
REVIEW
 CURRENT
OPINION Thymic stromal lymphopoietin and alarmins as

possible therapeutical targets for asthma
www.co-allergy.com
� �
Lorenzo Salvati , Laura Maggi , Francesco Annunziato and Lorenzo Cosmi
Purpose of review

Overview of epithelial cytokines, particularly thymic stromal lymphopoietin (TSLP), released by the airway
epithelium and the effects of their inhibition on the outcomes of patients with asthma.

Recent findings

The epithelial cytokines are early mediators at the top of the inflammatory cascade and are attractive
therapeutic targets to prevent exacerbations and improve lung function in patients with type 2 and nontype
2 asthma.

Summary

Clinical trials demonstrated that tezepelumab, an anti-TSLP monoclonal antibody, is a promising alternative
treatment for asthma that is effective also in nontype 2 asthma. The PATHWAY and NAVIGATOR trials have
assessed its effects in improving outcomes on broad clinically diverse populations. The identification of
biomarkers will help to predict potential responders and help in asthma treatment personalization.
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Asthma is a heterogeneous respiratory disease, char-
acterized by chronic airways inflammation, reversi-
ble airflow obstruction, and bronchial hyper-
responsiveness. Two main endotypes of asthma
have been defined on the basis of airway inflamma-
tion: type 2 and nontype 2 asthma [1–3]. In type 2
allergic asthma, allergen exposure induces T helper
(Th) 2 cells polarization characterized by interleukin
(IL)-4, IL-5 and IL-13 production. These cytokines
are essential for allergen-specific immunoglobulin
(Ig) E switch, eosinophils activation, recruitment
and survival, mast cells degranulation, airway
smooth muscle contraction and mucus hypersecre-
tion. Allergen recognition by various pattern recog-
nition receptors (PRRs) on epithelial cells leads to
the secretion of many inflammatory molecules
including the alarmins and the so called epithelial
cytokines, thymic stromal lymphopoietin (TSLP),
IL-25, and IL-33 [4]. These early inflammatorymedi-
ators are critical to induce the activation of both
innate and adaptive immune responses [4]. Among
these, IL-33 is the only protein traditionally
included in the alarmin family, a group of endoge-
nous and constitutively expressed molecules that
are released immediately after degranulation, cell
damage or death [5]. If we compare inflammatory
pathways in asthma to a battle on the field, the
brave enough to start the fight by moving the
offensive line with effects beyond a call to arms
for immune cells. Innate lymphoid cells (ILCs) are
tissue-resident cells on the front line bridging innate
and adaptive immunity. Targeting TSLP and alar-
mins, at the top of the inflammatory cascade, might
be the new frontier to conquer in the battle against
asthma. This review firstly describes the biology of
TSLP, IL-25, and IL-33 in asthma pathogenesis and
their effect on both Th2 and ILC type 2 (ILC2)
responses, then it presents an overview of recent
and novel therapies targeting TSLP and alarmins,
particularly tezepelumab, as a promising therapeu-
tic approach in patients with asthma.
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KEY POINTS

� Thymic stromal lymphopoietin (TSLP) is an epithelial-cell-
derived cytokine implicated in the pathogenesis
of asthma.

� TSLP is a critical early mediator of type 2 inflammation
and a potent modulator of dendritic cells maturation
and survival.

� Tezepelumab, a monoclonal antibody that blocks TSLP,
is a promising biologic therapy for the management of
both type 2 and nontype 2 asthma.
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THYMIC STROMAL LYMPHOPOIETIN AND
ALARMINS IN ASTHMA: NOT JUST A CALL
TO ARMS

In response to allergens and/or to external injuries,
airways epithelial cells rapidly release a wide range
of molecules, including alarmins, involved in the
recruitment of immune cells and in the trigger of
local inflammation with the aim to activate defen-
sive and repairing molecular mechanisms. Alarmins
have an important role in inducing activation of
both innate and adaptive immune responses [5].

