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STHMA AFFECTS MORE THAN 300 MILLION PEOPLE WORLDWIDE. CHAR-

acterized by variable symptoms of shortness of breath, cough, and chest

tightness, asthma is associated with chronic airway inflammation, revers-
ible expiratory airflow limitation, and airway hyperresponsiveness.! In difficult-to-
treat asthma, poor control can be linked to poor adherence to inhaled glucocorti-
coids, incorrect inhaler technique, and coexisting conditions, including exposure
to allergens and irritants.? Asthma that is difficult to treat is considered to be
severe when control remains poor despite measures that adequately address each
of these three variables (see Section I in the Supplementary Appendix, available
with the full text of this article at NEJM.org).>*

Up to 10% of adults and 2.5% of children with asthma have severe asthma, with
a reduced quality of life and an increased risk of fixed airflow limitation, exacerba-
tions, health care resource use, hospitalization, and death.” Patients with severe
asthma have persistent symptoms or frequent exacerbations that require repetitive
glucocorticoid bursts, maintenance oral glucocorticoid therapy, or both, despite ad-
equate treatment with high-dose inhaled glucocorticoids, long-acting 3,-agonists,
and long-acting muscarinic antagonists.! In these patients, add-on treatment,
which may include biologic therapies, is needed to reduce the disease burden.
Severe asthma is a heterogeneous syndrome encompassing several clinical pheno-

types that differ according to age at the onset of asthma (onset in childhood vs.
onset in adulthood), presence or absence of allergy and other coexisting condi-
tions, severity of airflow limitation, frequency of exacerbations, response to treat-
ment, and prognosis.® Severe asthma is also heterogeneous biologically, with dis-
tinct patterns of airway inflammation defined by the predominant granulocyte in
sputum or bronchial biopsy specimens and often identified by means of blood or
exhaled-breath biomarkers. Type 2 high-inflammation (type 2-high) asthma is
characterized by eosinophilic airway inflammation (Fig. 1), which is associated
with increased blood eosinophil counts or elevations of fractional exhaled nitric
oxide (FENO), whereas type 2 low-inflammation (type 2-low) asthma encom-
passes neutrophilic asthma and paucigranulocytic asthma; the coexistence of
eosinophilic and neutrophilic airway inflammation characterizes mixed granulo-
cytic asthma.” Approximately 50% of cases of mild-to-moderate asthma and
probably a larger proportion of cases of severe asthma are type 2-high asthma.®®
This review outlines recent insights into type 2 inflammation in asthma and the
currently available biologic treatments, including their mechanism of action, effi-
cacy, and safety in children and adults with severe asthma (Table 1).

TYPE 2 INFLAMMATION IN ASTHMA

Type 2 cytokines include interleukin-5, interleukin-4, and interleukin-13 (Section
II in the Supplementary Appendix).”® Interleukin-5 promotes proliferation, differ-
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A Type 2-High Asthma
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BIOLOGIC THERAPIES FOR SEVERE ASTHMA

Figure 1 (facing page). Airway Inflammation in Severe Asthma and Targets
of Biologic Therapies.

The inflammatory pathways of type 2 high-inflammation (type 2—high)
asthma (Panel A) or type 2 low-inflammation (type 2—low) asthma (Panel B)
drive severe asthma. Type 2—high eosinophilic airway inflammation is pres-
ent in allergic asthma, most frequently starting in childhood (i.e., childhood-
onset asthma), and in adult-onset, severe eosinophilic asthma (which is less
often associated with aeroallergy). On exposure to allergens, pollutants,
viruses, or bacteria, airway epithelial cells release alarmins (i.e., epithelial
cytokines) such as interleukin-25, interleukin-33, and thymic stromal lympho-
poietin (TSLP). The pathways involved in type 2—high asthma differ among
patients (Panel A). In allergen-sensitized patients, myeloid dendritic cells
present inhaled aeroallergens (e.g., house-dust mite, animal dander, or
pollen), together with costimulatory molecules, to tissue-resident memory
CD4+ type 2 helper T (Th2) lymphocytes, expressing antigen-specific T-cell
receptors (TCRs) and responding in an allergen-specific manner on activa-
tion. In adult-onset eosinophilic asthma, alarmins released by epithelial cells
and eicosanoids (i.e., cysteinyl leukotrienes C4 and D4 and prostaglandin
D, [PGD,]) activate type 2 innate lymphoid cells (ILC2), which lack antigen-
specific TCRs but express receptors for these alarmins and leukotrienes.
Both Th2 cells and ILC2 produce high amounts of the type 2 cytokines inter-
leukin-4, interleukin-5, and interleukin-13. Interleukin-4 plays a key role in
the differentiation of naive CD4+ T cells into Th2 cells and drives IgE isotype
switching in B lymphocytes. Interleukin-5 promotes the proliferation and
differentiation of eosinophils from bone marrow eosinophil progenitors,
prolongs eosinophil survival, and activates eosinophils, which release cys-
teinyl leukotrienes and toxic granules, causing tissue damage, aggravating
chronic airway inflammation, and leading to acute exacerbations of asthma.
Interleukin-13 induces expression of the enzyme inducible nitric oxide syn-
thase (iNOS) in epithelial cells, leading to an increase in fractional exhaled
nitric oxide (FENO); interleukin-13 also elicits mucous hypersecretion and
stimulates contraction of airway smooth-muscle cells, causing bronchocon-
striction. Interleukin-4 and interleukin-13 play an important role in recruit-
ing eosinophils from the blood circulation to the airway mucosa both directly,
by enhancing the expression of adhesion molecules on endothelial cells,
and indirectly, by eliciting the production of chemokines such as eotaxins
by epithelial cells. Through eosinophil extracellular traps, Charcot-Leyden
crystals, and eosinophil peroxidase—generated oxidants, airway eosinophils
mediate mucous plug formation and contribute to chronic airflow obstruc-
tion in type 2—high severe asthma. Type 2—low asthma (Panel B) encom-
passes paucigranulocytic asthma and neutrophilic asthma. Type 1 helper T
(Thl) and type 17 helper T (Th17) CD4+ lymphocytes may stimulate neutro-
philic inflammation through tumor necrosis factor & (TNF-a), interferon-vy,
interleukin-6, interleukin-17A, and CXCL8 (CXC motif chemokine ligand 8).
The alarmins TSLP and interleukin-33, the latter activated from full-length
interleukin-33 by mast-cell-derived tryptase, may be involved in the cross-
talk between mast cells and airway smooth-muscle cells, contributing to
airway hyperresponsiveness. ETosis refers to cell death that involves the
release of extracellular traps (e.g., by eosinophils or neutrophils). BLT2 de-
notes leukotriene B, (LTB,) receptor 2, CCR3 C-C motif chemokine receptor 3,
CRTH2 chemoattractant receptor-homologue expressed by Th2 cells, CXCR2
CXC chemokine receptor 2, FceRI high-affinity receptor for the Fc region of
IgE, GM-CSF granulocyte—macrophage colony-stimulating factor, IL inter-
leukin, interleukin-4Ra interleukin-4 receptor «, interleukin-5R interleukin-5
receptor, interleukin-17RB interleukin-17 receptor B, MHCII major histocom-
patibility complex class I, PSGL-1 P-selectin glycoprotein ligand 1, RANTES
regulated on activation, normal T-cell expressed and secreted, ST2 suppres-
sor of tumorigenicity 2, TSLPR TSLP receptor, VCAM-1 vascular-cell adhe-
sion molecule 1, and VLA-4 very late antigen 4.

