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Abstract

A principal purpose of type 2 immunity was thought to be defense against
large parasites, but it also functions in the restoration of homeostasis, such as
toxin clearance following snake bites. In other cases, like allergy, the type 2
T helper (Th2) cytokines and cells present in the environment are detrimen-
tal and cause diseases. In recent years, the recognition of cell heterogene-
ity within Th2-associated cell populations has revealed specific functions of
cells with a particular phenotype or gene signature. In addition, here we
discuss the recent data regarding heterogeneity of type 2 immunity–related
cells, as well as their newly identified role in a variety of processes ranging
from involvement in respiratory viral infections [especially in the context of
the recent COVID-19 (coronavirus disease 2019) pandemic] to control of
cancer development or of metabolic homeostasis.
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INTRODUCTION

Research over the last decades has provided deep insights into cellular immune responses and has
elucidated how adaptive immunity is activated to support the functioning of innate immune cells,
such asmacrophages and granulocytes.Type 1Thelper (Th1) cells and natural killer (NK) cells are
well-known to produce cytokines like IFN-γ so as to increase the capacity of phagocytes to engulf
and kill pathogens.Whereas the evolutionary purpose of this so-called type 1 immune response is
easily understood, less is known about the function of type 2 immunity, where adaptive CD4+ Th
lymphocytes (Th2 cells) and group 2 innate lymphoid cells (ILC2s) produce the cytokines IL-4,
IL-5, IL-9, and IL-13 mainly to help innate eosinophils, basophils, and mast cells. This type 2
immune response is mainly known for its role in causing allergic diseases, but it is believed that
type 2 immunity was primarily needed to provide defense against large parasites as vertebrates
coevolved with nematodes (1). Symptoms induced by type 2 immunity include itching, swelling,
sneezing, wheezing, diarrhea, and abdominal cramping. Such responses can contain or get rid of
large parasites as they colonize the gut or pass through the lungs, but they have been proposed
to also help expel or neutralize poisons or toxins after skin bites of ectoparasites and snakes, with
mast cells and basophils being crucial for venom detoxification (2, 3). Therefore, the primary
function of type 2 immune responses is detoxification and expulsion. If this is not sufficient and
the parasite finds a way to persist, type 2 immune responses will strive to ignore or regulate the
conflict, resolve inflammation, and restore tissue homeostasis. In an ultimate attempt to confine
the infectious threat, type 2 immunity will also initiate a fibrotic program leading to encapsulation.

Most immunologists and clinicians know type 2 immunity mainly as a detrimental response to
innocuous allergens, like those present in house dust mites (HDMs), cockroaches, pollen, animal
dander, and certain foods. Much has been learned about initiation of adaptive type 2 immunity
by studying these allergens in animal models. In contrast to type 1 immunity, where stimuli di-
rectly activate dendritic cells (DCs) to instruct Th1 immunity via production of IL-12, instruction
of Th2 immunity via DCs is indirect, with an intermediate step often involving the barrier ep-
ithelial cells. Upon allergen exposure on the skin or other mucosal surfaces, keratinocytes or ep-
ithelial cells produce alarmins such as TSLP (thymic stromal lymphopoietin), IL-1α, IL-25, and
IL-33. This epithelium-derived response is necessary for the activation of tissue-resident type 2
IRF4-dependent SIRPα+ conventional DCs (cDC2s).With the help of alarmin-activated, IL-13-
producing ILC2s, IFNAR+ cDC2s migrate to the draining lymph nodes, where they induce the
differentiation of Th2 effector cells (4, 5). Effector Th2 cells produce the typical Th2-associated
cytokines IL-4, IL-5, IL-9, and IL-13. Also, T follicular helper (Tfh) cells adopt a Th2 pheno-
type required for the differentiation of IgE-secreting cells (6). In the lung, for instance, Th2 cy-
tokines contribute to the development of eosinophil-rich local inflammation, mucus production,
bronchoconstriction, and tissue remodeling. In the case of chronic allergen exposure, type 2 im-
mune responses can also lead to pathological airway fibrosis and thickening of the subepithelial
basement membrane (7). Fibrosis is characterized by the deposition of extracellular matrix com-
ponents caused by the proliferation of fibroblasts and immune cells. Th2-associated cells such as
eosinophils, ILC2s, and a subset of amphiregulin-producing pathogenic Th2 cells are involved in
this process (7, 8).

While the roles of type 2 immunity in the fight against parasites and in responses to allergens
have been extensively studied, it has become increasingly clear over the last years that type 2 immu-
nity is also closely related to tissue repair processes after injury (9) andmaintenance of homeostasis.
Cutting-edge technologies have allowed better characterization of type 2 immune cells and iden-
tification of functions specific to cells with a particular phenotype or gene signature. In this review,
we discuss recent data showing that Th2-associated cells are more heterogeneous than initially
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believed and that these cells and related factors are central to a variety of processes contributing
to respiratory viral infections [especially in the context of the recent COVID-19 (coronavirus
disease 2019) pandemic], to control of cancer development, and to metabolic homeostasis.

HETEROGENEITY IN CELLS ASSOCIATED WITH TYPE 2 IMMUNITY

Th2 Cells

Since the original description of the Th1/Th2 paradigm, Th2 cells have been identified by their
production of IL-4, IL-5, and IL-13. However, analyses of peripheral tissue microenvironments
coupled with the advent of single-cell sequencing technologies have also radically shaped our
appreciation for the heterogeneity and plasticity of mounted type 2 responses and how these can
differ between homeostasis and pathology.

Single-cell transcriptomics has recently revealed a high degree of quantitative and qualitative
heterogeneity within pulmonary CD4+ T cell populations in lungs of humans and mice with al-
lergic asthma (10, 11). Lungs of asthmatic patients were enriched in Th2 cells comprising two
populations of tissue-resident T cells (classical tissue-resident T cells and a novel, recirculating,
tissue-migratory subset) and a population of pathogenic effector Th2 cells classified by high ex-
pression of IL5, IL13,PPARG, and IL17RB (12) (Figure 1). Interestingly, a subsequent study found
that asthmatic individuals allergic to HDM also had greater numbers of IL-9-expressing Th2
cells that expressed IL5, ZEB2, GZMB, CD109, and IL1RL1, all collectively linked to increased
pathogenicity and survival (10). IL-9 is a pleiotropic cytokine implicated in allergy, nematode in-
fection, and cancer (13). Given the transient and heterogeneous way in which CD4+ T cells are
reported to produce IL-9, the existence of a bona fideTh9 subset in vivo is still under debate (13).A
recent report claims that IL-9-producing CD4+ T cells are a subpopulation of PPARγ+, IL-5- and
IL-13-producing Th2 cells that, upon certain inflammatory conditions, adopt an IL-9-secreting
phenotype (14) (Figure 1). This concept, however, becomes less clear when the dual Th2/Th17
nature of T cell responses is considered (15), or with the observation that other non-Th2 T cell
subsets also secrete IL-9 in various inflammatory or homeostatic conditions (13).

