- (DC) activated Th2 cells are important eosinophil activation and recruitment routes
while pathogens directly stimulate eosinophils. Damaged endothelial and epithelial cells, fibroblasts, and adipocytes kickstart the process

by secreting alarmins that stimulate IL-5 production from type 2 ILCs. On the other hand, mature DCs help with T helper 2 (Th2) polarization.
Eosinophils typically release their mediators via the classical exocytosis, or the release of intact granules upon their lysis (cytolysis), or piecemeal
degranulation (PMD) which is the most popular method. [T-HSC long-term hematopoietic stem cell, GMP granulocyte-monocyte, MBP major basic
protein, SCF stem cell factor, ECP eosinophil cationic protein
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primarily produced by Th2 and ILC2 cells and, in smaller
quantities by mast cells, natural killer (NK) and NKT
cells, eosinophils, etc. Both eosinophils and mast cells
recruit each other in order to improve their function and
survival. MBP and tryptase are two mediators released by
eosinophils and mast cells, respectively. MBP and ECP
stimulate histamine secretion by mast cell and basophil,
while SCF heavily regulates mast cell differentiation,
growth, and recruitment [39, 40]. Moreover, eosino-
phils have multifunctional effects on B cells such as sur-
vival, proliferation, immunoglobulin secretion, lifespan
extension of naive B cells, and immunoglobulin isotype
switching, which is direct or indirect via Th2 cells [41].
Eosinophils maintain B cell development and PC survival
through IL-6 and APRIL [42]. In view of eosinophils’ piv-
otal role in orchestrating the immune system, they could
serve as a potential target for immunotherapy.

Eosinophils in the tumor microenvironment

The consequences of eosinophil participation in TME
are still elusive. Numerous studies have investigated the
association between TATE and patient outcomes (Addi-
tional file 1). TATE is generally associated with a favora-
ble prognosis for solid tumors [15]. The direct effect of
eosinophil on cancer cells, however, has received less
attention. Despite the fact that the presence of eosino-
phils in tumor sites is neglected in most literature, eosin-
ophilia in the blood and/or the TME is an inseparable
part of many cancers. Eosinophils are sometimes drawn
to tumor cells independent of their usual chemokines.
Although multiple studies across different neoplasms
have shown elevated levels of eotaxins correlate with
TATE [43-45], unlike homeostatic or allergic conditions,
eosinophils can migrate to tumor sites without requir-
ing CCR3 [9]. Early recruitment of eosinophils to solid
tumors can be independent of CD4+T or ILC2 cells as
well. IL-5—producing malignant cells can recruit circulat-
ing eosinophils and increase eosinopoiesis [46]. Eosino-
phils are also capable of responding to the chemotactic
factors of necrotic tumor cells [47].

The interplay between the adaptive immune response
and eosinophils is central to decrypting their effect on
cancer. Adaptive immunity is balanced between two
crucial types of pro- and anti-inflammatory immunity
to restore and maintain homeostasis: type 1 and type 2
immunity, with each one being capable of suppressing the
other. Type 1 and 2 immunity are centered around Thl
and Th2 cells that are differentiated from naive CD4+T
cells in the presence of IFN-y/IL-12 or IL-4/IL-10/IL-13,
respectively. By initiating CD8+ cytotoxic T cell- (CTL)
mediated immunity, Thl cells possess stronger Ag-
specific cytotoxicity against tumor cells than Th2 cells
that tend to induce tumor necrosis. Although type 2
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immunity is typically associated with allergic inflamma-
tion or parasitic infections, it can also eradicate tumors
[48, 49]. Eosinophil commitment to Thl response was
previously shown as well where these leukocytes pro-
duced CXCL9, CXCL10, CXCL11, and CCL5 under the
effect of TNF-a and IFN-y, which recruit T and NK cells
to eradicate tumor [50]. TNF-a, and more importantly
IEN-y, can inhibit tumor growth, metastasis, and angio-
genesis, induce M1 macrophage polarization and Treg
fragility as well as tumor senescence [51]. Th2 cells can
also hinder tumor progression by enhancing eosinophils
[52]. In CTL-resistant melanoma, Th2 cells can clear lung
metastases via eosinophil tumor infiltration and degran-
ulation in an eotaxin- and STAT6-dependent manner
[53]. Depending on microenvironment cytokines, eosin-
ophils can promote either a Th1l or Th2 response. In the
presence of TNF-a/IL-4, eosinophils produce CCL17
and CCL22 Th2 chemokines while, when stimulated with
TNF-o/IEN-y, they secrete CXCL9 and CXCL10 Thl
chemokines [54]. The latter occurs in a STAT1-mediated
pathway, which is known to inhibit tumor occurrence
[54, 55]. As with the established macrophage polariza-
tion, activated eosinophils are polarized in the presence
of Th1 or Th2 cytokines. A recent study showed the plas-
ticity of eosinophils where eosinophils experienced tran-
scriptional changes toward anti-inflammatory functions
such as wound healing and cell migration upon interact-
ing with apoptotic cells. Apoptotic cells suppress IFN-y-
mediated eosinophil activation and polarize them toward
IL-4-induced type 2 responses including tissue repair
and remodeling [56]. The following outlines discuss how
eosinophils impact TME components (Fig. 2).

Tumor cells
Two major routes by which eosinophils interact (in)
directly with tumor and TME cells exist: (1) the release
of cytokines and granule contents that influence TME
and tumor cells, (2) the binding of eosinophil receptors
to TME and tumor cells, which alters cancer outcome.
Hence, preclinical studies focused on how eosinophils
and their relevant mediators act on tumors and the resi-
dent TME cells. We categorized the following sections
based on the cells that eosinophils interact with either
directly or through their prominent mediators. In addi-
tion to regulating immune types, eosinophils exhibit
direct, tumoricidal activities with the secretion of reac-
tive oxygen species (ROS)—such as superoxide and
EPX—MBP, ECP, TNF-qa, granzyme B, and granzyme
A [52, 57-60]. TNF-q, for instance, is able to kill tumor
cells in a dose-dependent manner but only if TNFRI1 is
expressed on the target cells [61].

