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Abstract

Asthma is the most prevalent chronic respira-
tory disease worldwide and the leading serious
chronic illness in children. Clinical
characteristics are wheezing, reversible airway
obstruction, airway inflammation, and airway
hyperreactivity. Asthma susceptibility is
influenced by genes and environment.
17q12-21 is the most significant genetic
asthma susceptibility locus and single nucleo-
tide polymorphisms (SNPs) within that high-
risk locus are linked to increased expression of
the Ormdl sphingolipid biosynthesis regulator
(ORMDL) 3. ORMDL3 is an endoplasmic
reticulum protein that stabilizes the serine
palmitoyl transferase (SPT) complex that
regulates sphingolipid de novo synthesis.
Sphingolipids essential for formation and
integrity of cellular membranes and bioactive
molecules that regulate key cellular processes
can be synthesized de novo and through
recycling pathways. Their metabolism is
tightly regulated through feedback regulation.
ORMDL3 inhibits de novo synthesis when it
engages subunit 1 of the SPT complex. This
chapter focuses on the effect of decreased
sphingolipid synthesis on asthma features and
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Abbreviations

FEV1/ Forced expiration in the first second/
FvC forced vital capacity

GWAS Genome Wide Association Study

ORMDL  Ormdl sphingolipid biosynthesis
regulator

PBMC Peripheral blood monocytes

PCLS Precision cut lung slices

SNP Single nucleotide polymorphism

SPT Serine palmitoyl transferase

SPTLC1  Serine palmitoyl transferase long-
chain base subunit 1

SPTLC2  Serine palmitoyl transferase long-
chain base subunit 2

ssSPTa Small subunit SPT A
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10.1 Asthma Is a Common Disease

Asthma affects more than 300 million people
worldwide and is the most common chronic respi-
ratory medical condition in childhood, affecting
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six million children in the United States
[1, 2]. Asthma is a complex disease and child-
hood and adult asthma differ with respect to
severity and comorbidity [3]. In order to improve
consistency in genetic and environmental
correlations, the observable characteristics of the
asthma phenotype have been further classified
into endotypes that are defined by specific
biological mechanisms [4]. Current thought is
that childhood asthma is a developmental disor-
der in which interactions between common
genetic variants and environmental exposure to
viruses, allergens, pollution at critical times dur-
ing the development of the immune system and
the airways play a critical role [5]. And, that
genetic risk factors of adult-onset asthma are
largely a subset of the genetic risk for childhood
asthma suggesting a greater role for non-genetic
factors in adult-onset asthma [6]. Typical asthma
phenotypic features are airway hyperreactivity,
inflammation, mucus overproduction, and
smooth muscle hypertrophy [7, 8]. The majority
of patients have allergic asthma that presents with
eosinophilic airway inflammation, increased total
and antigen-specific IgE levels, blood eosino-
philia, and sensitization to various allergens of
which house dust mites and Alternaria alternata
are very prevalent [9, 10]. Treatment options con-
sist of B-2 agonists to decrease airway smooth
muscle contraction, corticosteroids to reduce
inflammation, and monoclonal antibodies to
antagonize inflammatory mediators.

10.2 17q12-21 Is a High-Risk

Asthma Locus

A GWAS study in 2007 identified 17q12-21 as a
high-risk asthma locus and showed that single
nucleotide polymorphisms (SNPs) that increase
ORMDL3 expression contribute to the risk of
childhood asthma [11]. Consecutive studies con-
firmed the significance of 17q21, extended the
association to additional gene candidates, specifi-
cally to the adjacent gasdermin-B (GSDMB) and
replicated the results in children and adults in
different ethnicities and localities [12—17]. SNPs
associated with childhood asthma were
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consistently associated with increased transcript
levels of ORMDL3 [11, 18-22] and with wheez-
ing illness, a characteristic of very early onset
asthma [22, 23].

