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Notch signaling licenses allergic airway inflammation
by promoting Th2 cell lymph node egress
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Allergic asthma is mediated by Th2 responses to inhaled allergens. Although previous experiments indicated that Notch
signaling activates expression of the key Th2 transcription factor Gata3, it remains controversial how Notch promotes
allergic airway inflammation. Here we show that T cell-specific Notch deficiency in mice prevented house dust mite-

driven eosinophilic airway inflammation and significantly reduced Th2 cytokine production, serum IgE levels, and airway
hyperreactivity. However, transgenic Gata3 overexpression in Notch-deficient T cells only partially rescued this phenotype.
We found that Notch signaling was not required for T cell proliferation or Th2 polarization. Instead, Notch-deficient in
vitro-polarized Th2 cells showed reduced accumulation in the lungs upon in vivo transfer and allergen challenge, as Notch-
deficient Th2 cells were retained in the lung-draining lymph nodes. Transcriptome analyses and sequential adoptive transfer
experiments revealed that while Notch-deficient lymph node Th2 cells established competence for lung migration, they
failed to upregulate sphingosine-1-phosphate receptor 1 (S1PR1) and its critical upstream transcriptional activator Kriippel-
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promoting lymph node egress.

Introduction

Allergic asthma is a common but heterogeneous chronic inflam-
matory lung disease characterized by type 2 airway inflammation
and bronchial hyperreactivity (1). Asthma patients experience
symptoms such as wheezing, shortness of breath, and chest tight-
ness, which are induced by various allergens including house dust
mite, fungal spores, pollen, and animal dander. While many asth-
ma patients respond well to standard treatment with inhaled glu-
cocorticoids and B -agonists, a significant fraction of patients does
not achieve disease control using these agents, resulting in high
morbidity and symptom burden.

Upon allergen exposure, barrier epithelial cells in the lungs
of susceptible individuals mount a proinflammatory response
involving the secretion of chemokines, cytokines, and alarm-
ins that induce activation of group 2 innate lymphoid cells and
dendritic cells to mount a T helper 2-mediated (Th2-mediated)
immune response (2, 3). Disease hallmarks of allergic asthma
can be attributed to cytokines that are produced by Th2 cells: IL-4
induces IgE class switching of B cells, IL-5 recruits eosinophils,
and IL-13 provokes smooth muscle hyperreactivity, goblet cell
hyperplasia, and mucus production (4). It is thought that IL-4 sig-
naling via STAT6 is the main driver of Th2 cell differentiation via
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like factor 2 (KLF2). As this KLF2/S1PR1 axis represents the essential cell-intrinsic regulator of T cell lymph node egress,
we conclude that the druggable Notch signaling pathway licenses the Th2 response in allergic airway inflammation via

enhancement of the expression of the key Th2 transcription factor
Gata3 (refs. 5, 6, and reviewed in ref. 7). However, Gata3 and IL-4
can also be induced by Notch signaling, given the capacity of the
downstream Notch effector recombination signal-binding protein
for immunoglobulin « J region (RBPJ«k) to bind to the upstream
Gata3 promoter and a 3’ enhancer element of the I/4 gene (8-12).
The Notch signaling cascade is an important evolutionarily
conserved pathway critically involved in cell-cell communication
and was originally identified as a pleiotropic regulator of cell fate
during embryonic and adult life (reviewed in ref. 13). The function
of the Notch pathway is highly context-dependent, as is illustrat-
ed by its crucial role at several stages of lymphocyte development,
including the B/T cell, af/y3 T cell, and CD4*/CD8" T cell lineage
choices (14-16). Because aberrant activity of the Notch pathway
has been implicated in various malignancies, it represents an
important target for cancer therapy (13). In mature peripheral
CD4" T cells, Notch signaling is critical for Th2 responses, as was
shown in mice deficient for RBPJk or both the Notchl and Notch2
receptors as well as in mice expressing a dominant-negative form
of the essential RBPJk coactivator mastermind-like (MAML) (8,
10, 11, 17). Absence of Gata3 turned Notch from a Th2 inducer
into a potent driver of Thl differentiation (10, 11). Pharmacolog-
ical inhibition of Notch signaling using y-secretase inhibitors or
the cell-permeable stapled peptide SAHM1 led to decreased Th2
cytokine production in allergic asthma or food allergy models
(18-20). We recently found that surface expression of NOTCH1
and NOTCH2 on both circulating memory CD4* T cells and Th2
cells is increased in patients with asthma compared with healthy
controls (21). Hereby, NOTCH1* memory CD4" T cells displayed
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Figure 1. Notch1/2 expression on CD4- T cells is required for AAl induction. (A) Acute HDM-driven AAl induction protocol. (B) Numbers of FSCMSSCM*CD-
1c*Siglec-F* autofluorescent macrophages, FSC™SSC"Siglec-F* eosinophils, Ly-6G* neutrophils, CD19* B cells, CD3*CD4* T cells, and CD11c*MHCII" DCs in
BAL fluid of PBS- or HDM-sensitized mice. (C) Intracellular flow cytometry quantification of the numbers of CD3*CD4* T cells in BAL fluid expressing the
indicated cytokines. (D and E) Flow cytometric RORyt/Gata3 profile in CD3*CD4* T cells in BAL from HDM-treated mice (D) and quantification of Gata3* cell
numbers (left) and Gata3 mean fluorescence intensity (MFI) in Gata3* T cells (right) (E). (F) Cytokine production in vitro by HDM-restimulated MedLN cells,
measured by ELISA. (G) HDM-specific IgG1 and IE levels in serum, determined by ELISA. Data are shown as individual values from 3-16 mice per group,
together with the mean + SEM, and are combined from 2 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 by Kruskal-Wallis test.

amore activated phenotype — characterized by increased expres-
sion of CD25/IL-2R and the prostaglandin DP2 receptor CRTH2
— than their NOTCH' counterparts (21).

Several studies provided evidence that the Notch ligands Jag-
ged and Delta-like ligand (DLL) instruct Th2 and Th1 cell differ-
entiation, respectively (8, 9). In contrast, an “unbiased amplifier”
model was proposed in which Notch ligands are not instructive
but rather function to generally amplify Thl, Th2, and Th17 cell
responses by enhancing proliferation, cytokine production, and

survival (22, 23). Accordingly, we and others found that blocking
Notch signaling only during the challenge phase of allergen expo-
sure — and not during sensitization — led to decreased features of
allergic airway inflammation (AAI) (18, 20). These findings sup-
port a role for Notch signaling in optimizing immune responses
rather than inducing initial Th2 cell differentiation. Hence, the
precise function of Notch signaling during Th2 cell differentiation
and activation in vivo, especially in the context of allergic inflam-

matory disease, remains controversial.
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Figure 2. Notch signaling in CD4" T cells is required for airway remodel-
ing and hyperreactivity. (A) Chronic HDM-driven AAl induction proto-

col. (B) Numbers of FSC™SSC"Siglec-F* eosinophils, CD3* T cells, and
Lineage Sca-1"T1ST2* group 2 innate lymphoid cells (ILC2) in BAL fluid from
PBS- or HDM-treated mice. (C) Histological Masson’s trichrome staining on
lung tissue from WT (2 examples, left) and NTN2404/404 (2 examples, right)
mice. Blue staining indicates the presence of connective tissue, nuclei are
stained in dark red, and cytoplasm is pink. Original magnification, x100.
(D) Consecutive slides from lung tissue of the indicated mice, showing the
presence of CD3* T cells (blue) and IgM* plasma cells (brown, arrows, top
row); and GL7* GC B cells (blue) and IgD* B cells (brown, bottom row). Only
in HDM-exposed WT mice were iBALT structures containing B cells, T cells,
GL7* GC B cells, and IgM* plasma cells detected. Original magnification,
x100. (E) Airway hyperresponsiveness as measured by lung resistance
upon increasing doses of inhaled methacholine in PBS- or HDM-treated
mice. (F) HDM-specific IgG1and IgE levels in serum, determined by ELISA.
(G) Numbers of total cells, CD3*CD4"* T cells, Gata3*CD3*CD4* Th2 cells, and
FoxP3-CD25* activated CD3+*CD4* T cells in MedLNs of PBS- or HDM-treated
mice. (H) IL-13 production in vitro by HDM-restimulated MedLN cells,
measured by ELISA. Data are shown as individual values from 6-8 mice per
group, together with the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001
by Kruskal-Wallis test.

