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In brief

Kooistra et al. demonstrate that airway
stem cells are necessary to maintain
functional IAMs. Specifically, basal cell-
derived Notch signaling is required for
MHC Il expression by IAMs. Indeed,
impaired crosstalk results in loss of
antigen-induced inflammation. As such,
human IAM-like cells may play a role in
pathologic airway inflammation.
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SUMMARY

Stem cells are known to provide signals that contribute to the maintenance and function of neighboring cells.
We demonstrate that Notch signaling arising from airway basal stem cells is necessary for the function of a
unique population of intraepithelial airway macrophages (IAMs) in the murine trachea. Without this stem cell
signaling, IAMs lose MHC Il expression, which in turn prevents antigen-induced allergic inflammation. Distal
murine airways do not harbor basal stem cells, and, in this region of the lung, allergic inflammation proceeds
unperturbed. We speculate that the functional coupling of specific anatomically restricted stem cell popula-
tions and adjacent immune cells is one mechanism for ensuring that inflammatory responses are compart-
mentalized to regions of injury. Basal stem cells are found throughout the human airway tree and we demon-
strate the existence of human IAM-like cells, suggesting that their interaction may influence airways disease.

INTRODUCTION

Airway epithelial basal stem cells are multipotent stem cells that
are essential for the long-term maintenance of the airway epithe-
lium." It has been demonstrated that basal cells signal to their
own daughter cells by direct cell-to-cell contact through Notch
signaling, effectively serving as niches for their own progeny. '
Basal cells are also known to mediate inflammation via the
secretion of chemokines and cytokines.*'*

L)
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The murine tracheal epithelium mirrors the corresponding
epithelial cell conformation of human conducting airways."*'®
In particular, the murine trachea and proximal bronchi, unlike
more distal mouse airways, contain the basal stem cells, which
are abundant throughout the human conducting airways where
airway pathology is often centered in diseases such as asthma.'”
Thus, the murine trachea is well suited for the study of disease-
relevant stem cell to immune cell communication in airway disor-
ders such as asthma.
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Communication between airway epithelial cells and airway
myeloid cells, including dendritic cells (DCs) and macro-
phages, is critical for pulmonary immunity.*'° Elucidating
the biological basis of this communication has led to specific
therapies that target epithelial cell-derived cytokines, such
as thymic stromal lymphopoietin (TSLP) and interleukin (IL)-
33 in asthma.'®'® However, we are only beginning to under-
stand the heterogeneity of airway immune cells and the mech-
anisms that govern airway epithelial cell and immune cell
interactions.?%2°

Myeloid cells within the airway are organized into a network
composed of both intraepithelial and subepithelial compart-
ments. Intraepithelial myeloid cells physically contact airway
epithelial cells, and it is thought that they participate in immunity
by directly surveilling the airway lumen.?®?” Recently, a unique
population of intraepithelial airway macrophages (IAMs) has
been identified in the trachea and proximal bronchi of
mice."®?° These cells are the predominant major histocompati-
bility complex (MHC) II* myeloid cell population within the murine
tracheal epithelium and promote airway epithelial repair
following injury.’®>"* In addition, there is evidence that airway
macrophages can present inhaled antigens to airway-resident
T cells or transfer antigens to DCs located in the subepithelial
space.””

Herein, we show that depletion of airway basal stem cells
functionally disrupts the local network of IAMs and thereby al-
ters antigen-driven inflammatory responses. Interestingly, the
responses in the distal airways of the mouse, which lack basal
stem cells, remain unaffected, suggesting that the stem cell ef-
fect is local. We show this compartmentalized response is ex-
plained by the necessity for contact-mediated signaling in
which basal cell-derived DII1 activates Notch receptors on
IAMs. Furthermore, IAMs require tonic Notch signaling from
basal cells to maintain their differentiated state. Notch
blockade in IAMs not only decreases MHC |l expression but
is also associated with reduced allergic inflammation in the
trachea.
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RESULTS