ORMDL Proteins Are
Evolutionary Conserved
Endoplasmic Reticulum
Proteins

10.2.1

There are three human ORMDL proteins
(ORMDL1, ORMDL2, and ORMDL3) that are
encoded on chromosomes 2q32.2 (ORMDL1),
12q13.2 (ORMDL2), 17qg21.1 (ORMDL3).
These proteins have the same size (153 aa
acids), similar molecular weight (ORMDLI1
17,371 Da, ORMDL2 17,363 Da, ORMDL3
17,495 Da), and a high homology with
orthologues in yeast, plants, invertebrates and
vertebrates, and with each other. Human
ORMDLI1 shares 83% identity with ORMDL?2
and 84% identity with ORMDL3 [24]. ORMDL
2 and ORMDL 3 expression is highest in
myocytes, immune and epithelial cells, while
ORMDLI1 is more widely expressed (heart,
brain, lung, liver, skeletal muscle and
kidney) [25].

10.2.2 ORMDLs Mediate Sphingolipid
Homeostasis by Regulating De
Novo Synthesis

Serine palmitoyl transferase (SPT) is the first
and rate limiting step of de novo synthesis. The
SPT complex converts a fatty acid, mostly the
C16:0 palmitoyl-CoA with an amino acid
(mostly serine) to generate 3-keto sphinganine
that in turn is rapidly degraded to sphinganine,
the substrate for sphingosine kinases that
generate sphinganine-1-phosphate, and ceramide
synthases that generate dihydroceramides. Intro-
duction of a 4,5-bond in the sphingosine back-
bone of dihydroceramides generates ceramides
that are metabolized to more complex
sphingolipids such as glucosylceramides and
sphingomyelins [26].
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Yeast studies showed that Orm1 and Orm?2
that physically interact with long-chain base sub-
unit 1 (Lcbl) regulate sphingolipid homeostasis
and protein quality control [27, 28].

Deletion of Orm proteins
sphingolipid de novo synthesis and induces a
constitutive unfolded protein response that is
reversed when sphingolipid synthesis is inhibited
with myriocin [28]. Endoplasmic reticulum
stress in turn induces Orm?2 transcription
through activation of calcium and calcineurin
dependent pathways [29]. Regulation occurs
post-transcriptional through Orm phosphoryla-
tion in response to sphingolipid depletion.
Phosphorylated Orm1 and Orm2 can no longer
inhibit sphingolipid de novo synthesis [27].

Human ORMDLs function similarly, although
they are not regulated by phosphorylation.
With adequate SPT subunit concentrations
ORMDL proteins become regulatory [30, 31].
Overexpression of each ORMDL inhibits
sphingolipid synthesis and deletion of all
ORMDLs increases sphingolipid synthesis
[32-34]. Deletion of ORMDL3, increases SPT
activity and synthesis of C16 ceramides and
sphingomyelin in A549 cells more than deletion
of ORMDL1 and ORMDLZ2 [33].

increases

10.2.3 ORMDLs Stabilize
the Multi-Dimeric SPT
Homocomplex

Structure and assembly of the SPT complex,
elucidated by two independent groups in 2021,
reveal that SPT is a double dimer complex com-
posed of two SPTLCI subunits, two SPTLC2
(or SPTLC3) subunits, and two ssSPTa units
(SPT small subunit A). ORMDLs bind the
N-terminus of subunit SPTLCI and thus stabilize
the complex while the ssSPTa units anchor
SPTLC2 to the endoplasmic reticulum membrane
and form a substrate binding tunnel [35, 36]. De
novo synthesis proceeds when the ssSPT subunit
engages a long-chain substrate in the catalytic
tunnel. De novo synthesis is inhibited when the
catalytic site within the tunnel is occupied by
myriocin or by the N-terminal of ORMDL
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that blocks accessibility to the tunnel. The
experiments suggest however that an additional,
currently unknown factor is likely required for
ORMDL to mediate inhibition. Because levels
of ORMDL and SPT are the same in high and
low sphingolipid conditions, SPT regulation
could be mediated by conformational changes
[30]. The structural data are consistent with the
prior observation that ORMDL regulates SPT
activity through post-transcriptional mechanisms
that are independent of ORMDL mRNA expres-
sion [32, 37]. These studies also showed that
inhibition occurs in response to increased cer-
amide levels and that it depends on functional
SPT. Interestingly, free cholesterol promotes deg-
radation of ORMDLI in macrophages, but it is
not known whether this mechanism extends to
different cell types and the other ORMDLs
[38]. It is thus still unclear what regulates
ORMDL to function as an inhibitor, i.e., occupy
the substrate binding tunnel, and what regulates
de-repression.