Eosinophils can initiate direct contact with cancer
cells. Electron microscopy of TATE in carcinoma shows



Ghaffari and Rezaei Journal of Translational Medicine (2023) 21:551

eosinophils in close proximity to tumor cells, indicating
potential cross-talks between them [62]. Ultrastructural
analysis of activated eosinophils depicts the EoSVs polar-
ized toward cancer cells in support of their anti-tumori-
genic role [63]. Activated eosinophils are shown to adopt
NKG2D cytotoxic markers, which are more famously
expressed on NK and CD8+ T cells, against cancer cells
in some instances [63, 64]. Hollande et al. showed how
post-translational modifications of chemokines regu-
late the trafficking of T cells and eosinophils to tumor
sites and thus affect tumor growth [58]. They sought
to elucidate the effect of a serine exopeptidase present
on most cells called dipeptidyl peptidase 4 (DPP4) that
truncates certain chemokines and is upregulated in can-
cer. The administration of sitagliptin, a DPP4 inhibitor
(DPP4i), significantly reduced tumor volume. This DPP4i
enhanced eosinophilia in solid tumors, and anti-Siglec-
F-mediated eosinophil depletion significantly reversed
sitagliptin’s tumor suppressive effect. Sitagliptin induced
TATE by preventing DPP4-driven CCL11 truncation. The
tumor lysates had elevated EPX and ECP concentrations,
further proving a direct response to cancer cells. Further
investigation showed that IL-33 is not only an inducer
of CCL11 production and a protector against DPP4, but
it also increases eosinophil-mediated tumor cytotoxic-
ity. Although sitagliptin was still able to reduce tumor
volume when anti-CD4/anti-CD8 was used to deplete T
cells, the coexistence of T cells with eosinophils yielded
the most optimal result, indicating a synergistic effect
between T cells and eosinophils. Additionally, eosino-
phil depletion in T cell-deficient Rag2~/~ mice negated
sitagliptin’s effect as well. The authors achieved the same
anti-tumorigenic results after the injection of anti-Thyl
(CDY0) antibody in Rag2~’~ mice to exclude the involve-
ment of NK cells in T cell-deficient mice [58]. These
results indicate the direct tumoricidal impact of eosino-
phils even in the absence of T or NK cells. The following
sections will elaborate on how eosinophils can suppress
or promote cancer cell growth through other immune
cells and mediators.

T cells
T cells constitute the foundation of cell-mediated
immunity and are crucial for antigen-specific tumor

(See figure on next page.)
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elimination. T cells boast a range of subsets whose direct
or indirect effect on tumor growth is suppressive (CTL,
Th1), ambivalent (Th2, Th17), or supportive (Treg) [65].
The interactions of tumor-specific T cells with recruited
eosinophils have recently been investigated, and they are
found to be synergistic.

In an experimental model, Reichman et al. showed that
activated eosinophils injected in eosinophil-deficient,
AdblIGATA mice suffering from colorectal cancer (Apc-
Min/+) were recruited to tumor sites and survived up to
three months. Such tumor-mediated prolonged survival
was reliant on tumor-secreted CCL11 but independ-
ent of IL-5 since anti-IL5-treated mice had eosinophils
present in their colons [66]. Depletion of eosinophils in
ApcMin+ (ApcMin/+ |AdBIGATA) mice cut their survival
in half compared to the Apc™™* control group, and the
subsequent depletion of CD8+T cells caused another
16% drop in Apc™"*/AbIGATA survival and increased
tumor burden, which indicated a synergistic yet CD8+T
cell-independent anti-tumor effect from activated eosin-
ophils. According to subsequent proteomics analyses,
activated intra-tumoral eosinophils were abundant in
proteins related to cell survival (BAX, BCL2, caspase-3)
and Th1 cytokines and cell-surface receptors (IL-12, IFN-
Y, CD44, CD79) compared to naive eosinophils. IFN-y-
mediated signaling pathway was the most enriched in
intra-tumoral eosinophils as opposed to naive eosino-
phils, suggesting the role of this cytokine in potentiating
eosinophils. These results were corroborated by a tran-
scriptomic analysis that showed upregulation of genes
such as Statl, Nos2, and I[12b in infiltrated eosinophils.
In vitro, IFN-y was essential to increase the cytotoxic
activity of eosinophils against colorectal tumor cells
but not breast cancer cells [66]. The synergy of eosino-
phils and CD8+T cells was previously shown in another
study where eosinophils enhanced CD8+T cells infil-
tration [67]. Infiltration of immune cells was dependent
upon Treg depletion that resulted in TATE and enhanced
leukocyte recruitment—especially CD8+T cells and
dendritic cells—as well as reducing B cell and mac-
rophage infiltration. Anti-Singlec-F-mediated depletion
of eosinophils significantly impeded tumor rejection and
infiltration of CD45+leukocytes, particularly CD8+T
cells. The above-mentioned Treg depletion induced the

Fig. 2 Eosinophil interactions in the tumor microenvironment could be pro-tumorigenic (a) or anti-tumorigenic (b). IFN-y and TNF-a (to a lesser
extent) activate eosinophil tumor suppression mechanism through STAT1 pathway and activate other immune cells, such as CD8+T cells, Th2
cells, and NK cells to attack primary or metastatic tumors. GM-CSF also positively activates eosinophils by IRF5 transcription factor. IL-33, produced
by tumor, immune, or damaged cells, exhibits a plethora of functions that result in tumor regression. In the absence of IFN-y, eosinophil-recruited
Tregs are central to further suppress type 1 immunity and provide a niche suitable for tumor cells'growth. In multiple myeloma, eosinophils

assist myeloma cell growth, especially in earlier stages, by providing IL-6 and APRIL with other cells such as the stromal cells of the bone marrow
or osteoclasts (c). Some gut microbiota can exacerbate this situation by stimulating naive T cell differentiation to Th17 cells that secrete IL-17.
Green and red lines point tumor suppression and progression, respectively. Dashed lines indicate cell recruitment. KRG Korean red ginseng,