A unique IAM population

A body of work has described a network of dendriform airway
myeloid cells that previously were thought to be DCs.*~"?” How-
ever, a recent study of the murine trachea identified a population
of IAMs with dendriform morphology within the epithelium.’® We
re-analyzed published single-cell datasets®'® and employed
immunohistochemistry to verify that intraepithelial MHC II*
dendriform cells are IAMs (Figures 1 and S1). IAMs are adjacent
to CK5* basal stem cells and express markers of conventional
DC type 2 cells (cDC2), including CD11c (ltgax), MHC II, and
signal regulatory protein o (SIRPa) (Figures 1A-1E and S1A-
S1D). IAMs lack expression of the cDC transcription factor
Zbtb46 but do express Irf8 (Figures 1B, S1A, and S1B). Addition-
ally, IAMs express the macrophage-associated markers Mafb,
CX3CR1, F4/80 (Adgrel), CD68, C1q, and Cbar1 (Figures 1B
and S1A-S1F). Importantly, we confirm the previously reported
expression of Scimp and Tgfor! in IAMs'® (Figure S1B) and
validated the integrin ltgb5 as a discriminatory IAM gene
(Figures 1B, S1A, and S1G). Furthermore, lineage tracing of
cDCs?® using Zbtb46-Cre; mTmG reporter mice does not result
in the labeling of IAMs. We only found rare cDCs within the
epithelium at homeostasis, and the vast majority of intraepithelial
MHC II* cells were IAMs (Figure S1H). Using a Cx3cr1-GFP;
Ccr2-RFP dual-reporter mouse line, we found that IAMs express
CX3CR1 and include a subfraction that co-expresses CCR2
(Figure 1F), suggesting that IAMs undergo homeostatic turnover
and are replaced by circulating CCR2* monocytic precursors, in
agreement with prior data in the setting of injury.”'*

We also noted that IAMs are located adjacent to basal stem
cells (Figures 1C and 1D). Using fixed whole-mount preparations
of the murine trachea, we determined that each IAM is in direct,
simultaneous contact with 19 + 5 p63* basal cells on average
(Figures 1G and 1H). In addition, quantification of the ratio of
basal cells and IAMs in the murine trachea revealed the presence
of 43 + 6 p63* basal cells per IAM (Figures 1G and 1l), suggesting

Figure 1. Basal stem cells are necessary for the maintenance of IAMs

(A) Uniform manifold approximation and projection (UMAP) clustering of mouse tracheal cells isolated from wild-type (WT) mice with immune cells highlighted by

black dashed box.

(B) Featureplots of tracheal immune cell gene expression. IAMs are highlighted using the blue dashed box.
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C) Immunostaining for basal stem cells (CK5, cyan) and immune cells (CD45, red) on WT tracheal sections.

D) Immunostaining for CK5 (cyan) basal cells and IAM markers MHC Il (green) and CD11c (red). White arrowheads indicate CD11c*/MHC II* IAMs.

E) Whole-mount confocal imaging for MHC Il (green), CD11c¢ (red) and CD45 (cyan) on WT tracheal explants at the epithelial plane.

F) Whole-mount immunostaining for GFP (CX3CR1, green), RFP (CCR2, red), and MHC Il (cyan) on tracheal explants from CX3CR1-GFP; CCR2-RFP mice. White

arrows indicate CCR2* IAMs. Purple arrows indicate CX3CR1*/MHC II* cells within the epithelium.
G) Whole-mount immunostaining for MHC Il (green), CD45 (red), and basal cell marker p63 (cyan).
H) Quantification of the number of basal stem cells (p63*) in contact with one IAM.

1) Quantification of the ratio of basal stem cells (p63*) per IAM.

J) Time-lapse images of an IAM (white) in a CD17c-Cre; mTmG tracheal explant every 5 min.

L) Whole-mount immunostaining for MHC Il (green) and CD11c (red) in control (left) or CK5-p63 mice (right).

M) Quantification of CD11c*/MHC II* IAMs per 20x field in control or CK5-p63 tracheal whole mounts (n = 4/group).
N) Immunostaining for MHC Il (green), CD11c (red), and CK5 (cyan) in control or CK5-p63 mice.