Beyond Classical Th2 Cells

IL-4 is not only a hallmark of Th2 effector or memory Th2 cells. IL-4-secreting follicular
helper T (Tfh) cells are thought of as central mediators of IgE isotype switching by B cells (16).
Gowthaman et al. (6) recently expanded on this, demonstrating a dichotomy between IL-4- and
IL-21-producing,BATF-drivenTfh2 cells and IL-4-, IL-5-, and IL-13-producing,GATA3-driven
Tfh13 cells directing switching to antihelminth IgE and high-affinity, pro-anaphylactic IgE, re-
spectively (Figure 1). Furthermore, follicular regulatory T (Tfr) cells were shown to regulate IgE
class switching in B cells (17) and early germinal center responses involvingTfh13 cells withHDM
(17). These functions were attributed to a high level of secretion of neuritin, in addition to IL-10,
by Tfr cells that acted specifically on B cells to repress plasma cell formation and immunoglobulin
class switching to Th2-associated IgG1 and IgE (18).

Also,Tregs can share features with conventional Th2 cells, such as responsiveness to IL-33 and
production of IL-10. First described in the gut, IL-33-responsive, ST2+Foxp3+ Tregs express
GATA-3 and the lipid transcription factor PPARγ (19). This subset is particularly enriched in
healthy adipose tissues (20). In the lung, ST2+ Tregs suppress the activation of innate γδ T cells,
which are required for production of eosinophil-selective chemokines (21). ST2+ Tregs seem to
respond to IL-33 directly produced by DCs, whereas other ST2+ effector cells, including effector
Th2 cells and ILC2s, respond to epithelial IL-33 (22). The development of ST2+ Tregs seems to
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Figure 1

T cell heterogeneity in type 2 immunity. Over the last years, several populations of CD4+ T cells with
different characteristics have been identified. Depending on their expression of cytokines, transcription
factors, or surface markers, these T cells exert different functions ranging from eosinophil recruitment to
bronchial hyperresponsiveness to mucus production to help in the production of different types of IgE.
Abbreviations: Tfh, T follicular helper; Tfr, follicular regulatory T; Th2, type 2 T helper; Trm, tissue-
resident memory T.

be under direct reciprocal control of Bcl6 and Blimp1, very similar to their role in development
of Tfr cells (23).

ILC2s

Functionally, there is considerable overlap of Th2 cells with ILC2s enriched in barrier sites includ-
ing the skin, lung, and gut. Certainly, given their dependence on tissue-derived cytokines, these
cells seem to occupy very similar niches, e.g., in close contact with IL-33-producing stromal cells
around the blood vessels and bronchi in airways (24).Unlike their adaptive counterparts, ILC2s do
not express antigen-specific receptors and do not require prior activation by antigen-presenting
DCs but are directly triggered via epithelial or stromal cytokines or ligation of stimulatory re-
ceptors. In mice, ILC2s were shown to expand during the perinatal window, when they estab-
lish a cytokine- and tissue-specific transcription signature, translating to functional differences
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between different organs of residence (25, 26). Recently, ILC2s have been divided into a steady-
state, natural ILC2 (nILC2) population and an inflammatory ILC2 (iILC2) population that arises
under type 2 inflammatory conditions (27, 28). nILC2s are tissue resident, slowly turn over, and
do not reenter the circulation (29). nILC2s transition to iILC2s in a process that depends on
tissue-specific alarmins. The transcription factor BATF (28) or the cytokine IL-33 (27) has been
implicated in the downstream function of iILC2s, their entry into the circulation, and their mi-
gration to lymph nodes. Furthermore, iILC2s entered the circulation once the niche size limit
in peripheral tissues had been reached, and this was associated with dissemination of a type 2 re-
sponse systemically (29). Inflammatory ILC2s were also recently identified in humans.CD45RO+

ILC2s are transcriptionally and functionally homologous to murine iILC2s and differentiate from
tissue-resident CD45RA+ ILC2s in a process also dependent on BATF and IRF4 (30). CD45RO+

ILC2s were enriched in peripheral blood and tissue samples of asthmatic patients and patients with
chronic rhinosinusitis, and this correlated with disease severity as well as resistance to corticos-
teroids (30). In humans, ILC2s can also exhibit considerable plasticity. IL-10-producing KLRG1+

ILC2s demonstrate a capacity to suppress type 2 immunity and are defective in patients with grass
pollen allergy. However, seasonal allergen immunotherapy with grass pollen extract was able to
restore IL-10 production in ILC2s of these patients (31).

The transcription factor RORα has been deemed a unique discriminating factor between
ILC2s and Th2 cells, and RORα-deficient mice have been used as a model to probe ILC2 func-
tion in vivo since they lack ILC2s (5). However, recent data suggest that RORα is also active in
classical Th2 cells, suppressing production of cytokines, including IL-10, and also in Tregs (32).
Deletion of RORα in these adaptive cells boosts cytokine secretion and promotes allergic disease
(33).

Overall, the tissue environment, coupled with inflammatory signals released upon tissue per-
turbation, imparts considerable heterogeneity among tissue-resident and inflammatory immune
cell populations. It is important we understand how these processes are propagated and regu-
lated differently between tissues as well as between patients with differing genetic backgrounds,
especially for the development of individual targeted therapies for type 2 diseases (34).

Eosinophils

The eosinophil is a key effector cell of type 2 immune responses that can kill large extracellular
parasites via release of toxic basic proteins like eosinophil cationic protein and major basic pro-
tein (35). Eosinophils also alter the quality of mucus by oxidative cross-linking of airway and gut
mucins (36) and release of Charcot-Leyden crystals made up of galectin-10 (37). Recent tech-
nological advances in multiparameter flow cytometry have demonstrated that eosinophils are a
heterogeneous population of effector and precursor cells, with a diverse range of tissue-specific
phenotypes and functions, especially in type 2 diseases such as asthma. Eosinophils are a small
fraction of immune cells in the lung and circulation at steady state. However, type 2 inflammation
readily recruits new eosinophil populations. In the 1980s, a hypodense population of eosinophils
was identified in the blood and bronchoalveolar lavage fluids of asthmatic patients and was asso-
ciated with disease severity (38). These eosinophil populations recruited during allergic inflam-
mation can be separated using flow cytometric markers in the lungs of mice (CD101hiCD62Llo)
and humans (IL-3RhiCD62Llo). They have been termed inflammatory because they are present
during disease, but functional studies describing the roles of these cells in inflammation are still
lacking (39, 40).

