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Abstract

The activation of the Notch4-Wnt-GDF15 axis in induced Tregs dampens their immunoregulatory
function and turns them into Th2 and Th17 cytokine producers, allowing them to maintain
ongoing allergic asthma.

Allergic asthma is a chronic airway disease caused by an exaggerated Th2 response, which
leads to airway inflammation and bronchial hyperreactivity. Several explanations have been
put forward to explain why asthma develops. One of them is the inability of regulatory T
cells (Treg) induced in the lungs to dampen Th2 immunity. At the same time, the
maintenance of the Th2 program developed in response to allergen exposure was shown to
rely on Notch activation in Th2 cells themselves?. Interestingly, in this issue of Nature
Immunology, Harb et al? uncover a novel role for the Notch pathway in Treg biology. The
induction of Notch 4 expression, followed by Wnt and Hippo pathway activation, in
pulmonary induced Tregs subverts their functions to promote allergic asthma.

The role of Notch signaling pathway on T helper cell differentiations has been extensively
studied, and it is now clear that the identity of the Notch receptor and its ligand dictates the
fate of T cells. Since 2004, the dogma had been that Jagged 1 or Jagged 2 expression on in
vitro-generated dendritic cells would favor Th2 cell differentiation3. However, a more recent
study performed in vivo showed that the driving force leading to allergic asthma symptoms
was the expression of Notch receptors by CD4 T cells and not Notch ligands by antigen-
presenting cells®. This latter study opened several questions: which subset of CD4 T cells
and which one of the four members of the Notch family (Notch1-4) are responsible for the
maintenance of airway inflammation? In this issue of Nature Immunology, Harb et al? were
able to fill this knowledge gap and elegantly demonstrate that repeated allergen exposure
leads to the increased expression of Notch 4 specifically in induced Treg cells, and not in
Th1, Th2 or Th17 effector T cells. This Treg-specific Notch 4 expression could be further
increased by co-exposure with ultrafine particles contained in air pollution. Interestingly, the
authors could reproduce these effects in vitro and showed that primary Jagged1* alveolar
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macrophages could drive the differentiation of Notch4"i Tregs. This process is driven mainly
by IL-6/IL6R signaling, and this could be explained by the presence of a binding element for
the transcription factor STAT3 (which is downstream of 1L-6R) in the Notch4 promoter?.

Notch4 is an understudied member of the Notch family. It is mainly known to be expressed
on endothelial cells, but not on immune cells, and it has been mainly studied in the context
of cancer. Its function in inflammatory diseases still remained enigmatic. In 2018, the
Chatila lab was the first to report Notch4 expression in allergen-specific T cells isolated
from the lungs of mice co-exposed to allergen and ultrafine particles. The blockade of
Notch4 using antibodies reduced the degree of asthma features, clearly showing a pro-
inflammatory role of Notch4 in their model®. These data are however in sharp contrast with
another report from Verhein et al showing that Notch4 has anti-inflammatory properties and
is involved in the protection from pulmonary inflammation caused by exposure to ozone, a
toxic air pollutant®. This discrepancy could be due to the fact that (i) the pathways activated
by different air pollutants (ozone versus UFPs) are different and that (ii) full body Notch4-/-
mice were used and not mice in which Notch4 expression would be removed specifically in
T cells. The latter seems to be the most crucial point in determining how Notch4 affects the
immune response. Indeed, using T cell- and Treg cell-specific deletion models, Harb et al?
uncovered that Notch4 expression in induced Tregs altered the functions of these cells and
inhibited their suppressive activities, allowing Th2 immunity to develop.