Here, we used a combination of flow cytometry, histology,
and transcriptome analyses of transgenic mice to dissect the role
of Notch signals in T cells in acute and chronic models of house
dust mite-driven (HDM-driven) AAIL These experiments revealed
that a lack of Notch1l/Notch2 expression on T cells prevents AAI,
which could be only partially rescued by enforced Gata3 expres-
sion. Although Notch signaling was not required for Th2 differen-
tiation or proliferation, the absence of Notch signals caused lymph
node retention and impaired lung migration of Th2 cells, uncover-
ing a role for Notch signals in the control of Th cell trafficking that
explains how Notch signaling licenses AAL

Results

Notchl and Notch2 expression on CD4* T cells is required for the
induction of AAL. We crossed Notchl™ and Notch2"# mice, in
which critical exons are flanked by loxP sites (14, 24), with CD4-
Cre transgenic mice to delete Notchl and Notch2 specifically in
T cells. Consistent with published findings (25), T cell develop-
ment in thymus and spleen from CD4-Cre transgenic Notchl"/
Notch2¥# mice was not affected (Supplemental Figure 1, A and B;
supplemental material available online with this article; https://
doi.org/10.1172/JC1128310DS1).

We induced AAI in Notchl and Notch2 single-deficient
(IN14CP4/4CD4 o N24CDH4CD4H) and double-deficient (ININ24CP#4CD4)
mice and WT littermates through sensitization and multiple chal-
lenges with HDM (Figure 1A). In these experiments, we included
control groups of mice that were equally challenged with HDM,
but that were sensitized with PBS. Analysis of bronchoalveolar
lavage (BAL) fluid of WT mice 4 days after the last HDM challenge
showed significantly increased absolute numbers of eosinophils,
B cells, CD4* T cells, and dendritic cells (DCs) in HDM-sensitized
mice compared with PBS-sensitized mice (Figure 1B). NJ4cP#4CD4
mice developed a milder form of AAI characterized by reduced
eosinophilia, while HDM-sensitized N24¢P#4cP+ mjce displayed
an AAI similar to that of WT mice. Strikingly, BAL fluid from
HDM-sensitized NIN24¢P#4¢P4 mjce did not show any increase in
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immune cell numbers (Figure 1B). The HDM-mediated increase in
the total numbers of IL-4*, IL-5%, IL-13*, IL-9%, IL-17*, and IFN-y*
CD4" T cells observed in WT animals was completely abolished in
BAL fluid (Figure 1C) and lungs (data not shown) of NIN24¢b4/4cD4
mice. Accordingly, Gata3 induction was severely impaired in
CD4" T cells in the BAL fluid (Figure 1, D and E) and lungs (data
not shown) from NIN24¢P#4CP4 mjce. Total numbers of RORy*
Th17 and FoxP3*CD25* Tregs were also reduced in the BAL fluid
of NIN24¢b#4¢b+ mijce compared with the other 3 groups of mice
(Supplemental Figure 1C). HDM-restimulated mediastinal lymph
node (MedLN) cells from NIN24cP#4cP+ mice showed severe-
ly reduced production of IL-5 and IL-13 (Figure 1F). We found
reduced levels of HDM-specific as well as total IgG1 and IgE in
the serum of NIN24¢P#4¢b4 mice compared with WT controls
(Figure 1G and Supplemental Figure 1D). In these experiments,
we noticed redundancy for Notchl and Notch2, whereby Notchl
appeared dominant (Figure 1, B-G).

Follicular T helper (Tth) cells promote type 2 immunity and
have been postulated as precursors of HDM-specific Th2 cells
(26, 27). Moreover, Tth responses rely on Notch signaling (28, 29).
Indeed, we observed fewer PD-1"*CXCR5* Tth cells in the MedLLNs
of NIN24¢b#4¢b4 mice as compared with WT controls (Supplemen-
tal Figure 1E). To directly assess the importance of a Tth response
for HDM-driven AAI, we genetically deleted the Notch ligand
DLL4 on CCL19* lymph node fibroblastic reticular cells, which
prevents the accumulation of Tth cells in the MedLNs (ref. 28 and
Supplemental Figure 2, A-C). Failure to induce Tth cells indeed
blunted IgE induction (for total serum IgE see Supplemental Fig-
ure 2D; HDM-specific IgE was detected in the serum of 6 of 7 WT
mice but only 2 of 7 DLL44¢CL14CCL gpimals). Strikingly, we still
observed full-blown eosinophilia in Tth-deficient DLL44cCL¥/4ccLL
mice and even higher numbers of Th2 cells in the BAL fluid than
in WT littermates (Supplemental Figure 2, E and F). Therefore, the
role of Notch signals in Tth formation does not provide an explana-
tion for our finding that eosinophilic HDM-driven AAI is reduced
in the absence of Notch on T cells.

Together, these findings show that the induction of HDM-
driven AAI is moderately reduced in NI4¢P#4cP4 mice, apparently
normal in N24¢P#4¢P# mice, and abrogated in NIN24CP#4CP4 mice.

Notch signaling in CD4" T cells is required for airway remodel-
ing and hyperreactivity. To investigate whether Notch signaling is
required for AAI-associated airway remodeling and hyperreactiv-
ity, we subjected NIN24¢P#4cP+ and WT mice to a chronic HDM-
induced asthma model in which mice were challenged with HDM
for 5 consecutive weeks (Figure 2A). In line with our findings in the
acute AAI model, we found reduced inflammation in BAL fluid of
HDM-challenged NIN24¢P#4CP+ mjce as compared with WT controls
(Figure 2B). Interestingly, the frequency of CD69* tissue-resident
memory CD4* T cells in the lung was not affected by the absence
of Notch signaling (Supplemental Figure 3, A and B), although Th2
cytokine-expressing CD4* T cells were reduced in the lung and vir-
tually absent in BAL fluid (Supplemental Figure 3, C and D).

The presence of HDM-induced cellular infiltrates and col-
lagen deposition in the lungs was reduced in HDM-treated
NIN24¢b#4CP4 mice compared with WT mice (Figure 2C). In this
chronic AAI model (30), inducible bronchus-associated lymphoid
tissue (iBALT) structures were formed that contained both T and
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Figure 3. Limited rescue of the Notch-deficient AAl phenotype by enforced Gata3 expression. (A) Numbers of eosinophils and CD3*CD4* T cells in BAL
fluid of the indicated mice sensitized with PBS or HDM (according to the scheme in Figure 1A). (B and C) Quantification of mucus production from periodic
acid-Schiff (PAS) staining of lung tissue sections (B) and representative examples (C) from the indicated HDM-treated mice. Original magnification, x100.
(D and E) Intracellular flow cytometric analysis of cytokine production by CD3*CD4* T cells in BAL fluid from the indicated HDM-treated mice (D), quanti-
fied in E. (F) Quantification of Gata3*CD3*CD4* T cells in BAL fluid. (G) HDM-specific IgG1 and IgE levels in serum, determined by ELISA. Data are shown as
individual values from 3-6 mice per group, together with the mean + SEM, and are representative of 3 independent experiments. *P < 0.05; **P < 0.01;

***P < 0.001 by Kruskal-Wallis test.

B cells, including GL7* germinal center (GC) B cells (Figure 2D).
By contrast, in the lungs of HDM-exposed NIN24¢P#4cb4 mice,
most T cells were not iBALT-associated, and iBALT structures
were less abundant, smaller in size, and negative for GL7* GC B
cells (Figure 2D). IgM plasma cells were readily detectable in or
close to the iBALT structures in WT mice, but not in NIN24¢P4/4¢b4
animals (Figure 2D).

