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Abstract

Purpose of the Review: This review addresses recent progress in our understanding of the role
of Regulatory T (Treg) cells in enforcing immune tolerance and tissue homeostasis in the lung at
steady state and in directing the immune response in asthmatic lung inflammation.

Recent findings: Regulatory T cells regulate the innate and adaptive immune responses at
steady state to enforce immune tolerance in lung tissues at steady state and their control of the
allergic inflammatory responses induced by allergens. This regulatory function can break down in
the context of chronic asthmatic airway inflammation such that the lung tissue Treg cells become
skewed towards a pathogenic phenotype that aggravates and perpetuates disease. Subversion of
lung tissue Treg cell function involves their upregulation of Notch4 expression, which in turn acts
to amplify T helper type 2 and type 17 and innate lymphoid cell type 2 responses in the airways.

Summary: A dual role for Treg cells has emerged both as immune regulators but also a potential

disease effectors in asthma, with implications for disease therapy.
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Introduction

Asthma is an airway inflammatory disease associated with reversible airway obstruction

(1). It is appreciated that the high prevalence of asthma over the last decades reflects the
interaction of susceptibility genes in affected individuals with environmental and life-style
changes ushered by the industrial revolution (2, 3). Communities that have diverged towards
a modern, post-industrial life-style experience an increase in asthma prevalence compared
to related ones that have maintained a pre-industrial life style (4, 5). Pathologically
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asthma is characterized by mucus production, Goblet cell hyperplasia, increased smooth
muscle mass, and high infiltration of innate and adaptive immune cells most frequently
associated with type 2 (allergic) immunity (6). Airway inflammation involves the activities
of innate immune cells, including eosinophils, neutrophils, mast cells, innate lymphoid cells
especially type 2 (ILC2), alveolar macrophages and dendritic cells, and adaptive immune
cells including different T cell and B populations (6, 7). Tissue remodelling in the lung

is the main hallmark of chronic asthma (8). It is manifested by structural changes and
perturbations during inflammation (9, 10). Currently, the focus of therapeutic targets is on
effector cellular and molecular mechanisms. Management and control of asthma include
inhaled corticosteroids, leukotriene-receptor antagonists, leukotriene synthesis inhibitors,
and various antibody biologics including anti-immunoglobulin E (IgE), anti-interleukin-5
(IL-5), anti-thymic stromal lymphopoietin (TSLP) and anti-1L4/1L13 antibodies (11-13).
On the other hand, the role of immune regulatory mechanisms the pathogenesis of asthma
has been relatively neglected until recently. Of particular interest is the role of regulatory

T (Treg) cells in disease pathogenesis and their potential to be targeted in therapeutic
approaches (14, 15). In this review, we cover recent progress in our understanding of the role
of Treg cells at steady state in the lung as well as their pivotal role in asthma pathogenesis.

Role of Treg cells in Steady State and homeostasis

Treg cells constitute up to 10% of the CD4* T-cell compartment (16, 17). They play a
critical role in maintaining lung tissue homeostasis at steady state and in the context of
acute and chronic lung inflammation (18). Treg cells can either develop naturally from the
thymus (nTreg cells) or after induction in different effector organs (iTreg cells) (19). The
main function of Treg cells is modulation of effector T-cell and other cells activity mainly
by supressing their over-activity and restore tolerance (20). At steady state, Treg cell control
the immune response by different mechanisms. They release perforin or granzyme A to
initiate apoptosis in Antigen Presenting Cells (APCs) (21), or change their behaviour and
phenotype using CTLA-4 and CD80/CD86 (22, 23). Moreover, IL-10, transforming growth
factor beta (TGFpand/or IL-35 are cytokines produced by Treg cells to maintain tolerance
in the lung (24-27). In addition to that Treg cells can exert their suppressive capacity

using CD39, CD73 and T-cell immunoglobulin and ITIM domains (TIGIT), to suppress the
immune response (28). On the other, a very recent role of miRNAS in Treg suppressive
capacity have been described. King et al. have shown that Treg cells modulate the activity
and functionality of Dendritic Cells (DCs) via transfer of micro RNA (miRNA), namely
miR-150-5p and miR-142-3p. Both cause the upregulation of the anti-inflammatory cytokine
IL-10 and down regulation of the proinflammatory cytokine IL-6 (29). In addition to DCs,
lung Treg cells have the ability at steady state to supress IL-17-producing y& T cells.
Signalling via the 1L-33 receptor (IL-33R, also known as ST2) found on a subpopulation
of resident lung tissue Treg cells induces Ebi3, which together with IL-12 p35 forms the
heterodimeric cytokine IL-35. In turn Treg cell-derived IL-35 suppresses lung innate y&