MCP3 monocyte chemotactic protein-3, GZMB granzyme b
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production of IFN-y, TNF-q, nitric oxide synthase 2,
and granzyme B as well as CCL5, CCL11, CXCL9, and
CXCL10 chemokines in the TME. In contrast, eosino-
phil depletion drastically dropped the expression of these
mediators, which indicates that activated eosinophils
are tumoricidal and attract CD8+T cells. The transfer
of eosinophils alone, CD8+T cells alone, or inactivated
eosinophils suppressed tumor growth in mouse models
but not significantly. Co-transfer of activated eosino-
phils and CD8+T cells, where TATE occurred mostly
in the tumor and also helped lodge tumor-specific effec-
tor T cells, led to substantial tumor growth inhibition
and mouse survival time. Such ameliorating effects also
caused vasculature normalization, diminished hypoxia
and promoted normoxia, decreased vascular leakiness,
and M1 macrophage polarization in the TME [67]. Ves-
sel normalization alleviates tumor hypoxia and immu-
nosuppression by inhibiting Treg accumulation and M2
macrophage polarization [68, 69]. The same positive
results were reported in another breast cancer-driven
lung metastasis experimental model where eosinophils
were actively recruited to the metastatic TME independ-
ent of CCR3 and possessed varying degrees of degranu-
lation [9]. Depletion of eosinophils in AdbIGATA mice
increased tumor burden, and the cellular composition of
the lungs showed lower CD4+and CD8+T cell infiltra-
tion. Transcriptomic analyses revealed increased expres-
sion of activation-associated surface markers (Cd86
Cd69) and T/NK cell recruiting chemokines (Ccl5, Cxcl9,
Cxcl16) plus an enrichment in IFN-y, TNF-a, IL1-B
signaling pathways in activated eosinophils compared
to naive ones. IFN-y/TNF-a-activated eosinophils pos-
sessed superior tumoricidal effect and, while the source
of TNF-a was unknown, CD4+T cells, NK, and NKT
were the main sources of IFN-y. Overall, it seems the
presence of IFN-y-activated eosinophils augments and
activates T cells in a type 1 immunity fashion.

Plasma cells

PCs are B cell-derived specialized cells that produce anti-
bodies. While mostly found in the bone marrow (BM),
PCs are located in other organs as well. Eosinophils can
mediate long-lived PC survival in the BM under baseline
and post-immunization conditions [70]. The second most
common hematologic malignancy, multiple myeloma
(MM), is an incurable monoclonal gammopathy that is
primarily characterized by excess PC production [71].
Apart from BM stromal cells (BMSCs), which support
malignant PC proliferation, eosinophils are reported to
enhance this process as well. A preliminary, in vitro study
stated that eosinophil co-culture contributed to the pro-
liferation of half of the tested PC cell lines and primary
CD138+MM cells [72]. The study also claimed that
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eosinophil-mediated PC support is independent of IL-6
and APRIL but failed to discern what factor increased
PC proliferation. Wong et al. later revealed that IL-6 or
APRIL supported MOPC315.BM myeloma cell growth
in vitro but were redundant in high cell densities [73].
Eosinophils and megakaryocytes (a constitutive source of
IL-6) co-localized with MOPC315.BM cells. Eosinophil
depletion halted MOPC315.BM cell growth in BALB/c
mice, but only in the early stages. The independence of
myeloma cells from eosinophils in later stages could
be due to cell-cell contact of myeloma cells in high cell
densities or the autocrine production of IL-6 or APRIL
cytokines by myeloma cells [74]. This would explain the
discrepancy between the discussed experiments and
why eosinophils are needed only in the early stages when
myeloma cells are few. It should be noted that osteoclasts,
macrophages, BMSC, etc. are also sources of IL-6, which
makes the interpretation of eosinophils’ role in MM pro-
gression difficult [75].

Natural killer cells

NK cells are an important component of the innate
immune system and are currently being researched due
to their rapid anti-tumor response, especially compared
to T cells. Eosinophils enhance NK cell cytotoxicity.
Korean Red Ginseng (KRG) is an immune-enhancing
drug that augments the immunotherapeutic effect of
NK-92 cells against metastatic liver cancer cells through
eosinophils [76]. Of all leukocytes, this combination
increased only eosinophil counts and subsequently MBP
and IFN-y production after increasing IL-33 levels. KRG
activated NK cells and eosinophils through IL-33 which
proceeded to secrete IFN-y and MBDP, respectively.

Microbiota

Microbiota, the collective microorganisms in the body,
and their alterations are implicated in inflammatory dis-
orders, autoimmunity, and carcinogenesis. Organ- or
TME-specific microbiota alter responses to cancer ther-
apy and immunotherapy [77, 78]. Calcinotto et al. sug-
gested a direct causative link between the presence of
Prevotella heparinolytica—a gut microbe—and the local
and distant differentiation of «,f, integrin-expressing
Th17 cells that can migrate to extra-mucosal sites and
support malignancies. The study demonstrated elevated
CD4+T cell differentiation to IL-17-producing Th17
cells in the gut and then BM of VK'MYC mice. Similar
to IL-6, the over-expressed IL-17 heightened the inci-
dence of MM occurrence by activating Vk MYC PCs
through STAT3 pathway [79]. Eosinophils accumulated
in the BM as MM progressed and MCP3 (CCL7) levels
grew. BM eosinophils expressed surface IL-17RA and
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IL-17RC and produced TNF-a and IL-6 upon IL-17 or
MCP3 stimulation. IL-17 F is capable of inducing IL-1p
and IL-6 proinflammatory cytokine production in eosin-
ophils [80]. Interestingly, anti-IL-17RA and anti-IL-17 A
injection only slightly decreased eosinophil recruitment
which indicates the presence of another chemotactic fac-
tor [79]. And administration of anti-IL-5 alone did little
to curb MM progression or Th17 recruitment to the BM,
which suggests eosinophils’ pro-tumorigenic effect was at
best mediatory and was indirect. Or, as was the case with
other studies, eosinophil presence is unnecessary in late-
stage MM development [72, 73].