Many recent studies have described the expression of Ly6G/Gr1, a marker conventionally used
to characterize neutrophils, on murine eosinophils during allergic inflammation (41, 42). This
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eosinophil population is also present in murine bone marrow. In vitro studies have shown that
the type 2 cytokine IL-5 can drive the differentiation of Ly6G+SiglecF+ eosinophils from both
a bone marrow–derived eosinophil population (43) and a neutrophil population (44). This has
led to the idea that these cells may indeed be precursor cells, described as EoPre (45). The effect
of tissue- and disease-specific cytokines in determining the phenotype of eosinophils is yet to
be fully explored, but interestingly, following treatment with IL-5 and GM-CSF (granulocyte-
macrophage colony-stimulating factor), eosinophils isolated from the peripheral blood of humans
upregulate CD69 and dysregulate fatty acid metabolism, resembling an eosinophil counterpart
found in nasal polyps (46). The individual or synergistic exposure to type 2 cytokines in disease
tissue is likely to play a significant role in eosinophil phenotype, including function and longevity
(47, 48).

Much work remains to clearly delineate the in vivo phenotypes and functions of eosinophils
during inflammation and how these are represented in humans. Eosinophils are a difficult target
for transcriptional studies due to their low number at steady state and their high level of intrinsic
RNases, which make them challenging for manipulation, but the interest in these cells and the
capability to analyze them are increasing.

Exploring eosinophil heterogeneity is particularly relevant, given the advent of new therapeu-
tics for type 2 diseases, many of which aim to deplete eosinophils via blockade of IL-5/IL-5R.
An important consideration in the development of new therapeutics for severe asthma is the in-
complete penetrance of these biologics in all facets of disease and in all patients. Understanding
the heterogeneity and tissue-specific development and maturation of eosinophils may shed some
light on the lack of efficacy of anti-IL-5/IL-5R treatments in some patients, as some tissue-resident
populations appear to be refractory to this cytokine (39). The distinct phenotype of eosinophils
in the nasal and lung tissues of patients with asthma (IL-3RhiCD69hi) and patients with chronic
rhinosinusitis (40, 49) may reflect a reliance on local factors, such as components of the extracel-
lular matrix (50), to instruct a subpopulation of eosinophils, especially given that the administra-
tion of mepolizumab (anti-IL-5, see below) does not attenuate the expression of these markers
(CD69/IL-3R) on these cells (51).

NEUROIMMUNE PROCESSES DRIVING TYPE 2 IMMUNITY

It has been proposed that type 2 immune responses evolved to rapidly defend against parasites
and toxins and to elicit rapid behaviors that lead to avoidance of the eliciting stimulus upon future
contacts (52).This behavior requires rapid input to the nervous system, and not surprisingly, type 2
immunity has close intersections with the peripheral nervous system. Mast cells, alongside other
tissue-resident phagocytes and ILCs, localize proximally to sensory nerves in the lung, gut, bladder,
and skin (53, 54). Given that these sites are highly innervated, increased attention has been placed
in recent years on the functional consequences of such proximity as well as the intersectional cross
talk between neuropeptides, neurotransmitters, and cytokines in mediating type 2 responses and
allergic disorders such as asthma, atopic dermatitis, and beigeing of white adipose tissue (53, 55).

ILC2s were shown to synthesize the neurotransmitter acetylcholine (ACh) in the gut and lung
in response to helminths, aspergillus, or exogenous alarmins or cytokines (56, 57). ACh production
enhanced type 2 cytokine production and aided downstream worm expulsion (56, 57). Similar
induction of ILC2 responsiveness was also attributed to the neuropeptide neuromedin U (NMU)
in the gut (58, 59) and lung (60); and pulmonary ILC2 function was found to be constrained
by calcitonin gene–related peptide (CGRP) released during Nippostrongylus brasiliensis infection
(61). Perner et al. (62) recently demonstrated that the cysteine protease papain directly stimulated
skin sensory neurons that subsequently released substance P (SP). SP itself acted on proximal
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CD301b+ DCs via MrgprA1 to promote lymph node migration and subsequent Th2 responses.
Furthermore, unlike NMU, neuromedin B (NMB) regulated ILC2 activity in a circuit dependent
on innate cross talk with basophils after N. brasiliensis infection. In this study, basophils influenced
the expression of the NMB receptor on ILC2s, which, in turn, dampened type 2 cytokine release
and cell proliferative capacity (63).

Nerve- and airway-associated interstitial macrophages were also recently identified as a unique
subpopulation of lung-associated macrophages with high immunoregulatory gene expression and
were strongly involved in directing tissue homeostasis (64). Thus, although the bidirectional in-
teraction of the nervous system and immune system has been known for decades (65), these recent
works, coupled with the emerging concept of the neuroimmune cell unit (66), signify the impor-
tance of neuronal-immune communication for localized tissue inflammation, homeostasis, and
integrity (63, 67).

RESPIRATORY VIRUSES AND TH2-MEDIATED DISEASES

In the field of type 2 immunity, it is very clear that patients with chronic airway diseases such as
type 2–high asthma are at increased risk for viral infection.Asthma exacerbations aremainly caused
by respiratory viruses, such as rhinoviruses and respiratory syncytial viruses (RSVs) (68). One of
the possible explanations for this is that rhinoviruses and RSVs favor type 2–related immune re-
sponses, as they facilitate IL-33 and IL-25 production by airway epithelial cells, especially in aller-
gic patients, resulting in the activation and recruitment of ILC2s,Th2 cells, and eosinophils,which
participate in asthma exacerbation (69). Furthermore, in asthmatic patients, type I and type III in-
terferon production by bronchial epithelial cells, a process required formounting efficient antiviral
responses, is impaired (70). The same holds true for plasmacytoid DCs, since IgE cross-linking—a
hallmark of allergic reactions—might abrogate their maturation and IFN-α secretion and in this
way dampen antiviral immune responses (71).

Type 2 Immunity in COVID-19

It is now well accepted that existing type 2 immunity can control the course of viral infections.
For this reason, the recent outbreak of COVID-19, induced by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has generated questions on whether patients with Th2
responses in the lung would be at increased risk for SARS-Cov-2 infection and whether asthma
would worsen in SARS-Cov-2-infected patients.