10.3 ORMDL3 and Asthma

Genetic variations in 17q21 that increase
ORMDL3 have prompted multiple studies in
mice and humans with the obvious goal to under-
stand whether or not ORMDL3 is causally
related to asthma pathology. Early ORMDL3
overexpression and knockout studies suggested
that inflammation, mainly through activation of
the unfolded protein response, could be the
functional link to asthma [39]. The identification
of ORMDL3 as a regulator of mammalian
sphingolipid de novo synthesis 3 years after the
initial GWAS study [27] suggested that this large
lipid class of membrane constituents and bioac-
tive signaling molecules may also be involved in
asthma pathogenesis. Sphingolipid synthesis is
decreased in mouse models that overexpress
human or murine ORMDLS3, but phenotypes dif-
fer starkly [40, 41]. Overexpression of human
ORMDL3 induces airway remodeling and airway
responsiveness characteristic of asthma, while
overexpression of murine ORMDL3 does not
alter or induce key asthma features in mice
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[40]. By the same token however, ORMDL3
knockout protects mice from developing allergic
airways disease triggered by Alternaria alternans
[42]. The model shows a marked decrease in
pathophysiology, including airway hyperreactiv-
ity and airway eosinophilia induced by Alternaria
without activation of the unfolded protein
response. The protection was lost when
ORMDL3 was reconstituted in bronchial epithe-
lial cells of these ORMDL3 knockout mice.

A complicating factor of transgenic models is
that unphysiological and unregulated (over)-
expression could affect the stoichiometry of
ORMDL3 and SPTLCI, and thus feedback regu-
lation [30]. In-vitro experiments in lung epithelial
cells and macrophages demonstrate that small
increases in ORMDL3 expression decrease cer-
amide levels, while higher expression increases
ceramide production through recycling pathways
resulting in sphingolipid overload that might also
characterize ORMDL knockout models [32, 43,
44].

10.4 Decreased Sphingolipid
Synthesis and Asthma

The following highlights experimental and clini-
cal asthma cohort studies that link decreased
sphingolipid synthesis to the 17q21 genotypes
and asthma and how sphingolipid synthesis
might be a target for asthma therapies.

SPT Inhibition Increases Airway
Reactivity To understand the relevance of
decreased sphingolipids, asthma features were
assessed in wild-type mice treated intranasally
with  SPT  inhibitor myriocin and in
haploinsufficient SPTLC2"~ mice in which
sphingolipid synthesis and mass are decreased
by 40-50%. In contrast to complete SPTLC
knockout that is embryonically lethal,
haploinsufficient mice are healthy [45]. We
evaluated the effects of acute and chronic
decrease of sphingolipid synthesis on inflamma-
tion, mucus production, and airway remodeling
and assessed methacholine-mediated airway
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constriction in mice and explanted murine and
human bronchial airways. All experiments were
carried out without prior sensitization to allergens
(i.e., house dust mites, ovalbumin, Alternaria
alternata).

Myriocin inhibits sphingolipid synthesis by
physically blocking the substrate channel of SPT
that is formed by SPTLC2 and ssSPTa
[46, 47]. Of note is that myriocin is also a potent
immunosuppressive that alters SIP receptor-
mediated lymphocyte egress and inhibits lympho-
cyte proliferation and generation of allo-reactive
T lymphocytes [36, 46, 48, 49].