IL-33 is one of the most representative members
of the alarmin family and it is involved in asthma
pathogenesis due to its key role in the activation of
type 2 immune response [5]. IL-33 is localized in the
nucleus of many cells (epithelial and endothelial
cells, fibroblasts, adipocytes, smooth muscle cells,
glial cells, hepatocytes, mast cells, myeloid cells,
platelets); it bounds to a heterodimeric receptor
constituted by ST-2 and IL-1RAcP and it induces a
signal transduction pathway mediated by Myd88.
ST-2 is expressed on a large variety of cells such as Th
2 cells, regulatory T cells (Tregs), ILC2, M2 polarized
macrophages, mast cells, eosinophils, basophils,
neutrophils, natural killer (NK) and invariant NK
T (iNKT) cells. Most of them are critical actors for
asthma development [6], due to the release of IL-4,
IL-5 and IL-13 and to the induction of type 2 inflam-
mation. Moreover, IL-33 acts on Treg cells and on
ILC2 inducing the release of amphiregulin (AREG)
that contributes to tissue repair [7].

IL-25 and TSLP, although not members of the
alarmin family, are cytokines that act together to
and share similar features with IL-33 in asthma
inflammatory pathways.

IL-25, also named IL-17E, is included in the IL-
17 cytokines family [8,9]. It was first identified as a
type 2 cytokine produced by Th2 cells and subse-
quently as an epithelial cytokine. IL-25 can also be
produced by ILC2, macrophages, eosinophils, baso-
phils, as well as lung and colon epithelial cells [10].
1528-4050 Copyright © 2021 The Author(s). Published by Wolters Kluwe
IL-25 receptor is a heterodimer, constituted of
IL17RA and IL17RB and expressed by a wide range
of epithelial cells and by type 2 immune system
cells; in response to IL-25, lung epithelium and
fibroblast produce eotaxin, CCL17 also known as
thymus and activation-regulated chemokine
(TARC), and CCL22 also known as macrophage-
derived chemokine (MDC). These are critical che-
mokines in the recruitment of eosinophils and Th2
cells [9]. In addition, IL-25 contributes to effector
function of Th2 and Th9 cells and to polarization of
Th2 from na€ıve T cells [11] and it is involved in ILC2
and iNKT cells activation [12].

TSLP is expressed by epithelial cells in the skin,
airway, and ocular tissues, but also by mast cells,
bronchial smooth muscle cells, dendritic cells, and
fibroblasts in the airways [13,14

&&

,15]. TSLP binds to
the heterodimeric receptor IL7RA and TSLPR and
activates the STAT5 signalling pathway. It mediates
different functions: eosinophils recruitment, baso-
phils activation and type 2 cytokines production by
Th2 cells, ILC2, and mast cells. Two variants of TSLP
have been described in humans: the long isoform of
TSLP (lfTSLP) promotes inflammation, whereas the
short isoform (sfTSLP) has a homeostatic role
[16,17].

The effects of IL-33, IL-25, and TSLP in the target
cells, in most cases, are not exclusive to each single
molecule, but are associated to additional stimulat-
ing conditions. For instance, the effect on Th2 cells
polarization occurs in association with antigen pre-
sentation by activated dendritic cells; the effects on
ILC2 is combined with IL-2 or IL-7 stimulation; the
effect on mast cells activation is associated with IgE
crosslinking. Moreover, it has been clearly demon-
strated that IL-25, IL-33, and TSLP act synergistically
on target cells [4]. In fact, they amplify type 2-driven
inflammation, stimulate a positive feedback loop on
cell activation due to the upregulation of their
receptors, and might induce redundancy effects
[4]. TSLP, IL-25, and IL-33 are cytokines associated
to the airway epithelium also for their counteract
effect on epithelial cells. In the airways remodelling
process occurring during asthma inflammation,
these cytokines could play a key role in the epithe-
lial-mesenchimal stem cells interaction [18]. In
addition, alarmins could have an effect on tight
junctions regulating epithelial cell-cell interaction
and epithelium integrity. In fact, IL-33 reduces the
expression of claudin 1 (CLDN1) and filaggrin on
keratinocytes [19,20]. IL-33 has also an indirect
effect on bronchial epithelial barrier disruption
mediated by IL-13 which is produced by ILC2 after
IL-33 stimulation [21]. On the other hand, an oppo-
site effect of TSLP define its ability to increase the
expression of many tight junctions such as CLDN1,
r Health, Inc. www.co-allergy.com 591
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CLDN4, CLDN7 and occludin (OCLN), on human
nasal epithelial cells [22,23]. Genetic studies have
identified a large number of genes associated with
asthma and its phenotypes, including IL-33 and its
receptor [25–27]. All these data support the critical
role of IL-25, IL-33, and TSLP in asthma pathogen-
esis and type 2-driven inflammation [24].
INNATE LYMPHOID CELL TYPE 2: ON THE
FRONT LINE