SARS-CoV-2 is a positive-sense, single-stranded RNA virus belonging to a subfamily of the
Coronaviridae and was originally described in 2019 in Wuhan, China. SARS-CoV-2 viruses infect
the upper and lower respiratory tracts and enter host cells through the angiotensin-converting
enzyme 2 (ACE2) receptor and transmembrane protease serine 2 (TMPRSS2) (72). Like many
other respiratory RNA viruses, including rhinoviruses and RSVs, SARS-CoV-2 viruses activate
the innate immune system in the airways by binding to pattern recognition receptors and in-
ducing expression of type I and III interferons. SARS-CoV-2 infection induces mainly a type 1
immune response, although type 2 cytokines are also elevated in COVID-19 patients, unlike in
other coronavirus infections (73, 74). Increased expression of IL-33 has been observed in the bron-
choalveolar lavage fluids of patients with COVID-19 (75). IL-33 can contribute to Th2 immu-
nity but can also induce the differentiation of Tregs (19). Since patients with mild symptoms of
COVID-19 have been shown to have increased numbers of Tregs (76), it is possible that in those
individuals, low levels of IL-33 are able to help in the generation of TGF-β-induced Tregs and
therefore contribute to the resolution of inflammation. In more symptomatic patients, higher lev-
els of IL-33 might induce dysregulation of pulmonary responses (Figure 2). Indeed, IL-33 can
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Type 2 immunity in patients with COVID-19. (a) Upon a mild infection or in asymptomatic patients, SARS-CoV-2 triggers a mild
production of IL-33 by lung epithelial cells. These low levels stimulate CD8+ T cells and ST2+ Tregs, which produce IFN-γ and
immunosuppressive cytokines like IL-10 and TGF-β, all contributing to efficient antiviral responses. (b) In the case of a more severe
infection, SARS-CoV-2 induces copious IL-33 production by epithelial cells. IL-33 triggers Th2 cells, ILC2s and ST2+ Tregs, which
acquire GATA3 expression. All these cells produce type 2 cytokines (IL-4, IL-5, IL-9, and IL-13), which leads to lung eosinophilia and
airway remodeling, possibly evolving into pathogenic fibrosis. In addition, activated ILC2s can inhibit CD8+ T cell and NK cell
responses. Altogether, the presence of type 2 cells and cytokines leads to less efficient antiviral responses. Abbreviations: ACE2,
angiotensin-converting enzyme 2; COVID-19, coronavirus disease 2019; ILC2, group 2 innate lymphoid cell; NK, natural killer;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; Th2, type 2 T helper; Treg, regulatory T cell.

activate ILC2s, which can suppress NK cell cytotoxic functions and IFN-γ production (77), and
this might therefore contribute to less efficient antiviral responses (78). More studies in animal
models and clinical trials are needed to establish the exact contribution of IL-33 in SARS-Cov-2
infection and whether IL-33 would be a good target for treating COVID-19.

Despite data suggesting that type 2 immunity developing during SARS-Cov-2 infection might
be linked to disease severity, intriguing reports point to evidence that the situation might be
different when the virus infects patients with preexisting pulmonary Th2 immunity. In contrast
to other respiratory viruses, human coronaviruses are not frequently observed during asthma
exacerbations (68). In line with this, recent epidemiological data have demonstrated that allergic
asthma and allergy are not risk factors for SARS-CoV-2 infection (79–81). In fact, it has even been
suggested that allergic asthma or allergy decreases the risk of SARS-CoV-2 infection, as airway
epithelial ACE2 expression tends to be lower in allergic asthma patients compared to healthy
individuals (82, 83). Also, inhaled corticosteroids—which are standard care for asthma—have
been associated with reduced expression of both ACE2 and TMPRSS2 (84). As these inhaled
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corticosteroids also reduce levels of proinflammatory cytokines (such as GM-CSF and TNF-α),
it is tempting to speculate that they exert protective effects during the inflammatory stage of
COVID-19, akin to the beneficial effect of systemic steroids (85). In this regard, a recent report
pointed out that the inhaled corticosteroid budesonide can be used to prevent hospitalization
in nonasthmatic subjects with mild recent-onset COVID-19 (86). On the other hand, patients
with nonallergic asthma did have an increased risk of SARS-CoV-2 infection, but this might be
explained by the fact that these patients often have comorbidities such as obesity, diabetes, and
hypertension, which are all risk factors for COVID-19 (87).

Anti–type 2 biologics during the COVID-19 pandemic. Because of evidence that allergic
asthma can reduce susceptibility to SARS-CoV-2 infection and mitigate the course of COVID-19,
there were some concerns about the safety of anti–type 2 cytokine biologics during the COVID-19
pandemic.

IL-4 and IL-13 blockade. Dupilumab is a human monoclonal antibody that inhibits the function
of IL-4 and IL-13 by blocking their shared IL-4Rα receptor component. During COVID-19 cy-
tokine storm,many proinflammatory Th1 cytokines are released (such as IL-2, IFN-γ, and TNF-
α/β), but Th2 cytokines (such as IL-5, IL-10, and IL-13) are also elevated (73, 74). Remarkably,
Donlan et al. (88) recently described IL-13 as one of the drivers of COVID-19, as anti-IL-13 was
protective against severe COVID-19 in both humans and mouse models. Interestingly, these au-
thors found that anti-IL-13 led to reduced expression of the gene coding for hyaluronan synthase 1
(Has1) and the hyaluronan receptor, CD44, and suggested that blocking the hyaluronan pathway
might be a new target for COVID-19 treatment. In line with this, several reports have indicated
that dupilumab should be continued during the pandemic, as dupilumab-treated patients did not
develop stronger or prolonged COVID-19 (89, 90). However, this is still not completely clear,
since others have also reported cases with a diminished antibody response against SARS-CoV-2
and prolonged viral load upon treatment with dupilumab (91).

IL-5 pathway blockade. Mepolizumab, reslizumab, and benralizumab are biologics used for
eosinophil-associated diseases.Mepolizumab and reslizumab neutralize the eosinophil growth and
activating factor IL-5, while benralizumab targets IL-5R and directly induces eosinophil deple-
tion by antibody-dependent cellular cytotoxicity. In patients with type 2–high asthma, biologics
that decrease pulmonary eosinophil numbers reduce virus-induced asthma exacerbations (92, 93).
In view of these results, and because eosinophils were shown to have antiviral functions (94), the
contribution of the IL-5 pathway and of eosinophils in SARS-Cov-2 infections was also addressed.
When investigators looked at the number of circulating eosinophils in patients with COVID-19,
the data were very controversial. Some found higher numbers of eosinophils in patients with se-
vere COVID-19 (95), and others reported blood eosinopenia in such patients (96–98). However,
increased expression of eosinophil-specific genes such as Galectin-10 and EDNwas present in the
postmortem lung tissue of COVID-19 patients (99), suggesting that eosinophils might contribute
to COVID-19 inflammation. Given that during the pandemic asthma patients being treated with
anti-IL-5 and anti-IL-5R biologics did not get more severe COVID-19 (100), it would be inter-
esting to test whether such biologics represent an effective therapeutic strategy for patients with
elevated eosinophil markers in their lungs.