How can Notch4 subvert induced Treg cell functions? To address this point, Harb et al2
investigated the Notch4-dependent pathways in Tregs by looking at the transcriptional
profiles of lung Tregs lacking Notch4 expression or not. The authors found a Notch4-
dependent activation of two majors pathways: Hippo and Whnt, both involved in the control
cell proliferation and differentiation. An exciting finding made by the group is that the
deletion in Tregs of key genes involved in both pathways prevents the establishment of
BHR, but differentially affects the nature of the effector response developed. Indeed, the
Hippo pathway controls the Th17 whereas Wnt controls the Th2 arm of the inflammatory
response developed in allergic asthma induced by the co-exposure to allergen and UFPs.
These data are supported by the fact that the Hippo pathway has been shown to regulate the
balance between Tregs and Th17 cells. TAZ, a key protein of the Hippo pathway, which
expression is strongly upregulated in Notch4+ Tregs?, has been described as an inhibitor of
Foxp3 function and its overexpression was reported to favor the differentiation of IL-17-
producing cells rather than Tregs’. To lend support to the data of Harb et al, the activation of
Whnt signaling was shown to inhibit Foxp3-mediated transcriptional activity as well as Treg-
mediated cell suppression8. At the same time, by promoting of GATAS3 expression and
repressing Th1l cytokine production, the activation of the Wnt/g-catenin pathway in Tregs
may facilitate their differentiation into Th2 cells®. Induced Tregs being less stable than
native Treg cells, they can easily turn into Th2-, or Th17 cytokine-producing ex-Tregs
depending on the microenvironment. Interestingly, Harb et al2 went on finding that such
deregulated Notch4* Tregs not only fail to suppress T cell proliferation, but also become
unable to keep Th2 cytokine production by ILC2 in check, as would Notch4!® Tregs
normally doC. The propensity of Notch4* Tregs to promote and perpetuate Th2 immunity in
the lung was mediated by GDF-15, a stress-induced member of the transforming growth
factor B superfamily, which function is currently unclear as this cytokine has been shown to

Nat Immunol. Author manuscript; available in PMC 2021 May 31.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hammad and Lambrecht Page 3

have pro- or anti-inflammatory functions depending on context, organ and timing. Seeing
GDF-15 expression in Notch4™ Treg cells is very unexpected since data from the Immgen
consortium clearly show that GDF-15 is expressed at very low levels in most immune cells,
except in macrophages, where this cytokine was initially identified. Another intriguing point
is that, in the lung, the expression of GDF-15 was found to be mainly restricted to epithelial
cells upon exposure to cigarette smoke, but the authors of this study have not formally
looked at GDF-15 expression in immune cells. Interestingly, using GDF-15-/- mice, the
latter study found that GDF-15 was pro-inflammatory, which is clearly in line with the
findings from Harb et al. It is therefore possible that although lung epithelial cells may
represent an important source of pro-inflammatory GDF-15 following exposure to certain
pollutants, the newly identified subset of Notch4* Tregs constitutes another or a
complementary way by which inflammation would be perpetuated. Performing cell-specific
deletion of GDF-15 should unravel more precisely the exact contribution of structural and
immune cells to pulmonary inflammation.

In summary, Harb et al2 have identified a new subset of Treg cell expressing Notch4 in
response to ultrafine particles contained in air pollution. This specific Treg population is
unable to properly suppress inflammation because it produces Th2 and Th17 effector
cytokines instead of immunoregulatory cytokines. This shift away from immunosuppression
was caused by the activation of the Wnt and the Hippo pathways, which would allow
Notch4* Tregs to produce GDF-15 and in this way, perpetuate and even exacerbate Th2
inflammation in the lung. Interestingly, Harb et al? nicely show that this cascade of events
observed in mice could be found in patients suffering from asthma. Several questions remain
as to how exposure to ultrafine particles drives the preferential expression of Notch4 in
Tregs and how Notch4 activates downstream pathways such as Wnt and Hippo, leading to
the maintenance of Th2 immunity. The co-activation of these pathways in the same cells is
intriguing since earlier studies provided evidence that the Hippo pathway could inhibit Wnt /
B-catenin signalingl2. However, although this may be true in developing organs, it might be
different in immune cells like induced Tregs, in which Harb et al convincingly showed the
complementarity of both pathways in promoting Th2 and Th17 responses?. The discovery of
this new Notch4-Wnt-GDF15 axis in the control of allergic asthma in mice, along with its
validation in severe asthmatic patients, certainly offers novel therapeutic perspectives aiming
at restoring immune tolerance and homeostasis in the lung.
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Figure 1.
Notch4+ regulatory T cells contribute to Th2 immunity to allergens and air pollutants.

Following uptake of ultrafine particles, alveolar macrophages release high amounts of I1L-6,
which promotes Notch4 expression on induced regulatory T cells. Notch4 signaling leads to
the activation of the Hippo and of the Wnt pathway. Both pathways are sufficient to shift
regulatory T cells away from immunoregulation. Instead, the Wnt and Hippo pathways
activate a Th2 and Th17 program in Notch4* regulatory T cells. In addition, the Wnt
pathway allows GDF-15 release by these cells, and GDF-15 triggers IL-13 release by ILC2.
The cytokine milieu induced by Notch4+ regulatory T cells allows asthma feature to develop
and to maintain.
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