Mediators

IL-5 As discussed, IL-5 is a major proponent of eosinophil
proliferation and differentiation in the BM. It maintains
B1 B cells and mucosal IgA production as well. As a Th2
cytokine, IL-5 is mainly secreted by CD4+T and ILC2
cells and, to a lesser extent, by basophils and eosinophils
[81]. Apart from its role in the pathogenesis of asthma,
allergy, parasitic infection, and hypereosinophilic syn-
dromes, the IL-5/eosinophil axis is reportedly correlated
with both tumor suppression and progression. IL-5-pro-
ducing cells expand when treated with IL-25 and more so
with IL-33 under Th2-skewing conditions, and IL-5 neu-
tralization impairs eosinophil recruitment and increases
tumor lung metastasis. Reversing this effect with exog-
enous IL-5 treatment induces eosinophilia and suppresses
metastasized melanoma cells’ expansion and proliferation
[81]. In contrast, Zaynagetdinov et al. reported that IL-5
promotes lung metastasis but has no effect on the size of
primary or metastatic tumors [82]. IL-5 itself had no direct
effect on tumor proliferation but regulated the develop-
ment of niches in metastatic sites that were conducive to
tumor cell invasion through Tregs. The number of lung-
infiltrated eosinophils in IL-5 knockout (KO) mice was
much less than that of wild-type (WT) mice. Subsequently,
the injection of BM-derived eosinophils into the blood-
stream of IL-5 KO and WT mice increased the number of
metastases in both groups. Further investigation into the
underlying mechanism of this phenomenon showed a lack
of CD8+T cell recruitment in the lungs due to abundant
eosinophil-secreted CCL22 that recruited FoxP3+ Tregs
whose depletion drastically lowered metastasis. High
CCL22 mRNA expression in WT mice eosinophils and
unchanged TGEF-B/IL-10 concentrations meant Tregs
were recruited and not differentiated from native CD4+T
cells. The CCL22-driven Tregs also suppressed NK cells,
CD4+and CD8+T cells’ IFN-y production and reduced
M1 macrophage polarization and MHC-II expression.
Interestingly, IL-4 expression in the IL-5 KO mice was sim-
ilar to that of WT mice, but I[FN-y levels were almost three
times higher in the IL-5 KO mice, which showed how Th1
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suppression favored tumor metastasis [82]. The massive
drop in IFN-y concentrations in the TME is suggestive of
how the simultaneous dominance of type 2 immunity and
abolishment of type 1 immunity would promote tumor
progression. In such a pro-tumorigenic milieu, the activa-
tion of IL-5Ra downstream STATS5 protein and the down-
regulation of NKG2D cytotoxic receptors are expected in
eosinophils [82]. The reported spike in IL-33 concentra-
tion in the former study, which prevented excessive type
2 immunity skewing, could be why eosinophils demon-
strated anti-tumorigenic function [81].

IL-33 As an epithelial-derived cytokine, IL-33—a mem-
ber of the IL-1 cytokine family—is implicated in allergy,
autoimmunity, and inflammation. Under pathological
conditions, IL-33 stimulates eosinophil precursor matu-
ration and expansion in unison with IL-5 via its receptor
ST2 and also promotes IL-5Ra expression on the pre-
cursor cells. IL-33 is secreted from damaged epithelial
cells, activated immune cells, or even tumor cells. The
mechanism of action of this alarmin is still debated [83].
While IL-33 promotes tumor progression in some can-
cer types, such as breast or colon cancer [84, 85], some
studies have shown it to increase CD8+T cell infiltra-
tions and suppress melanoma cell growth or activate NK
cells [86, 87]. Our review will focus only on the IL-33/
eosinophil axis. IL-33 is responsible for the recruitment
of eosinophils, T cells, and NK cells. It induces CCL11
expression, which results in TATE at tumor sites, and
increases eosinophil anti-tumor function [85]. Lucarini
and colleagues reported that IL-33-treated tumors
become less populated with myeloid-derived suppressor
cells (MDSCs) and myeloid DCs (mDCs) and, instead,
IL-33 recruits CD8+T cells and eosinophils [59]. Exog-
enously administered IL-33 increased the expression
of alarmins, Th2 chemokines (CCL17 and CCL22),
CD8+T cell chemokines (CXCL10, CX3CL1), eosino-
phil chemokines (CCL11, CCL13, CCL24), as well as
Th2-related cytokines (IL-4, IL-13) and Thl effector
molecules (granzyme B) in the primary tumor. The sub-
sequent increased expression of CD107a and IFN-y
effector molecules in CD8+T cells and NK cells plus
balanced Thl and Th2 cytokines revealed the antitumor
role of IL-33. Eosinophil depletion significantly reduced
the IL-33-mediated antitumor function and was parallel
to reduced CD8+T cell recruitment and lower CD8+T
cell and NK cell activation. This suggests that eosino-
phils indirectly inhibit primary tumor growth by T cells.
In metastatic sites, eosinophil depletion also resulted in
lower Thl-related genes and the formation of metastases
without altering the immune cell composition of the met-
astatic sites. This establishes the role of eosinophils in IL-
33-induced metastasis prevention and the maintenance
of Th1 response. Significantly higher granzyme B, IFN-y,
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and TNF-a production of IL-33-activated eosinophils in
metastatic sites compared to unstimulated ones or eosin-
ophils terminally differentiated by IL-5 was a testament
to their direct tumoricidal activity and how IL-5 alone
might not be sufficient for such a function [59]. Similar
results were achieved in another study where IL-33 acti-
vated NK cells in the blood and recruited them to the
TME through CCL5 to suppress metastatic tumor devel-
opment [88]. CCL5 in the TME is partially produced
by IL-33-activated T cells and eosinophils, which were
also anti-tumorigenic. While depletion of eosinophils or
CD8+T cells alone had no effect on metastatic tumor
development, simultaneous elimination of both cells
significantly reversed IL-33-mediated tumor growth,
further showing the cooperation of these cells in tumor
suppression [88]. The source, location, and concentration
of expressed IL-33 and IL-5 levels might explain the rea-
son behind its different tumor-related effects. For exam-
ple, IL-33 pre-treatment is shown to reduce CD8+T cell
cytotoxicity, increase PD-1, KLRG-1, and CTLA-4 inhib-
itory receptors, and recruit myeloid suppressor cells and
FoxP3 + Tregs despite enhancing eosinophil and NK cell
function (IL-5 not reported) [89]. Future studies could
investigate how different levels of IL-5 and IL-33 contrib-
ute to eosinophil plasticity in cancer.

