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Abstract

Evaluation and effective management of asthma, and in particular
severe asthma, remains at the core of pulmonary practice. Over the
last 20–30 years, there has been increasing appreciation that
“severe asthma” encompasses multiple different subgroups or
phenotypes, each with differing presentations. Using clinical
phenotyping, in combination with rapidly advancing molecular
tools and targeted monoclonal antibodies (human knockouts), the
understanding of these phenotypes, and our ability to treat them,
have greatly advanced. Type-2 (T2)-high and -low severe asthmas
are now easily identified. Fractional exhaled nitric oxide and blood
eosinophil counts can be routinely employed in clinical settings to
identify these phenotypes and predict responses to specific
therapies, meeting the initial goals of precision medicine.

Integration of molecular signals, biomarkers, and clinical
responses to targeted therapies has enabled identification of critical
molecular pathways and, in certain phenotypes, advanced them to
near-endotype status. Despite these advances, little guidance is
available to determine which class of biologic is appropriate for a
given patient, and current “breakthrough” therapies remain
expensive and even inaccessible to many patients. Many of the
most severe asthmas, with and without T2-biomarker elevations,
remain poorly understood and treated. Nevertheless, conceptual
understanding of “the severe asthmas” has evolved dramatically in
a mere 25 years, leading to dramatic improvements in the lives of
many.
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Compared with the understanding of many
core pulmonary diseases, the understanding
of asthma and severe asthma has improved
exponentially over the last 20–30 years,
including understanding concerning the
application of precision-medicine
approaches. Despite these advances,
much remains to be biologically and
immunologically clarified. Current
“breakthrough” therapies are expensive and
often inaccessible, and many patients
remain poorly understood and treated. Yet
conceptual understanding of “the severe
asthmas” is now vastly different from
what it was a mere 25 years ago, with

accompanying dramatic improvement in
the lives of many.

Definition

Advances in the understanding of severe
asthma accelerated z20 years ago when
severe asthma was recognized as a distinct
grouping of entities. Severe asthma was
specifically defined, first in 2000 by an
American Thoracic Society (ATS)
workshop, then by the World Health
Organization (for a more global definition
with relevance to poorly developed and
developing countries), and most recently

by the European Respiratory Society
(ERS)–ATS guidelines (1–3). Underlying
obstructions with reversibility or reactivity,
current or previous, remain at the heart of
identifying severe asthma, such that
confirmation of an asthma diagnosis, by
original ATS definitions, is mandatory (4).
This need to link to current or historical
reversible obstruction is sometimes lost
when evaluating symptomatic patients,
despite guideline-appropriate therapy,
leading to inaccurate diagnoses. In
addition, lack of reversibility to normal
should not invoke a diagnosis of chronic
obstructive pulmonary disease; rather, it is a
hallmark of severe asthmatic disease (1).
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Once an asthma diagnosis is
established, ERS–ATS–defined severe
asthma (Box 1) is “asthma which requires
treatment with high-dose corticosteroids
(CSs), plus a second controller, to remain
controlled or which remains uncontrolled
despite this therapy” (1). Control is defined
by symptoms, exacerbations, and degree of
obstruction. Yet the current severe asthma
definition remains an umbrella definition
(5). It can encompass smokers, ex-smokers,
and nonsmokers and a broad range of
underlying pathobiologies or molecular
phenotypes. Dissecting them is critical to
improving treatment.

Prevalence

Despite improved definitions, the current
prevalence of severe asthma remains poorly
understood. The best estimates range from
4% to 10% of the asthma population (6, 7).
Much of this uncertainly is due to a
disconnect between clinical diagnosis and
physiologic confirmation and the necessity
of determining whether patients are treated
and adhering to treatment appropriately.
Severe asthma, although more common in
the very young, as compared with older
children, appears to become less common
in adolescence and early adulthood, only to
appear or reappear in midadult life (8, 9).
Although it is predominantly a male disease
in childhood, severe asthma, like adult
asthma overall, largely affects females
(8, 10), perhaps because of resolution in
boys and increased adult incidence in
women. In three different cohorts, 45–50%
of patients with severe asthma reported
adult-onset (.12 yr old) disease, the
majority of whom were females (8, 11, 12).
In contrast, resolution of severe asthma (not
asthma itself) was observed in 60% of

children in SARP (Severe Asthma Research
Program), 3–4 years after enrollment
(median age 11 yr old) (13). Little is
understood regarding this temporary or
perhaps permanent resolution. However,
anecdotally, many patients report
childhood disease, resolution, and
subsequent second worsening in adulthood
for unclear reasons.

Clinical Evaluation

With five biologic therapies available for
severe asthma, an accurate phenotypic
diagnosis and subsequent assessment are
paramount. A detailed history should
include questions on the timeline for onset
of respiratory symptoms and their
severity. If asthma was not diagnosed in a
patient in childhood or if a patient does
not remember the diagnosis, frequent
school absence or bronchitic episodes are
suggestive of early/childhood-onset
asthma (EOA). Comorbidities from sinus
disease, with or without nasal polyps,
to gastroesophageal reflux disease and
atopic dermatitis (or other rashes)
should be assessed (see Box 2 for a
more complete list, associated symptoms,
and treatments). Triggers should be
addressed, although “allergic” symptoms
often poorly relate to specific IgE testing.
In adolescent and adult patients, smoking/
vaping history and occupational history
are essential. Finally, in severe asthma,
personal or family history of asthma
and autoimmune disease, including
autoimmune thyroid disease, should be
recorded.