N ENGL J MED 386;2 NEJM.ORG

entiation, activation, and survival of eosinophils.
The numbers of eosinophils in peripheral blood,
bronchoalveolar lavage fluid, and bronchial bi-
opsy specimens directly correlate with the sever-
ity of asthma.!! Interleukin-4 and interleu-
kin-13, which share interleukin-4 receptor «
(interleukin-4Ra), have many overlapping func-
tions (Fig. 1). Interleukin-4 plays a key role in
CD4+ type 2 helper T lymphocyte differentia-
tion and drives IgE isotype switching in B lym-
phocytes. Interleukin-13 induces the contraction
of airway smooth-muscle cells and stimulates in-
ducible nitric oxide synthase in bronchial epithe-
lial cells, which leads to an increase in FENO
(Table S1).

Type 2 inflammation in asthma is generally
suppressed by glucocorticoids, as evidenced by a
rapid decrease in FENO (mediated by airway in-
terleukin-13) when treatment with inhaled gluco-
corticoids is initiated and an immediate decrease
in blood eosinophil counts (mediated by sys-
temic interleukin-5) with the use of oral gluco-
corticoids. However, in a subgroup of patients
with severe asthma, airway eosinophilia persists
despite the use of high-dose inhaled glucocorti-
coids or oral glucocorticoids.'?

IgE and type 2 cytokines have been high-
lighted as therapeutic targets for asthma on the
basis of preclinical models of allergic eosino-
philic airway inflammation.”® However, success-
ful translation into treatments for asthma re-
quired two crucial insights into the pathogenesis
of asthma: an appreciation of the clinical and
biologic heterogeneity of the disorder (type 2-
high vs. type 2-low asthma)’ and discovery of
the strong association between eosinophilic air-
way inflammation and the risk of exacerba-
tions.” These insights led to the targeting of
drugs to patients with eosinophilic asthma and
to those with a history of exacerbations.

ANTI-IGE MONOCLONAL ANTIBODY

The anti-IgE monoclonal antibody omalizumab
was the first biologic agent approved by the Food
and Drug Administration (FDA) for the treat-
ment of asthma (Table 1). By targeting the Fc
fragment of IgE, omalizumab reduces free IgE
levels in serum and inhibits binding of IgE to its
high-affinity receptor on mast cells and baso-
phils (Fig. 1). In allergen-challenge models in

JANUARY 13, 2022 159

The New England Journal of Medicine
Downloaded from nejm.org by E. PAUL SCHEIDEGGER on January 13, 2022. For personal use only. No other uses without permission.
Copyright © 2022 Massachusetts Medical Society. All rights reserved.



The NEW ENGLAND JOURNAL of MEDICINE

(sjuaned

J0 9 7°0F Ul 3ulundd0)

sixe|Aydeue Joj Suiuiem

X0Q-2€|q {SHQ JO Uole

-nunuodsip ydniqe ‘(ydo3

“3'3) suonipuod oijiydouls
-0a49dAy ‘ssauydis winias

(aue4) suon}

-D9jul 493507 sadiay ‘sHO

4o uolenuijuodsip idniqe

‘suoijoeal AaiisuasiadAy
‘SuoI334ul dILYIUIW[dH

SIIAIPUN(UOD

‘(VvdD3 “8-9) suonipuod

oljiydouisoasadAy ‘sHO

Jo uoienuijuodsip idniqe

‘suoloeal ANAnIsuasiadAy
‘suoIR3jul dIYIUIWRH

$D0Jo

uoljenuijuodsip 1dniqe

‘suoioeal AAnisuasiadAy
SUOI1dUI DIYIUIW|DH

suiaduo) A19jes

31| Jo Aujenb

panoidu A7 uo a3y

|lews ‘swoidwiks pasnp
-2J 'SUOIBqIIDEXD PAONPaY 9=

31| Jo Aujenb panosdwi
|1/osT< spydouisoa
Po0O|q §1 SDO JO |emelp
-YHm 4o uorPnpas A3
UO 123J43 2}B43POLU IO
|lews ‘swoidwAs pasnp
-31 ‘SUOI}BQU3EXd PadNpay 9=

31| o Aujenb
panoidwil fauljaseq e
junod [Iydoulsoa poo|q
40 anpadsalll ‘sHQ Jo
[EMBIPL1IM IO 9SBIIDDP
‘uoipuny Sun| panoid
-wi ‘swoydwiAs paosnp
-1 ‘suoljequadEXd padnpay 92

3J1] Jo Ayjenb panoidwi
11/051< sjiydouisoa
Poo|q i SO0 jo |emelp
-YHM 40 353109p 'AT4
UO 103}J3 21B43POW 10
|lews ‘swoidwiks pasnp

