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Abbreviations used

AHR: Airway hyperresponsiveness

AM: Adrenomedullin

CO: Carbon monoxide

EP2: E prostanoid receptor 2

GLP-1: Glucagon-like peptide-1

GLP-1R: Glucagon-like peptide-1 receptor

11b-HSD1: 11b-Hydroxysteroid dehydrogenase type 1

HO-1: Heme oxygenase-1

ILC2: Type 2 innate lymphoid cell

LXA4: Lipoxin A4

NO: Nitric oxide

NOS: Nitric oxide synthase

PD1: Protectin D1

PGE2: Prostaglandin E2

PGI2: Prostaglandin I2
RvD1: Resolvin D1

SNO: S-nitrosothiol

T2DM: Type 2 diabetes mellitus

Treg: Regulatory T
Endogenous inhibitory mechanisms promote resolution of
inflammation, enhance tissue repair and integrity, and promote
homeostasis in the lung. These mechanisms include steroid
hormones, regulatory T cells, IL-10, prostaglandin E2,
prostaglandin I2, lipoxins, resolvins, protectins, maresins,
glucagon-like peptide-1 receptor, adrenomedullin, nitric oxide,
and carbon monoxide. Here we review the most recent
literature regarding these endogenous inhibitory mechanisms in
asthma, which remain a promising target for the prevention and
treatment of asthma. (J Allergy Clin Immunol Global
2023;2:100135.)
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Since the publication of a review summarizing the known
endogenous inhibitory mechanisms in asthma more than 20 years
ago,1 our understanding of these pathways has deepened signifi-
cantly. Here we present an updated review of the endogenous
inhibitory mechanisms that orchestrate the resolution of inflam-
mation and tissue repair in asthma (Table I).2-59 Impairment of
endogenous inhibitory mechanisms may amplify the underlying
inflammation in asthma, thus increasing disease severity. Under-
standing endogenous inhibitory mechanisms may also identify
novel targets for therapy.
STEROID HORMONES
Endogenous glucocorticoids suppress inflammation in

asthma through multiple molecular mechanisms, including
activation of anti-inflammatory genes, repression of proinflam-
matory genes, and posttranscriptional modifications.2 The
diurnal patterns of endogenous glucocorticoids, such as corti-
sone and cortisol, are abnormal in asthmatic patients at baseline
and during an exacerbation. For instance, asthmatic patients
with a persistent asthma exacerbation have increased levels of
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serum cortisone in the afternoon compared with the levels in
asthmatic patients in remission.60 Asthmatic patients also
have higher cortisol levels and cortisol-to-cortisone ratios after
an inhaled allergen challenge than healthy control subjects do.
In asthmatic patients, higher baseline cortisol levels were corre-
lated with rapid recovery in FEV1 value. Conversely, asthmatic
patients with late-phase reactions had lower cortisol levels.61

An increase in late-phase reactions was also observed after
cortisol depletion in an experimental dog model of biphasic
bronchoconstriction.62 Interestingly, cortisol suppression in hu-
mans has been shown to enhance IgE-dependent inflammatory
processes.63

Local factors in the human lung can also regulate endogenous
glucocorticoid activation and inactivation.3 For instance, 11b-hy-
droxysteroid dehydrogenase type 1 (11b-HSD1) catalyzes the
conversion of inactive cortisone to active cortisol.64 In contrast,
11b-hydroxysteroid dehydrogenase type 2 (11b-HSD2) catalyzes
the inactivation of cortisol to cortisone.4,5 Interestingly, exposure
of human airway smooth muscle cells to IL-13 increased
mitogen-activated protein kinase (MAPK) signaling and expres-
sion of 11b-HSD1. In turn, this led to an increase in the conver-
sion of cortisone to cortisol and downstream glucocorticoid
receptor transcriptional activity.6 Others have demonstrated that
the upregulation of epithelial 11b-HSD2 leads to impaired endog-
enous glucocorticoid activation, which enables the proinflamma-
tory effects of IL-13.7 The enzymatic regulation of the cortisone/
cortisol shuttle occurs in the lung’s structural cells and immune
cells relevant to the pathogenesis of asthma. In murine T lympho-
cytes, the activation of 11b-HSD1 and the downstream increase in
1
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TABLE I. Endogenous inhibitory mechanisms in asthma