Thus, based on the current literature, biologics blocking type 2 cytokines appear to be safe dur-
ing the COVID-19 pandemic.However, these biologics are currently used in patients with asthma.
Their value in patients who develop a type 2 signature in response to SARS-CoV-2 remains to be
fully addressed.
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Type 2 immunity during post-COVID-19 pulmonary fibrosis. Some patients who have over-
comeCOVID-19 develop long-term sequelae (101).One of themost devastating post-COVID-19
symptoms is pulmonary fibrosis, which is characterized by excessive collagen and extracellular ma-
trix deposition within the lung interstitium. This fibrotic tissue leads to destruction of the normal
lung parenchymal structure and to progressive loss of pulmonary function (102). A systematic
review reported that about 30% of COVID-19 patients had evidence of fibrotic sequelae that per-
sisted at least for six months after infection, although more studies are clearly needed and the real
incidence of fibrosis after COVID-19 may be well below 5%. It is also still too early to determine
whether these fibrotic changes in the lung are irreversible. Previous follow-up studies with SARS-
CoV and Middle East respiratory syndrome (MERS) patients have indicated that these fibrotic
insults might persist for more than a year (103).

The pathogenesis of (idiopathic) pulmonary fibrosis involves repeated microinjury to the alve-
olar epithelium that leads to an aberrant and ineffective repair response and epithelial dysfunction.
Upon activation and secretion of TGF-β by airway epithelial cells,TGF-βwill stimulate the trans-
differentiation of fibroblasts into myofibroblasts. TGF-β will also activate these myofibroblasts,
resulting in the deposition of more extracellular matrix material in the interstitial lung tissue and
thus fibrosis (102). Besides TGF-β, type 2 cytokines and especially IL-13 have been identified as
cytokines driving fibrogenesis. Indeed, increased expression of both IL-13 and its receptors IL-
13Rα1 and IL-13Rα2 has been observed in patients with pulmonary fibrosis (104). Furthermore,
Murray et al. reported that blockade of IL-13 significantly reduced pulmonary fibrosis and stim-
ulated epithelial repair in a humanized severe combined immunodeficiency (SCID) mouse model
of idiopathic pulmonary fibrosis (IPF), in which mice are infused with fibroblasts from patients
with IPF (105). Interestingly, a compensatory increase in IFN-γ has been observed during IL-13
blockade and resulted in elevated type 1 cytotoxicity and necrosis. Therefore, dual blockade of
IL-13 and IFN-γ has been proposed to be a better treatment option for pulmonary fibrosis than
anti-IL-13 alone (106).

Although there is ample evidence that type 2 immunity is involved in the pathogenesis of (id-
iopathic) pulmonary fibrosis, whether the same mechanisms also drive post-COVID-19 fibrosis
is not clear yet. Therefore, in future studies, it will be important to thoroughly monitor the long-
term consequences of COVID-19, in terms of both epidemiology and pathogenesis. Current and
future anti-type-2 biologics and antifibrotic agents might have beneficial effects, but multiblock-
ade strategies might be more promising to combat rebound cytotoxic type 1 responses. Given the
tremendous impact of the COVID-19 pandemic, even if only a small fraction of SARS-CoV-2-
infected individuals develop post-COVID-19 sequelae, it will still be an enormous challenge for
the health care system to support all these patients with suitable treatments.

TYPE 2 IMMUNITY IN CANCER

Antitumor immunity and tumor cell killing are usually associated with type 1 immune responses.
Antitumoral functions are mainly executed by NK cells and by CD8+ cytotoxic T cells, which are
activated by tumor-loaded type 1 conventionalDCs (cDC1s).Macrophages also have an important
role in controlling anticancer immunity. It is generally believed that M1-like macrophages can
directly mediate cytotoxicity and kill tumor cells or that they can do so using antibody-dependent
cell-mediated cytotoxicity (ADCC). The discovery of tumor-associated macrophages (TAMs) as
beingmore “alternatively activated”–like cells that promote tumor growth and support the survival
of Tregs has challenged the concept that the tumor microenvironment is dictated solely by a
type 1 immune response (107). The alternatively activated phenotype and immunosuppressive
role of TAMs are regulated by several factors, including tumor cell–derived molecules such as
sonic hedgehog or CSF-1, and the hypoxic condition of the tumor microenvironment (107–109).
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The transcription factor FoxO1, involved in macrophage polarization, gets downregulated and
promotes an alternatively activated differentiation program along with a reduction in MHC-II
expression (110).The alternatively activated program of TAMs is also controlled byTh2 cytokines
like IL-4 and IL-13 that are produced byTh2 cells and ILC2s and influence not onlymacrophages
but also cDCs to adopt a Th2-inducing mode. The repeated observations that Th2-associated
cytokines and cell populations are present in some types of cancers have encouraged research
groups to better define the role of type 2 immunity in cancer development.

Evidence for a Role of Th2 Cytokines in Cancer

Type 2 immunity includes cells and molecules normally involved in responses to helminths and al-
lergens but also those involved in wound healing processes and that often rely on proliferation and
differentiation of stem cells. In the gut for instance, IL-13 production by ILC2s can contribute to
homeostasis by promoting the self-renewal of IL-4Rα+ intestinal stem cells (111). Interestingly,
polymorphisms in IL-4, IL-13, and IL-4Rα genes are associated with the development of some
cancers such as colorectal cancer. In line with this, several studies support a protumorigenic ef-
fect of Th2 cytokines. In obese mice, which have higher levels of IL-13 in the serum and higher
expression of IL-13Rα2 in colon tissue, the number of tumors was higher than in wild-type litter-
mates (112). In colorectal cancer, IL-4 and IL-13 can induce an increase in the concentrations of
reactive oxygen species (ROS), therefore contributing to the establishment of an oxidant milieu,
a driver of inflammation-dependent cell proliferation and tumor progression (113). In addition,
in a model of non–small cell lung cancer, a recent study identified mature cDCs enriched in im-
munoregulatory molecules (mregDCs) characterized by the expression of Th2-associated genes,
including that encoding IL-4Rα. In this model, the presence of IL-4 inhibited IL-4Rα+ mregDC
functions by reducing IL-12 production and by limiting their capacity to activate efficient CD8+

T cell responses. The blockade of IL-4 signaling restored mregDC functions and reduced tumor
burden (114) (Figure 3). These data nicely show that both IL-4 and IL-13 can promote tumor
growth and be a therapeutic target in cancers where their presence is proven.