-2J ‘SUOIeqUaDEXD PAdNpaY 1=
Koeoyy3 1a8y jo
A jusnEd

eliedIlN
s1yzedolpi o1uoiyd
:uoiledIpul Jayjo

‘ewyise 21343||e 249A9S

awolpuAs
dljiydouisoasadAy
‘¥dD3 :suonedipul
J3y1o ‘euwiyise
o1|Iydoulsos aianss

siew.ap
o1doje 219A35-0]
-a1eJ9pow ‘sisod
-Ajod |eseu yum sy
isuonedIpul Jaylo
‘ewiyise Jusapuadap
50 “(vin3)
ewyise z adAy auan
-os ‘(v@d) ewyise

o1j1ydoulsoa a1aAss

euwIyISE
d1jiydouisoa aianas

uonesipu|

33 8101 WINJSS JO [9A3)
juawiealzaid pue ySom
Apoq 01 3uipiodde M ¢

a3uuds pajjyaid 017 K1ana 8w /¢ 016/ DS

M ¢ K1ans 3w o

S UA 11-9 sade ‘uaip|iyd
M ¢ K1ans 3w 00T

{DS 1S)UIISI|OpE. pUE S}HNPY

uad Jo3pd3fuioine
‘93uniks paj|iyaid

Tydem
Apoq uo spuadap asop
35 A 11-9 sade ‘uaipiyd
M g Kiana 3w 0og
£q pamojjoy ‘Bw 009 Jo
9S0p |eljUl ‘SijijeLISP
51doje 249A95-03-23E19pOLU
JUBHILLIODUOD Y}IM Sjudljed
Jo sjuaned juspuadsp
-p1021140202N|3 10} HM 7
K1ans 8w 0oz Aq pamoj|o}
‘Bw 0oy Jo asop [enul
‘DS :S]UDS|OPE pUE SHNPY

uad Jopdafuioine
‘93uiks paj|iyaid

ym g Kians 3w o¢
kq pamojoy ‘(sasop ¢
1541) M ¢ Kk1ans Swi g DS

uad Jo1d3[uioine
‘93uniks pa||yaid

swiio4 Lasoq pue

uoljelisiuiwpy jo ajnoy

(sjiydouisoa pue sjja2 o1up

-uap uo [[y324 pue sjiydoseq

pUE S||92 1SBLU UO [§324 0}

38 yo Buipuiq Suniqiyul

‘33 9344 jo 1ed 24 01 spuiq
Apoquue !38|) qewnzijewQ

(g-uppnapsagul
Bunejnouid o1 spuiq Apoqiiue
{g-upinajaiul) qewnzijoda|y

(syj92 ppsnw
-yjoows Aemiie pue ‘sjjad
|elpyuds ‘[sjiydouisos pue
‘s||92 L 4adjay +7AD ‘S| g
3-3] s|j92 onatodojeway ul
Surjeudis ¢T-upnaalUl pue
p-upnapaul Suingiyul ‘oY
-upnajalul 03 spuiq Apogiue
‘oY p-unnajaiul) qewn|idng

(A1121x010140 pajelpawi-||9d
‘uapuadap-Apoqiiue ySnoiyy
wayy 3uns|dap ‘sjiydoseq
pue s|iydouisoa uo vys
-up|najalul 03 spuiq Apoqiiue
{0YG-UN3IA3UI) qewnzZijeiuag

(uondy jo
wsiueyddN pue 1081e|
sipnadesay ) uasy oiSojoig

+"BLUYISY SI9ASS JO JuSLUIEDI] 9Y} 40} UoNeSIUIWPY Snig pue pood ayi Aq paroiddy sjuady d18ojoig *T 9|qeL

NEJM.ORG JANUARY 13, 2022

N ENGL ) MED 386;2

160

The New England Journal of Medicine

Downloaded from nejm.org by E. PAUL SCHEIDEGGER on January 13, 2022. For personal use only. No other uses without permission.

Copyright © 2022 Massachusetts Medical Society. All rights reserved.



BIOLOGIC THERAPIES FOR SEVERE ASTHMA

2 c _ s patients with mild allergic asthma, omalizumab
28, o0 % & : limits allergen-induced early- and late-phase
£ i 3 . . .
:96 “ED E- 4 : = < asthmatic responses.* Omalizumab is approved
— -~ = . . . .
ScEgt & 03 S for subcutaneous administration in persons 6 years
5 o £ o9 o Y = N
058,86 £ >3 &8 of age or older who have moderate-to-severe al-
= S s O g S < s
9E 3 25 4 § Wy 3 lergic asthma, with a positive skin-prick test or
T pre=) o o .
=3 E SN B0 o8 T allergen-specific IgE to a perennial aeroallergen,
f908gg 2 S .
EsesT 238 o g s and whose symptoms are not controlled by in-
v < = 0 o . . ..
T C = = ® haled glucocorticoids. A review assessing 25 clini-
ey £ : .
_ . s £ S cal trials concluded that omalizumab reduced
1= . : < o 2= b4
bE.2 ¢ o= |23 o asthma exacerbations and hospitalizations, with
G wO® s B« o= © R . . .
Sgs83 s452 (22 3 small improvements in quality of life and lun,
S g9 S¢2p | =5 3
8588 8o¥5 |:S3 Y function.”® Anaphylaxis occurs in 0.1 to 0.2% of
- o o - QO S = . . .
SESS SEe=S |5y s patients, most frequently with one of the first
T >N o < > < .= .
§og E 5025 | »2 o0 three doses, and a black-box warning recom-
592 w922 |0 € ’
gYE>= 8¢ g2 |z ) mends precautions, which include administering
ST Ow O S5 T© .= .= @ . . oy
3 3 £ a the agent in a health care setting and providing
[« o -0 B . . . .
s 3 atients with adrenaline autoinjectors.
€928 ¢ . . . .
- ~ En 2 § s Most studies of omalizumab involved patients
N N g8 35 with moderate-to-severe asthma who were re-
G 2 = 5 ceiving inhaled glucocorticoids, with only a few
S © . . . . .
g_g £ 2 studies involving patients with severe asthma.
K <8 2 Almost all the studies included patients with al-
= S22 3
§ © “g 2€ = lergic asthma (see Glossary) and used threshold
o= (] . . . .
S o £ 558 € levels of serum total IgE as an inclusion criterion.
S € % uES
0= s S Although the dose of omalizumab (75 to 375 mg
g = c meklE o2 administered subcutaneously every 2 to 4 weeks)
G>J 5 s _g o . .
v Z By S is based on body weight and the pretreatment
bl v = BD
v S serum total IgE level, the absolute level of total
5 £ 2585 IgE does not accurately predict a therapeutic re-
= > = . . .
= 2 <23 £ £ sponse. In a post hoc analysis, reductions in
< 7] .20 . .
S = SEZEQ asthma exacerbations were greater in subgroups
- 13 ‘5 L — . . . . .
a 2 -:(g S of patients with high FENO, blood eosinophil
-~ W0 . . .
g w4 :&“ levels, and serum periostin levels than in sub-
o - o N v . . .
SA8E~E roups with low values.®* However, identifica-
SoESS
o N S5S8e » tion of biomarkers that accurately predict a
[e] . . . .
z z EREE R therapeutic response to omalizumab is still war-
> > FE®™G o ranted.”
g [ S« s O '
> > c —
o [} =0 g% 99
oo 0 [ TR 2 0 o
=< € 8 [ 6 4 g Nm
¥ = LWOEST, ANTIBODIES AGAINST
o ~ 0% 4523 INTERLEUKIN-5 AND
= b s g o e INTERLEUKIN-5R
B WSO
1) wP®s 0o .
< Sos=+= 9 . . .
= EYEo00 o Mepolizumab and reslizumab, humanized mono-
= o> ygE '
a3 £ET o s clonal antibodies targeting the ligand interleu-
£ £ 3c . . . .
=2 - Qo ® g kin-5, and benralizumab, which depletes eosino-
a:.; S a L oo £ )
= 0 . . . . .
T8 _ a 58259 m™ phils by binding to the interleukin-5 receptor
S Cin — o] = . . . .
S5 ¢ = S8os5a ;8 (interleukin-5R), are FDA-approved biologic agents
> Vs N L . . .