In the context of type 2 inflammation, Th2 cells
were considered for many years the predominant
effector cells triggering the pathogenic events by IL-
4, IL-5 and IL-13 production. Since the recent dis-
covery of ILC family as the innate counterpart of
adaptive CD4þ T cells, the subset of ILC2 conquered
a fundamental role in contributing to type 2
immune response and also in asthma pathogenesis.
ILC2 are part of innate immune system, lack of
antigen specific receptor, and are activated by non-
specific signals. In particular, IL-25, IL-33, and TSPL
stimulate ILC2 in a synergistic manner, and they
upregulate ILC2 activation which is mediated by
proliferative cytokines (IL-2 and IL-7) [28]. More-
over, some TLR ligands [29] or cysteinyl leukotrienes
(CysLTs), LTC4 and LTD4 activate ILC2 [30]. Follow-
ing activation by different triggers, ILC2 produce
type 2 cytokines and fully contribute to the phys-
iologic immune response against helminths and
parasites and to the pathogenesis of inflammatory
disorders, together with Th2 cells [28,31

&

]. Further
relevant feature of ILC2 in type 2 immune response
is the expression of CD40L (CD154) in response to
activation mediated by IL-25 and IL-33 or TLR
ligands [29]. CD40L expression by ILC2 is important
to induce IgE production by B cells [29]. ILC2 are
resident tissue cells and are mainly found at the
mucosal barriers rather than in the peripheral blood.
The location is important to profile ILC2 role in
defence against pathogens, in tissue repair and in
maintenance of local homeostasis. Hence it is not
surprising that ILC2 are considered cells of the first
defensive line for both their localization and their
‘innate’ activation modality.
TARGETING THYMIC STROMAL
LYMPHOPOIETIN IN ASTHMA: A NEW
FRONTIER TO CONQUER

Despite major advances in asthma management,
many patients withmoderate-to-severe asthma con-
tinue to display uncontrolled disease, which means
they have symptoms and exacerbations despite
treatment with maximal standard-of-care therapy.
Severe asthma – accounting for approximately 5
592 www.co-allergy.com
–10% of all asthma cases – negatively impacts on
patients’ life and contributes disproportionately to
the overall burden and cost of this respiratory dis-
ease [32,33]. Available biologics are representing a
game-changing in the treatment of severe asthma,
however, approved monoclonal antibodies block
specific type 2 pathways downstream in the inflam-
matory cascade without effects on the initiating
events of asthma pathogenesis. Notwithstanding
that there is still an unmet need for novel therapies
effective in patients with nonallergic noneosino-
philic severe asthma [40]. Targeting TSLP –
upstream mediator triggered at the beginning of
the inflammatory response – has emerged as a
promising alternative treatment in patients with
severe asthma [34]. Starting from the seminal work
of Gauvreau et al. in 2014, clinical studies of teze-
pelumab, a first-in-class human IgG2 monoclonal
antibody that binds specifically to TSLP, blocking it
from interacting with its heterodimeric receptor,
have shown effects in a broad population of patients
with uncontrolled asthma [35–38,39

&&

]. In fact,
blocking the various functions mediated by TSLP
has been proven effective in reducing asthma exac-
erbations in both type 2 and nontype 2 asthma
[36,39