In first experiments, myriocin was directly
administered to the respiratory tract of wild-type
mice or added to incubation media of murine and
human bronchial rings. Within 3 h after installa-
tion, myriocin decreased lung sphinganine and
total ceramides and increased airway reactivity
that was determined by changes in central airway
resistance in response to nebulized methacholine.
Baseline lung mechanical properties such as static
compliance were not altered. Application of
myriocin for 90 min to human or murine bron-
chial rings equally showed a dose-dependent
increase in bronchoconstriction [50].

Decreased SPTLC2 Activity Increases Airway
Reactivity To ensure that the effects are not
mediated by mechanisms related to the immune
suppressive function of myriocin and to further
distinguish acute inhibition of sphingolipid de
novo synthesis from a habitually decreased
sphingolipid de novo synthesis and decreased
sphingolipid mass, we used SPTLC2*~ mice.
Airway resistance was equally increased in
response to methacholine in Sptlc2*~ compared
to Sptlc2™* controls and no differences were
detected in the baseline mechanical lung
parameters, including static compliance. Contrac-
tile response to methacholine was also increased
in bronchial rings isolated from Sptlc2*'™ mice
compared to bronchial rings isolated from
Sptlc2*'* controls. Notably, very similar results
were obtained in an allergic asthma model in
which co-administration of myriocin with house
dust mites during a 2-week sensitization period
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dramatically increased methacholine stimulated
airway constriction compared to house dust
mites alone [51].

In the SPTLCY™ and SPTLC*™* controls or
myriocin-treated wild-type and wild-type controls,
there were no differences with regard to lung
histology, cell composition of bronchioalveolar
lavage, or expression of tumor necrosis factor-a
(TNF-a), inflammatory cytokines interleukin-6
(IL-6) and IL-1p that are found in allergic and
chronic asthma. These characteristics are consis-
tent with the association of ORMDL3
polymorphisms with non-allergic asthma.

10.5 Blood Sphingolipids Are
Decreased in Children
with Non-Allergic Asthma

Plasma and serum sphingolipids have been
investigated in different asthma pheno- and
endotypes in patients of different ages using dif-
ferent methodological approaches. In a study of
adult patients with allergic asthma, serum
ceramides (C16, C18, C18:2, C24, C24:1) were
higher in allergic asthma patients than in controls,
and higher ceramide C16 and C24:0 distinguished
uncontrolled from controlled patients [52]. In a
study of house dust mite allergized adult asthma
patients, ceramide levels were not different com-
pared to controls, but asthma patients failed to
mount an increase in sphinganine in response to
allergic stimulation [53]. In another adult cohort,
no effect of annotated ORMDL3 asthma SNPs
was found on total plasma long-chain bases albeit
by a method that cannot distinguish whether
analytes originate from the de novo or the
recyling pathway [54].

In a study of children with clinically mild
disease and releative normal lung function but
lower FEV1/FVC and atopy increased serum
dihydroceramide C18 and ceramide C20 at ages
7 and 8 years predicted asthma persistence at
ages 10 to 11 years [55]. In another study that
measured ceramides and sphingomyelin in chil-
dren with different asthma endotypes, decreased
sphingomyelin distinguished non-allergic
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childhood asthma from allergic childhood asthma
[56]. Moreover, plasma sphingolipid analysis of
500 children enrolled in the ‘Copenhagen pro-
spective studies on asthma in childhood’
(COPSAC) birth cohort found that lower
concentrations of ceramides and sphingomyelins
at the age of 6 months were associated with an
increased risk of developing asthma before age
3. At the age of 6 years, lower concentrations of
sphinganine-1-phosphate were associated with
increased airway resistance [57].