Despite evidence showing the deleterious effect of Th2 cytokines in cancer, there are also data
proposing a role for Th2 cytokines in restraining tumor progression. Recently, in a murine model
of breast cancer, in the absence of the suppressive cytokine TGF-β in the tumor microenviron-
ment, CD4+ T cell–derived IL-4 reduced tumor development. This IL-4-mediated halt in cancer
progression was the result of blood vessel remodeling that caused hypoxia and cell death in avas-
cularized regions (115). Interestingly, when studying patients with different types of cancer, the
authors of this report found a strong type 2 signature in less aggressive types of cancer (115).Type 2
immunity is traditionally associated with IgE responses. Engineered IgE directed against cancer
epitopes can potentially be used to elicit stronger antitumoral immunity, a field or research now
called AllergoOncology (116). Cross-linking of IgE on a trimeric IgE receptor of human mono-
cytes indeed elicits strong ADCC and monocyte activation, and better control of tumor growth
(116).

Collectively, these data show that the role for type 2 cytokines in cancer is still controversial and
depends on the type of tumors studied. Because Th2 cytokines can contribute to tumor growth
in some types of cancer, it would be interesting to see whether some of the recently developed
anti–type 2 cytokine therapies such as dupilumab (which targets IL-4Rα) that are used to treat
Th2-associated diseases would also be beneficial in some cancer patients.

A Role for Epithelium-Derived Cytokines in Cancer Development?

TSLP is primarily expressed in epithelial cells at barrier sites, with the highest expression levels
in skin, gut, and lung. TSLP has been involved in allergic diseases, where it helps to create a
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The two faces of IL-33 in cancer. (Left) IL-33 production by tumors leads to the activation of ILC2s, Th2
cells, ST2+ Tregs, and M2-like macrophages. The production of IL-5 by ILC2s and Th2 cells induces the
activation of eosinophils, which can inhibit NK cell functions and contribute to tumor growth. IL-4
production by ILC2s and/or Th2 cells induces low IL-12 production by mregDC functions, which can
inhibit NK cell functions. In addition, ILC2s induce MDSCs that contribute to a general
immunosuppressive environment and to tumor growth. (Right) IL-33 sometimes contributes to tumor
regression. IL-33 can also directly stimulate CD8+ T cells and NK cells, which produce IFN-γ, leading to
tumor regression. IL-33 can also directly activate eosinophils to release their cytotoxic granules, leading to
tumor destruction. Abbreviations: ILC2, group 2 innate lymphoid cell; MDSC, myeloid-derived suppressor
cell; mregDC, mature conventional dendritic cell enriched in immunoregulatory molecules; NK, natural
killer; Th2, type 2 T helper; Treg, regulatory T cell.

predominantly Th2 microenvironment, mostly through DC activation. Recently, a role for TSLP
in cancer has been proposed (117). However, data are scarce and quite unclear because of the
fact that in humans, TSLP expression has always been associated with tumor progression whereas
in mice, antitumor functions have been reported (reviewed in 117). Given the strong association
between cancer and TSLP in humans, this cytokine is an interesting target. In tumors where
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TSLP expression is established, it will be interesting to test the effects of tezepelumab, an anti-
TSLP monoclonal antibody likely soon to be approved as a biologic to treat asthma (118). It will
be interesting to test the effects of tezepelumab in tumors where TSLP expression is established.

IL-33 is another Th2-associated cytokine expressed by a variety of cells including fibroblasts,
endothelial cells, and epithelial cells. The presence of IL-33 has been reported in several types of
tumors, but its biological function there is not fully understood. Antitumor immunity classically
involves type 1 immune cells such as CD8+ T cells and NK cells, both of which can express the
IL-33 receptor, ST2. IL-33 reinforces the functions of CD8+ T cells and of NK cells by increas-
ing their ability to produce IFN-γ, thereby inducing an environment that would support tumor
rejection and where IL-33 would therefore have antitumor activities (119, 120) (Figure 3). How-
ever, in other types of cancer, IL-33 is associated with the accumulation of ST2+ Tregs, a specific
subset previously identified in mucosae where it relies on IL-33 for its suppressive capacities, un-
like classical Foxp3+ Tregs (19). In tumors, the presence of IL-33 renders ST2+ Tregs unable
to inhibit T cell effector functions, indicating that this IL-33–ST2+ Treg axis might contribute
to the development of a protumorigenic environment (121, 122) (Figure 3). Also, in a model of
squamous cell carcinoma, IL-33 production by tumor-initiating cells induced the accumulation
of ST2+FcεRI+MHCIIlo TAMs that produced TGF-β. This TAM-derived TGF-β stimulates the
invasive properties of tumor cells and more IL-33 production by these cells (123). This signaling
loop could be a critical driver of invasive cancer progression in squamous cell carcinoma. In con-
clusion, IL-33 seems to harbor a dual role in cancer that depends on cancer type, but it is certainly
an interesting target for immunotherapy to limit tumor growth and invasiveness.

A Role for ILC2s in Cancer

Because IL-33 has been reported in several types of tumors, it is not surprising that researchers
have tried to understand the role of ILC2s, the best-known target for IL-33, in cancer immunity.
ILC2s produce high amounts of the type 2 cytokines IL-4, IL-5, IL-9, and IL-13, as well as am-
phiregulin, which is involved in tissue repair. ILC2s can be found in different types of tumors in
which high levels of IL-33 are detected, and they usually promote tumor growth, angiogenesis,
and metastasis (124) (Figure 3). These findings fit very well with the observations that high lev-
els of IL-33 are often associated with poor prognosis (125). In breast cancer models, the use of
ST2−/− animals strongly reduced the number of both ILC2s and myeloid-derived suppressor cells
(MDSCs), suggesting that MDSCs can be recruited by ILC2s. Recently, a similar ILC2-MDSC
link was shown to be present in human patients with acute promyelocytic leukemia (APL) (126).
In APL, high levels of PGD2 and B7-H6 present in the tumor microenvironment were able to
expand and activate ILC2s.High levels of ILC2-derived IL-13 led to a strong immunosuppressive
environment permissive for tumor growth (126). Again, in this study, the evidence was circumstan-
tial, and the exact nature of theMDSC-ILC2 cross talk still needs to be elucidated.Whether IL-13
or other ILC2-derived Th2 cytokines present in the tumor microenvironment contribute in any
way to MDSC functions remains to be addressed. These data point to a role for ILC2-derived
cytokines in setting up a protumorigenic environment. Interestingly, a recent report identified
PPARγ expression in ILC2s as an important driver of the protumorigenic functions of these cells
because they favorTh2 cytokine production (127). Since PPARγ expression is equally important to
drive IL-5 and IL-13 production by Th2 cells (128), it would be interesting to determine whether
PPARγ+ Th2 cells can also contribute to a protumorigenic environment, or whether this is an
exclusive function of ILC2s.