O) Quantification of CD11c*/MHC II* IAMs per 20x field in control (n = 9) or CK5-p63 (n = 7) mice.
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(K) Schematic representation of basal cell depletion in CK5rtTA; TetO-Cre; p63™" mice (CK5-p63). Dox, doxycycline.
(
(
(
(
(

P) Immunostaining for CK5 (green) and F4/80 (red) in control or CK5-p63 mouse tracheas.
(Q) Quantification of intraepithelial F4/80" cells per 20x field in control (n = 9) or CK5-p63 (n = 7) mouse tracheas.
Experiments were repeated three times (three independent experiments). ***p < 0.001, ****p < 0.0001. Data shown in the graphs are means + SEM. Nuclei, DAPI

(blue). Scale bar, 20 um. See also Figures S1 and S2.
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that, on average, roughly 50% of basal cells are in contact with
an IAM. Additionally, live imaging of ex vivo trachea from
CD11c-Cre; Rosa26-mTmG mice demonstrates that the dendri-
form projections of IAMs are dynamic, extending and retracting
through the interstices of the epithelium (Figure 1J).

Thus, our findings confirm the presence of a distinct popula-
tion of myeloid cells with dendriform morphology characterized
by an intraepithelial airway location adjacent to basal stem cells,
a gene signature that aligns with a macrophage identity, and high
expression of MHC II.

Airway basal stem cells are necessary for the
maintenance of MHC II* IAMs

Due to the proximity of IAMs to basal stem cells, we sought to
establish whether airway stem cells regulate adjacent IAMs. We
employed CK5rtTA; TetO-Cre; p63™" mice (CK5-p63 mice
hereafter) to eliminate CK5-expressing airway basal cells from
the epithelium through inducible deletion of the basal cell tran-
scription factor p63, leading to basal cell loss over 2-3 weeks
as previously reported (Figure 1K).>° Tracheas from doxycy-
cline (Dox)-treated CK5-p63 mice display a loss of the
basal cell layer resulting in decreased epithelial thickness
(Figure S2A). However, a continuous layer of differentiated
epithelial cells remains with intact expression of tight junction
proteins zonula occludens-1 (ZO1), claudin-1, and occludin
(Figures S2B and S2C). We confirmed basal cell loss in Dox-
treated CK5-p63 mice compared to Dox-treated p63™" control
mice with p63 and CKS5 staining (67 = 18 vs. 501 + 94 p63* cells
per tracheal section, and 160 + 20 vs. 663 + 81 CK5™ cells per
tracheal section respectively), while club cell numbers were
unchanged (Figure S2D). We observed a slight increase in
acetylated tubulin® ciliated cells, suggesting precocious differ-
entiation following p63 deletion in basal cells as previously re-
ported,?® although the number of ciliated cells identified by
FoxJ1* staining was unchanged (Figure S2F). We also verified
that the numbers of other epithelial cell types with immuno-
modulatory roles including tuft cells and ionocytes were un-
changed following depletion of basal cells by analyzing tracheal
sections (Figures S2G-S2J) and whole-mount tracheal pre-
parations (Figures S2K-S2P).%*°% Neuroendocrine (NE) cell
numbers were slightly increased in CK5-p63 tracheas
(Figure S2J), although not significantly changed when counted
on whole-mount tracheal preparations (Figure S2K). Thus, in
these experiments using CK5-p63 mice, basal cells were the
only epithelial population that was substantially changed in
frequency.

IAMs, identified as intraepithelial CD11¢c*/MHC II* cells, were
decreased in tracheas of basal stem cell-depleted mice using
analysis of whole-mount (15.1 + 1.3 vs. 40 + 6.6 cells per field,
respectively) (Figures 1L and 1M) and sectioned tracheas
(0.72 + 0.2 vs. 3.2 = 0.6 cells per field, respectively)
(Figures 1N and 10). Notably, quantification of F4/80* cells
and SIRPa*/MHC II* cells also revealed a reduction of IAM
numbers in CK5-p63 tracheas (Figures 1P, 1Q, and S2Q). To
confirm that the loss of IAMs was not from systemic effects of
Dox delivered by drinking water, we administered nebulized
Dox to CK5-p63 mice (Figure S2R) to restrict Cre activation to
the mouse airways.> Consistent with the prior data, we again
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observed fewer CD11¢c*/MHC II* IAMs in basal cell-depleted tra-
cheas (Figures S2S and S2T).