Physiologic and Laboratory Testing
The presence of current or previous
reversible airway obstruction as assessed by
spirometry or methacholine challenge is
crucial to confirming the severe asthma
diagnosis. If obstructive criteria are not met
initially (FEV1, 80% predicted before
bronchodilator use in the setting of age-
adjusted reduced FEV1/FVC), repeat
testing, ideally with symptom worsening
or medication tapering, is often helpful
before methacholine challenge testing is
performed. When airway obstruction is
absent, but symptoms persist, it is
important to consider that asthma may not
be the correct diagnosis. Methacholine-
challenge testing is likely to be most helpful
to rule out asthma in patients with
relatively normal FEV1% predicted.
Figure 1A summarizes these suggestions in
a flow diagram for approaching patients
with a severe or difficult asthma diagnosis.

Together with spirometry, biomarkers
for type 2 (T2) inflammation, specifically
blood eosinophils and fraction of exhaled
NO (FENO) should be evaluated. Historical
blood eosinophilia should be ascertained in
electronic health records and in relation to
CS treatment. Limited data demonstrate
changes in blood eosinophils over time,
such that a single low blood eosinophil
count should not categorize a patient as
having low eosinophils (14). This is
particularly important if the initial
presentation is during or up to 4 weeks
after a CS burst. Similarly, FENO
concentrations above 24 ppb (or even 20
ppb), on high-dose inhaled CSs (ICSs), or
particularly systemic CSs, are not normal,
and may indicate systemic CS-dependent
disease (15, 16). In biologic treatment trials
of severe asthma with reversible obstruction
(typically 20–25% improvement in FEV1),
persistently elevated T2 biomarkers identify

Box 1. European Respiratory Society–American Thoracic Society Definition of Severe Asthma:
Severe asthma is defined as asthma that requires treatment with high-dose inhaled corticosteroids (>1,000 mg of fluticasone
propionate or equivalent) plus a second controller (and/or systemic corticosteroids) to prevent it from becoming “uncontrolled” or as
asthma that remains “uncontrolled” despite this therapy.

Inadequate control is defined by any of the following:
d Poor symptom control: ACQ (Asthma Control Questionnaire) score .1.5 or ACT (Asthma Control Test) score ,20 (or “not well
controlled” according to National Asthma Education and Prevention Program or Global Initiative for Asthma guidelines) over 3
months of evaluation

d Frequent severe exacerbations: two or more systemic corticosteroid bursts (.3 d each)
d Serious exacerbations: at least one hospitalization or ICU stay or mechanical ventilation in the previous year
d Airflow limitation: FEV1, 80% predicted (in presence of reduced FEV1/FVC) after bronchodilator medication is withheld
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the most exacerbation-prone patients with
severe asthma (17–20). Depending on the
severity and frequency of symptoms,
exacerbations, and response to therapies,
even patients who meet physiologic
criteria for asthma may benefit from
further testing, including plethysmographic
lung-function testing (including FRC,
residual volume, and conductance)
and diffusing capacity, CT imaging
(tree-in-bud, bronchiectasis, ground-glass
opacities), and blood testing (antinuclear
antibodies and antineutrophilic cytoplasmic
antibodies, erythrocyte sedimentation
rate, CRP [C-reactive protein]),
quantitative immunoglobulins, and
IgE/specific IgE testing). Figure 1B is a
suggested schematic approach to evaluation
of physiologically confirmed severe
asthma.

Additional Diagnostic Approaches
Every patient evaluation requires
assessment of adherence, typically assessed
through pharmacy records or relatively
inexpensive electronic monitoring (21, 22).
However, poor adherence does not fully
explain severe disease. Understanding
responses to systemic CSs can be helpful,
with T2 inflammation and late-onset
disease being associated with the best
responses (23). CS responsiveness also
identifies patients in whom T2 biologic
therapies may work best, or who may
benefit from low-dose oral CSs when
biologics are unavailable (24). Those who
require continuous systemic CSs or who
never have elevated T2 biomarker
concentrations are likely to have a more
complicated form of asthma or something
other than asthma (23). Consideration
should be given to aspiration,

hypersensitivity pneumonitis,
immunodeficiency, or autoimmune airway
disease (Figures 1A and 1B), which may
benefit from video-assisted thoracoscopic
biopsies (25). Persistence of T2 biomarkers
despite the use of systemic CSs should
precipitate evaluation for eosinophilic
granulomatosis with polyangiitis (EGPA)
(in the presence of systemic symptoms),
asthmatic granulomatosis (without
systemic symptoms), or autoimmune-
associated airway disease (26–28).
Autoimmune-associated asthma remains
to be fully defined and characterized but
could include asthma associated with
autoimmune thyroid disease, rheumatoid
arthritis, inflammatory bowel disease, or
Sjögren’s syndrome, often with
accompanying elevated CRP and/or
sedimentation rates.