T cells and restrains allergic airway inflammation, thus integrating 1L-33-dependent tissue
repair function and suppression of the inflammatory response (30).

Another subpopulation of Treg cells, T follicular helper regulatory (TFR) cells, mediates
control of IgE responses by T follicular helper (TFH) cells (31). In allergic inflammatory
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responses, including airway inflammation and food allergy, TFH cells that express IL-13 and
IL-4 (TFH13) play a critical role in the generation of high affinity IgE antibodies (32-34).
Depletion of TFR cells, which are enriched in the airway draining lymph nodes, exacerbated
the TFH13 response and potentiated IgE-dependent allergic airway inflammation (32).

Treg cells have been shown to mediate dominant tolerance against particulate aeroallergens,
such as pollen, house dust mites, and fungal spores (35). The function of Treg cell doesn’t
stop at the level of immune cell suppression, it extends into an active role in tissue repair.
Treg cells are recruited into the lung after tissue injury to induce repair via an Amphiregulin/
IL-18 mechanism (36, 37). The inability to produce sufficient amphiregulin by Treg cells

is associated with aggravated tissue damage during respiratory influenza virus infection

(37, 38). The interplay of the different mechanisms by which Treg cells control tissue
inflammation and repair are illustrated in Figure 1.

Role of Treg cells in Asthma

Regulatory T-cells play a pivotal role in the pathogenesis of Asthma. Treg cells maintain
tolerance in the lung and supress untoward immune stimulation (39). Alveolar macrophages
(AMs) and plasmacytoid dendritic cells (pDCs) are the main cells promoting Foxp3™ Treg
cells in the lung (40-43). Treg cells have the capacity to induce tolerance against airway
allergic inflammation in mice if the cells are exposed to allergen locally before systemic
inflammation (44). This happens through antigen specific Treg cell responses after local
exposure (45, 46).

In contrast to the role of Treg cells in maintaining lung tissue homeostasis, the function

of these cells may become subverted in the context of chronic asthmatic inflammation

(15, 47, 48). In severe Asthma, the number of Foxp3* Treg cells is significantly decreased
compared to healthy control (49). Furthermore, their suppressive capacity depicted by their
CCR5 expression was as well dramatically decreased (49). Multiple studies have shown

a balance between Treg cells and Th17 cells that regulates tolerance in the lung (50,

51). Recently, there have been multiple studies showing that different compounds have

the ability to reduce different hallmarks of asthma by shifting the balance of Treg/Th17
cells toward more Treg cells in the lungs (50, 52-54). A major factor disturbing this
balance is particulate matter (PM), which act to amplify the Th2/ Th17 cell responses and
reduce Treg cell numbers (55, 56). A key mechanism by which PM amplify the asthmatic
inflammatory response involves the destabilization of the Treg cells toward Th2 and Th17
cell phenotypes (57). This regulation has been shown to be epigenetically mediated (58, 59).
Furthermore, Treg cell DNA methylation contributes fully to the pathogenesis of allergic
airway inflammation (60). DNA demethylation of the CNS2 Locus of the Foxp3 gene is
important for the suppressive capacity of Treg cells and their cell identity and stability
(61-63). In PM-augmented allergic airway inflammation, AM cells internalize PM, allowing
the polycyclic aromatic hydrocarbon components of PM to activate Aryl Hydrocarbon
Receptor (AhR), which results in the upregulation of Notch ligand Jagged 1 (Jagl) (42).
Moreover, and whereas AM cells promote the formation of iTreg cells at steady state

(41), the function of those cells is altered in the context of allergic inflammation. Under
the latter conditions, AM cells promote the formation of iTreg cells that express Notch4
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in an IL-6-dependent manner, and the interaction of Notch4 with its ligand Jagl on AM
leads alters the functionality of the Treg cells to paradoxically promote a proinflammatory
response in the lung (41, 57, 64). Interestingly, blockade of IL-6 by an IL-6R antibody led to
an increase in the immunosuppressive capacity of Treg cells in association with suppression
of Notch4 expression (57), consistent with previously described inhibitory function of IL-6
in suppressing lung Treg cell response (65).