Our group investigated the effect of asthma-
associated SNPs on sphingolipid synthesis and
mass in children with non-allergic and allergic
asthma and controls. To this end we enrolled
61 children with physician diagnosed asthma
and 59 children without asthma and measured
sphingolipids in whole blood and plasma and
determined sphingolipid de novo synthesis in
peripheral blood monocytes (PBMC). Eosino-
philia was used to stratify patients with allergic
asthma (>300 eosinophils/pL). Patients with
non-allergic asthma (<300 eosinophils/pL) had
lower whole blood dihydroceramides (C18,
C18:1, C24:1), ceramides (C18, C20, C22, C24,
C24:1), and sphingomyelins (C18, C18:1, C24:1)
compared to controls. When comparing patients
with allergic asthma to patients with non-allergic
asthma, we found significantly  higher
dihydroceramides (C18, C18:1), ceramides
(C18, C24), and sphingomyelins (C18, C18:1,
C24:1) in the allergic asthma patients but no
difference when compared to controls with eosin-
ophilia. Similar results were obtained when the
asthma group was stratified by IgE as a marker for
atopy. Strikingly, these results were seen only in
whole blood but not in plasma that is devoid of
erythrocytes that have a high membrane content
and PBMC in which ORMDL3 expression is
high. In plasma there was a trend for increased
dihydroceramide C24:1 for asthma patients
(non-allergic and allergic) that did not reach sig-
nificance, and significantly increased C20 cer-
amide in patients with allergic asthma compared
to non-asthma controls with high eosinophilia,
confirming earlier studies that showed high
plasma ceramide C20 in exercise-induced
wheezing [55].
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Together the strong association of non-allergic
asthma with decreased sphingolipids is consistent
with the original report that associated
non-allergic asthma with increased ORMDL3,
and with results obtained in the COPSAC study
that indicate a sphingolipid-associated childhood
asthma endotype with an early onset of symptoms
and increased airway resistance by the age of
6 years that is already present in infancy and is
associated with 17q21 genetic variants and
expression of SPT enzymes [57].

10.5.1 Plasma Sphingolipids Are
Higher Than Controls
in Non-Allergic and Allergic

Asthma

Notably, in our study, plasma sphingolipids in
the same population showed significantly
increased ceramide C20 in asthma patients with
high eosinophils, and a trend for increased
dihydroceramides C24:1 in asthma patients with
both low and high eosinophils (p < 0.035 by #-
test but not significant when correcting for a false
discovery rate of 0.05). The strikingly different
results obtained in whole blood and plasma are
not understood well. They alert on the one hand to
the difficulty in comparing studies in different
matrixes and cohorts but also to the possibility
that decreased whole blood and increased plasma
sphingolipids in the same individual reflect differ-
ent sphingolipid pools originating possibly
through compensatory mechanisms.

10.5.2 Risk Alleles Correlate
with Whole Blood
Sphingolipids

To further investigate the relationship between
genetic variations at 17q21 and sphingolipids,
we determined five asthma-associated 17921
SNPs  (rs7216389, rs8067378, 14065275,
rs8076131) [11, 14, 20, 25, 58-61]. SNPs for
rs8067378, rs4065275, and rs12603332 did not
correlate with whole blood sphingolipids, but risk
alleles in the originally identified rs7216389 and
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rs8076131 that are expression quantitative trait
loci (eQTLs) for ORMDL3 correlated with
decreased dihydroceramides (C16, C18, C24)
and three ceramides (C16, C18,20) in a genotype
phenotype specific manner.

10.5.3 Sphingolipid De Novo
Synthesis Is Decreased
in Asthma and Associated
with an Asthma-Risk Genotype

Given the high expression of ORMDL3 in T
and B cells, PMBCs were used to assess de
novo sphingolipid synthesis by measuring
incorporation of stable isotope labeled serine
(C"®N"') into sphinganine [59]. PBMC from all
children with asthma compared to all controls
generated significantly less stable labeled
sphinganine  and  sphinganine-1-phosphate
(p < 0.05). When these data were stratified by
the rs7218369 genotype, de novo synthesized
sphinganine and sphinganine-1-phosphate were
lowest with the asthma-risk TT genotype
(CC + CT > TT, p < 0.05), and risk allele A
(GG + AG > AA) for rs8076131 and consistent
with decreased sphinganine-1-phosphate found in
the COPSAC study by Rago et al. [57].