While Th2 cytokine production by ILC2s is able to set the stage for tumor development,
some reports state that ILC2s can directly favor the differentiation of Tregs through their
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expression of ICOSL (129). In turn, ILC2-induced Tregs can inhibit ILC2 proliferation and ac-
tivation. Whether Tregs can turn ILC2s into some sorts of regulatory ILCs, or whether ILC2s
adopt a more Treg cytokine–producing signature, as seen following allergen immunotherapy (31),
is not clear, but together this would all help sustain a suppressive tumor microenvironment.

Despite the well-documented protumorigenic role of ILC2s, some reports also provide evi-
dence of antitumor activities of ILC2s, at least in certain types of cancer. In colorectal cancer,
ILC2-derived IL-13 was shown to be able to activate DCs, which became better at inducing
cytotoxic CD8+ T cells, therefore conferring better antitumor immunity (125). More recently,
IL-9-producing ILC2s were shown to be the dominant ILC2 subset in colorectal cancer. ILC2-
derived IL-9 promotes the antitumor effects of CD8+ T cells, and in this way, ILC2s contribute
to limiting cancer progression (130).

In sum, the role of ILC2s in cancer immunity is still controversial, and more work is needed
to better understand the mechanisms behind ILC2 pro- and antitumor functions.

Eosinophils in Cancer

Despite early data showing the presence of eosinophils in the tumor microenvironment of many
human tumors (131), the role of eosinophils in cancer has been largely overlooked for a long
time. Recent data indicate that these cells are potent effectors and regulators within the tumor
microenvironment with potential prognostic and/or predictive roles in human cancers. An anti-
tumoral role of eosinophils has been described in colon cancer, melanoma, lung cancer, and oral
squamous cell carcinoma (132). In murine models of hepatocellular carcinoma and breast cancer,
the increased recruitment of eosinophils into tumors induced by dipeptidyl peptidase 4 (DPP4) in-
hibition led to increased antitumor immunity (133). TheMunitz lab (134) elegantly demonstrated
an antitumorigenic role of eosinophils during tumor development in mouse and human colorec-
tal cancer. In this study, the authors found a negative correlation between the number of tumor
eosinophils and tumor stage. Moreover, they showed that eosinophils recruited into the tumors
could reject the tumors, independently of CD8+ T cells (134). Eosinophils contribute to antitu-
mor immunity by means of their cytotoxic granules that can create cell damage (Figure 3). In
addition, the antitumor functions of eosinophils can be induced by cytokines present in the tumor
microenvironment. GM-CSF was recently shown to activate IRF5 signaling in eosinophils, and
this was necessary to endow eosinophils with antitumor activities. In the absence of eosinophils,
colorectal cancer cells grew faster and animals had larger tumors (135). In addition, in IL-33-rich
tumor environments, IL-33 was able to expand and activate eosinophils to become more cyto-
toxic through lytic granule convergence, a mechanism similar to the one used by NK cells (136).
Although IL-33 can directly activate eosinophils, it is also likely that eosinophils get recruited to
tumors by ILC2-derived IL-5 (125). Although eosinophils are often associated with antitumor
immunity and although their presence in patients with cancer is often associated with a good
prognosis, a recent study challenged this dogma. The Halim group reported that a preexisting
Th2 environment in the lung promoted the metastatic seeding of B16 melanoma cancer cells to
this organ. In this model, highly metabolically active eosinophils recruited by ILC2s could di-
rectly inhibit NK cell functions by stealing nutrients and limiting NK cell metabolic fitness (77).
More work is clearly needed to clarify the exact contribution of eosinophils in cancer. Reassur-
ing is that so far, investigators who have studied human eosinophil knock-outs—patients treated
with the eosinophil-depleting drug benralizumab—have not yet reported an increased incidence
of cancer after three years of treatment, although longer observation periods are still warranted
(35, 137).
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Mast Cells and Basophils in Cancer

It is clear that mast cells are present in tumors of different types of cancer, but what is the role
of tumor-associated mast cells? Mast cells produce several mediators with proinflammatory, anti-
inflammatory, and angiogenic properties and can therefore play a role in tumor immunology. The
prognostic value of mast cells in human tumors has been shown in several types of cancers. In
breast cancer or in non–small cell lung cancer, high mast cell infiltration was considered an in-
dicator of good prognosis, independently of tumor stage (138, 139). However, in other types of
cancer like pancreatic cancer and prostate cancer, high numbers of tumor-associated mast cells
were associated with tumor progression and worse prognosis in patients (140). The potential an-
titumoral effects of mast cells have mainly come from early murine studies showing that mice
lacking mast cells had increased tumor incidence and growth (141). Also, TLR-activated mast
cells were shown to promote antitumor immunity by recruiting NK and CD8+ T cells to the
tumor site (142). Despite these reports on the antitumor effects of mast cells, it is becoming in-
creasingly clear that mast cells can also exert protumoral roles. The mechanisms that potentially
mediate mast cells’ protumoral functions include induction of tumor cell growth; induction of an
immunosuppressive tumor microenvironment; promotion of angiogenesis and lymphangiogene-
sis through the release of VEGF, TNF-α, FGF, TGF-β, or tryptase; and facilitation of invasion
and metastasis (through tryptase, chymase, and metalloproteases) (132, 143–145). It is unclear at
present what role basophils play in cancer progression. Altogether, the studies performed so far
show that the roles of mast cells and basophils in cancer are controversial and depend on the type
of cancer.

TYPE 2 IMMUNITY IN METABOLISM AND OBESITY

Obesity is a complex metabolic disorder caused by an interplay between genetic and environmen-
tal factors. It is characterized by an increased size of white adipose tissue (WAT) caused by the
accumulation of fat in the body. The main purpose of these fat depots in WAT is to store fat for
later use as a source of energy in homeostasis.However, upon exposure to sustained cold, beigeing
of adipocytes is induced and helps to maintain energy expenditure. Particularly in subcutaneous
WAT, the beigeing or browning of adipocytes dissipates energy through thermogenesis via uncou-
pling of the mitochondrial electron transport chain, and loss of this adaptation can lead to obesity
(55). The repeated and prolonged accumulation of fat in WAT is associated with low-grade in-
flammation, which is a risk factor for cardiovascular diseases and type 2 diabetes (146).