Airway hyperreactivity, measured by resistance to methacho-
line, was significantly lower in HDM-treated NIN24CP#4CP4 mjce
than in WT mice (Figure 2E). Likewise, both total and HDM-spe-
cific IgG1 and IgE serum levels were strongly decreased in
HDM-challenged NIN24¢P#4CP+ mjce (Figure 2F and Supplemen-
tal Figure 3E). The lack of IgE response in this chronic AAI model
cannot be readily explained by a GC defect, since NIN24¢b4/4cD4
mice displayed normal numbers of GL7*CD95* GC B cells and
Tth cells in the MedLNs, in contrast to our findings in the acute

jci.org  Volume130  Number7  July 2020

HDM-driven AAI model (compare Supplemental Figure 3, F and
G, with Supplemental Figure 1E).

In the acute AAI model (Figure 1A), both PBS- and HDM-sen-
sitized mice were challenged with HDM, resulting in an equally
high MedLN cellularity in both groups (data not shown). In the
chronic AAI model, however, we compared HDM-challenged
mice with mice that had received only PBS for 5 weeks, so we could
evaluate the induction of T cell expansion and activation in the
MedLNs. Despite the strongly reduced AAI in NIN24¢P#4¢b4 mjce,
we observed a robust HDM-driven increase in MedLN cellularity
and CD4" T cell counts. Strikingly, Gata3* Th2 cells and activat-
ed CD25'FoxP3'CD4" T cells were particularly abundant in the
MedLNs of NIN24¢b#/4¢b4 mjce (Figure 2G). In vitro HDM-restim-
ulated MedLN cultures from NIN24¢P#4¢b4 mice produced IL-13,
although cytokine levels appeared lower than in cultures from
WT mice (Figure 2H).
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Figure 4. Notch is not required for CD4* T cell activation, Th2 differentiation, and proliferation. (A-C) Proportions of proliferating cells as determined
by CFSE dilution (A), and Gata3* cells (B) and cytokine-expressing cells (C) measured by intracellular flow cytometry of cultured splenic OTII CD4* T cells
from WT and NTN242#404 mice upon in vitro activation with the indicated stimuli. (D and E) Flow cytometric analysis (left) and quantification (right) of
proliferation measured by CFSE dilution (D) and total numbers of IL-4* WT and N1N24c24/404 QT|| CD4* T cells (E) in MedLNs after in vivo transfer into mice
subsequently challenged with the indicated concentrations of OVA and HDM. Data are shown as individual values from 4-5 mice per group, together with
the mean + SEM. Differences between WT and NTN24t04/4t04 mice were tested for statistical significance using a Kruskal-Wallis test.

In summary, upon chronic HDM exposure, Notch signaling in
CD4*' T cells is required for the induction of AAI, tissue remod-
eling, and bronchial hyperreactivity in the lung. However, in the
chronic HDM-driven AAI model, Notch signaling does not appear
to be critical for activation of naive T cells and Th2 polarization in
the MedLNs, but does appear to be critical for aspects of memo-
ry Th2 cell function, such as the maintenance of these cells’ Th2
identity or their migration to the lungs.

Enforced Gata3 expression only partially rescues AAI induction
in NIN24cb#/4Dtpice, Because Gata3is crucial for Th2 cell identity
and is a direct Notch target (8), we investigated whether enforced
Gata3 expression could rescue AAI induction in the absence of
Notch signaling. We used transgenic CD2-Gata3 mice, which
constitutively express Gata3 in all T cell subsets under the control
of the human CD2 promoter and show increased AAI susceptibil-
ity (31, 32). We investigated CD2-Gata3 transgenic and nontrans-
genic littermates that were NJ4CP#4Cb4) N]N24CD4/4CDt or WT in our
acute HDM-driven AAI model. Whereas enforced Gata3 expres-
sion increased the numbers of various inflammatory cells in BAL
fluid of all 3 groups upon HDM exposure, eosinophilia was only
partially rescued in CD2-Gata3 NIN24¢P#4cbt mice (Figure 3A
and Supplemental Figure 4A). Similarly, mucus hyperproduction
by goblet cells (as quantified by histological periodic acid-Schiff
staining) was only partially rescued in CD2-Gata3 N14°P#4¢P4 gnd

CD2-Gata3 NIN24¢P#/4¢Dt mice compared with nontransgenic lit-
termates (Figure 3, B and C). Importantly, enforced Gata3 expres-
sion increased the numbers of IL-5%, IL-13*, and Gata3* CD4* T
cells in BAL fluid of WT and N14¢P#4¢P4 mice, but did not induce
any recovery of cytokine-producing Th2 cells in the BAL fluid of
NIN24¢b#/4¢P4 mjce (Figure 3, D-F, and Supplemental Figure 4B).
In contrast, IL-9* CD4" T cell, RORy* Th17 cell, and FoxP3*CD25*
Treg numbers were rescued in BAL fluid of CD2-Gata3-trans-
genic NIN24¢b#4¢bimijce (Supplemental Figure 4B). IFN-y* CD4*
T cells were unaffected, as expected. Enforced Gata3 expression
did not affect HDM-specific or total serum IgG1 levels. Howev-
er, transgenic Gata3 enhanced the induction of both HDM-spe-
cific and total serum IgE in WT and NI4¢P#4¢b4 mice, but not in
NIN24¢b#/4¢P4 mijce (Figure 3G and Supplemental Figure 4C).
Finally, we also observed that enforced Gata3 expression in mice
with a T cell-specific deficiency of RBPJk did not rescue hall-
marks of the Th2 response, including induction of eosinophilia
and IL-4%, IL-5%, and IL-13* Th cells in BAL fluid as well as serum
IgE (Supplemental Figure 4, D-F).

In summary, although enforced Gata3 expression largely res-
cued AAI induction in N14°P#4€P4 mijce, it had limited effects in
mice with T cells lacking both Notch1 and Notch2 or RBPJ«. These
findings indicate that in type 2 responses, Notch has additional
critical functions in CD4* T cell biology beyond Gata3 induction.
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Figure 5. Notch signaling controls cellular trafficking of in vitro-polarized Th2 cells. (A-D) Numbers of total (A) and OTII CD4* T cells (B) as well as cyto-
kine-positive (C) or CD44* (D) OTII CD4* T cells in lungs and MedLNs in mice treated with HDM and OVA after in vivo transfer of in vitro-Th2-polarized WT
and NTN2404/404 QT|| CD4* splenic T cells. (E) Proportions of proliferating cells (left) and proliferation index (right) of transferred Th2-polarized OTII CD4*
T cells as determined by CFSE dilution. Data are shown as individual values from 5-12 mice per group (A, B, and D) or 6 mice per group (C and E), together
with the mean + SEM, and are representative of 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney U test.

Notch signals are not required for activation, proliferation, and
Th2 differentiation of CD4* T cells. To further explore the capacity of
Notch-deficient CD4* T cells to differentiate into the Th2 lineage,
we crossed NIN24CP#4CP+ mice with OTII transgenic mice express-
ing a chicken ovalbumin-specific (OVA-specific) T cell receptor
(TCR) on CD4* T cells. Purified CFSE-labeled naive CD4* T cells
from OTII WT and OTII NIN24¢P#4¢b4 mjce were cocultured with
bone marrow-derived GM-CSF DCs (maturated with HDM or
LPS and loaded with a range of OVA concentrations). A lack of
Notch signaling in the OTII CD4* T cells did not hamper their pro-
liferation or activation (as indicated by surface CD44 expression)
(Figure 4A and Supplemental Figure 5A). Moreover, induction of
Gata3 and the capacity to produce IL-4 or IL-13 were not affected
(Figure 4, B and C). Rather, a modest increase in Gata3 expression
and cytokine production was noticed, particularly at lower antigen
concentrations. Likewise, in vitro activation and polarization of
purified naive T cells from RBPJx4¢P#4P* and WT mice using anti-
CD3/CD28 antibodies in combination with various cytokines and
anti-cytokine antibody cocktails (33) did not affect cellular expan-
sion or Th subset differentiation (Supplemental Figure 5, B-E).