&&

]. In 2017 Corren et al. reported on the
results of PATHWAY trail (ClinicalTrials.gov num-
ber, NCT02054130) a randomized, double-blind,
placebo-controlled (RDBPC) phase 2, dose-ranging,
proof-of-concept study of tezepelumab [36]. Among
adult patients treated with long-acting b2 agonists
(LABA) and medium-to-high doses of inhaled corti-
costeroids (ICS), those who received subcutaneous
tezepelumab had lower rates of clinically significant
asthma exacerbations than those who received pla-
cebo, independent of baseline blood eosinophil
counts [36]. The prebronchodilator forced expira-
tory volume in 1 s (pre-BD FEV1) at week 52 was
higher in patients treated with tezepelumab com-
pared to the placebo group. Remarkably, the sub-
group showing the highest difference of pre-BD
FEV1 change from baseline at 1 year compared to
placebo was that of patients with Th2 status receiv-
ing high-dose tezepelumab, followed by patients
with fraction of exhaled nitric oxide (FeNO) �24
ppb receiving medium-dose tezepelumab [36]. A
substantial positive effect both on blood eosinophil
counts and FeNO was shown, but a concern was,
already at that time, the potential increased risk of
infections resulting from impaired host defence sec-
ondary to inhibition of TSLP function [41]. Naso-
pharyngitis and bronchitis occurred in 12.9% and
5.3% of patients treated with tezepelumab, almost
similar to the frequencies reported in the placebo
group (11.6% and 5.1%, respectively). Pharmacoki-
netic (PK) and pharmacodynamic models predicted
Volume 21 � Number 6 � December 2021
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that subcutaneous tezepelumab 210mg dose every
4weeks associated with approximately 90% of the
maximum drug effect on asthma exacerbation rate
and FeNO [42]. A post hoc analysis of PATHWAY
trial showed that tezepelumab reduced the rate of
asthma exacerbations requiring hospitalizations or
emergency department visits during the 52weeks
study time compared to placebo; treated patients
spent fewer days in the hospital and in the intensi-
vecare units [43]. In addition, tezepelumab reduced
exacerbations and reduced type 2 inflammatory
biomarkers in patients with and those without nasal
polyposis compared to placebo [38]. Tezepelumab
had a positive impact on patient reported outcomes
as assessed by specific questionnaires indicating
improvements in symptoms severity [44].

In 2021 Menzies-Gow et al. published the results
of NAVIGATOR trial (ClinicalTrials.gov number,
NCT03347279) a phase 3 RDBPC study aimed to
further assess the potential efficacy of tezepelumab
in adults and adolescentswith a broad range of severe
asthma phenotypes, including those with low blood
eosinophil counts [39

&&

,45]. In this study, 1061
patients aged 12–80years with severe, uncontrolled
asthma underwent randomization (529 were
assigned to receive tezepelumab 210mg subcutane-
ously every4weeks and532 to receiveplacebo) [39

&&

].
Patients who received tezepelumab had significantly
fewer exacerbations andbetter lung function, asthma
control, and health-related quality of life than those
who receivedplacebo [39

&&

]. The observed reductions
in exacerbations occurred independently from base-
line blood eosinophil count, confirming the efficacy
of tezepelumab also in nontype 2 asthma [39

&&

]. At
week 52, patients treated with tezepelumab showed
significantgreaterclinical improvementcomparedto
those receiving placebo as assessed by higher change
in pre-BD FEV1 and improved scores on asthma con-
trol, quality of life and symptoms questionnaires
[39

&&

]. Concomitant reductions in blood eosinophil
counts and levels of FeNO in patients receiving teze-
pelumab occurred early (at week 2) and were sus-
tained throughout the entire treatment period
[39

&&

]. Serum IgE levels decreased slower during the
course of treatment (at week 12) with significant
decrease at week 24 compared to placebo [39

&&

].
The frequencies (77.1% vs 80.8%) and types of
adverse events did not differ meaningfully between
tezepelumab and placebo groups [39

&&

]. Most com-
mon adverse events were nasopharyngitis, upper res-
piratory tract infection, andheadache [39

&&

]. The rate
of serious infections among the two groups was com-
parable, particularly taking into account respiratory
infections and gastrointestinal infections [39