10.5.4 Increasing Sphingolipid De
Novo Synthesis Decreases

Airway Reactivity

We also evaluated if increasing sphingolipid syn-
thesis can normalize excessive airway reactivity.
These experiments were carried out in Sptlc2*/~
mice using the FlexiVent system and in precision
cut lung slices (PCLS) from Sptlc2*'~ mice.
Sphingolipid de novo synthesis was increased
with chloride channel inhibitor GlyH101 and
with fenretinide, an inhibitor of ceramide
desaturase. These substances were chosen based
on our previous observation that expression
of defective CFTR as well as inhibition of
CFIR increase sphingolipid de novo synthesis
[62]. Whether the mechanisms behind increased
de novo sphingolipid synthesis are related to an
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increase in intracellular volume induced by inhibi-
tion of CFTR is not known [63, 64]. Fenretinide,
on the other hand is a drug that inhibits ceramide
desaturase, leading primarily to decreased synthe-
sis of ceramides in the de-novo pathway. This
inhibition triggers an increase of de novo
sphingolipid synthesis and affects recycling
pathways [65]. GLYHI01 and fenretinide
increased sphinganine and dihydroceramides in
human bronchoepithelial and smooth muscle
cells, and fenretinide also increased ceramides
and sphingomyelins.

Experiments were carried out in PCLS from
SPTLC*™ mice to specifically assess constriction
of small airways in addition to global airway
constriction that was evaluated with the
FlexiVent system. Incubation with GlyH101 for
15 h decreased methacholine-induced airway
contraction in PCLS. Incubation for 15 min, suf-
ficient to inhibit the chloride channel, but insuffi-
cient to significantly increase sphingolipid
synthesis, had no effect. By the same token, incu-
bation with increasing concentrations of
fenretinide for 15 h decreased methacholine-
induced contraction in a dose-dependent manner
in PCLS and bronchial rings isolated from
SPTLC*™ mice.

The results strongly suggest that targeting the
imbalance of sphingolipids in asthma to oppose
airway hyperresponsiveness can serve as a thera-
peutic target for asthma [66].

10.6 Conclusion

GWAS studies alerted to a potential role of
sphingolipid metabolism in asthma when
genetic variation in the asthma locus 17q21
was associated with increased expression of
ORMDL3 with childhood asthma. Early
ORMDL3 overexpression and knockout studies
suggested that inflammation, mainly through acti-
vation of the unfolded protein response, could be
the functional link to asthma [39]. The identifica-
tion of ORMDL3 as a regulator of mammalian
sphingolipid de novo synthesis 3 years after the
initial GWAS study suggested that this large lipid
class of membrane constituents and bioactive
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signaling molecules may also be involved in
asthma pathogenesis [27]. Mice that are
haploinsufficient for SPTLC2 show that
decreased sphingolipid synthesis is sufficient to
increase airway reactivity without affecting air-
way inflammation, mucus production, eosino-
philia that characterize allergic asthma.
Sphingolipid de novo synthesis is decreased in
children with asthma, and whole blood
sphingolipds are decreased in children with
non-allergic asthma compared to controls.
Children with allergic asthma have higher whole
blood sphingolipids than children with
non-allergic asthma, suggesting an additional
effect of allergy on sphingolipid mass. These
differences were seen in whole blood but not in
plasma. Results obtained in mice indicate that
increasing sphingolipid synthesis can normalize
airway reactivity. Collectively, the data link
increased airway reactivity to decreased
sphingolipid synthesis, and genetic variations in
17921 asthma locus to decreased sphingolipid
synthesis and decreased whole blood
sphingolipids in non-allergic childhood asthma.
The studies establish a role of sphingolipids in
asthma and serve as a basis to explore whether
increasing sphingolipid de novo synthesis and
exogenously increasing metabolites of the de
novo pathway affect airway reactivity [67].
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