-g ©3 £ £2£55% for the treatment of patients with severe eosino-
o= S cx e .8 .. o e .
ST 5§ < TED ST z philic asthma (Table 1). Although initial studies,

NS Q- °E2 £283% . .

i fﬁ L3288 528 which enrolled patients who had moderate asth-
o € C . . . ey .

= a bl ma without evidence of eosinophilic airway

z

ENGL ) MED 386;2 NEJM.ORG JANUARY 13, 2022 161

The New England Journal of Medicine
Downloaded from nejm.org by E. PAUL SCHEIDEGGER on January 13, 2022. For personal use only. No other uses without permission.
Copyright © 2022 Massachusetts Medical Society. All rights reserved.



162

The NEW ENGLAND JOURNAL of MEDICINE

Glossary

involved in host defense and tissue repair.

on activation by epithelial alarmins.

other organs.

treatment with systemic glucocorticoids.

respectively.

combination of these features.

Alarmin: Host protein that is released during infection or tissue damage and that mobilizes and activates immune cells

Allergic asthma: Asthma in patients with aeroallergy, evidenced by a positive skin-prick test or serum allergen-specific
IgE (e.g., to house-dust mite, animal dander, or molds) and a clear history of allergen-provoked symptoms.

Difficult-to-treat asthma: Asthma with uncontrolled symptoms or frequent exacerbations due to modifiable factors such
as incorrect diagnosis; incorrect inhaler technique; poor adherence to inhaled glucocorticoids; exposure to allergens,
irritants, or tobacco smoke; and untreated coexisting conditions.

Endotype: A disease subtype defined by a distinct pathobiologic mechanism.

Eosinophilic asthma: Asthma characterized by eosinophilic airway inflammation, which is associated with increased
blood eosinophil counts; in clinical trials and clinical practice, blood eosinophil counts are used as a surrogate
marker of airway (or sputum) eosinophilic inflammation.

Eosinophilic granulomatosis with polyangiitis: Eosinophilic vasculitis, most frequently antineutrophil cytoplasmic anti-
body-negative, complicating uncontrolled eosinophilic asthma.

Innate lymphoid cells: A novel family of lymphocytes with heterogeneous effector functions and cytokine production;
innate lymphoid cells do not express antigen-specific (T- and B-cell) receptors but do express c-kit and receptors for
epithelial cytokines. Type 2 innate lymphoid cells are a subtype of innate lymphoid cells that produce type 2 cytokines

Periostin: An interleukin-13—inducible extracellular matrix protein produced by epithelial cells in airways, gut, skin, and

Phenotype: A disease subtype defined by an observable characteristic or trait.

Severe asthma: A subset of difficult-to-treat asthma, characterized by asthma that remains uncontrolled despite treat-
ment with high-dose inhaled glucocorticoids combined with a long-acting beta-agonist or leukotriene modifier or

Type 2 asthma: Asthma characterized by type 2 airway inflammation, which is associated with increased blood eosino-
phil counts, elevated fractional exhaled nitric oxide values, or both.

Type 2 cytokines: Interleukin-4, interleukin-5, and interleukin-13 cytokines, mainly produced by CD4+ type 2 helper
T lymphocytes, type 2 innate lymphoid cells, and mast cells.

Type 2 inflammation: Inflammation mediated by one or more type 2 cytokines — interleukin-4, interleukin-5, or inter-
leukin-13 — and characterized by increased IgE levels, eosinophil counts, or fractional exhaled nitric oxide values,

Uncontrolled asthma: Asthma characterized by exacerbations, poor symptom control, lung-function impairment, or a

inflammation, failed to show a benefit of anti—
interleukin-5 antibodies, subsequent investiga-
tor-initiated trials showed significant reductions
in exacerbations among patients with severe
eosinophilic asthma.’®*® In phase 3 studies, add-
on treatment with mepolizumab (administered
subcutaneously or intravenously) or reslizumab
(administered intravenously) reduced exacerba-
tion rates by approximately 50% and improved
health-related quality of life in patients with
exacerbation-prone severe eosinophilic asthma
(i.e., patients with severe eosinophilic asthma
who have recurrent exacerbations), irrespective
of the presence or absence of allergy.”?' Although
different cutoft values for blood eosinophil counts
were used in these studies, blood eosinophilia
was a better predictor of a therapeutic response

to anti—interleukin-5 antibody than sputum eosin-
ophil counts or FENO?*?* (Table S2).