Clinical and Molecular
Biomarkers and Phenotyping

T2 Phenotyping
Currently, after an asthma diagnosis is
confirmed, the most informative clinical
phenotyping is determination of T2 status
(Figure 1B). Minimum blood eosinophil
concentrations to identify T2-high (T2-
Hi) CS-treated disease range from 150 to
300 eosinophils/ml, whereas minimum
FENO concentrations range from 20 to 25
ppb (16, 17, 29). Although the relation of
these cut points to lung eosinophils or T2
inflammation in severe asthma is less
clear (30, 31), treatment with IL-4
receptor–targeted antibodies is efficacious
in patients meeting these cut points,
supportive of active T2 immunity,
even with lower T2 biomarkers (17).

The prevalence of T2-Hi severe
asthma is unclear, but nearly 65% of
patients enrolled in a European study,
U-BIOPRED (Unbiased Biomarkers for
the Prediction of Respiratory Disease
Outcomes), had elevated sputum
eosinophils despite high-dose CSs (32).
Accurate T2 phenotyping in patients
on systemic CSs may require CS tapering
and reevaluation with symptom
onset/worsening (Figure 1B). Patients
who repeatedly have no elevations in T2
biomarkers would be considered T2-low
(T2-Lo).

Age at Onset
Although T2 phenotyping is well
established and predictive of treatment
responses, additional clinical features also
may determine responses to therapy,
including age at onset of symptoms
(Figure 1B). Age at onset is consistently
associated with differing clinical asthma
characteristics, despite similar elevations
in T2 biomarkers (11, 33–35). EOA
(typically before ages of 13–18 yr) is
consistently associated with allergic
symptoms/specific IgE to environmental
allergens. Despite elevated allergic
biomarkers, T2 biomarker concentrations
are variable. Like EOA, later-onset
asthma (LOA) can be associated or not
with T2 inflammation. However, unlike
EOA, when T2 biomarkers are elevated,
LOA T2-Hi asthma associates with even
higher blood and lung eosinophil
concentrations, more nasal polyps, and
less specific IgE (12, 34). Obesity may be
seen across all groups, but a subgroup
with LOA is associated with very
low T2 and allergic/IgE biomarker

Box 2. Common Comorbidities Associated with Severe Asthma
Comorbidities, symptoms of which can also mimic asthma:
d Gastroesophageal reflux: symptoms include cough, nocturnal awakening, and chest tightness
d Chronic rhinosinusitis: symptoms include cough, upper-airway wheeze, and sputum production
d Obesity: symptoms include shortness of breath
d Vocal-cord dysfunction: symptoms include wheeze, shortness of breath, and chest tightness
d Anxiety: symptoms include shortness of breath and chest tightness

Comorbidities, treatment of which may improve underlying asthma:
d Allergic reactions: potential treatments include decreasing exposure, rhinitis therapies, and anti-IgE or anti-IL4R therapies
d Obesity: potential treatments include weight loss and bariatric surgery
d Aspiration: potential treatments include swallowing precautions and gastroesophageal reflux disease treatments
d Smoking/vaping: potential treatments include smoking/vaping cessation
d Autoimmune disease: potential treatments include nonsteroidal immunosuppressive approaches
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concentrations (11, 36). Molecular or
even physiologic mechanisms remain
poorly understood (37, 38). These
profound differences in EOA versus
LOA with similar T2-biomarker variability
suggest different underlying molecular
mechanisms.

Plasma IL-6
Plasma IL-6 concentrations have also been
associated with different clinical
characteristics. They are not associated with

T2 inflammation and, indeed, appear to be
independent of it (39). IL-6 concentrations
are associated with more exacerbation-
prone disease, obesity, and peripheral blood
neutrophilia in cross-sectional analysis and
have more recently been described to be
predictive of asthma exacerbations, which
are, again, independent of blood
eosinophils (40). Although IL-6 is
correlated with body mass index and age,
IL-6 concentrations predicted exacerbations
independently of these. Intriguingly, plasma

IL-6 concentrations are not associated with
increases in lung IL-6, suggesting a systemic
immune source, and in fact, lung IL-6
transsignaling is associated with T2
inflammation (41). IL-6 concentrations are
highly correlated with blood CRP
concentrations, suggesting that these
concentrations could be used to identify
this at-risk group (42). Higher CRP
concentrations have previously been
associated with an increased risk of asthma,
but severity was not addressed (43).

Not obstructed or 
reversible

Patient with Difficult Asthma (adherence,

comorbidities, and risk factors addressed simultaneously)

FEV1 <80% pred FEV1 >80% pred

Low age adjusted

FEV1/FVC

Reversibility absentReversibility absent
Current or previous

reversibility present

Reversible Reversible

Repeat testing
during symptoms

or taper medications

Repeat testing
during symptoms

or taper medicationsNot reversible

HiLo

FENO or

blood Eos

FENO or
blood Eos

LoHi

No
asthma

Unlikely

asthma

Pos Neg

Severe Asthma

see Figure1b

Methacholine
laryngoscopy

Asthma Consider vocal

cord dysfunction,

anxiety, obesity-

related syndrome
See Figure 1b. Monitor

biomarkers/FEV1 and

symptoms closely for

symptom-physiologic

disconnect vs. brittle asthma

Obstructed, not

reversible, no T2

Obstructed, not

reversible, T2-Hi

No NoYes Yes

Smoking
history

Smoking
history

Autoimmune,
bronchiectasis,

HP

COPD/HP/ACO Autoimmune,

HP, AG, EGPA,

or ASTHMA

All may benefit from high-resolution CT

imaging, lung volumes, and DLCO;