Notch signaling was reported to potentiate PI3K-dependent
signaling downstream of the TCR and CD28 through activation of
Akt kinase and mammalian target of rapamycin (mTOR) (34-36).
Notch could in this way enhance T cell effector function and sur-
vival, enabling T cells to respond to lower antigen doses. However,
we did not detect any defect in the phosphorylation of the S6 ribo-
somal protein, a downstream target of Akt, in splenic T cells from
NIN24cb#/4¢bi mijce stimulated for 3 hours with a range of anti-
CD3/CD28 antibody concentrations (Supplemental Figure 5F).

Next, we investigated whether Notch signaling is required for
activation of naive T cells in vivo. CFSE-labeled OTII T cells from
NIN24cp#/4cbt and WT mice were injected intravenously into WT
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recipients. One day later, mice were challenged intranasally with
OVA and/or HDM. Three days after challenge, NIN24¢P#4CD# and
WT OTIIT cells from MedLNs showed similar in vivo proliferation
or capacity to produce IL-4 (Figure 4, D and E).

We conclude from these in vitro and in vivo experiments that
Notch signaling is not critically involved in the expansion, activation,
or Th2 polarization of naive CD4" T cells upon TCR stimulation.

Notch signaling promotes lymph node egress of in vitro-polarized
Th2 cells. To explore the role of Notch in established Th2 cells, we
transferred in vitro-polarized WT and NIN24cb#4cb+ QTII CD4*
T cells intravenously into WT recipient mice that were subsequent-
ly challenged with OVA and HDM for 4 consecutive days. On day
5, mice that received NIN24¢P#4¢P+ Th2 cells had similar total cell
counts in MedLNs but a significantly reduced cellular influx into the
lungs compared with mice that received WT Th2 cells (Figure 5A).
Importantly, mice that received NIN24¢b#4¢b+ QTII CD4" T cells
had lower numbers of these cells in lungs, but significantly higher
numbers in MedLNs (Figure 5B). Notch-deficient OTII CD4* T cells
producing IL-4 and particularly IL-13 were reduced in the lungs,
while proportions and absolute numbers of IL-4* or IL-13* cells in
the MedLNs were higher for NIN24¢P#4¢b4 than for WT OTII CD4*
T cells (Figure 5C and Supplemental Figure 5G). Moreover, substan-
tially more NIN24CP#4¢D# than WT OTII cells in the MedLN were
positive for the CD44 memory marker, while proliferation rates
were unaffected by Notch signals (Figure 5, D and E).

Taken together, these findings support a role for Notch sig-
naling in promoting the migration of memory Th2 cells from the
lymph node into the lungs in the context of AAIL

Notch signals control a cytokine signaling gene expression pro-
gram in Th2 cells in vivo. Next, we used RNA sequencing (RNA-
Seq) to compare the transcriptomes of WT and NIN24CD#4CD4
OTII Th2 cells directly after in vitro polarization and 5 days after
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Figure 6. Transcriptome analyses implicate Notch signaling in Th2 cell cytokine responsiveness and tissue migration. (A) Principal component analysis
(PCA) using RNA-Seq expression values from WT (NTN2*/*) and Notch-deficient (NTN2424404) QTII Th2 cells after in vitro polarization or 5 days after in vivo
transfer and OVA/HDM treatment. (B) Heatmap depicting differentially expressed (DE) genes detected after in vitro Th2 polarization of WT and Notch-
deficient Th2 cells. (C) Volcano plot showing DE genes between WT and Notch-deficient Th2 cells from MedLNs. (D) Selected pathways associated with

DE genes shown in C. (E) Percentage of overlap between DE genes in C and genes with RBPJ« binding motifs in their promoter, previously identified Th2
superenhancer genes, and asthma-associated (by GWAS) genes. (F) Expression levels of selected genes (n = 3-4 biological replicates, shown as individual
values, together with the mean + SEM). *P < 0.05; ***P < 0.001; adjusted P values from DESeq?2.

in vivo transfer and OVA/HDM treatment. RNA-Seq confirmed
defective expression of Notchl and Notch2 in NIN24¢P#4¢b+ QTII
Th2 cells (Supplemental Figure 6A). Principal component anal-
ysis (PCA) and unbiased hierarchical clustering of gene expres-
sion values revealed a negligible impact of Notch deficiency in
vitro, while the transcriptomes of in vivo-transferred WT and
NI1N24cb#/4cp4 QTII Th2 cells isolated from MedLNs diverged sub-
stantially (Figure 6A and Supplemental Figure 6B), demonstrat-
ing that changes resulting from Notch deficiency arose following
allergen challenge in vivo. While only 19 differentially expressed
(DE) genes (defined as 2-fold upregulated or downregulated,
adjusted P < 0.05) were detected after in vitro polarization, 681
genes differed between WT and NIN24¢P#4¢b4 QTII Th2 cells in
the MedLNs (Figure 6, B and C; Supplemental Figure 6, C and
D; and Supplemental Table 2). Pathway enrichment analyses of
these 681 DE genes revealed a strong overrepresentation of genes

involved in cytokine/chemokine production and responsiveness,
as well as leukocyte chemotaxis and migration (Figure 6D).

As expected, MedLN NIN24¢b#/4¢P+ QTII Th2 cells expressed
dramatically reduced levels of the canonical Notch target gene
Dtx1 (Supplemental Figure 6, E and F). Many promoters of DE
genes harbored RBPJk DNA-binding motifs (~36%; Figure 6E).
While /4 and Gata3 were reduced, Foxp3 and Rorg expression
was unchanged (Figure 6F and Supplemental Figure 6F). Thx21
(encoding T-bet) and Ifng were upregulated, suggesting dimin-
ished Th2 phenotypic stability and increased plasticity toward
a Thl phenotype in the absence of Notch (Figure 6F). Impaired
Notch signaling in Th2 cells decreased the expression of genes
associated with Th2 superenhancers, which are enriched for lin-
eage-defining Th2 genes including I/4, Satbl, and Maf (ref. 37,
Figure 6E, and Supplemental Table 2), as well as genes linked to
asthma-associated genetic variants from genome-wide associ-
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Figure 7. Notch signals promote Th2 cell lymph node egress via transcriptional activation of the KLF2/S1PR1 axis. (A) Cene set enrichment analyses
using the preranked differentially expressed (DE) genes shown in Figure 6C. (B) Expression levels of selected genes (n = 3-4 biological replicates; error

bars denote SEM). **P < 0.01; ***P < 0.001; adjusted P values from DESeq?2. (C) Flow cytometry analysis of surface CCR4, CCR8, and CXCR3 expression

on WT and Notch-deficient Th2 cells from MedLNs and lungs of mice treated with HDM and OVA. (D) PCA using expression values of the 681 DE genes
(Figure 6C) from MedLN WT and Notch-deficient OTII Th2 cells as well as Gata3* MedLN and BAL Th2 cells from GATIR mice treated with HDM (as in Figure
1A). The 1-dimensional side plot illustrates how PC2 clusters WT with OTII MedLN cells and WT BAL Th2 cells with N1N24c24/4c04 QT[] MedLN Th2 cells. (E)
Expression fold changes for indicated genes in Gata3* Th2 cells from MedLNs versus BAL or WT versus Notch-deficient OTII transgenic MedLN Th2 cells
(representative of 3 experiments; color code as in D). (F) RBPJk ChIP-Seq signal (from the 8946 T-ALL cell line; ref. 51) in the Dtx7 and Gata3 (both canonical
Notch target genes) and the S7pr1 and KIf2 loci. (G) Quantitative PCR measurements of Notch ligand genes in populations of CD11b* migratory DCs, lym-
phoid endothelial cells (LECs), and fibroblastic reticular cells (FRCs) from the MedLNs of mice 3 days after PBS or HDM exposure.