GM-CSF GM-CSF controls different aspects of eosin-
ophil differentiation and biology along with IL-5 and
IL-3 and triggers eosinophil anti-tumorigenic activities
as well. Arnold et al. showed that GM-CSF, produced
by CD4+T cells and tumor cells, enhanced eosinophil
anti-tumor responses [61]. Eosinophils readily infil-
trated tumors, and their numbers were inversely associ-
ated with tumor volume. In the absence (PHIL mice) or
excessive (IL-5-transgenic mice) presence of eosinophils,
IEN-y/TNF-a production of T cells was significantly
lower and higher than in WT mice. This was because T
cells were retained in the lymph nodes and failed to enter
the TME in PHIL or IL-5-depleted mice, highlighting
the role of eosinophils in T cell attraction and activation.
The administration of recombinant GM-CSF and/or IL-5
in tumor-bearing mice significantly reduced tumor size,
and no cytokine was more efficient than the other nor
synergistic. The abrogation of GM-CSF signaling pheno-
copied the above-mentioned effects of IL-5 or eosinophil
depletion, suggesting the anti-tumor effect of GM-CSF
and how it resembles that of IL-5. This was because
GM-CSF increased the expression of T-cell chemotactic
cytokines such as CCL17 and CCL22. The phosphoryla-
tion of interferon regulatory factor 5 (IRF5) transcrip-
tion factor is required for GM-CSF downstream signaling
and thus eosinophil activation (Siglec-F/CD11b). IL-10
and its critical transcription factor, STAT3, interrupt the
GM-CSF/IRF5 axis by reducing IRF5 phosphorylation.
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Almost 80% of the IL-10-expressing cells were mono-
cytes and macrophages, and Foxp3+ Tregs constituted
only 2% of the population. IL-10 suppresses both NK cells
and T cell functions. IL-10R-deficient eosinophils were
able to express excessive amounts of CCL5 [61]. GM-CSF
from other sources can also stimulate anti-tumor func-
tions in eosinophils. ILC2-derived GM-CSF recruits and
enhances eosinophils to counter melanoma growth [90].
These cells express programmed cell death receptor (PD-
1) inhibitory molecules similar to T cells. By activating
ILC2 cells via IL-33, GM-CSF levels increased, resulting
in eosinophil migration and activation. PD-1 expression,
however, also increases in activated ILC2 cells. Thus, by
inhibiting PD-1 in combination with IL-33, Jacquelot
et al. found they could boost eosinophil and subsequently
T cell activation to control melanoma tumor progression
[90]. As evidenced by these results, GM-CSF imposes a
negative effect on tumor growth and size, which is on par
with that of IL-5, and also promotes eosinophils and T
cells’ infiltration in the TME.

TSLP This cytokine is released from damaged nor-
mal and cancer cells, which tilts Th1/Th2 toward a type
2 immune response. Xie and colleagues investigated the
correlation between TSLP and tumor growth in vitro
[91]. Hypoxia promoted eosinophil recruitment and
increased TSLP secretion from cervical cancer cells.
Although eosinophil recruitment was attributed to TSLP,
the presence of other chemotactic factors in the culture
supernatant was neglected since the addition of anti-
TSLP did little to lower eosinophil recruitment. Among
different chemokines, cancer cells secreted CCL17 the
most, whose concentration was directly correlated with
eosinophil recruitment. Because anti-TSLP pre-treat-
ment decreased CCL17 production, hypoxia was deemed
to promote CCL17 production through TSLP. In vitro,
treatment of eosinophils with TSLP decreased their
CD80/C86 expression without altering HLA-DR levels.
This treatment had no effect on type 1 (IFN-y, TNF-a)
cytokines, but significantly increased type 2 (IL-4, IL-5,
IL-10, IL-13) cytokine concentrations. The co-culture of
these polarized eosinophils with fresh cervical cancer
cells increased their proliferation while inhibiting apop-
tosis [91]. This is evidence that hypoxia-induced TSLP
stimulates eosinophil pro-tumorigenic functions by
heavily biasing type 2 immunity in vitro, which could be
applied to in vivo conditions as well.

CCL11 CCL11/eotaxin-1 is crucial in eosino-
phil migration, TATE, and their subsequent tumori-
cidal activity [92]. Tumor-secreted CCL11 can recruit
eosinophils to tumor cells and inhibit tumor growth.
CCL11-overexpressing MS-K sarcoma cell clones (MS-
K-CCL11) demonstrated higher eosinophil recruitment
and BM eosinophil differentiation [92]. CCL11-induced
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eosinophils exhibited cytotoxic effects in co-culture with
NFSA sarcoma cell lines and endothelial cells. CCR3-
specific blockade in NFSA tumor-bearing mice increased
tumor angiogenesis and blocked eosinophil infiltration,
but no significant change in tumor weight was seen. The
effect of eosinophil absence on restoring tumor blood
vessel formation was indicative of how eosinophils would
damage tumor vessels, or as previously discussed, nor-
malize them.