consider autoimmune evaluation,

bronchoscopy, or VATS

A

Figure 1. (A) Suggested flow diagram for the initial assessment of a patient with difficult asthma, before confirmation of diagnosis of severe asthma,
based on current or previous evidence for airway obstruction, with or without reversibility. (B) Suggested flow diagram for the initial evaluation of a
patient after confirming a diagnosis of severe asthma. Each algorithm includes initial and continued assessment and treatment of risk factors and
comorbid conditions, as well as prescription of and adherence to standard therapies at each step. FENO-Hi is characterized by .24 ppb, and Eos-Hi
is characterized by 300 cells/ml, although in some cases, >150 cells/ml may be sufficient (see text for further details). ACO=asthma–COPD
overlap; AG=asthmatic granulomatosis; COPD=chronic obstructive pulmonary disease; CRP=C-reactive protein; CT= computed tomography;
EGPA= eosinophilic granulomatosis with polyangiitis; Eos = eosinophils; eval = evaluation; FENO= fraction of exhaled NO; Hi = high; HP= hypersensitivity
pneumonitis; HS=Hi-sensitivity; LAMA= long-acting muscarinic antagonist; Lo = low; Neg=negative; OCS=oral corticosteroid; Pos=positive;
pred=predicted; T2= type 2; VATS= video-assisted thoracoscopic surgery.
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However, until IL-6 concentrations are
standardized, high-sensitivity CRP
concentrations could potentially be
substituted as a marker of more complex
asthma, whether it is T2-Hi or T2-Lo
asthma (Figure 1B).

Complex Immune Phenotypes
Whether systemic inflammation in addition
to T2 immunity contributes to more severe
or complex disease is unknown. However,
patients with mixed immune pathways and
biomarker elevations may also contribute to
a very poorly defined phenotype of T2-plus
asthma, many of whom may have a family
or personal history of autoimmunity (27).
CRP elevations are often seen in EGPA, as
well as asthmatic granulomatosis, with
concomitant evidence for elevations in
eosinophils and FENO (27, 28). Not

surprisingly, these patients are variably
responsive to T2-targeted biologics alone.
Figure 2 depicts pathology from a patient
with T2-Hi asthma, autoimmune thyroid
disease, and inflammatory bowel disease,
noting changes of both asthma and
autoimmunity.

Long-Term Trajectories
Little is understood regarding
long-term trajectories of any of these
clinically identifiable biologic-associated
phenotypes. Longitudinal SARP data
suggest that children with severe asthma,
which is EOA by definition, may resolve
their severe asthma, with high blood
eosinophils being the best predictor of
remission (13). Exacerbation-associated
asthma, at least before T2 biologic
intervention, appears to be a consistent

characteristic of a poorly defined
phenotype or poorly defined phenotypes,
with baseline blood eosinophil
concentrations, elevations of both
eosinophils and neutrophils in
sputum, and plasma IL-6 concentrations
all being predictive of exacerbation-prone
disease (40, 44). Elevations in
both sputum eosinophils and
neutrophils have also been associated
with greater lung-function decline (44).

Biologic Implications of
Current Therapeutic
Approaches

Standard Controller Therapies
Step-up therapy and current ERS–ATS
guidelines all recommend high-dose ICSs,

Severe Asthma (adherence, comorbidities, and risk
factors continuously addressed)

Repeated FENO <24
ppb or Eos <150 l
or after OCS taper

FENO >24 ppb or
Eos 150–300/ l

Refractory T2-
Hi disease

Age at
onset <12

(or 18)

Age at
onset 12

(or 18)

Early onset T2-Hi
Late onset T2-Hi

with/without Nasal
Polyps

Anti-IgE/T2
biologic

Anti-T2
biologic
therapy

Cycle/Re-cycle to
2nd biologic class

Inadequate
response to all

T2+ complex disease

Refractory T2-
Lo disease

Age at
onset <12

(or 18)

Age at
onset 12

(or 18)

Early onset
T2-Lo

Late onset
T2-Lo

Taper
ICS

T2
biomarkers;
Follow early
onset T2-Hi

asthma

No T2
biomarkers/T2-

Lo asthma

T2 biomarkers;
Follow late
onset T2-Hi

asthma

Lo HiHS-
CRP/IL-6

Consider LAMA
thermoplasty

Consider
metabolic testing,

autoimmune
testing, and weight

loss

Consider CRP (IL-6),
CT, immunodeficiency, 
and autoimmune eval 
and VATS to evaluate