Type 2 Immunity Contributes to the Health Status of Adipose Tissue

The cellular composition of adipose tissue in healthy, lean individuals is mostly related to type
2 immunity. Initially, PPARγ+ alternatively activated macrophages and eosinophils had been
shown to promote tissue homeostasis by producing anti-inflammatory mediators that modulate
adipocyte functions and contribute to repair. The specific deletion of PPARγ in macrophages
led to their inability to polarize into alternatively activated cells and was associated with insulin
resistance and weight gain (147). In adipose tissue, the alternative activation of macrophages
is controlled by eosinophil-derived IL-4 production (148). As an important source of type 2
cytokines, ILC2s have also been added to the list of players controlling the healthy status of
WAT (Figure 4). Through their production of IL-5 and IL-13, ILC2s contribute to eosinophilia
and alternative activation in this tissue. In addition, Molofsky and colleagues (149) demonstrated
that IL-33 is necessary for the activation of ILC2s and the accumulation of eosinophils in WAT.
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Type 2 immunity in adipose tissue homeostasis. In healthy, lean adipose tissue, IL-33 production by
mesenchymal cells induces the activation of ILC2s, Th2 cells, ST2+ Tregs, and M2-like macrophages. IL-5
production by ILC2s induces tissue eosinophilia whereas IL-13 release by Th2 cells contributes to M2-like
polarization of macrophages. In obesity, the adipose tissue is more characterized by the presence of Th1 cells,
CD8+ T cells, NK cells, and M1-like macrophages, which produce IFN-γ, IL-1, and TNF-α. Abbreviations:
ILC2, group 2 innate lymphoid cell; NK, natural killer; Th2, type 2 T helper; Treg, regulatory T cell.

Determination of the contribution of IL-33 in adipose tissue led to the identification of a unique
subset of ST2+GATA-3+PPARγ+ regulatory T cells in adipose tissue (20, 150). More recently, a
new population of Trem2+ lipid-associated macrophages has been identified. Although the origin
of these macrophages is still unknown, they share some of the genes from alternatively activated
cells, and have the potential to prevent the development of metabolic diseases (151).
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Because IL-33 seems to be central in the control of adipose tissue homeostasis, several groups
have tried to identify its cellular source. Although this needs further work, several initial studies
point to production being restricted to the stromal compartment. Spallanzani et al. (152) found
IL-33 to be expressed by PDGFRα+Sca-1+ mesenchymal stem cells, whereas others located IL-33
production in adipose stem and progenitor cells spread throughout adipose tissue (153). Finally,
McKenzie’s group (154) discovered thatWAT-resident multipotent stromal cells act as a reservoir
for IL-33 and support ILC2 proliferation and activation. In turn, IL-4 and IL-13 production
by ILC2s induces eotaxin release by WAT multipotent stromal cells, contributing to eosinophil
recruitment.

There is now compelling evidence that type 2 immunity contributes to the homeostasis of
adipose tissue. In obesity, low-grade inflammation changes into a milieu where Th1 cytokines
are predominant. Hypertrophic adipocytes secrete proinflammatory mediators that include
TNF-α, IL-1, IL-6, IL-8, and leptin and attract immune cells such as macrophages, neutrophils,
and cytotoxic CD8+ T cells. The accumulation of M1-like macrophages is also tightly linked to
the development of insulin resistance (155) (Figure 4).

Is Long-Lasting Adipose Tissue Inflammation Reversible?

Long-lasting inflammation in obese people may have long-term consequences due to trained im-
munity (156). This idea was recently evidenced by studies showing that myeloid cells of mice that
were first fed a Western, high-fat diet and then switched to chow still exhibited Western diet-
induced epigenetic and transcriptional reprogramming long after they were switched to chow
(157). Even if the body mass and glucose intolerance reverted after the switch from a high-calorie
to a low-calorie diet, the adipose tissue still showed signs of inflammation for a long period of time,
although whether type 2–associated cell numbers were affected or not has not been addressed
(158). This trained immunity in obese individuals may have important clinical implications. The
exaggerated proinflammatory milieu provided by adipocytes and immune cells could potentially
put people at higher risk for severe forms of diseases. As an example, during the recent COVID-
19 pandemic, obesity has been clearly correlated with an increased risk of severe forms of the
disease leading to intensive care unit admission and even death (159, 160). Another better-studied
example is the link between obesity and asthma. Indeed, several studies have found that obese
patients often present with more severe asthma (161). The reasons obesity impacts lung diseases
so much is unclear, and whether or not the altered type 2 immune responses in obese patients are
involved in this phenomenon is unknown. Recently, an intriguing concept has been put forward
to explain why obese people are more at risk for pulmonary diseases. Postmortem analysis of fatal
asthma cases found adipose tissue in the outer wall of large airways, which were therefore named
fatty airways, and a greater quantity of this tissue was associated with higher body mass index,
greater wall thickness, and a larger number of inflammatory cells (162). Interestingly, the lung
inflammation included the presence of both neutrophils and eosinophils and correlated with the
amount of adipose tissue in the airway (163). It is possible that these fat depots in the lung are an
epiphenomenon, but they may also be a source of cytokines and leptin that could fuel inflamma-
tion in the airways. Whether such depots also exist in obese patients with severe COVID-19 or
in those with increased eosinophil numbers in their lungs remains to be seen. Further studies are
definitely warranted to fully understand the contribution of these fatty airways to severe asthma
and respiratory viral infections.

CONCLUSION

It is now clear that type 2 immunity has broader roles than just defense against parasites or caus-
ing allergic inflammation. The recent findings highlighting the involvement of Th2 immunity in
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repair processes, cancer, viral infections, and obesity mainly in murine models have taught us that
type 2 immunity has two faces: a good one and a bad one.While type 2 immunity can be beneficial
in some cases like parasitic infection; some cancers; or healthy, lean adipose tissue, it can become
pathogenic in other circumstances like other types of cancer, some respiratory viral infections, and
asthma. Several biologics targeting eosinophils, IL-5, or both IL-4 and IL-13 have been developed
for patients with a type 2 signature who do not respond well to standard treatments. Such bio-
logics have changed the lives of patients affected by eosinophil-associated diseases, and it would
be interesting to investigate whether they could also be used in other types of disorders where
eosinophils, Th2 cells, or ILC2s are pathogenic. Given that eosinophils and type 2 immune cells
contribute to tumor rejection and organismal metabolic homeostasis in murine models, the effects
of such treatments in humans on cancer risk and their metabolic side effects will need to be mon-
itored closely over a long period of time before we determine the long-term safety of interfering
with type 2 immunity in humans.
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