Cancer immunotherapy

Cancer immunotherapy, where the immune system com-
ponents are manipulated to specifically target cancer
cells, is a rapidly growing field of study. This modality
has been successful enough to be deemed the fourth pil-
lar of cancer care just behind surgery, chemotherapy, and
radiotherapy. Based on the immune system component,
immunotherapy is branched into different offshoots. The
field has seen many recent breakthroughs, especially in
the past decade, with the clinical approvals and prom-
ising results of adoptive cell therapy (ACT), immune
checkpoint inhibitor antibodies (ICIs) and monoclonal
antibodies, oncolytic virus therapy, cancer vaccines, and
cytokine therapy [93]. ICIs and ACT are the most promi-
nent members of this family whose relations with eosino-
phils has recently been investigated. The mechanistic role
of eosinophils in cancer immunotherapy is only recently
gaining attention. Eosinophil count is generally associ-
ated with immune-related adverse events (irAEs) [94]
following ICB therapy but mostly a good prognosis
(Additional file 1).

Immune checkpoint blockade therapy

Immune checkpoints, such as cytotoxic T-lymphocyte
antigen-4 (CTLA-4) and programmed cell death pro-
tein-1 (PD-1), are naturally occurring receptors on
immune cells that regulate the immune response. PD-1
and CTLA-4 are present on immune cells, especially
T cells, and bind to their respective ligands to suppress
immune cells’ activation and expansion. This induces
cell exhaustion to prevent overactivation of the immune
cells and autoimmunity. Tumor cells hijack and exploit
this pathway by expressing PD-1/CTLA-4 ligands to shut
down cellular immunity and evade immune surveillance.
Immune checkpoint blockade (ICB) therapy employs
ICIs to target and block CTLA-4 and/or PD-1 recep-
tors on immune cells or their ligands—CD80/CD86 and
PD-L1—on tumor cells to enhance T cell activation and
antigen-specific response [95]. Although ICB is an effec-
tive treatment modality, its response rates range from 10
to 50% in different solid tumors [96]. It also fails to yield
positive results in non-immunogenic tumors such as tri-
ple-negative breast cancer. Since ICB boosts primarily T
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cell responses, and T cells and eosinophils have shown
intimate cross-talk, the role of eosinophils in ICB therapy
is under investigation.

A recent study sought to elucidate the role of eosino-
phils in ICB treatment in a non-immunogenic primary
and metastatic breast cancer mouse model [97]. Only
the triple administration of anti-PD-1, anti-CTLA-4, and
cisplatin (ICB+CIS) engendered durable responses in
mice, and eosinophils were the only cells that consistently
increased after ICB+CIS therapy in the primary and
metastatic tumor, the blood, and the healthy BM (Fig. 3).
RNA-seq identified enrichment for IFN-y pathway genes
in infiltrated eosinophils. While eosinophil depletion had
no effect on tumor growth in the cisplatin-alone group,
it significantly negated the effect of ICB +CIS at primary
and metastatic sites. This was attributed to the inacti-
vation of intra-tumoral CD8+T cells after eosinophil
depletion. The plasma cytokine profiles of ICB+ CIS-
and ICB-treated mice showed IL-5, whose main source
was traced back to CD4+ T cells and not ILC2 cells, to be
the only cytokine significantly increased in the plasma.
IEN-y ranked as the second highest cytokine. IL-5 block-
ade had the same effect as anti-Siglec-8 treatment by
dropping systemic and intra-tumoral eosinophil num-
bers. In ICB+CIS cases with the highest intra-tumoral
eosinophil penetration, IL-33 and then TSLP were the
most increased cytokines in the blood and tumor. IL-33
neutralization had no effect on systemic eosinophil count
but hindered intra-tumoral eosinophil accumulation.
This resulted in inhibited intra-tumoral CD8+T cells
activation and infiltration, and increased primary tumor
growth [97]. Whether IL-33 directly recruits and/or acti-
vates T cells was undetermined, but its positive effect was
previously demonstrated in immunogenic tumor models
[98]. IL-33 production upregulates PD-1 and/or PD-L1
in tumor cells as well as T cells, NK cells, and ILC2 cells
[89]. Although this would mean immune cells become
more susceptible to tumor-mediated suppression, it
would also open a window to block these receptors and
enhance immune cells’ function. These studies show the
importance of IL-33 and IL-5 co-expression in efficient
eosinophil-T cell tumor suppression and how, at least in
non-immunogenic tumors, eosinophils are necessary for
T cell activation even in the presence of ICls.

DPP4i, such as sitagliptin, could be an addition to
ICI therapy. While PD-1/CTLA-4 blocking prevents
tumor growth in immunogenic tumors, triple therapy
with DPP4i shrinks tumor size significantly more by
recruiting eosinophils, which further solidifies the idea
of T cell-eosinophil combination therapy. Simultane-
ous PD-1/CTLA-4 inhibition and eosinophil depletion
with or without DPP4i results in out-of-control tumor
growth, which denotes the crucial role of eosinophils
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Fig. 3 Eosinophils take part in a successful cancer immunotherapy. Treatment with immune checkpoint blockade (ICB) therapy and cisplatin
(CIS) increases IL-5 and IL-33, which increase eosinophil differentiation and recruitment, respectively (a). Dipeptidyl peptidase-4 inhibitor

(DPP4i), such as sitagliptin, actively stimulates eosinophils when combined with ICB (b). Anti-CTLA-4 alone is also capable of activating cellular
immunity with CD4+and CD8+T cells and galvanizing eosinophils to eliminate tumor cells in synergy with T cells (c). In vitro differentiation

of eosinophils from human embryonic stem cells (hESCs) could be vital strategy to create a product of eosinophils for immunotherapy. Both stem
cell-differentiated eosinophils and chimeric antigen receptor (CAR) T cells can suppress tumor growth, but when combined, they synergize their
tumor-killing potential (d). /CB anti-PD-1 plus anti-CTLA-4



Ghaffari and Rezaei Journal of Translational Medicine (2023) 21:551

in controlling tumor volume even when T cells are acti-
vated [58]. GM-CSF is another potent molecule that
reduces tumor growth as effectively as anti-PD-L1 or
anti-CTLA-4 antibodies. The fact that GM-CSF shows no
synergistic effect with these ICIs would point to the sup-
portive role of eosinophils for T cells [61].