EGPA, AG, and
autoimmune disease

B

Figure 1. (Continued).
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with additional controller agents (long-
acting b-agonists [LABAs]), long-acting
muscarinic antagonists (LAMAs), or
leukotriene modifiers as central therapies
for patients with severe asthma. Treatment
with some combination of these, with high-
dose ICSs, is often required before biologic
therapies can be started. Yet, the evidence
to suggest these combinations are more
than modestly better than lower doses in
patients with severe asthma is limited. The
only step-up study of medium- to high-
dose ICS, in combination with a LABA,
showed only small improvements in
control with step-up to higher-dose ICSs
plus a LABA (45). With recent control
standards and increasing severity, less than
50% achieved well-controlled status (46).
Similarly, severe exacerbations were not
significantly reduced with high-dose
salmeterol–fluticasone versus fluticasone
alone in patients who entered the U.S. Food
and Drug Administration (FDA)-mandated
LABA safety study with poorly controlled
asthma (47). Thus, even in controlled
clinical-trial settings, efficacy is generally
incremental. Another variation of
ICS–LABA treatment is treatment with
“maintenance and reliever therapy,” in
which the combination of single-inhaler
formoterol and an ICS is used both as
controller and as reliever. This reliever
approach reduces asthma exacerbations, as
compared with either formoterol or

terbutaline alone, in patients with mild-
to-moderate or, possibly, more severe
asthma (48–50). Pooled analyses and
meta-analyses also support the efficacy
of this approach in patients with Global
Initiative for Asthma (GINA) step 4
asthma, with suggestions that severe
exacerbations may be reduced by z30%
(51–53). GINA recommends low-dose
combination ICS–LABA treatment
(specifically formoterol) as a reliever
for asthma described by GINA steps
3–5 (54). Because of the complexities of
the U.S. medical system, this approach
is often financially challenging. Finally,
the specific efficacy of this approach in
symptomatic patients already on high-
dose ICSs with a LABA (ERS–ATS
severe asthma definition) remains to be
determined.

Interestingly, BAL-fluid cells of
patients receiving LABAs/ICSs combined
with daily short-acting b-agonists show
marked suppression of cyclic-AMP
pathway genes, critical for host defense
and repair, suggesting a potential long-
term negative impact, which requires
further investigation (55). b2-receptor
polymorphisms could also play a role in
poor responses, as rare SNPs have been
associated with severe, exacerbation-prone
disease, although the mechanisms for the
effect remain to be determined (56). Finally,
high-dose ICSs may not reach diseased

smaller airways, given observed differences
in T2 gene signatures in proximal and distal
airways (57).

Tiotropium added to LABA–
ICS treatment led to lung-function
improvements and a 21% reduction in
exacerbations compared with LABA–ICS
treatment alone, whereas symptom control
was not consistently improved (58). A triple
LAMA–LABA–ICS combination (with
umeclidinium) is now FDA approved for
asthma on the basis of improvement in
FEV1% predicted but was not studied in
currently defined severe asthma (trial 4,
NCT 02924688). Leukotriene modifiers
have never been studied in severe asthma,
and none of these medications have been
phenotypically evaluated.

Macrolide Therapy
Two azithromycin trials have been
performed in patients with more severe
asthma on combination therapy, with
differing target populations and results.
The first study (N= 109) failed to reduce
exacerbations or bronchitic infections in
the total population. However, a predefined
subgroup analysis of patients with blood
eosinophil concentrations <200/ml
demonstrated a significant reduction in
these events (59). In contrast, a larger study
reported a 41% reduction in asthma
exacerbations with the addition of a higher
azithromycin dose in a group with
moderate-to-severe asthma, as well as in a
subgroup with severe asthma (60, 61). In
contrast to the smaller study, greater
efficacy was seen in patients with
eosinophilic inflammation. Emergence of
macrolide-resistant bacterial strains
occurred in both, suggesting patients
should be monitored appropriately.
Whether efficacy is through antibiotic or
antiinflammatory effects (or both) is
unknown. However, consideration of a trial
of macrolide therapy should be entertained
in both patients with T2-Hi asthma and
patients with T2-Lo asthma before
advancing to biologic therapy.

Targeted Biologic Therapies
Unlike the above therapies, the five
approved monoclonal antibodies target
three known biologic pathways, creating, in
the simplest of terms, human “knockouts.”
All show evidence of greater efficacy with
increasing elevations of T2 biomarkers.
These therapies differ in terms of targets,
biomarkers, treatment of comorbid

*

A B

C

Figure 2. Distal lung (VATS) tissue from a patient with physiologically defined T2-Hi severe asthma
with background autoimmune thyroid and inflammatory bowel disease, potentially representing T2
complex asthma. (A) Evidence of severe eosinophilic and profoundly lymphocytic airway disease with
goblet-cell hyperplasia. (B) Concurrent scattered interstitial perivascular mononuclear inflammatory-
cell aggregates (identified by arrows). (C) Lymphocytic pleuritic inflammation characteristic of
autoimmune lung disease (the asterisk identifies the inflammation). Scale bars, 200 mm. Hi = high;
T2= type 2; VATS= video-assisted thoracoscopic surgery.

CONCISE CLINICAL REVIEW

814 American Journal of Respiratory and Critical Care Medicine Volume 203 Number 7 | April 1 2021



conditions, and, importantly, patient
responses.