Tonic Notch activation is required to maintain a network
of MHC II* IAMs

To probe the mechanisms by which basal stem cells interact with
IAMs, we considered that Notch signaling may play an important
role, particularly given the cell-cell contact between IAMs and
airway basal cells (Figures 1C-1E and 1G-1l). Prior studies
have implicated the Notch pathway in the development of
several myeloid cell subsets,**°® and we have previously shown
that basal cell-derived Notch signals directly regulate neigh-
boring epithelial cells." To investigate this hypothesis, we
crossed a CD11c-mCherry reporter mice with Notch signaling
CBF:H2B-Venus mice to assess canonical Notch signaling activ-
ity. CD11c* IAMs displayed Notch signaling activity as identified
by nuclear Venus reporter signal (Figure 2A) and expression of
Notch target gene Hes1 (Figures S3A and S3B). More specif-
ically, we detected nuclear Notch2 intracellular domain (N2ICD)
(Figures 2B and S3C) and Notch3 intracellular domain (N3ICD)
(Figures 2C and S3D) by immunofluorescent staining in IAMs,
while Notch1 intracellular domain staining was rare (data not
shown). This suggests tonic Notch2 and Notch3 activation in
IAMs at homeostasis.

To further assess the importance of Notch signaling for IAMs,
we excised tracheas from wild-type (WT) mice and treated them
ex vivo with two different Notch inhibitors, DAPT and DBZ.*°
Tracheal explants were then fixed, stained for CD11c and
MHC II, and analyzed using whole-mount confocal microscopy
(Figure 2D). Notch inhibition with DAPT or DBZ caused a dra-
matic decrease in IAMs identified by CD11c*/MHC II* staining
(Figures 2E, 2F, S3E, and S3G). This decrease was rapid and
progressive, starting at 48 h after treatment and reaching peak
effect 72 h after treatment (Figures 2F and 2G). Of note, we did
not detect apoptotic IAMs using TUNEL staining (Figure 2H). A
CD11¢*/MHC 11 cell population with similar morphology tran-
siently appeared between 48 and 72 h in low numbers
(Figure 2G), suggesting the continual presence of IAMs with
decreasing expression of a key functional marker. Interestingly,
washout of DAPT treatment led to a recovery of MHC II* I1AMs
within 72 h (Figures 21-2K). Since there are no circulating mono-
cytes to replenish IAMs in our explant model, this finding sug-
gests that IAMs that had initially lost MHC Il expression regained
it following DAPT washout. In addition, Notch inhibition also re-
sulted in a significant decrease in the fraction of Ki67* prolifer-
ating CD11c* IAMs in the explants (Figures 2L and 2M).

To assess whether the effects of DAPT on IAM MHC Il expres-
sion were mediated through epithelial-immune interactions, we
developed a co-culture model combining primary mouse
tracheal epithelial cells and bone-marrow-derived monocytes.
Trachea-derived epithelial cells were seeded onto Transwells
to generate air-liquid interface (ALI) cultures. Purified bone-
marrow monocytes were added to the apical chamber the day
prior to establishing an ALI (Figure 2N). A two-color fluorescent
reporter system using epithelium from mGFP mice and mTdTo-
mato-labeled monocytes revealed that monocytes integrate be-
tween epithelial cells and morphologically resemble IAMs
(Figure 20). Differentiation into CX3CR1* macrophages was
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verified using bone-marrow monocytes derived from the dual
CCR2-RFP/CX3CR1-GFP mice seeded onto tracheal epithelial
cells derived from B6 mice (Figure 2P). Addition of DAPT to
mature cultures for 72 h eliminated detectable MHC Il expression
in monocyte-derived macrophages and promoted a rounded
morphology (Figures 2Q and 2R).