In real-world observational studies, adoles-
cents and adults with severe eosinophilic asthma
who were treated with mepolizumab (100 mg
administered subcutaneously every 4 weeks) had
fewer exacerbations and hospitalizations, a lower
oral glucocorticoid burden, and better symptom
control and quality of life than in the previous
year.* In adults with uncontrolled severe eosino-
philic asthma, treatment with reslizumab (3 mg
per kilogram of body weight, administered in-
travenously every 4 weeks) was associated with
fewer exacerbations, both in randomized, con-
trolled trials (RCTs) and in real-world studies.?*?
The most frequently reported adverse events in
long-term safety studies of mepolizumab and
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reslizumab were respiratory infections, head-
ache, and worsening asthma.**” Among 1028
patients receiving intravenous reslizumab, three
cases of anaphylaxis were observed, leading to
an FDA black-box warning.”

Benralizumab is a humanized, afucosylated
monoclonal antibody that targets the alpha sub-
unit of interleukin-5R on eosinophils, inducing
apoptosis through antibody-dependent, cell-
mediated cytotoxicity. In a bronchoscopic study,
benralizumab reduced eosinophil counts in the
airway mucosa and sputum by 90% or more and
completely suppressed blood eosinophil num-
bers.”® In two pivotal phase 3 trials involving
adolescents and adults with exacerbation-prone
severe asthma, add-on treatment with benralizu-
mab (30 mg administered subcutaneously every
4 or 8 weeks) significantly reduced the exacerba-
tion rate and improved prebronchodilator forced
expiratory volume in 1 second (FEV)), as com-
pared with placebo, in patients with baseline
blood eosinophil counts of 300 per microliter or
higher (Table S$3).*3° Since the every-8-week
benralizumab regimen also rapidly improved
asthma symptoms and health-related quality of
life,* this dosing regimen has been chosen for
market authorization. Real-world and open-label
extension studies have confirmed the real-life ef-
fectiveness and long-term safety of benralizumab
in patients with severe eosinophilic asthma.?>*

More exacerbations in the previous year and
a higher blood eosinophil count at baseline are
predominant predictors of an enhanced re-
sponse to anti—interleukin-5 and anti—interleu-
kin-5R antibodies.>**> However, a single blood
eosinophil measurement, particularly when low,
may be insufficient to establish a diagnosis of
severe eosinophilic asthma.?*¥ Studies have
shown that patients with adult-onset eosino-
philic asthma or concomitant nasal polyposis
have a good response to anti-interleukin-5 or
anti—-interleukin-5R antibodies.?®* In contrast,
in patients with an eosinophilic phenotype of
chronic obstructive pulmonary disease (COPD)
and a history of exacerbations, add-on therapy
with mepolizumab only modestly reduces exac-
erbations, as compared with placebo; benralizu-
mab does not reduce exacerbations.***! There-
fore, it is important to differentiate severe
asthma from COPD (Section X.2 in the Supple-
mentary Appendix).
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ANTI-INTERLEUKIN-4 RECEPTOR
ANTIBODY

Dupilumab, a fully human monoclonal antibody,
inhibits the signaling of both interleukin-4 and
interleukin-13 by binding to interleukin-4Re,
which they share. In the pivotal phase 3 trial
involving patients with uncontrolled moderate-
to-severe asthma, dupilumab significantly reduced
severe exacerbations, including those leading to
emergency-department visits or hospitalization,
as compared with placebo (Table S4).** Dupilu-
mab also improved asthma control, as well as
prebronchodilator and postbronchodilator FEV,.*
Reductions in the frequency of exacerbations
and improvements in lung function were most
pronounced among patients with blood eosino-
phil counts of 150 per microliter or higher or
FENO values of 25 parts per billion (ppb) or
higher at baseline*>** (Fig. S1). In phase 3 trials,
patients with eosinophil counts above 1500 per
microliter at baseline were excluded. In a real-
life retrospective cohort study involving adults
with severe asthma (mainly oral glucocorticoid—
dependent), add-on therapy with dupilumab was
associated with improved asthma control and
lung function, as well as reductions in oral glu-
cocorticoid use and the exacerbation rate.*

The most common adverse events with dupi-
lumab are injection-site reactions (occurring in
15% of patients).*** Hypereosinophilia (eosino-
phil count >1500 per microliter) is observed in
4 to 25% of patients; it persists after 6 months
in 14% of these patients. Although dupilumab-
induced hypereosinophilia is most frequently
asymptomatic, rare cases of eosinophilic granu-
lomatosis with polyangiitis have been reported.*

Dupilumab is effective and is approved by the
FDA for the treatment of atopic dermatitis and
chronic rhinosinusitis with nasal polyposis, both
of which are driven by type 2 inflammation.**®
Thus, dupilumab is a convenient treatment for
patients with either of these conditions and se-
vere asthma (Section III in the Supplementary
Appendix).

ANTI-EPITHELIAL CYTOKINE
ANTIBODIES

The epithelial cytokines TSLP (thymic stromal
lymphopoietin), interleukin-25, and interleukin-33
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are released by airway epithelial cells in response
to allergens, air pollutants, and viruses, enhanc-
ing downstream inflammation (Fig. 1).* It has
been hypothesized that by interfering upstream
in the inflammatory cascade, biologic agents
targeting epithelial cytokines, as compared with
specific antibodies against type 2 cytokines,
might improve asthma outcomes in a broader
patient population.*>° RCTs have recently shown
the efficacy of an anti-TSLP human monoclonal
antibody (tezepelumab), an anti-interleukin-33
human monoclonal antibody (itepekimab), and a
human monoclonal antibody inhibiting the in-
terleukin-33 receptor (also known as suppressor
of tumorigenicity 2 [ST2]) (astegolimab) in pa-
tients with severe asthma.”