ation studies (38), e.g., TLRI, SPP1, and PLCLI (Figure 6E and Disruption of the KLF2/SIPRI axis in Notch-deficient T cells.
Supplemental Table 2). The most striking transcriptional changes in Med LN NIN24CD#4cb4

In summary, we found that Notch signaling regulates a critical ~ OTII Th2 cells concerned genes involved in cellular migration and
part of the in vivo gene expression program that controls lymph  chemotaxis (Figure 7, A and B). Chemokine receptors associated
node Th2 lineage identity and cytokine signaling. with lung migration, including Ccr8 (39), Cx3cr1 (40), and Cxcr3
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protocol: in vitro-polarized OTII T cells (either WT or NTN24c04/4¢04) were transferred i.v. into primary WT recipient mice, which were subsequently chal-
lenged with OVA/HDM for 4 days. Total CD4* T cell fractions from the MedLNs of these mice were APC-labeled and adoptively transferred into second-
ary WT recipient mice that were treated intranasally with OVA 1 day before transfer and analyzed after 3 hours. (B) Flow cytometric analysis of splenic
cells from secondary recipient mice that received MedLN CD4* T cells from the indicated mouse genotypes, showing the gating of CD3*CD4*APC*
labeled cells (left) and the TCRVB5*TCRVa2* OTII Th2 cells from this population (right). (C) Analysis of TCRVB5*TCRVa2* labeled Th2 cells in the lungs
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Notch receptor-ligand interactions induce nuclear translocation of the Notch intracellular domain (NID) that, together with its coactivator MAML and
the DNA-binding protein RBPJk, serves as a transcriptional activator. In Th2 cells that are ready to migrate to the lungs, this Notch complex activates
the KLF2/S1PR1 axis to promote lymph node egress. This allows Th2 cells to migrate to the lung and establish eosinophilic AAI.

(41), were prominently upregulated in NIN24¢P#4¢b4 MedLN Th2
cells. Together with high-level expression of the Th2 lung homing
marker Ccr4 (42), this indicated that MedLN Notch-deficient Th2
cells adopted a phenotype that supports lung migration (Figure
7B). Flow cytometry analysis confirmed increased surface expres-
sion of CCR8 and CXCR3 on MedLN NIN24¢b#4cb4 Th2 cells as
compared with WT Th2 cells, reaching levels that were similar
to or higher than those observed on lung Th2 cells, respectively
(Figure 7C). In support of a functional lung migratory phenotype
of NIN24¢b#4¢bi MedLN OTII Th2 cells, PCA using expression val-
ues of the 681 DE genes clustered NIN24¢P#4¢P4 Med LN Th2 cells
together with BAL fluid but not with MedLN WT Gata3* Th2 cells
(PC2, Figure 7D) from mice subjected to the more physiological
acute HDM-driven AAI protocol depicted in Figure 1A. Indeed,
critical T cell migration genes, Ccr6, Cxcr3, and Sell, showed
similar transcriptional changes upon lung migration and when
retained in the MedLNs as Notch-deficient cells (Figure 7E).

Alternative explanations for the lung migratory defect we
observed in Notch-deficient Th2 cells are persistent MedLN
retention (43) and a failure to actively egress from the MedLNs
via sphingosine-1-phosphate (S1P) signaling (44). However, the
lymph node retention receptor genes Sell (encoding L-selectin)
and Ccr7, as well as Adrb2 encoding the B,-adrenergic recep-
tor that inhibits lymph node egress (45), were downregulated in
NIN24cb#/4cbt Med LN Th2 cells (Figure 7B). Instead, N1N24¢P#/4cb4
MedLN Th2 cells exhibited reduced expression of SIprI encoding
the SIP receptor, the master T cell-intrinsic regulator of effector
T cell lymph node egress (46), as well as its critical upstream reg-
ulator KIf2 (Kriippel-like factor 2) (47) (Figure 7B). Ecml, Foxol,
and Cdé69, all implicated in regulation of SIPR1 expression (48,
49), were unchanged (Supplemental Figure 6F). Zfp36, a negative
regulator of KIf2 in B cells (50), was downregulated. Direct control
of Kif2 expression by Notch signaling was further supported by
extensive RBPJk binding of the KIf2 locus (including the promoter
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region; Figure 7F) in a T cell line (51). Transmigration of SIPR1-
expressing T cells into lymphatic sinuses and subsequent egress
into efferent lymph are mediated by an SIP gradient across lym-
phoid endothelial cells (LECs) (52). As it is conceivable that SIPR1
expression in T cells is induced by engagement of Notch receptors
on LECs, we used reverse transcriptase PCR (RT-PCR) to analyze
expression of Notch ligand genes in sorted gp38*CD31* LECs from
WT mice 3 days after treatment with PBS or a single high dose of
HDM. In vivo HDM exposure induced transcription of Jagl, DIlI,
and DIl4 in LECs at levels that were comparable to those found in
gp38'CD31 fibroblastic reticular cells and DCs (Figure 7G).

Our findings strongly support disruption of the KLF2/S1PR1
axis — and not altered CCR7, L-selectin, or B,-adrenergic receptor
expression — as the underlying cause of defective Th2 cell lymph
node egress. Although Notch-deficient MedLN Th2 cells readily
adopt a lung migratory phenotype, impaired MedLN egress pre-
vents efficient lung migration, thus explaining the attenuated
allergen-driven AAI in NIN24CP#4¢b4 mijce,

Lymph node NIN24¢P¥4P4 Th2 cells have substantial capacity to
migrate into the lungs. Next, we investigated whether the lung migra-
tory phenotype of MedLN NIN24¢b#4¢b+ Th2 cells would indeed
enable them to home toward the lung after adoptive transfer (and
MedLN egress would thus no longer be required). To this end, we
first transferred either WT or NIN24¢P#4¢b4 ip vitro-polarized OTII
Th2 cells into WT recipient mice, which were subsequently chal-
lenged with OVA and HDM for 4 consecutive days (Figure 8A). Total
CD4' T cell fractions were isolated from the MedLNs of these mice,
APC-labeled, and adoptively transferred into a second group of WT
mice that were treated with OVA and HDM 1 day before transfer
(Figure 8A). In these experiments, the numbers of APC-labeled total
CD4* T cells or TCRVB5*'TCRV02* OTII T cells that migrated into
the spleen were comparable between the 2 groups of mice (Figure
8B). APC-labeled CD4" T cells could not be retrieved from the lungs
of mice that had received CD4* T cells from MedLNs containing
WT OTII Th2 cells. By contrast, in lungs of mice that had received
CD4" T cells from MedLNs containing NIN24¢P#4¢0¢ QTII Th2 cells,
a population of APC-labeled CD4" T cells was present that almost
entirely consisted of NIN24¢b#4¢b+ TCRVB5*TCRVa2* OTII T cells
(Figure 8C). In these mice, the fraction of APC-labeled CD4* T cells
migrating to the MedLNs largely contained WT non-OTII CD4*
T cells and only very few NIN24¢P#4cb4 TCRVB5*TCRVa2* OTII T
cells. Thus, lymph node-derived Notch-deficient but not WT OTII
Th2 cells were biased toward lung migration (Figure 8D).