&&

]. Inci-
dence of neoplasms was similar between the two
groups [39

&&

]. No cases of Guillain-Barre syndrome
1528-4050 Copyright © 2021 The Author(s). Published by Wolters Kluwe
were reported [39
&&

]. Among patients treated with
tezepeplumabnonehad anaphylactic reaction [39

&&

].
At week 52, patients entered a 12-week post-

treatment follow-up period or the long-term exten-
sion study (DESTINATION; ClinicalTrials.gov num-
ber, NCT03706079) which is still underway at the
time this review is written [46]. Recently completed
clinical studies include the followings: the trial
NCT02698501 (UPSTREAM) to determine whether
anti-TSLP decreases airway hyperresponsiveness in
asthmatic patients already on daily treatment with
ICS; the trial NCT03406078 (SOURCE) to evaluate
the oral corticosteroid-sparing potential of tezepe-
lumab in patients with oral corticosteroid-depend-
ent asthma; the trial NCT04048343 (NOZOMI) to
assess safety of tezepelumab in Japanese adults and
adolescents with inadequately controlled severe
asthma [40,45,47].

A phase 2 bronchoscopy study, CASCADE
(ClinicalTrials.gov number, NCT03688074), has
been conducted to evaluate the effect of anti-TSLP
therapy on airway inflammation and airway
remodelling in patients across the spectrum of type
2 airway inflammation with fundamental results
[38]. Compared to placebo group, patients treated
with tezepelumab showed a significantly greater
reduction of eosinophils in airway submucosal irre-
spective of high or low type 2 inflammation status
at baseline with concomitant reductions in serum
IL-5 and IL-13, and FeNO [48

&&

]. No significant
differences between treatment groups were obser-
ved in neutrophils, CD3þ T cells, CD4þ T cells,
tryptaseþ mast cells, chymaseþ mast cells, as well
as in reticular basement membrane thickness and
epithelial integrity [48

&&

]. However, it is interesting
to note that airway hyperresponsiveness to man-
nitol was significantly more reduced with tezepe-
lumab than with placebo, indicating that anti-TSLP
strategy could have additional benefits in asthma
beyond reducing type 2 airway inflammation
[48

&&

]. The improvements in asthma clinical out-
comes observed in previous studies, might be
explained, at least partially, by reductions of eosi-
nophilic airway inflammation, as assessed by
reduced eosinophils in the airway submucosal, irre-
spective of baseline blood eosinophil count [48

&&

].
Finally, inhaled anti-TSLP has been proposed as

an alternative administration route and it is cur-
rently under evaluation (ClinicalTrials.gov number,
NCT04410523) [37,49]. CSJ117 is a potent neutral-
izing antibody fragment directed against TSLP, for-
mulated as an engineered powder in hard capsules
for delivery directly to the airways via dry powder
inhaler [37,49].

Considering the impact of tezepelumab in reduc-
ingexacerbations andbiomarkers of inflammation in
r Health, Inc. www.co-allergy.com 593
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a broad population of patients with different inflam-
matory endotypes, the US Food and Drug Adminis-
tration granted Breakthrough Therapy designation
for tezepelumab inpatientswith severeasthma,with-
out an eosinophilic phenotype, who are receiving
ICS/LABA with or without oral corticosteroids and
additional asthma controllers [50,51].
BLOCKING INTERLEUKIN-33 AND
INTERLEUKIN-25

Biologics targeting the IL-33 pathway are in clinical
evaluation in adult patientswith asthma. Itepekimab
and etokimab are anti-IL-33 monoclonal antibodies
that seem to yield positive results, whereas astegoli-
mab and melrilimab are anti-ST2 (IL-1RL) monoclo-
nal antibodies targeting the IL-33 receptor [52