Anti-IgE
Given the association of allergy with IgE, it is
not surprising that anti-IgE (omalizumab)
was targeted to an allergic asthma
phenotype. Consistent with this approach, it
limits asthmatic responses to allergen
challenge in mild asthma (62, 63). Clinical
trials then targeted patients with moderate-
to-severe asthma on medium- to higher-
dose ICSs alone with elevated total IgE
concentrations as well as at least one
specific IgE. Patients were excluded because
of combinations of high body mass index
and total IgE, but within these parameters,
omalizumab consistently reduced asthma
exacerbations (64, 65), with small
improvements in quality of life and lung
function. When studied in patients with
severe asthma as defined today, treatment
with omalizumab reduced exacerbations by
25% compared with placebo treatment,
with small improvements in quality of life
(66). IgE concentrations did not predict
responses, but when patients were
stratified in a post hoc analysis by T2
biomarkers, exacerbations were reduced to
a greater degree in those with the
presence of both modestly elevated IgE
and T2 biomarkers, despite similar IgE
concentrations (16). Exacerbations overall
were more common in the T2-Hi placebo
groups, such that omalizumab lowered
the rate to that of the T2-Lo group. This
poor relation of IgE concentrations with
traditional T2 biomarkers calls into
question the overall biology driving
elevated IgE. In the absence of elevated T2
biomarkers, involvement of other cell
types, including GATA-3–independent
IL-4 production by follicular T-helper
cells, could also trigger B-cell
proliferation and isotype switching (67,
68). Interestingly, anti-IgE has been
suggested to decrease virus-related
exacerbations in children through
promotion of type 1 IFN expression by
plasmacytoid dendritic cells because of
reduced surface expression of FceRI,
supporting an impact of anti-IgE
beyond mast cells/basophils (69, 70).
Omalizumab also recently showed efficacy
in patients with nasal polyps with elevated
IgE, suggesting that patients with both
asthma and nasal polyps could dually
benefit (71). Median blood eosinophil
concentrations were well over 300/ml,

consistent with ongoing T2 inflammation
with elevated IgE, corresponding to the
best-responding phenotype.

IL-4–Receptor Blockade
IL-4Ra blockade promotes broader
reduction of T2 immunity, limiting the
activity of both IL-4 and IL-13 and
downstream pathways. Like anti-IgE, IL-
4Ra blockade, through the IL-4 mutant
molecule pitrakinra, inhibited the late
allergic asthmatic response in patients with
mild asthma, supporting the efficacy in
allergic inflammation (72). In moderate-to-
severe asthma, as currently defined
(medium- to high-dose combination
therapy), dupilumab, an IL-4Ra antibody,
reduced exacerbations and improved lung
function, with responses again dependent
on T2 biomarker elevations. Dupilumab
reduced exacerbations (z50%) compared
with placebo in patients with relatively low
eosinophil and FENO thresholds (>150/ml
or >25 ppb), with dupilumab being the
only biologic for which FENO is a predictive
biomarker. No efficacy is seen in the
absence of elevations in either of these,
but the greatest impact is in those with
elevations in both (17). Elevations in FENO
and blood eosinophils consistently define
patients with more exacerbation-prone
disease. FENO also appears to be an
important response biomarker, declining
in relation to improving FEV1 (18, 73).
Although the biologic changes that drive
improvement with anti–IL-4Ra are
unknown, the parallel improvements
in FENO and lung function suggest that
epithelial cells are directly affected,
potentially reducing mucus/mucus plugs
associated with T2 inflammation (74).
Dupilumab also reduces oral CS
dependency, with reduction in oral CS
doses of 70% in the dupilumab group,
compared with 42% in the placebo group
(75). Although patients were not recruited
with respect to baseline eosinophil
concentrations, the median eosinophil
number was in fact over 300/ml, supporting
the concept that systemic CS reliance
identifies a T2-Hi phenotype.

Phenotypically, dupilumab efficacy
may be greater in later-onset T2-Hi asthma,
particularly in those with eosinophil
concentrations >300/ml (76). These
patients are likely enhanced for nasal
polyps, and dupilumab is approved by the
FDA for their treatment (34, 77). Although
atopic dermatitis/eczema has long been

considered an IgE-mediated disease, anti-
IgE has not shown efficacy. In contrast,
dupilumab was initially FDA approved for
treatment of atopic dermatitis, suggesting
that signaling downstream of IL-4Ra is
pathogenic, whereas downstream IgE is not
(78). Thus, treatment with dupilumab
could be initially considered in patients
with both EOA and atopic dermatitis.
Unlike nasal polyps, atopic dermatitis is
typically associated with EOA as part of an
“atopic march,” yet its association with
severe asthma is unclear. This improvement
of these widely different comorbidities by
dupilumab suggests that alternate IL-4/13
pathways may drive these two diseases.

Peripheral blood eosinophils increase
in approximately one-third of dupilumab-
treated patients, typically returning to
baseline within 3 months, but rare cases of
EGPA have been reported (18). In fact,
in the later-stage trials, patients with
eosinophil counts of .1,500/ml at baseline
were excluded, suggesting counts at this
level and above as exclusionary for
treatment. It has been suggested that blood
eosinophils increase because of inhibition
of IL-4/13–mediated chemokine-driven
trafficking into the airways (79). However,
treatment with an anti–IL-13 antibody
(tralokinumab) failed to impact endobronchial-
tissue eosinophils (80). Thus, whether
efficacy of dupilumab is determined by
reduction in tissue eosinophils remains
uncertain.

Anti–IL-5/5R
Eosinophils have been associated with
asthma for well over 100 years. Like many
asthma therapies, anti–IL-5 was initially
trialed in an allergen-challenge model (81).
Unlike either anti-IgE or IL-4Ra blockade,
anti–IL-5 did not inhibit allergic asthmatic
responses, despite depleting blood
eosinophils to a level near zero, suggesting
that IL-5 plays a less important role in
allergic responses, as compared with IgE
and IL-4/13.