In a phase 3 RCT involving adolescents and
adults with uncontrolled severe asthma, add-on
therapy with the anti-TSLP human monoclonal
antibody tezepelumab, at a dose of 210 mg ad-
ministered subcutaneously every 4 weeks, signifi-
cantly reduced the annualized asthma exacerba-
tion rate by 56%, and among patients with blood
eosinophil counts of less than 300 per microliter
at baseline, the rate was reduced by 41%.' As
compared with placebo, tezepelumab reduced ex-
acerbations in patients with type 2-high asthma
and patients with type 2-low asthma (Fig. S2)
and also improved lung function, asthma con-
trol, and health-related quality of life (Table S5).
Tezepelumab rapidly reduced blood eosinophil
counts and FENO, gradually decreased serum
total IgE levels, and attenuated airway hyper-
responsiveness to mannitol.>*> The safety find-
ings were similar for active treatment and pla-
cebo.”® In a mechanistic bronchoscopy study,
tezepelumab significantly reduced the number
of eosinophils — but not the number of neutro-
phils, mast cells, or T cells — in the airway
submucosa.”

Itepekimab, at a dose of 300 mg administered
subcutaneously every 2 weeks, prevented loss of
asthma control and improved lung function, as
compared with placebo, in a phase 2 study in-
volving patients who had moderate-to-severe
asthma and were reducing their maintenance
therapy with inhaled glucocorticoids plus long-
acting beta-agonists.”> The combination of ite-
pekimab and dupilumab did not provide bene-
fits beyond those of the individual treatments.
Astegolimab (70 mg or 490 mg, but not 210 mg,

administered subcutaneously every 4 weeks) re-
duced exacerbations, as compared with placebo,
in a phase 2b RCT involving patients with severe
asthma, including those with low eosinophil
counts.”® Astegolimab did not improve lung
function. Confirmatory phase 3 RCTs of anti-
bodies against interleukin-33 and ST2 in patients
with severe asthma, particularly type 2-low, are
warranted.

BIOLOGIC THERAPIES AS ORAL
GLUCOCORTICOID—SPARING AGENTS

Systemic glucocorticoids are commonly used for
the management of severe asthma, as short-term
courses or long-term daily oral regimens, but are
associated with acute and chronic adverse ef-
fects.’® The burden of oral glucocorticoid—asso-
ciated disorders increases with the cumulative
dose and adds to the burden of severe asthma.
Moreover, whereas asthma is not associated with
an increased severity of coronavirus disease 2019
(Covid-19),”” use of oral glucocorticoids for un-
controlled severe asthma has been linked to in-
creased Covid-19-related mortality®® (Section VI
in the Supplementary Appendix).

In clinical trials, several anticytokine anti-
bodies enabled tapering of oral glucocorticoids
with the use of predefined schedules while
asthma control was maintained in adults with
glucocorticoid-dependent severe asthma (Table
$6). Mepolizumab (100 mg administered subcu-
taneously every 4 weeks) reduced the glucocorti-
coid dose by a median of 50%, as compared with
placebo, while reducing the annualized rate of
exacerbations by 32% and improving asthma
control,” findings that were supported by real-
life observational studies.®® Mepolizumab has been
approved by the FDA at a higher dose (300 mg
administered subcutaneously every 4 weeks) for
the treatment of eosinophilic granulomatosis
with polyangiitis in patients with uncontrolled
asthma.®!

Benralizumab (30 mg administered subcuta-
neously every 4 or 8 weeks) significantly reduced
the median oral glucocorticoid dose from base-
line to 28 weeks, as compared with placebo (a
75% reduction vs. a 25% reduction).®? The annual
exacerbation rate was also reduced, although
there was no sustained effect on FEV,. Add-on
treatment with dupilumab (300 mg adminis-
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tered subcutaneously every 2 weeks) reduced the
oral glucocorticoid dose by 70%, as compared
with 42% with placebo, while reducing severe
exacerbations and improving lung function.®
Although the magnitude of the glucocorticoid-
sparing effect with dupilumab treatment was
largest in patients with a higher blood eosino-
phil count at baseline, dupilumab provided bene-
fits even in the low-eosinophil subgroup.

In contrast, neither fixed-dose subcutaneous
reslizumab (110 mg every 4 weeks) nor fixed-
dose subcutaneous tezepelumab (210 mg every
4 weeks) reduced the daily oral glucocorticoid
dose in patients with glucocorticoid-dependent
severe asthma.®*® Although subgroup analyses
suggest that patients with oral glucocorticoid—
dependent severe asthma have better asthma
control when receiving omalizumab, a prospec-
tive evaluation is required to determine whether
omalizumab has glucocorticoid-sparing effects.

BIOLOGIC AGENTS IN CHILDREN
AND ADOLESCENTS WITH SEVERE
ASTHMA

The anti-IgE monoclonal antibody omalizumab
has been studied extensively in moderate-to-
severe pediatric asthma. A meta-analysis of three
RCTs involving 1380 children with allergic asth-
ma showed that omalizumab reduced exacerba-
tions and hospitalizations, was associated with
a larger reduction of inhaled glucocorticoids, as
compared with placebo, and had an acceptable
adverse-event profile®® (see the Supplementary
Appendix). Some phase 3 trials of anti-type 2
cytokine antibodies have included adolescents
(212 years of age) (Table S7). A post hoc meta-
analysis involving 34 adolescents with eosino-
philic severe asthma who were included in ran-
domized trials suggested similar effects in this
group and in the overall population studied, but
the small sample precluded conclusions. The
safety profile among adolescents appeared to be
similar to that among adults, although as noted,
the number of patients who could be evaluated
was small.®” A recent open-label, observational
study confirmed the safety of mepolizumab in
children (6 to 11 years of age) with severe asth-
ma and showed a reduction in exacerbations, as
compared with baseline.®® Since the type 2-high,
eosinophilic phenotype is often observed in chil-
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dren with severe asthma and recurrent exacerba-
tions,* it seems likely that anti—type 2 cytokine
antibodies will be efficacious in children with
severe asthma who are prone to exacerbations.”
In an RCT involving 408 children (6 to 11 years
of age) with uncontrolled moderate-to-severe
asthma, dupilumab significantly reduced severe
asthma exacerbations and improved lung func-
tion and asthma-related quality of life, with the
most pronounced effects in the population of
children with type 2-high asthma and baseline
blood eosinophil counts of 150 per microliter or
higher or FENO values of 20 ppb or higher.”* The
safety profile was acceptable. In prior analyses
of predictors of the response to benralizumab or
reslizumab, older age (218 years vs. <18 years)
and a later onset of eosinophilic asthma (onset
in adulthood vs. childhood) were associated with
enhanced efficacy.>**® These observations under-
line the need for RCTs that involve well-charac-
terized children with severe asthma and include
long-term follow-up for evaluation of safety
(Section IV and Table S7 in the Supplementary
Appendix).