Eosinophils and mononuclear cells surround regress-
ing tumors after anti-CTLA-4 treatment [99]. Anti-
CTLA-4 administration alone is capable of increasing
systemic eosinophil count and eosinophil infiltration
into the TME by stimulating /L5 and CCLS expression in
activated CD8+ T cells and CCL11 in CD4+T lympho-
cytes [100]. The recruited eosinophils produce IFN-y and
CXCL9. CTLA-4 blockade also increases IFNy and Cxcl9
expression in immunogenic tumor cells, which are cru-
cial in type 1 immunity and vessel normalization as well
as T cell recruitment. This gene expression alteration is
not observed in non-immunogenic tumors. Thus, anti-
CTLA-4 indirectly normalizes tumor vessels by increas-
ing pericyte coverage and vessel perfusion and decreasing
vessel density in an eosinophil-dependent manner. The
recruitment of eosinophils, CD4+, and CD8+T cells
depends on each other.

CART cells

CAR T cell therapy is a relatively novel and effective
immunotherapy for a range of hematopoietic malignan-
cies and solid tumors. Patient T cells are isolated and
inserted with a genetically engineered CAR transgene to
express CARs that are directed against a certain tumor
antigen and then reinfused back into the patient [101].
CAR constructs guide T cells, or any other cell they are
mounted on, to target a specific antigen. Based on CAR
generation, different costimulatory domains such as
4-1BB (CD137), ICOS, and OX-40, are designed to pro-
vide co-stimulatory signals to activate CAR T cells [102].
Considering the synergistic effect of T cells and eosino-
phils, they could be an ideal cell to support CAR T cell
responses against tumor cells, but the immunothera-
peutic potential of eosinophil incorporation is scarcely
investigated.

Cell or gene therapy can be greatly enhanced by repro-
gramming stem cells to produce a variety of cell types
[103]. Lai et al. produced large quantities of functional
human eosinophils from human embryonic stem cells
(hESCs) and human induced pluripotent stem cells
(iPSCs), which are comparatively easy to produce. Their
protocol expanded eosinophils roughly 10,000-fold with
more than 94% purity. In vitro, hESC-derived eosinophils
exhibited highly specific anti-tumorigenic activities with
no cytotoxicity to normal healthy cells (Fig. 3). In immu-
nodeficient NPG mice preconditioned with HCT116
tumor cells, intravenously injected CD45 +hESC-derived
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eosinophils infiltrated the tumor, restricted tumor
growth, and prolonged the median survival time of the
mice in both inoculated tumors and established tumors.
Interestingly, almost the same results were achieved
after administering CAR-T cells alone. The simultane-
ous injection of CAR T cells and hESCs-derived eosino-
phils, however, showed a more significant reduction in
tumor volume and extension of survival time compared
with CAR T cells alone [104]. The positive role of eosin-
ophils in CAR T cell function and efficient recruitment
in a CXCL9/CXCL10-dependent manner was previously
noted as well [105]. Such results corroborate other find-
ings that posit activated eosinophils function in synergy
with T cells to abolish tumor cells.

Conclusions and future perspectives

Multiple studies, including the more recent research,
show eosinophils to be a key component of orchestrating
immune cells against tumors. In this review, we compre-
hensively categorized eosinophil-related factors in TME
and emphasized the importance of designing a study
that encompasses all the relevant cells (T cells, NK cells),
mediators (IL-5, IL-33, CCL11), cytokines (IFN-y, TNEF-
a) and transcription factors and signaling proteins (IRF,
STAT), in order to achieve results that best reveal the role
of eosinophils in cancer treatment. Cumulative studies of
the past decade generally point to the anti-tumorigenic
effect of eosinophils rather than a pro-tumorigenic role,
both greatly determined by various signals in the TME.
Similarly, neutrophil anti-tumorigenic activity as innate
immune cells is dictated by different environmental cues
of the primary or metastatic TME [106]. It seems that a
Th1 or a balanced Th1/Th2 immune response is associ-
ated with eosinophil-mediated tumor suppression while
an over-stimulated type 2 response that quashes type 1
immunity mediates tumor progression. The STAT sign-
aling pathway in eosinophils correlates with what part
they play in tumor fate. While STAT1 phosphorylation
hinders tumor growth, STAT3 and STATS5 are involved in
tumorigenesis [61, 66, 82].

Much of the discrepancy in the conflicting results of
eosinophil pro- or anti-tumorigenic functions is possibly
due to simple in vitro studies, different or inappropriate
cancer models that artificially skew toward type 1 or 2
immunity, different tumors, analyzing primary or meta-
static tumors, or the misrepresentation of TME settings.
Some studies use chemically induced tumor cell lines that
actively recruit eosinophils via enhanced levels of IL-5,
CCL11, etc. [64, 107], while others examine the function
of a single eosinophil mediator such as IL-33 or TSLP
[59, 91] on simple cancer cell lines. Isolated in vitro, co-
culture of eosinophils and tumor cells hardly depicts the
complexity of TME [72]. Of course, establishing models
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with a dominant type 2 immune response will likely paint
eosinophils as pro-tumorigenic cells [108]. Most of the
earlier studies focused on eosinophils alone and not on
eosinophils with other immune cells, such as T cells. The
effect of eosinophils on tumors resembles a puzzle with
different pieces that work together; the absence or exag-
gerated presence of a piece could skew the results. In the
TME, innate immunity cells regulate adaptive immunity
cells like T cells [109].