Endogenous inhibitory mechanism Cellular sources Mediator-specific effects

Steroid hormones d Adrenal glands and gonads d Endogenous glucocorticoids have broad anti-

inflammatory effects, mainly by binding

intracellular receptors and modulating gene

transcription2

d 11b-HSD1 and 11b-HSD2 regulate local levels of

endogenous glucocorticoids3-8

d Testosterone decreases the number of ILC22s and in-

hibits airway inflammation9-14

IL-10 d Treg cells, dendritic cells, macrophages, mast cells,

eosinophils, neutrophils, B cells, and ILC210s

d Treg cells modulate the resolution of airway

inflammation15-20

d IL-10 acts on multiple cells to inhibit inflammatory

pathways, including antigen presentation, eosinophil

recruitment and activation, and cytokine

production21-27

Prostaglandins d Epithelial cells, endothelial cells, airway smooth

muscle, and monocytes/macrophages

d PGE2 acts via the EP2 to regulates 5-lipoxygenase

function and cysteinyl leukotriene production28

d PGE2 inhibits eosinophil migration and ILC2 activa-

tion and proliferation28-35

d PGI2 suppresses TH2 cytokine expression, eosino-

philia, and mucus production36

Lipoxins d Epithelial cells, polymorphonuclear leukocytes, and

platelets

d LXA4 promotes the resolution of inflammation and

inhibits neutrophil-endothelial cell interactions37,38

Resolvins d Epithelial cells, endothelial cells, and polymorphonu-

clear leukocytes

d RvE1 suppresses the nuclear translocation of NF-kB

and cytokine production39

d RvE1 inhibits TH17 cell inflammation40

d RvD1 promotes allergen clearance41

Protectins d Eosinophils d PD1 elicits apoptotic signals in neutrophils and T

cells42

d PD1 inhibits TNF-a and IFN-g production42,43

Maresins d Macrophages, neutrophils, and platelets d MaR1 increases Treg cells and inhibits ILC2 cyto-

kine production44,46

d MaR1 induces Treg formation44

GLP-1R d GLP-1 is secreted by L cells in the gastrointestinal

tract

d GLP-1R agonists reduce airway inflammation via a

protein kinase A–dependent inactivation of NF-kB47

d GLP-1R agonists decrease IL-33 release, numbers of

ILC2s expressing IL-5 and IL-13, and expression of

type 2 cytokines48

AM d Epithelial cells, endothelial cells, airway smooth

muscle, macrophages, and parasympathetic neural

cells

d AM increases cyclic AMP in airway smooth mus-

cle49 and decreases AHR50-55

NO d Epithelial cells, endothelial cells, macrophages, neu-

trophils, and mast cells

d NO functions via the stimulation of soluble guanylate

cyclase to increase the production of the secondary

messenger cGMP

d Low levels of endogenous S-nitrosothiols act as a

bronchodilator56

CO d Epithelial cells, endothelial cells, macrophages, and

fibroblasts

d HO-1–derived CO activates cGMP and promotes

airway smooth muscle relaxation57

d CO decreases the alarmin response from airway

epithelial cells58

d Administration of low-dose CO can reverse AHR59

cGMP, Cyclic guanosine monophosphate; ILC210, IL-10–producing ILC2; MaR1, maresin-1; NF-kB, nuclear factor-kB; RvE1, resolvin E1.
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glucocorticoid production can modulate their differentiation,
effector functions, and apoptosis.8

Sex steroids can also regulate airway inflammation in
asthmatic patients. In humans, lower levels of testosterone are
correlated with higher asthma prevalence and lower FEV1

value.9-11 Furthermore, the administration of nebulized dehy-
droepiandrosterone-3-sulfate improves disease control in
patients with moderate-to-severe asthma.12 Mechanistically,
testosterone has been shown to decrease the number of lung
type 2 innate lymphoid cells (ILC2s) and the expression of
IL-33 and thymic stromal lymphopoietin (TSLP) in mice.13 In
addition, testosterone promotes the relaxation of airway smooth
muscle via an epithelial and nitric oxide (NO)-dependent
pathway.14 Finally, progesterone can inhibit airway remodeling,



FIG 1. Endogenous inhibitory mechanisms in asthma. A, Treg cells promote tolerance and limit lung

inflammation via the regulation of TH cells, antigen-presenting cells, mast cells, eosinophils, and ILC2s.