CHOOSING INITIAL BIOLOGIC
THERAPY

Since no data from head-to-head RCTs compar-
ing the efficacy, real-life effectiveness, and long-
term safety of monoclonal antibodies in patients
with severe asthma are available, high-level evi-
dence is lacking to guide clinical decision mak-
ing. Before a biologic therapy is initiated, the
number of exacerbations in the past year, status
with respect to oral glucocorticoid use, biomark-
ers (blood eosinophil count, FENO, and serum
total and allergen-specific IgE), FEV,, asthma
control, and quality of life should be recorded.
Criteria such as dosing frequency, route of ad-
ministration (subcutaneous or intravenous), wheth-
er drug administration requires monitoring by
health care personnel, age at onset of asthma,
biomarkers, coexisting conditions (e.g., atopic
dermatitis and nasal polyposis), insurance cover-
age, cost, and patient preference are taken into
account in choosing an available therapy.* Bio-
markers and coexisting conditions should be
integrated with clinical phenotyping in decision
making regarding the choice of the initial bio-
logic therapy (Fig. 2 and Table 2).
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Difficult-to-treat asthma

Assess and address the following

« Confirm asthma diagnosis

« Improve adherence to IGs

« Correct inhaler technique

« Identify and avoid exposure to risk factors and
triggers (e.g., allergens, irritants, smoking)

« Assess and treat coexisting conditions

Severe asthma despite
high-dose 1Gs + LABA and
adequate management

« Determine blood eosinophil counts and FENO
« Assess coexisting conditions (e.g., severe atopic dermatitis,
CRSWNP, allergic rhinitis, eosinophilic pneumonia, EGPA)

Severe asthma (without daily OGs) OG-dependent severe asthma
Blood eosinophils Blood eosinophils Blood eosinophils
<150 cells/pl 150 to 1500 cells/ul >1500 cells/pl
+ | + Current or historic
evidence of
FEnO <25 ppb FEnO =25 ppb increased blood
Integrate clinical Rule out parasitic eosinophil count?
characteristics, infections, hemato-
biomarkers, and logic diseases, and
Allergic asthma Allergic asthma coexisting conditions other hypereosin-
and perennial allergy? and perennial allergy? ophilic conditions
Yes No Yes No Yes No
Anti-IgE Anti-TSLP Anti-IgE, Anti-IL-4Ra Anti-IgE, Anti-IL-5 Anti-IL-4Ra, | | Anti-IL-4Ra
or anti-IL-4Ra, or anti-1L-4Ra, or anti-1L-5,
anti-TSLP or anti-TSLP anti-1L-5, anti-IL-5R or
anti-TSLP anti-IL-5R, anti-IL-5R
or
anti-TSLP \f
| Taper OGs gradually
Monitor for adrenal insufficiency
. . . . Monitor for unmasking of EGPA
Assess response (after 4 to 6 months), side effects, and patient satisfaction Assess response, side effects,
‘ and patient satisfaction
Good response Poor response Good response
Decrease in exacerbation rate of « Reassess differential diagnosis, adherence, Decrease in OG dose of =50% and
=50%, decrease in symptoms, and coexisting conditions, phenotypes, and biomarkers decrease in exacerbation rate;
improved asthma control; continue « Stop ineffective biologic agent continue add-on treatment with
add-on treatment with biologic agent « Consider switching to a different biologic agent biologic agent
« Share decision making
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Figure 2 (facing page). Algorithm for the Assessment MONITORING OF BIOLOGIC

and Treatment of Adults with Uncontrolled Severe THERAPIES

Asthma.

The management of uncontrolled severe asthma encom- | Management should be individualized accord-

passes multiple steps: first, confirming the diagnosis ing to the “assess, adjust, and review response”
b ]

iffe iati ifficult-to- hma fi . .
by di e.rent'atmg difficult-to-treat asthma from severe cycle.r A 4-to-6-month treatment period is need-
asthma; second, determining the phenotype of severe

asthma by integrating clinical characteristics, biomark- ed to assess the effectiveness of a biologic agent;
ers, and coexisting conditions in order to choose the safety issues may arise early in that interval (e.g.,
appropriate initial biologic therapy and finally, moni- | eosinophil elevations with dupilumab or injec-
toring the therapeutic response and side effects to de- tion-site reactions with all treatments). Although

cide whether the biologic agent should be continued or h I-defined criteria fi
stopped (and switched, if feasible). An increasing blood at present there are no well-defined criteria for a

eosinophil count indicates improvement in the treatment good response to a biologic agent, a reduction in
response to the biologic agent. The monoclonal anti- the number of exacerbations and improvement
bodies, listed in alphabetical (and numerical) order, are in asthma symptoms and quality of life are key

anti-IgE antibody (omalizumab), anti-1L-4Ra antibody . ..
(dupilumab), anti-IL-5 antibody (mepolizumab or reslizu- outcomes, which should be defined a priori by

mab), anti-IL-5R antibody (benralizumab), and anti-TSLP doctor an_d patier}t together. o
antibody (tezepelumab). CRSWNP denotes chronic rhino- In patients with oral glucocorticoid—depen-

sinusitis with nasal polyposis, EGPA eosinophilic granu- |  dent severe asthma, the percentage reduction in
lomatosis with polyangiitis, IGs inhaled glucocorticoids, the glucocorticoid dose with maintenance of
LABA long-acting 3,-agonist, OGs oral glucocorticoids, . . -
. asthma control is a critical outcome measure.
and ppb parts per billion. . -
In addition, use of health care services, degree