The mechanisms by which Notch4 subverts Treg cell function have been recently elucidated.
Expression of Notch4 on Treg cells acts as a molecular switch to activate downstream
pathways that destabilize the Treg cells and impair their regulatory/suppressive capacity (58,
57). Treg cells and due to upregulation of Notch4 shift their toleragenic profile into more
proinflammatory profile by upregulating both Th2 and Th17 phenotypes. Notch4-dependent
activation of the Hippo pathway in Treg cells promotes the translocation to the nucleus

of the downstream effectors Yapl and Taz, which in turn drive Th17 destabilization of

Treg cells by interacting with the transcription factor ROR+yt (57, 66). Critically, the
Notch4-activated Hippo pathway acts to epigenetically destabilize Treg cells by increasing
the methylation of conserved non-coding sequence 2 (CNS2) in the Foxp3locus (57). On
the other hand, Notch4-dependent Wnt pathway was found to underlie the Th2 cell-like
phenotype of dysregulated Treg cells (57). Wnt signalling has previously been shown to
limit the suppressive capacity of Treg cells by modulating TCF-1 resulting in the inhibiting
Foxp3 expression and the promotion of T effector cell phenotypes (67, 68). These results
provided a putative mechanism by which Notch4-dependent Wnt signalling in Treg cells
promoted their T effector-like skewing towards a Th2 cell-like phenotype.

A novel mechanism by which Notch4-mediated Wnt signalling in Treg cells promoted

lung tissue allergic responses involved the production by the Notch4* Treg cells of the
cytokine Growth and Differentiation Factor 15 (GDF15). This cytokine is a member

of the TGFp superfamily that has emerged as a prominent regulator of organismal
metabolism (69). GDF15 has been implicated in protecting against Inflammation-Induced
tissue damage by promoting hepatic triglyceride metabolism (70). GDF15 transcripts are
highly enriched in Notch4* lung Tr cells in a B-catenin-dependent manner (57). In vitro
studies indicated that GDF activates ILC2 to produce more IL-13 and consequently augment
the allergic inflammation in the lung (57). Furthermore, bacterially-derived recombinant
GDF heightened AHR and other parameters of airway inflammation in mice lacking Notch4
in their Treg cells. While GDF15 can be derived from several cellular sources (69), our
studies suggest that Notch4* Ty cells may play a particularly privileged source of GDF15 in
allergic airway inflammation. The full role of GDF15 in allergic airway inflammation and in
asthma remains to be established.

Genetic factors may also contribute to the failure of Treg cells to control inflammation in
asthmatics. A case in point is the interleukin (IL)-4 receptor alpha chain variant arginine
576 (IL-4Ra-R756), which is associated with asthma and asthma severity and exacerbated
airway inflammation in transgenic mice (71-75). This variant promotes conversion of
induced Treg (iTreg) cells toward a T helper 17 (Th17) cell fate (48, 64). This effect is
mediated by recruitment to the IL-4Ra.-R756 of growth-factor-receptor-bound protein 2
(GRB2) adaptor protein to the Il4ra which then induces IL-6 production by activating a
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microtubule-associated protein kinase (MAPK) cascade. In turn, IL-6 production acts in an
autocrine fashion to skew the nascent lung iTreg cells towards IL-17 expression (48, 64).
Mice whose IL-4Ra chain carries the human R576 substitution exhibit exaggerated airway
Th2/Th17 cell inflammation which can be suppressed with a neutralizing anti-1L-6 antibody
therapy which prevented iTreg cell reprogramming into Th17-like cells (48). Furthermore,
the IL-4Ra-R756-activated GRB2/IL-6 axis leads to the upregulation of Notch4 on Treg
cells and thus their further corruption (64). These results established the centrality of

the Treg cell IL- 6- Notch4 circuit in promoting and amplifying airway inflammation by
common variants such as the IL-4Ra-R756.