Taken together, our findings demonstrate that Notch signaling
isrequired for upregulation of the KLF2/S1PR1 axis, allowing anti-
gen-activated Th2 cells to leave the lymph node and migrate into
the lungs (Figure 8E).

Discussion
The Notch signaling pathway in T cells is essential for type 2
immune responses such as host defense to helminth infection but
also allergic inflammation (8). However, it has remained obscure
how Notch signaling supports Th2 cell-driven inflammation in
vivo and whether Notch acts in an instructive or more unbiased
fashion to shape CD4* T cell fate.

We addressed the contested role of Notch signaling using a
physiologically relevant HDM-driven mouse model of AAIL While
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the Notch1/2 receptors were indispensable for induction of eosin-
ophilia, Th2 cell accumulation in the lungs, airway remodeling,
and HDM-specific IgE, rescue of these hallmarks of AAI by Gata3
overexpression was surprisingly limited. Notch signaling therefore
controls critical aspects of Th2-mediated AAI beyond direct tran-
scriptional activation of Gata3. We found that Notch1/2 or RBPJk
was not required for T cell activation, proliferation, and Th2 polar-
ization, either induced in vitro by anti-CD3/CD28 stimulation or
antigen-loaded GM-CSF bone marrow-derived DCs, or induced
in vivo through antigenic stimulation of transferred OVA-specific
CD4* T cells. Moreover, when in vitro-differentiated OVA-spe-
cific Notch1/2-deficient Th2 cells were transferred into mice and
activated by OVA, these cells showed apparently normal prolifer-
ation and Th2 cytokine production. Instead, Notch1/2-deficient
Th2 cells displayed defective lung trafficking and accumulated in
lung-draining lymph nodes. These Notch1/2-deficient Th2 cells
failed to upregulate the KLF2/S1PR1 axis, the essential mediator
of lymph node egress. Nevertheless, their chemokine receptor
expression signature enabled them to migrate into the lung, when
the need for MedLN egress was removed via sequential adoptive
transfer. Therefore, we conclude that Notch signals license the
Th2 response in AAI via promoting lymph node egress (Figure 8E).

When T cells encounter antigen presented by activated DCs
in the lymph node, KLF2 and S1PR1 expression is downregulated
by TCR and IL-2R signaling (44). As aresult, T cells are retained in
the lymph node, allowing for sufficient time to interact with DCs.
Only when polarized, Th2 cells prepare for emigration and upreg-
ulate the expression of ECM-1, which leads to inhibition of IL-2R
signaling, KLF2/S1PR1 re-expression, and Th2 cell egress (48). It
is conceivable that the observed reduced Kif2 and SIprl expression
in Notch1/2-deficient Th2 cells reflects an early activation arrest
in the lymph node before they reach the stage of egress compe-
tency. However, several lines of evidence support the alternative
explanation that Notch signaling directly activates K[f2 and its
target SIprl. First, ECM-1 expression levels were not affected in
Notch-deficient Th2 cells, indicating that the cells do reach the
stage of ECM-1 upregulation. Second, RBPJ« binding of the KIf2
promoter region in a T cell line (51) is consistent with direct con-
trol of KIf2 expression by Notch signals. Third, despite low S1IPR1
expression, Notch-deficient Th2 cells are competent for lung
migration, and their transcriptional profile and chemokine recep-
tor expression pattern showed a striking resemblance to those of
Th2 cells in the airways. This transcriptomic similarity also makes
it unlikely that reduced KIf2 expression or S1PR1 signaling would
directly affect chemokine receptor expression in Th2 cells. In this
context, it has been demonstrated that even in the absence of
retention signals such as CCR7, cell-intrinsic SIPR1 signaling is the
overriding factor that regulates effector T cell egress kinetics from
draining lymph nodes (46).

Our findings do not support a role for Notch in other pathways
that can influence S1PR1 expression, including PI3K/mTOR sig-
naling, CD69-mediated inhibition, or transcriptional regulation
via Foxol. Importantly, our transcriptome analyses indicated no
reinforced lymph node retention signals in Notch-deficient effec-
tor Th2 cells, because CCR?7, L-selectin, and p,-adrenergic recep-
tor expression levels were strongly downregulated. Nevertheless,
it is evident that Notch signaling has additional effects, including


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

The Journal of Clinical Investigation

direct regulation of I/4 and Gata3 gene expression (8). Accordingly,
we found that Notch-deficient Th2 cells presented distinct cytokine
(receptor) gene expression profiles and hallmarks of lineage insta-
bility, including a partial loss of repression of Th1 signature genes.

It is currently unknown which cells in the draining lymph node
provide the signals that activate the Notch pathway in differentiated
Th2 effector cells to support their egress. Before emigration, anti-
gen-specific effector T cells localize adjacent to both cortical and
medullary sinuses in the lymph node periphery, where they exhibit
intense probing behavior with lymphatic endothelial cells before
entering the sinuses in an S1PR1-dependent fashion (46). There-
fore, it is attractive to speculate that endothelial cells are critical to
provide Notch ligands, particularly since these cells have the capac-
ity to upregulate Jagged expression in response to inflammatory
mediators such as TNF and IL-6 (53, 54). Accordingly, we found
that HDM exposure in mice induced Jagged and DLL expression in
MedLN endothelial cells (Figure 7G) and that Jagged expression on
DCsis not critical for HDM-driven allergic AAI in vivo (55).

It was recently shown in a helminth infection model that the
Notch1/2 receptors on T cells are required for Tfh generation
and IgE class switching, but largely dispensable for Th2 differ-
entiation and lung eosinophilia (29). These results are in appar-
ent contrast with our findings for AAI, as the absence of Notch
signaling in T cells — irrespective of a successful Tth response in
the lymph node — abolished both IgE induction and lung eosino-
philia. Directly comparing the 2 models is challenging, because of
considerable differences in the immunopathological mechanisms
involved. For example, cardinal features of the type 2 immune
response, including IL-5/IL-13 production and eosinophilia, are
rapidly induced by group 2 innate lymphoid cells (ILC2s) in the
Nippostrongylus brasiliensis model, which in turn support T cell
activation (56). In our HDM-driven AAI model, however, ILC2
induction relies on T cell activation (57) and on Notch signaling
in T cells (Figure 2B). Nevertheless, our experiments show that
in HDM-driven AAI, a vigorous Th2 response is generated in
the lung even in DLL44CCLY/4CCLE mijce defective for MedLN Tth
responses. These data are in line with our previous findings in
Cd40I”7- mice, in which eosinophilic airway inflammation in the
chronic HDM-driven model is not hampered despite impaired
Tth cell generation (30). The role of Notch signals in Tth forma-
tion therefore does not provide an explanation for our finding that
eosinophilic AAI is reduced in the absence of Notch on T cells.
Importantly, taken together the studies show that eosinophilia
and lung Th2 responses in both helminth and HDM-driven exper-
imental models appear independent of a Tth response in draining
lymph nodes. Both during helminth infection and in our acute
HDM-driven AAI model, the absence of Notch signaling in T
cells hampered Tth formation and IgE induction. During chronic
AAI however, MedLN Tth formation appeared unaffected even
though serum IgE was strongly reduced. This finding may point
to an important role for iBALT in IgE induction, paralleling the
importance of iBALT for the generation of circulating protective
antiviral antibodies upon influenza infection in mice (58).

Altogether, we show that in AAI Notch signaling is required
to license the Th2 response via promoting lymph node egress
of effector Th2 cells. The current study provides a mechanistic
explanation for the previous finding that pharmacological Notch
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inhibition specifically during the challenge phase reduces AAI
and bronchial hyperreactivity in mice (18, 20). Together with our
recent observation that circulating T cells from asthma patients
exhibit increased Notch expression (21), this further emphasiz-
es that blocking of the Notch signaling pathway may represent
an attractive therapeutic strategy to suppress Th2 cell-mediated
inflammation in patients with allergic asthma. Given that Notch
may act as an unbiased amplifier of T cell responses irrespective
of Th cell polarization (22), it is conceivable that Notch signaling
controls lymph node egress not only of Th2 cells, but also of other
Th subsets in different inflammatory contexts such as respiratory
infections or tumor immunosurveillance.