The number of infiltrating eosinophils is speculated
to be another reason for a different tumor outcomes [9].
Eosinophils infiltrate various tumors in distinct num-
bers. For instance, the abundance of eosinophils in the
colon and esophagus is high while fewer eosinophils are
recruited to the lungs, ovaries, and breasts [110]. This
also reflects in the tumor stage. Apparently, in the early
stages of the tumor where eosinophils are few, they are
anti-tumorigenic, aid in immune surveillance, and con-
tribute to the Thl response. As eosinophils become more
numerous in the later stages, their excessive Th2 skewing
shuts down the Thl response, destabilizes the Th1/Th2
balance, and favors tumor progression as a result. Th1/
Th2 equilibrium is key [81].

Another key point that could explain the dichotomy
between the pro- or anti-tumorigenic activity of eosino-
phils is the nature and uniqueness of a tumor. Eosinophils
are consistently reported to exacerbate MM progres-
sion. Myeloma cells are central to plasma cell dyscra-
sia and thrive on IL-6 and APRIL. Though eosinophils
secrete these cytokines, other BM cells eclipse eosino-
phil IL-6 production, making eosinophils more or less
redundant. BMSCs that support myeloma cell growth,
macrophages, and osteoclasts are prominent IL-6 pro-
ducers [73, 111]. Cell-to-cell contact, which escalates as
myeloma cells expand, is another determinant of MM
outcome [71]. Thus, it is unsurprising that eosinophils
are pro-tumorigenic in these types of malignancies. The
very environment in which eosinophils are recruited is
equally important. The condition of TME, its produced
cytokines, and eosinophil exposure to innate or adap-
tive immune cells alter the polarization of eosinophils,
leading to tumor progression or retardation. Other cells
of the innate immune system, such as neutrophils and
macrophages, similarly have diverse roles that are dic-
tated by their environment [112, 113]. The mere exist-
ence of inactive eosinophils is inconsequential to tumor
suppression, and type 1 polarization and tumor-specific
T cell infiltration is required. Eosinophil activation status
seems to be of importance as well. Unlike earlier studies
that overlooked this state, most of the recent studies that
concluded these cells were anti-tumorigenic used omics
analyses to discern eosinophil activation via IFN-y/TNE-
a. While type 2 immunity can also hinder tumor growth,

Page 19 of 23

an overactive Th2 status that minimizes Thl activities
tends to support tumor progression. The supportive
influence of eosinophils on helper or cytotoxic T cells,
which are arguably the most potent anti-tumor cells, has
been shown on multiple occasions [9, 58, 59, 61, 66, 67,
97, 100, 104]. It seems that, when activated, eosinophils
can reshape TME structure and exert their supporting
role for other immune cells, particularly CD8+CTLs
[67].

Most controversial studies on this topic are related to
eosinophil-related cytokines. Multiple cytokines in the
TME work in concert to determine clinical outcomes.
Assessing IL-5 alone in type 2 immunity settings, for
instance, and not evaluating other tumor-related media-
tors, such as IL-33, would paint eosinophils as cancer
promoters [108]. The concentrations of cytokines should
be taken into account as well. Introducing high or low
levels of exogenous cytokines or transplanting mice
with tumors that overexpress certain cytokine genes will
only engender misleading results. The same holds true
for TME cells; simply evaluating eosinophil interactions
with one cell type will lead to the misinterpretation of the
results.

Eosinophils are showing promising results in immu-
notherapy settings, especially in ICB and CAR T cell
therapies [58, 61, 97, 100, 104]. This comes as no surprise
since eosinophils support T cells’ recruitment and acti-
vation. Their synergy with CAR T cells and ICIs, lack of
an endogenous T cell receptor (TCR) that bypasses graft-
versus-host disease, and their rapid response by virtue of
being innate immune cells that quickly infiltrate tumors
and attract other immune cells make them a potential
adjuvant therapy. Their number limitations can be over-
come by utilizing HSCs as a source, optimizing in-lab
expansion, or using suitable replacement cell lines. Such
features have made allogeneic NK cells, CAR-NK cells,
and CAR-macrophage (CAR-M) cells an emerging trend
in adoptive cell therapy. CAR-NK and CAR-M cells are
being researched as a substitute or complement therapy
to CAR-T cells [114]. Perhaps CAR-eosinophils can be
investigated as a complement to CAR-T cell therapies.

The paucity of data is another reason for conflicting
data on this issue. Bulk cell analysis has only recently
been used to investigate eosinophils in cancer therapy.
According to our research, no study has applied sin-
gle-cell analysis in this context. Single-cell analysis is a
powerful burgeoning omics tool that can be used at dif-
ferent molecular levels (e.g. genomics, transcriptomics,
proteomics, etc.) to find valuable data regarding various
tumors or the cell product, such as CAR-T cells. Single-
cell RNA sequencing, for instance, is able to classify the
cells of a tumor or the therapeutic cell product into dis-
tinct clusters based on their transcriptome similarity. It



Ghaffari and Rezaei Journal of Translational Medicine (2023) 21:551

can also reveal what gene groups are up- or down-regu-
lated. Such a tool can be utilized to distinguish eosino-
phils before and after interacting with different tumors
to discern which eosinophil groups—based on their
genetic expression—were anti- or pro-tumorigenic and
which genes were involved. Perhaps, such genes can be
the target of the CRISPR/Cas9 gene editing platform that
is used to boost adoptive cell therapy now more than
ever [115]. Single-cell analysis can also identify eosino-
phil subtypes beyond the conventional flow cytometric
analyses. Future studies should also track the changes
and interactions of innate and adaptive immune cells
with eosinophils and examine their potential impact on
the pro- or anti-tumorigenic function of eosinophils. A
deeper knowledge of eosinophils’ inner workings could
turn eosinophils into a potential immunotherapeutic
agent either alone or as a combination therapy. Future
studies can focus on turning eosinophils into a weapon
against tumor cells parallel to further studying their part
in TME and cancer outcomes.
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