B, The biosynthesis of lipoxins from arachidonic acid by epithelial cells, polymorphonuclear leukocytes,

and platelets leads to the resolution of lung inflammation. C, Anti-inflammatory effects of GLP1R agonism

on epithelial cells, ILC2s, eosinophils, and goblet cells. D, Low levels of endogenous S-nitrosothiols act as a

bronchodilator.
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glucocorticoid resistance, and mast cell degranulation in animal
studies.65,66
Treg CELLS AND IL-10
Regulatory T (Treg) cells are a specialized population of T cells

that promote peripheral tolerance,maintain homeostasis, and limit
chronic inflammation in asthma and other allergic diseases (Fig 1,
A).15-18 Treg cells regulate airway inflammation by releasing
several cytokines, including IL-10, IL-35, TGF-b, fibrinogen-
like protein 2, CD39, and CD73.19 Treg cells can also modulate
inflammation via cell contact–mediated suppression (cytotoxic
T-lymphocyte antigen-4 [CTLA-4], lymphocyte activating gene-
3 [LAG-3], galectin-1, and T-cell immunoglobulin and mucin
domain 3 [TIM-3]).15 Patients with moderate-to-severe asthma
have a higher percentage of CD41FoxP31Treg cells in their bron-
choalveolar lavage fluid than do patients with mild asthma
and healthy controls. Similarly, CD41 CTLA-4 and CD103
expression levels were higher in patients with moderate-to-
severe asthma.20

IL-10, in particular, has multiple inhibitory properties
that regulate the resolution of inflammation in asthmatic
patients.21 For instance, IL-10 suppresses the function of
antigen-presenting cells.22 Myelomonocytic cells exposed to
IL-10 upregulate the IL-1 receptor antagonist, decreasing airway
hyperreactivity and eosinophil chemotaxis.23 IL-10 also inhibits
nuclear factor-kB (NF-kB) activation in monocytes,24 cytokine
generation from bone marrow–derived mast cells,25 pathogenic
IFN-g responses to allergens,26 and allergen-induced neutrophil
and eosinophil recruitment to the airways.27 Although Treg cells
are an important source of IL-10, other cells, including dendritic
cells, macrophages, mast cells, eosinophils, neutrophils, and B
cells, can also produce this inhibitory cytokine.67 Interestingly,
IL-10–producing ILC2s (ILC210s) have recently been identi-
fied.68 In mice, ILC210s suppress proinflammatory ILC2 effector
functions and regulate allergic lung inflammation.69
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Bronchoalveolar lavage fluid from asthmatic patients has lower
levels of IL-10 than in bronchoalveolar lavage fluid from
nonasthmatic controls70; similarly, PBMCs of asthmatic patients
produce less IL-10 at baseline and when simulated.71 In addition,
alveolar macrophages from asthmatic patients release a lower
amount of IL-10 at baseline and after IL-1b stimulation than do
those from nonasthmatic patients.72 Glucocorticoid-induced
IL-10 release from CD41 T lymphocytes is also defective in asth-
matic patients.73 Finally, specific IL-10 polymorphisms are
associated with an increased asthma prevalence in adults.74

Furthermore, compared with controls. patients with severe
asthma are less likely to have the putative high–IL-10–producing
haplotype and more likely to have the putative low–IL-10–pro-
ducing haplotype.75

Multiple studies have proved the importance of Treg cells in
regulating immune tolerance in the lung. For instance, the
expansion of Treg cells via a TNF receptor superfamily member
25 (TNFR25)-specific mAb led to the suppression of allergic lung
inflammation in mice, including inhibition of TH2 cytokine pro-
duction.76 Treg cells are also important in regulating the priming
responses to allergens, as demonstrated by an article showing that
depletion of Treg cells during the sensitization phase led to
augmented allergic airway inflammation in mice.77 Interestingly,
depletion of Treg cells during the elicitation phase did not have a
similar effect.78 These results contrast with those of other murine
studies showing that the adoptive transfer of Treg cells during an
allergen challenge attenuates airway inflammation.79
PROSTAGLANDINS AND LIPOXINS
Certain prostaglandins and lipoxins can also promote the reso-

lution of allergic lung inflammation (Fig 1, B). Prostaglandin E2

(PGE2) is a naturally occurring prostaglandin that acts via the E
prostanoid receptor 2 (EP2) to inhibit 5-lipoxygenase function
and cysteinyl leukotriene (CysLT) production.28 In amurinemodel
of allergic asthma, the PGE2-EP2 axis, specifically in T cells, in-
hibited allergic airway inflammation.EP2 knockoutmicehadworse
airway inflammation than wild-type controls did. Furthermore,
administering a PGE2 analog protected wild-type mice against
airway inflammation but not EP2 knockout mice.29 Specifically,
PGE2 protects against allergic lung inflammation by regulating
macrophage polarization,30 inhibiting eosinophil migration and
activation,31,32 and limiting ILC2 proliferation and activation.33,34

Moreover, human PMNs exposed to PGE2 switched eicosanoid
biosynthesis from leukotriene E4 (LTE4) to lipoxin A4 (LXA4),
which was associated with resolution of inflammation.35 In addi-
tion, LXA4 inhibits PMN-endothelial cell interactions.37 Finally,
in a rat model of allergic asthma using Angiostrongylus costaricen-
sis, cyclooxygenase-2–derived PGE2 and LXA4 promoted the res-
olution of allergic edema.38