Although entry criteria for the clinical
trials with the three FDA-approved
biologics, mepolizumab, reslizumab
(anti–IL-5 molecules), and benralizumab
(anti-IL5R), varied somewhat, the ability of
all three to reduce asthma exacerbations is
remarkably similar and on the order of
40–50% (19, 20, 82–84). Improvements
in lung function and patient-reported
outcomes are variable. Although all three
antibodies profoundly reduce peripheral
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eosinophils, the impact on lung tissue and
sputum eosinophils is also less clear (30, 82,
85). In all cases, however, efficacy increases
with increasing severity and blood
eosinophilia (84, 86). Similar to the efficacy
of anti-IL4R approaches, efficacy in this
approach is greater in patients with LOA,
and this is again supportive of the differing
importance and drivers of T2 inflammation
in EOA (and allergic asthma) compared
with LOA (19, 24, 87). Both mepolizumab
and benralizumab reduce the need for
systemic CSs (z70% reduction in dose),
and, in fact, chronic use of oral CSs also
predicts a better response to therapy (24,
88, 89). Consistent with their association
with eosinophilic/T2-Hi LOA, 30–35% of
patients in the CS-sparing trials reported
nasal polyps. Thus, an overall image
of the best responders to anti–IL-5/5R
(and IL-4Ra) (LOA, eosinophilic asthma,
exacerbation-prone asthma, and CS-
dependent asthma with nasal polyps) is
emerging and is consistent with findings of
clinical phenotyping studies.

In addition, sufficient data exist to
determine whether anti-IgE or dupilumab
should be used initially in patients with
childhood-onset allergic asthma. However,
either is potentially preferable to IL-
5–targeted therapies, given the lack of
efficacy of anti–IL-5 in allergen-challenge
models. Finally, despite matching
biomarker and phenotype to biologic
therapy, many patients will not respond to
any of the currently available antibodies for
unknown pathologic reasons.

Biologic Implications of T2-Lo
Therapies
As noted earlier, T2-Lo asthma is defined
by the persistence of low concentrations
of T2 biomarkers. In fact, repeated
measurements, with reductions in
background systemic CSs, suggest that the
percentages may be relatively small, if an
asthma diagnosis is confirmed. However,
this definition of T2-Lo asthma allows for a
wide range of potential underlying
pathobiologies. To this point, no definitive
evidence exists to support specific biologic
or other therapies for these patients.
Therefore, of necessity, the approaches are
either nonspecific or targeted to physical or
physiologic characteristics associated with
T2-Lo asthma. Airway obstruction in the
absence of T2 biomarkers may improve with
LAMAs, when added to combination
therapy, with no evidence to suggest

added benefit in patients with increased
eosinophils (58, 90). Based on small studies,
patients with late-onset T2-Lo asthma may
improve with weight loss (bariatric surgery)
(91), whereas patients with severe asthma
and low eosinophils may respond to
azithromycin (59, 61).

Perhaps the most obvious treatment
for severe T2-Lo asthma is bronchial
thermoplasty, which was developed to
specifically ablate airway smooth muscle,
rather than to target inflammatory
processes, and therefore should work at least
as well in T2-Lo asthma as in T2-Hi asthma
(92). However, no studies of bronchial
thermoplasty to date have stratified patients
by baseline T2 status. Whether bronchial
thermoplasty is more efficacious in
T2-Lo or T2-Hi severe asthma remains
controversial, with one recent study
suggesting that responses to bronchial
thermoplasty may be more effective in
patients with greater baseline eosinophil
concentrations, in contrast to another
suggesting the opposite (93, 94).
Importantly, the actual mechanism for
efficacy of bronchial thermoplasty remains
unclear, with inconsistent relationships
between reduction in airway smooth

muscle and symptom control. Additional
studies, including studies evaluating
inflammatory, epithelial, and neuronal
function, are needed in well-characterized
patients to fully understand the biologic
implications for the efficacy of bronchial
thermoplasty in T2-Lo or T2-Hi severe
asthma.

Integrating Clinical,
Molecular, and Therapeutic
Phenotypes to Understand
Mechanisms

The previous sections suggest different
underlying immune mechanisms for
recognizable phenotypes. Despite this,
broader genetic or molecular mechanisms
for these phenotypes remain poorly
understood.

Detailed matching of molecular and
immune profiling with clinical phenotypes
is still lacking. Almost all animal models
focus on a T-helper cell/allergen–driven
disease, more representative of milder
asthma, for which overlap with severe
asthma phenotypes is poor. Although
animal models of severe, poorly
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CS-responsive asthma, with an increasingly
identified type 1 immune response,
have been developed, the relation to
specific human phenotypes continues to
be an area of active investigation (95–98).
Compartment differences further
complicate analyses, as proximal (sputum),
distal (BAL), and endobronchial (biopsy or
brush) findings may all differ. Numerous
studies have, however, suggested additional
immune processes, alone or in combination
with T2 pathways, including type 1 and
Th17 processes, as well as innate immunity.
The patterns vary by approach and
compartments studied, often with limited
association with specific clinical
characteristics (32, 96, 99–102). The
presence of neutrophils has been linked to
Th17, inflammasome, and IL-6 pathways,
with little overlap with T2 pathways (32, 99,
101). Despite this, therapeutics specifically
targeting neutrophils, even in patients with
neutrophilic inflammation, have not shown
efficacy (103–105). Given the common
observation of combined increases in lung
eosinophils and neutrophils with more
severe disease, it is conceivable that
targeting both cells may be more important
(44, 106).