&

].
Itepekimab has been evaluated alone or in combina-
tion with dupilumab in moderate-to-severe, uncon-
trolled asthma (ClinicalTrials.gov number,
NCT03387852) [53]. Etokimab has been investigated
in severe eosinophilic asthma (ClinicalTrials.gov
number, NCT03469934). Astegolimab has been
studied in severe, uncontrolled asthma showing
reduction of annual exacerbation rates at 54weeks
even in patients with low blood eosinophils.
FIGURE 1. Biologics in severe asthma. Biologics (reported in
asthma have indications limited to patients with either eosinophili
monoclonal antibody that reduced exacerbations and improved lu
and nontype 2 asthma, is a promising therapeutic approach in un
inflammatory biomarkers. TSLP, thymic stromal lymphopoietin.
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(ClinicalTrials.gov number, NCT02918019) [54
&

].
These results suggests that inhibiting IL-33 signaling
might be beneficial in a broad population including
patientswithnon-type 2 asthma. [55]Melrilimabhas
completed a RDBPC phase 2a study in patients with
moderately severe asthma in addition to open-label
backgroundtherapyof fluticasonepropionate/salme-
terol 500/50 mcg twice daily; during the treatment
phase, ICS/LABA was switched to ICS alone for
2weeks and the dose reduced by approximately
50% at every 2weeks until complete discontinuation
(ClinicalTrials.govnumber,NCT03207243).Another
study of efficacy ofmelrilimab in patients affected by
moderate-to-severe asthma with allergic fungal air-
way disease has been stopped early before meeting
target enrolment due to a high screen failure rate
(ClinicalTrials.gov number, NCT03393806). Consid-
ering that IL-33 is a biomarker for early diagnosis of
childhood asthma, it is intriguing to speculate about
the effects of targeting IL-33 axis in the paediatric
population [56,57].

IL-25 emerged as a key determinant of virally
induced asthma exacerbations, in fact it has been
demonstrated that viral infections of the airway
epithelium resulted in increased release of IL-25 in
asthmatic patients [58,59]. Blocking IL-25 in
bold) currently approved and used in the management of
c or allergic phenotypes. Tezepelumab, an anti-TSLP
ng function in a broad patients population with both type 2
controlled moderate-to-severe asthma irrespective of type 2
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experimental models of allergic asthma prevents
airway hyperes-ponsiveness both in the sensitiza-
tion phase when it reduces levels of IL-5 and IL-13,
eosinophil infiltration, goblet cell hyperplasia and
serum IgE secretion, and even in the challenge phase
of the response [60]. In preclinical studies, ABM125,
an anti-IL-25 monoclonal antibody, demonstrated
potent neutralizing activity against IL-25. [refer-
ence: Bartlett N GJ, Williams T, Vincent T, et al.
ABM125 Anti-IL-25 Antibody Pre-Clinical Develop-
ment for Viral Asthma Exacerbations Identifies IL-
25 Mediated Regulation of Type-2- and AntiViral
Immunity. In: C31 Mechanistic Insights Into Lung
Infection. Am Thoracic Soc 2018; 197:A7759]. How-
ever, no clinical studies of anti-IL-25 monoclonal
antibodies are in progress to our knowledge.
CONCLUSION

Management of moderate-severe, uncontrolled
asthma has taken advantage from the use of mono-
clonal antibodies targeting specificmediators of type
2 inflammation [61]. The role of TSLP andalarmins as
early initiatorsof the inflammatorycascade inasthma
pathogenesis has led to the development of novel
targeted therapies, particularly against TSLP,with the
aimofblockingtheinflammatorypathwayat thevery
beginning. More importantly tezepelumab may rep-
resent a valid therapeutic option also for nontype 2
asthma, a field in which biologics to dampen the
inflammatory status are at present lacking (Fig. 1).
In this regard, clinical trials of tezepelumab are show-
ing promising results in patients with severe, uncon-
trolled asthma with significant reduction of
exacerbations and improved outcomes. Safety of
anti-TSLP must continue to be monitored in the
long-term treatment both in terms of susceptibility
to infections and neoplasms, even if it has been
proven safe and well-tolerated in clinical studies.
Research should focus on the potential modulation
of the immune response secondary to TSLP inhibi-
tion. On the other hand, the identification of bio-
markers for good responders will permit to select the
right patient at the right time of disease for anti-TSLP
therapy thus contributing to move one step forward
in the battle against severe asthma.
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