SputumPGE2 level is higher in asthmatic patients than in healthy
controls. A decreased PGE2-to– cysteinyl leukotriene ratio may
promote airway remodeling and worse lung function in humans.80

Level of LXA4 in exhaled breath condensate was elevated in all se-
verities of asthma, but the LXA4/LTB4 ratio in exhaled breath
concentrate was lower in patients with severe asthma than in pa-
tients with moderate asthma.81 Notably, there have been several
clinical trials aimed at administering arachidonic acid–derived
inhibitory mediators for the treatment of asthma,82 including
PGE2,

83-86 and LXA4.
87,88 For instance, LXA4 inhalation in asth-

matic patients decreased LTC4-induced bronchoconstriction.87
Novel synthetic compounds to regulate these pathways, such as
the selective formyl peptide receptor type 2 (FPR2)/LXA4 receptor
agonist ACT-389949,89 are also under development.

Prostaglandin I2 (PGI2), also known as prostacyclin, is another
prostaglandin that promotes the resolution of inflammation. PGI2
suppresses TH2 cytokine expression, eosinophilia, and mucus
production in an ovalbumin murine model of asthma. Also in
mice, cicaprost (a PGI2 analog) inhibits IL-33–driven TH2 cyto-
kines by CD41 T cells in a PGI2 receptor–specific manner.36
RESOLVINS, PROTECTINS, AND MARESINS
Docosahexaenoic acid–derived lipid mediators, such as resol-

vins, protectins, and maresins, also promote tissue homeostasis
and the resolution of lung inflammation. For instance, in a murine
model of asthma, resolvin E1 (RvE1) inhibits the production of
IL-6 and IL-23, both of which are integral components of TH17
cell inflammation and the response to allergens.40 Resolvin D1
(RvD1) promotes the resolution of lung eosinophilia in a murine
model of airway inflammation. Furthermore, aspirin-triggered
RvD1 (AT-RvD1) enhances murine macrophage phagocytosis
and allergen clearance.41 Protectin D1 (PD1) is generated by
TH2 cell–skewed PBMCs via a 15-lipoxygenase-1–dependent
pathway and elicits apoptotic signals in human neutrophils and
T cells.42 Finally, maresin-1 promotes the resolution of inflamma-
tion by increasing Treg cells, resulting in the downstream inhibi-
tion of ILC2 activation and cytokine production.44 In addition,
maresin-1 suppresses proinflammatory signals from human bron-
chial epithelial cells, enhances tissue regeneration, and favors a
return to homeostasis.45,46
GLUCAGON-LIKE PEPTIDE-1 RECEPTOR
Glucagon-like peptide-1 (GLP-1) is an incretin hormone

secreted by L cells in the gastrointestinal tract. GLP-1 receptor
(GLP-1R) agonists potentiate glucose-dependent insulin secre-
tion and were initially developed for managing type 2 diabetes
mellitus (T2DM). More recently, GLP-1R agonism has been
recognized as a novel endogenous inhibitory pathway in asthma
(Fig 1, C). Zhu et al47 initially demonstrated that treatment with a
GLP-1R agonist led to a significant reduction in airway inflamma-
tion and mucus secretion in a murine model of asthma. Further-
more, Zhu et al47 showed that these effects were mediated by
the protein kinase A–dependent inactivation of nuclear factor-
kB. Similar findings were observed in obese mice, with decreased
airway eosinophilic inflammation and airway hyperresponsive-
ness (AHR) in the group treated with GLP-1R agonist. Hur et al
show that these findings were mediated by IL-1b and the
NLRP3 inflammasome.90 Notably, in an Alternaria extract model
of allergic inflammation, GLP-1R agonist treatment led to reduc-
tions in IL-33 release, the numbers of ILC2s expressing IL-5 and
IL-13, expression of type 2 cytokines and chemokines, airway
eosinophilia, mucus secretion, and AHR.48

Others have shown that GLP-1Rs are expressed in human
eosinophils and neutrophils and that GLP-1R agonist treatment
decreases LPS-induced eosinophil activation.91 Furthermore, the
GLP-1R agonist exendin-4 reduced human bronchial hyperreac-
tivity in an epithelium-independent and cyclic AMP–dependent
protein kinase A pathway.92 In a more recent publication
involving patients with asthma and T2DM, Foer et al found that
the asthma exacerbation rate and asthma symptoms were lower
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in those initiating GLP-1 therapy than in those using other med-
ications to manage T2DM, such as insulin or sulfonylureas.93