Patients with Asthma have decreased Treg cells and further lower suppressive capacity in
these cells (76-78) (Figure 2). On the other hand, restoring Treg cell functionality and
activity has recently been the focus of multiple therapeutic interventions. Allergen-specific
immunotherapy has shown the capacity to promote Treg cell number and functionality

(79, 80). Other therapeutic approaches have suggested that reduction of TNF-alpha levels
would cause a significant increase in Treg numbers and suppressive capacity (81). Targeting
pathways that impair lung Treg cell function such as the IL-6R may provide benefit

in patients with severe asthma (82). Similarly, targeting Notch4 with precision therapies
could also provide innovative therapeutic approach in restoring Treg function and tolerance
in asthma (57) and viral lung infection (38). Thus, approaches that focus on restoring
tolerance in the lung, may complement existing ones that aim to restrain pathogenic effector
mechanisms to provide innovative therapies for asthma.

Conclusion

Accumulated evidence points to Treg cells playing a pivotal role in the pathogenesis of
Asthma. At steady state, lung Treg cells maintain tissue homeostasis and restrain untoward
activation of the local innate immune cells thus inhibiting the aberrant activation of
inflammatory conditions. In contrast, in asthmatic inflammation, lung tissue Treg cells
actively participate in disease pathophysiology: they lose their suppressive capacity and
function to direct the asthmatic inflammatory response. In particular, we were able to
identify a molecular switch involving Notch signalling in lung Treg cells that promoted
immune tolerance breakdown and the upregulation of proinflammatory cell responses. The
pro-inflammatory function of Notch4 was related to both the promotion of adaptive Th2/
Th17 cell responses and the mobilization of innate immune responses including ILC2
activation by Treg cell-derived and Notch4-induced GDF15. It can be envisioned that while
pro-inflammatory function of Treg cells in the context of a parasitic lung infection could
prove highly beneficial to the host by loosening the immune regulatory response in favour
of an inflammatory one, in could be highly deleterious in the context of a chronic allergen-
driven disease process such as asthma. In conclusion, the dual nature of Treg cells in
suppressing or promoting lung tissue inflammation in a context-dependent manner provides
novel opportunity for disease therapy that targets the immune regulatory response either
alone or in conjunction with effector immune pathways.
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Key Points
. Aberrant lung tissue Treg cell response plays a key role in asthma
pathogenesis
. Targeting pathways that subvert the lung tissue Treg cell response may

provide precision therapy in moderate to severe asthma.
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Figure 1.
Regulatory T-cell function at steady state and in airway inflammation. In Steady state,

Treg cells contribute to tissue repair via Amphiregulin, suppression of innate Immunity via
miRNA or via Perforin and Granzyme A. Treg cell regulation takes place through cell-cell
contact and by means of immune modulatory cytokines including IL-10, IL-35 and TGFp.
In airway inflammation, the function of Treg cells is redirected in favour of promoting a
potentially host-protective inflammatory response. In chronic inflammation and especially in
severe cases, Treg cells turn into proinflammatory phenotype and act in a positive feedback
loop to aggravate the inflammatory responses.
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Figure 2.
Role of Particulate Matter in augmentation of inflammatory responses in the lung.

PM/UFP inhalation leads to activation of the aryl hydrocarbon receptor (AhR) in alveolar
macrophages (AM) which in turn upregulates the expression of Jaggedl (Jagl) in AM (41).
Jagl along with IL-6 (and to a lesser extent I1L-33) leads to the upregulation of Notch4

on Treg cells and the activation of downstream Hippo and Wnt pathway. Hippo pathway
activation destabilizes the Treg cells towards a Th17 cell-like phenotype, while the Wnt
pathway causes the Treg to acquire a Th2 cell-like phenotype (57). Production of Growth
and Differentiation Factor 15 (GDF15) by Th2-like Treg cell leads in turn to upregulation
of Innate Lymphoid Cells type 2 (ILC2) activity and higher production of IL-13. The
IL-6-Notch4 circuit is amplified by the pro-asthmatic IL-4Ra-R576 variant to exacerbate
allergic airway inflammation.
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