Table 2. Choice of Monoclonal Antibody Treatment of Severe Asthma According to Patient Characteristics.*
Anti-Interleukin-4R Anti-Interleukin-5 or Anti—
Characteristic Anti-IgE Antibody Antibody Interleukin-5R Antibody
Indication Severe allergic asthma Severe type 2 asthma Severe eosinophilic asthma
Age group Children, adolescents, and Children, adolescents, and Adults
young adults adults
Onset Childhood Childhood or adulthood Adulthood
Allergy Prerequisite: IgE sensitization  Irrespective of allergy Irrespective of allergy
to perennial allergen
Dominant biomarker Serum total IgE (for dosing) Increased FENO Increased blood eosinophil count
Serum total IgE Serum total IgE and weight Irrespective of total IgE Irrespective of total IgE
within dose range, according
to local eligibility criteria
Blood eosinophil Slightly better response with >150 to <1500/pulT Prerequisite: increased counts
county increased count (according to local eligibility
criteria), >150 to 300/l
FeEnoT Slightly better response if Better response if FENO Irrespective of FENO
increased FENO >25 ppb
Coexisting conditions Allergic rhinitis, CRS with nasal  Atopic dermatitis, CRS with  CRS with nasal polyposis
polyposis, chronic urticaria nasal polyposis
Exacerbations in According to local criteria According to local criteria High frequency (=2), as speci-
previous yr fied by local criteria

* In December 2021, the anti-TSLP antibody tezepelumab was approved by the FDA for the add-on maintenance treat-
ment of adults and pediatric patients 12 years of age or older who have severe asthma, with no phenotype (e.g., allergic
or eosinophilic) or biomarker limitation within its approved label (Fig. S2 in the Supplementary Appendix). FENO de-
notes fractional exhaled nitric oxide, and ppb parts per billion.

T Blood eosinophil counts and FENo values are for patients with severe asthma who are not receiving maintenance oral
glucocorticoid therapy.
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of lung-function improvement, effect on coexist-
ing conditions, side effects, and patient satisfac-
tion need to be taken into account. If a patient
has an inadequate response, with persistent
symptoms or exacerbations, nonadherence to
background controller therapy or the biologic
agent itself should be evaluated. Whereas several
biologic agents are available as an autoinjector
pen, the potential for poor adherence with home
dosing should be considered and adherence
should be improved before switching to a differ-
ent biologic agent. Inadequate management of
coexisting conditions (e.g., obesity and chronic
rhinosinusitis) and the development of neutral-
izing antidrug antibodies may also underlie sub-
optimal responses to biologic therapy. Finally,
the asthma phenotype, including biomarkers
(blood eosinophil count, FENO, and serum IgE
level), should be reassessed before switching to
another biologic agent (Section XIII in the Sup-
plementary Appendix). Adding a second biologic
therapy is currently not recommended because
of the incremental costs and the lack of high-
quality evidence in support of this approach.

FUTURE PROSPECTS

For uncontrolled, severe, type 2-high asthma,
data are required to better inform the choice of
biologic therapy (Table 1).”* There is an urgent
need for biomarkers that accurately predict the
therapeutic response (predictive biomarkers) and
for early markers of the response to therapy
(monitoring biomarkers). Adaptive platform trials
are anticipated to facilitate rapid evaluation of
new interventions in biomarker-defined sub-
groups of patients with severe asthma.” In addi-
tion, pragmatic trial platforms are needed to
conduct head-to-head RCTs of different biologic
agents to determine their comparative effective-
ness in patients with severe asthma.”®”” The
responses to biologic agents in such patients
differ, ranging from an excellent response to
no response.****”” Since biologic therapies are
expensive, targeted use of these antibodies in
patients most likely to benefit from them is war-
ranted.

Several other research questions need to be
addressed. First, what is the risk of immunoge-
nicity of the monoclonal antibodies in patients
with severe asthma? The development of neutral-

izing antidrug antibodies might impair the ef-
fectiveness of the agent.®® Therapeutic drug mon-
itoring should be explored in patients with
suboptimal responses.” Second, how long do
patients with severe asthma need to be treated
with these biologic agents? There is a need for
long-term studies investigating the effect of the
agents on the course of the disease, such as a
change in the underlying asthma endotype,
whether the target of biologic therapy occurs
downstream from an inciting event, or perhaps
even amelioration of the severity of asthma or
remission.”® Third, more data are needed on the
efficacy and safety of biologic therapies in spe-
cial populations (e.g., children, adolescents, and
pregnant women’”®’; populations whose genetic
ancestry was not well represented in the clinical
registration trials; and elderly patients). Severe
asthma disproportionately affects Black popula-
tions, which along with other groups most af-
fected, have been underrepresented in clinical
trials.?*#? Future studies are needed to better
enable the assessment of adequate and equitable
care for all communities affected by asthma.®

Finally, no biologic treatments are currently
available for type 2-low severe asthma,” which is
characterized by neutrophilic or paucigranulo-
cytic airway inflammation and is associated with
older age, adult-onset asthma, obesity, metabolic
syndrome, hypertension, and greater resistance
to treatment with glucocorticoids.®** Although
the pathophysiological features of type 2-low
asthma still need to be elucidated, several mo-
lecular mechanisms have been implicated, includ-
ing interleukin-6, CXCL8 (CXC motif chemokine
ligand 8), interleukin-17A, interleukin-23, inter-
feron-y, tumor necrosis factor «, interleukin-33,
and TSLP.* Recently, the anti-TSLP antibody
tezepelumab was shown to reduce exacerbation
rates among patients with severe, uncontrolled
asthma, irrespective of the blood eosinophil
count at baseline,’! whereas the anti—interleu-
kin-23 monoclonal antibody risankizumab did
not provide a clinical benefit in patients with
severe asthma.®

CONCLUSIONS

Biologic agents are efficacious add-on therapies
for uncontrolled, severe eosinophilic asthma.
These therapies represent major breakthroughs,
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significantly decreasing exacerbation rates and
improving the quality of life and asthma control
for patients with type 2-high severe asthma.
RCTs involving patients with oral glucocorticoid—
dependent severe asthma have shown that add-
on therapy with mepolizumab, benralizumab, or
dupilumab is glucocorticoid-sparing and reduces
exacerbation rates. The ultimate aim is to prevent
both short-term and long-term oral glucocorti-
coid use in people with severe asthma. More
recently, tezepelumab, targeting the epithelial

alarmin TSLP, has shown efficacy in a broader
patient population, including patients with type
2-low severe asthma. Head-to-head trials of
monoclonal antibodies against IgE, type 2 cyto-
kines, and alarmins will pave the way toward
optimized precision medicine for patients with
severe asthma.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank Ken Bracke for earlier versions of the figures and
Michael Wechsler for his contribution to the management al-
gorithm.
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