Methods

Mice

WT mice were purchased from Envigo. Notch?"? mice (14), Notch2/?
mice (24), and RBPJ¥" mice (59) were crossed with CD4-Cre transgenic
mice (25), with CD2-Gata3 transgenic mice (32), with OTII mice (60), or
with Gata3-YFP reporter (GATIR) mice (38, 61). DIil4/DI[4/C#1%4C41? mice
have previously been described (28). All mice were bred on a C57BL/6
background in the Erasmus MC animal facility under specific pathogen-
free conditions and genotyped by PCR as previously described (14, 24,
25, 32, 59). Both male and female 6- to 14-week-old mice were used in
experiments. Mice were given ad libitum access to food and water.

Preparation of single-cell suspensions

Directly after harvest, spleen, lymph nodes, thymus, and lungs were
mechanically disrupted in a 100-pm cell strainer (BD Falcon). To pre-
pare single-cell suspensions from bone marrow, femurs and tibiae
from mice were cleaned with 70% ethanol and mechanically disrupt-
ed in RPMI 1640 containing GlutaMAX-I (Thermo Fisher Scientif-
ic), after which cells were separated from bones using a cell strainer.
Erythrocytes in bone marrow and lung homogenates were lysed for 1
minute using osmotic lysis buffer.

In vivo mouse studies

HDM-driven AAI To induce acute HDM-mediated AAI, mice were
first sensitized intranasally (i.n.) with 1 or 10 pg (as indicated in the
figures) HDM (Greer; endotoxin: 1397.5 EU/vial; protein: 5.59 mg/
vial) dissolved in 40 uL PBS (Invitrogen) or with PBS alone. On days
7-10, mice were exposed i.n. to 10 pg HDM (in 40 pL PBS) for 5 con-
secutive days. During HDM/PBS treatments, mice were anesthetized
with isoflurane. Mice were sacrificed and analyzed 4 days after the
last challenge. Bronchoalveolar lavage fluid (BAL) was obtained by
flushing of the lungs 3 times with 1 mL PBS containing 0.5 mM EDTA
(MilliporeSigma). Chronic HDM-mediated AAI was induced and
lung function was measured following increasing doses of nebulized
methacholine (0.4-25 mg/mL) using a restrained whole-body plethys-
mograph (EMKA) under urethane sedation.

Invivo OVA-specific T cell responses. In brief, CD4* T cells were iso-
lated from spleen and lymph nodes of OTII mice using a CD4" T cell
MACS isolation kit (Miltenyi Biotec) and were stained with 0.5 mM
CFSE (Thermo Fisher Scientific) for 10 minutes at 37°C. A total of 2 x
106 OTII cells were transferred i.v. into WT recipients. The next day,
mice were exposed i.n.to 5 or 20 ug OVA (Endotoxin-free, Hyglos) and
50 pg HDM. Animals were sacrificed 72 hours later for FACS analyses.
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In vivo transfer of polarized OTII Th2 cells. To study the role of
Notch in the maintenance of Th2 responses, 10 x 10 in vitro-polar-
ized Th2 OTII cells were injected in WT recipients. For Th2 polariza-
tion, naive T cells were isolated from spleen and lymph nodes of OTII
mice using a CD4* T cell MACS isolation kit and were subsequently
sorted using a FACSAria equipped with BD FACSDiva software (BD
Biosciences). Cells were selected on negativity for DAPI (Invitrogen).
Doublets were depleted using side scatter and forward scatter width
and height, and cells were further gated as CD4*CD62L". A list of all
used fluorochrome-labeled antibodies can be found in Supplemental
Table 1. CD4*CD62L*CD44 naive T cells were cultured in 96-well
flat-bottom plates precoated with 10 pg/mL anti-CD3 (BD Bioscienc-
es, 145-2C11) and 10 pg/mL anti-CD28 (BD Biosciences, 37.51) in PBS
(65 uL per well) in T cell medium (IMDM containing 10% FCS, 5 x
10° M B-mercaptoethanol, 1x GlutaMAX, and 55 pg/mL gentamicin;
Lonza) for 7 days in the presence of IL-4 (10 ng/mL; PeproTech), anti-
IFN-y (5 pg/mL; BD Biosciences B27), and anti-1L-12/23 p40 (5 pg/
mL; BD Biosciences C17.8). After transfer of polarized Th2 cells, mice
were challenged intratracheally for 4 consecutive days with 50 pg OVA
and 10 ug HDM. Mice were analyzed 1 day after the last challenge. We
did not administer OVA into the lung before Th2 cell transfer to pre-
clude direct migration of these cells into allergen-primed lungs, there-
by bypassing the MedLNs.

Adoptive transfer of T cell fractions from MedLNs. To evaluate the
lung homing capacity of Notch-deficient MedLN OTII Th2 cells, we
transferred in vitro-polarized WT or Notch-deficient OTII Th2 cells
into WT mice, followed by i.n. challenges with OVA and HDM as
described above. One day after the last OVA/HDM treatment, mice
were sacrificed and total CD4* T cells were purified from 5 pooled
MedLNs using a CD4* T cell MACS isolation kit (Miltenyi Biotec), fol-
lowed by labeling with CellTrace Far Red (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Subsequently, 2 x 106
to 4 x 10° total CD4" T cells, of which approximately 10%-30% were
OTII cells, were adoptively transferred into secondary WT recipient
mice, which were sensitized intratracheally with 50 pg OVA and 10
ug HDM 1 day before transfer. Secondary recipients were sacrificed 3
hours after transfer for analysis by flow cytometry.

Analysis of Notch ligand induction in MedLNs. To investigate the
induction of Notch ligands on stromal cells and DCs in the MedLNs by
HDM, WT mice were treated i.n. with 50 pg HDM dissolved in 40 uL
PBS or with PBS alone and sacrificed after 72 hours.

DC-O0TII cell cocultures

GM-CSF bone marrow-derived DCs were generated as previously
described (55, 62) and stimulated overnight with 5 pg/mL HDM or
100 ng/mL LPS (Enzo Life Sciences) in combination with variable
concentrations of endotoxin-free OVA as indicated in the figure leg-
ends. Naive T cells were isolated from spleen and lymph nodes of OT1I
mice using a CD4* T cell MACS isolation kit and were subsequently
sorted using a FACSAria equipped with BD FACSDiva software (BD
Biosciences), as described above. GM-CSF bone marrow-derived DCs
(5 x 10%) were cultured with 1 x 10° CFSE-labeled naive T cells for 4
days at 37°C, after which cells were analyzed using flow cytometry.

Th cell cultures
Naive T cells were obtained as described above and polarized to Th2
conditions as described above. For Thl polarization, naive T cells
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were cultured on anti-CD3/CD28-coated plates in T cell medium
(see above) with 10 ng/mL IL-12 (R&D Systems) and 5 mg/mL anti-
IL-4 (provided by Louis Boon, Bioceros, Utrecht, Netherlands). For
Th17 polarization, naive T cells were cultured on anti-CD3/CD28-
coated plates in T cell medium with anti-IL-4 (5 pg/mL), anti-IFN-y
(5 pg/mL), TGF-B (3 ng/mL; R&D Systems), and IL-6 (20 ng/mL;
R&D Systems).

Flow cytometry

Single-cell suspensions were stained with a mixture of fluoro-
chrome-labeled antibodies in FACS buffer containing 0.25% BSA,
0.5 mM EDTA, 0.05% NaN, in PBS (55, 57). A list of all fluoro-
chrome-labeled antibodies that were used can be found in Supple-
mental Table 1. Data were acquired using an LSR II flow cytometer
and FACSDiva software 6.1 (BD Biosciences) and analyzed using
FlowJo 9.8.5 (Tree Star Inc.).