There is also controversy on cellular
sources of T2 cytokines, including classic
T-helper cell type 2 effector cells, tissue-
resident memory T cells, T2 innate
lymphoid cells (ILC2s), and even
nonlymphoid sources, including mast
cells/basophils, eosinophils, and monocyte
macrophages. Given the differing responses
to T2 biologics in the face of similar T2-
biomarker elevations, differing mixes of
immune cells may be contributing. Thus, the
understanding of the underlying molecular
mechanisms for various phenotypes will
benefit from incorporation of responses to
T2 biologics.

Only two consistently recognizable
phenotypes to date have specific identifiable
mechanisms associated with them. The first
includes a severe variation of EOA, with
or without T2 inflammation (Figure 3).
EOA is typically associated with a stronger
family history of asthma and associated
genetics, in which 17q12-21 is consistently
identified as a susceptibility locus (107).
Targeted evaluation of SNPs in this
locus identified genetic relationships to
epithelial-cell gene expression of GSDMB
(gasdermin-B) and more severe EOA (108).
Epithelial expression of GSDMB, part
of a family of proteins associated with

cell-death pathways, correlates strongly
with type 1 and 2 IFN pathway genes,
suggesting a role in type 1 immunity and,
perhaps, viral infections, in the risks for
severe EOA. Patients with EOA can
respond to all T2-specific biologics,
although not as robustly as in LOA (24, 76,
87). Thus, although EOA can be
hallmarked by high T2-associated gene
expression, T2 cytokines, in particular IL-5,
the blocking of which is also ineffective in
allergen challenge, may not play as big a
role (81). Lung lymphocytes (broadly
identified) may also be less numerous in
these patients, suggesting nonlymphoid
sources for IL-4/13 with less IL-5 (100).
The association with allergy, IgE, and
specific IgE suggests that mast
cells/basophils (or other FceR11 cells)
may be a source, which awaits further
investigation.

The best-characterized
clinical–molecular phenotype is T2-Hi
LOA, which is associated with eosinophilia,
nasal polyps, CS-dependent disease, and, to
a lesser extent, aspirin sensitivity (Figure 4).
As emphasized, these patients respond
remarkably better to IL-4Ra– and IL-
5/5R–targeted therapy than do patients
with EOA. Several studies have suggested
activation of ILC2s, generating IL-5 and

IL-13 in asthmatic airways and nasal polyps
(109, 110),which is supported by the
efficacy of anti-IL4Ra and, to a limited
degree, anti–IL-5 in nasal polyps (111).
Recent success with anti-TSLP (anti–
thymic stromal lymphopoietin), an
epithelial alarmin, in moderate-to-severe
asthma supports a role for TSLP-activated
ILC2s in at least some asthma phenotypes,
with considerable additional interest in
the alarmin IL-33 (112). Mast cells, seen
in association with the subgroup with
aspirin-exacerbated respiratory disease,
also express TSLP and IL-33 receptors
and likely contribute increased cysteinyl
leukotrienes (113–115). Mast-cell
involvement may explain the efficacy of
anti-IgE in these patients as well (71).
Recently, a loss-of-function genetic
mutation in 15LO1 (15 lipoxygenase-1),
an enzyme prominent in T2-Hi epithelial
cells, virtually eliminated the likelihood
of developing nasal polyps (116). 15LO1
is tightly linked to a newly identified
form of programmed cell death termed
ferroptosis as well as to compensatory
autophagy (117, 118). It is strongly induced
by IL-4/13 and is critical for expression
of eosinophilic chemokines, including
eotaxin-3 (118, 119). Thus, this eosinophilic
LOA phenotype is the first to closely meet
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the definition of an endotype, or “a
subgroup of a condition which is defined by
a distinct functional or pathobiological
mechanism” (120). Although additional
endotypes will clearly be identified,
including those related to T2-Lo disease,
inflammasomes, T cells (including type 1
cells), and autoimmunity, further
investigation with targeted biologic
interventions is needed.

Conclusions

Integrated approaches including clinical
and molecular phenotyping in relation
to responses to biologic therapy have

remarkably improved our understanding
of the phenotypes, and even endotypes, of
the severe asthmas. Patients whose asthma
remains uncontrolled on medium- to
high-dose ICSs, despite standard
approaches, should be biologically
phenotyped into T2-Hi or T2-Lo
categories through measurement and
monitoring of blood eosinophils and FENO

in relation to their age at onset. However,
details of the immune cells and their
drivers in relation to these phenotypes
remain to be better understood, and many
patients, especially those with T2-Hi
asthma in association with other immune
factors, or T2-Lo asthma, are still poorly

treated. Concerted study of biology,
immune pathways, and clinical outcomes,
with deference to specific therapies, is
needed to continue to improve the
understanding and treatment of the
severe asthmas. n
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