The effects of GLP-1 therapy were independent of the improve-
ment in glycemic control and weight loss. Others have also shown
the beneficial effects of GLP-1 therapy on the lung function of
asthmatic patients with T2DM.94 These promising studies high-
light the use of GLP-1R agonists as a novel treatment strategy
for asthmatic patients with metabolic dysfunction.
AM
Adrenomedullin (AM) is a 33–amino acid vasodilator peptide

with multiple biologic effects on health and disease. AM is
expressed in several cell populations of the human lung, including
epithelial, smooth muscle, endothelial, alveolar macrophage, and
parasympathetic neural cells.50,51 Hagner et al showed that chronic
allergic inflammation reduced AM in airway epithelial and endo-
thelial cells in 2 distinct murine models of asthma.52 Interestingly,
the administration of AM resulted in a decrease in ovalbumin-
induced AHR. An AM receptor antagonist reversed these effects
of AM. In addition, Hagner et al demonstrated that AM increased
wound repair in human and mouse ex vivo studies.52 Others have
shown that the genetic loss of AM led to an increase in airway
smoothmuscle hyperplasia andAHR in amurinemodel of asthma.
In this model, AM-deficient mice did not have changes in level of
immunoglobulin, level of type 2 cytokines, eosinophilia, or airway
secretion.53 In guinea pigs, AM has been shown to induce a dose-
dependent inhibition of acetylcholine- and histamine-induced
bronchoconstriction.54Moreover, AMcan also inhibit the secretion
of the cytokine-induced neutrophil chemoattractant from LPS-
stimulated rat alveolar macrophages.55 Interestingly, plasma AM
levels increase as asthma severity progresses and are negatively
correlated with FEV1 value in asthmatic patients.95
NO
Endogenous NO is a principal regulator of airway function in

humans.96 NO is generated during the conversion of L-arginine to
L-citrulline by NO synthase (NOS). High levels of NO lead to the
detrimental oxidation and nitration of proteins, with downstream
effects on airway inflammation. In contrast, low levels of endog-
enous S-nitrosothiols (SNOs) are beneficial and act as a broncho-
dilator (Fig 1, D).56 In this regard, a study showed that wild-type
micewith AHRhave low levels of lung SNOs and increased levels
of GSNO reductase (GSNOR). Interestingly, GSNOR knockout
mice have higher lung SNOs and are protected against AHR.97

NO can also have a protective role in the upper airways.98 Phys-
iologic levels of endogenous NO have also been shown to sup-
press plasma leakage in rats, whereas NO production associated
with inducible NOS increases plasma leakage.99 Evidence of
the bronchoprotective effects of NO arise from a study of the
effects of NG-nitro-L-arginine methyl ester (L-NAME), a nonse-
lective NOS inhibitor; in which the administration of nebulized
L-NAME to subjects increased AHR.100 In contrast, another hu-
man study found that inhibiting endogenous NO does not affect
the allergen-induced early and late asthmatic responses.101
CO
The primary source of endogenous carbon monoxide (CO) is

the catabolism of hemoglobin by heme oxygenase-1 (HO-1).102
The HO-1–CO axis has been recognized as having protective
roles.103 The HO-1 products CO and bilirubin decrease the
NOD-like receptor protein 3 (NLRP3)-retinoid X receptor
(RXR) axis in human airway epithelial cells. In addition, HO-1
decreases the production of IL-25, IL-33, and TSLP, which are
key alarmins in asthma, both in human airway epithelial cells
and mice.58 The HO pathway has also been shown to have protec-
tive effects by inhibiting airway inflammation, oxidate stress, and
AHR in a guinea pig model of asthma.104 Similarly, low-dose CO
can reverse AHR in a murine model of asthma, irrespective of the
presence of airway inflammation.59 HO-1–derived CO can also
relax airway smooth muscle by activating guanylyl cyclase and
generating cyclic guanosine monophosphate.57 Notably, asth-
matic patients have higher levels of exhaled CO and HO-1.105

In conclusion, in the past 2 decades, we have seen a notable
advance in our understanding of the endogenous inhibitory
pathways in asthma. Novel mechanisms are being explored,
such as the transmembrane protein 178, which negatively
regulates calcium responses and inflammatory signals in airway
epithelial cells.106 Nevertheless, there are still significant gaps in
our knowledge and ability to leverage these pathways for the
treatment of asthma and restoration of lung homeostasis. There-
fore, further research in this critical aspect of asthma pathogenesis
is warranted. These future studies should also explore the interac-
tions and synergy between the various endogenous inhibitory
mechanisms.
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