To measure phosphorylation of S6 ribosomal protein by flow
cytometry, total spleen cells were stained for extracellular markers
and stimulated for 3 hours with combinations of anti-CD3 and anti-
CD28 (both BD Biosciences). Cells were then fixed with Cytofix and
permeabilized with Phosflow Perm Buffer III (BD Biosciences) and
stained for anti-phospho-S6 ribosomal protein (S240/244; Cell Sig-
naling Technology).

Histology

Five-micrometer-thick paraffin-embedded lung sections were
obtained and stained using H&E, periodic acid-Schiff, or Masson’s
trichrome (MilliporeSigma). For immunohistochemistry, lungs were
inflated with OCT compound, snap-frozen in liquid nitrogen, and
stored at -80°C; frozen sections were fixed in acetone, endogenic
peroxidase was blocked, and immunohistochemical double staining
was performed using standard procedures. Antibodies are listed in
Supplemental Table 1.

Cytokine and immunoglobulin measurements

Cytokines were quantified by commercial ELISA for IL-5 (eBiosci-
ence), IL-13 (R&D Systems), IgE (BD Biosciences), and IgGl (BD
Biosciences) according to the manufacturer’s protocol. HDM-specific
IgE and IgG1 (antibodies from BD Biosciences) were measured as fol-
lows. A Nunc MaxiSorp flat-bottom 96-well plate (MilliporeSigma)
was coated with 2 pg/mL anti-mouse IgE (for HDM-specific IgE; BD
Pharmingen) or 10 pug/mL HDM (for HDM-specific IgG1) in PBS over-
night at 4°C. The next day the plates were washed 3 times with wash
buffer (PBS containing 0.05% Tween-20) and blocked for 1 hour with
either PBS containing 1% BSA (for HDM-specific IgE) or ELISA buf-
fer [50 mM Tris-(hydroxymethyl)aminomethane, 136.9 mM NacCl, 2
mM ethylene-diamine-tetraacetic acid, 0.5% BSA, and 0.05% Tween,
dissolved in 1000 mL H,0, pH 7.2]. Serum samples were incubated at
room temperature for 2 hours and washed 3 times. For HDM-specific
IgE, samples were labeled with biotin-conjugated HDM, incubated
for 2 hours, washed 3 times, and incubated with HRP for 1 hour. For
HDM-specific IgG1, samples were labeled for 1 hour with 0.5 pg/mL
biotinylated IgG1 followed by incubation with HRP for 30 minutes.
After labeling, plates were washed 3 times and incubated with 0.4 mg/
mL o-phenylenediamine dihydrochloride (OPD; MilliporeSigma) for
20 minutes. Reactions were stopped through addition of 4 M H,SO,,
and plates were read at 490 nm.
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RNA extraction and quantitative real-time PCR

RNA was extracted using RNeasy Micro Kit (QIAGEN) according to
the manufacturer’s protocol. RNA was synthesized into cDNA using
RevertAid H Minus Reverse Transcriptase and random hexamer
primers in the presence of RiboLock RNAse inhibitor (Thermo Fish-
er Scientific). For quantitative RT-PCR reactions, probes from the
Universal ProbeLibrary Set (Roche Applied Science) and TagMan
Universal Master Mix were used (Applied Biosystems). Quantitative
RT-PCR reactions were performed using an Applied Biosystems Prism
7300 Sequence Detection System (Applied Biosystems). Primers were
designed using transcript sequences obtained from Ensembl (https://
www.ensembl.org) and were specific for DtxI (forward: 5-CGCCT-
GATGAGGACTGTACC-3; reverse: 5'-CCCTCATAGCCAGATGCT-
GT-3'; probe 28), Cx3crl (forward: 5-AAGTTCCCTTCCCATCT-
GCT-3;reverse: 5-CAAAATTCTCTAGATCCAGTTCAGG-3'; probe
10), Sell (forward: 5-GGAGCATCTGGAAACTGGTC-3'; reverse:
5-TTGATCTTTGAGAAACTTCTGTTTG-3'; probe 21), Jagl (for-
ward: 5-ACCAGAACGGCAACAAAACT-3; reverse: 5-GACCCAT-
GCTTGGGACTG-3'; probe 97), Jag2 (forward: 5-CGTCATTC-
CCTTTCAGTTCG-3'; reverse: 5'-CCTCATCTGGAGTGGTGTCA-3';
probe 95), DIi1 (forward: 5-GGGCTTCTCTGGCTTCAAC-3'; reverse:
5-TAAGAGTTGCCGAGGTCCAC-3'; probe 103), and Dil4 (forward:
5'-GAGGAACGAGTGTGTGATTGC-3'; reverse: 5-GTCCCATA-
CAGGATGCAATGT-3; probe 3). Expression levels were normalized
to Gapdh levels (forward: 5-TTCACCACCATGGAGAAGGC-3}
reverse: 5-GGCATGGACTGTGGTCATGA-3'; probe TGCATCCTG-
CACCACCAACTG). Primers were checked for specificity and efficacy
using standard criteria.

RNA sequencing

RNA was extracted from the following populations: (a) WT (NIN2**)
and Notch-deficient (NIN2/¢P#4¢P4) QTII Th2 cells directly after
in vitro polarization (n = 2 biological replicates per genotype) and 5
days after in vivo transfer and OVA/HDM treatment from MedLNs
(n=3WT and n = 4 Notch-deficient biological replicates), and (b) WT
(NIN2**) Gata3* Th2 (YFP*) cells isolated from BAL fluid or MedLNs
of GATIR mice on an acute HDM-driven AAI protocol (1 = 3 biologi-
cal replicates per tissue). Biological replicate RNA samples were pre-
pared from pooled cell populations collected from 3-5 mice per geno-
type. RNA samples were then used to prepare RNA-Seq libraries with
Smart-seq2 methodology and sequenced on an Illumina HiSeq2500
(single read mode, 51 bp read length) according to the Illumina TruSeq
Rapid v2 protocol.

Computational analysis of RNA-Seq data

HISAT?2 was used to align reads to the mouse genome (mm10 build)
(63). Scaling of samples as well as statistical analysis was executed
using the R package DESeq2 (64) as implemented in HOMER (get-
DiffExpression.pl -DESeq2) (65); genes with more than 0.5 absolute
log, fold change and adjusted P less than 0.05 (Wald test, corrected
for multiple testing) were considered differentially expressed (Sup-
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plemental Table 2). Reads per kilobase million (RPKM) values per
gene were generated using HOMER (analyzeRepeats.pl rna mm10
-count exons -condenseGenes -norm le7 -rpkm). Principal compo-
nent analyses, hierarchical clustering (Ward’s method), and the gen-
eration of volcano plots and Venn diagrams were conducted using
standard R scripts [i.e., prcomp(), hclust(), ggplot(); executed from
R Studio v1.1.383]. Pathway enrichments were calculated with Meta-
scape (http://metascape.org) or Gene Set Enrichment Analysis (GSEA;
http://software.broadinstitute.org/gsea/index.jsp; using a preranked
list of differentially expressed genes ordered by fold changes).

Statistics
For statistical analysis of all data except for the analysis of RNA-Seq
experiments (see above), a nonparametric Mann-Whitney U test or
Kruskal-Wallis test with correction for multiple testing (FDR method)
was performed using GraphPad Prism software (version 5.01). P val-
ues below 0.05 were considered significant.

RNA-Seq data were deposited in the NCBI's Gene Expression
Omnibus database (GEO) under accession number GSE125358.

Study approval
All experiments involving animals were approved by the Erasmus MC
Animal Ethics Committee.
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