To further investigate the role of IAM Notch activation in vivo,
we used an inducible mouse line to target Notch signaling in es-
tablished IAMs. We assessed the efficiency of the Cx3cri-
CreER; Rosa26-tdTomato reporter mouse line for labeling
IAMs (Figure 3A). Four weeks following tamoxifen (Tam) admin-
istration, flow cytometry revealed the vast majority of tdTomato™*
cells in CX3CR1-tdTomato tracheas are CD11b* CD64" F4/80*
macrophages (Figures S3H and S3I) with a small population
(~5% of labeled cells) representing CD26" DCs (Figure S3J).
We confirmed that intraepithelial tdTomato™ cells displayed a
dendriform morphology and co-expressed |IAM markers
including MHC Il, CD11c, CD11b, and F4/80 (Figures 3B, 3C,
3K, and 3L). The CX3CR1-tdTomato reporter system resulted
in the initial labeling of 80% of IAMs. After 24 weeks, only 20%
of IAM remained labeled (Figure 3D), suggesting IAMs are
continually replaced by circulating precursors and consistent
with our observation of a CCR2" subset of IAMs (Figure 1F).
Interestingly, we observed that approximately 20% of IAMs
remain labeled at 52 weeks after Tam administration
(Figures 3D and 3E), indicating that there may be an IAM popu-
lation that is either long lived or self-renewing.

Having demonstrated the utility of the Cx3cr1-CreER driver
line to target IAMs, we next generated Cx3cr1-CreER; mTmG;
RBPJK™ (hereafter CX3CR1-RBPJK) mice in which canonical
Notch signaling can be conditionally disrupted in concomitantly
lineage-labeled CX3CR1* IAMs (Figures 3F and S3M). When
compared with Cx3cr1-CreER; mTmG; RBPJKk*'* controls, we
noted that the number of lineage-labeled IAMs per field was un-
changed (21.2 + 2 vs. 24.2 + 1.4 Lineage™ IAMs per field in con-

Cell Reports

trol tracheas) (Figures 3), suggesting that Notch activation was
dispensable for IAM tissue localization. However, there was a
substantial reduction in lineage-labeled IAMs that expressed
MHC Il (6.8 + 1.3 vs. 22.8 + 1.3 Lineage™ IAMs per field in control
tracheas) (Figures 3G and 3l), suggesting that, while IAMs remain
present in the tissue in the absence of Notch activation, MHC Il
expression is reduced. We did not observe any apoptotic IAMs
based on Caspase3 detection in CX3CR1-RBPJk tracheas
(Figure 3J). Although the numbers of lineage-labeled IAM cells
were unchanged in CX3CR1-RBPJk airways, the percentage of
proliferating Ki67* IAMs was reduced compared to controls
(6.3% + 3.2% vs. 21.8% + 2.1% per field, respectively,
Figures 3K and 3L), consistent with the effects of pharmacologic
Notch inhibition ex vivo (Figures 2L and 2M). To assess whether
IAM MHC Il expression was specifically dependent on epithelial-
derived Notch activation signals, we utilized our in vitro intraepi-
thelial macrophage co-culture system. Bone-marrow mono-
cytes from CX3CR1-RBPJk mice or Cre™ littermates were added
to B6-derived tracheal epithelial cell cultures. At maturity, cul-
tures were treated with 4-hydroxytamoxifen (4-OHT) to induce
Cre-recombination, which resulted in complete loss of MHC Il
expression within the lineage-labeled macrophage population
(Figures S3N and S30). Altogether, these results suggest that
Notch signaling is required to maintain IAM functional differenti-
ation (MHC ll-based antigen presentation) and promotes IAM
proliferation.

Airway basal stem cell-derived DII1 is necessary to
maintain MHC II* IAMs

Murine airway basal stem cells express high levels of the Notch
ligands Jag2 and DII1"*? and have extensive contact with neigh-
boring IAMs (Figures 1C, 1D, and 1G-1l). Thus, we hypothesized
that IAM MHC Il expression and proliferation are regulated
through Notch ligands supplied by airway basal cells. Using a
DII1-mCherry reporter mouse, we found that DII1 is uniformly

Figure 2. Notch activity is required for IAM functional markers and proliferation
(A) Whole-mount staining of CD71c-mCherry; NotchCBF-H2B Venus mouse tracheas for p63 (cyan) imaged in the epithelial plane. mCherry (CD11c, red), Venus

(Notch activity, green).

(B and C) Immunostaining for Notch2 intracellular domain (N2ICD) (B) or N3ICD (C) (red) and mCherry (CD11c, green) on CD11c-mCherry mouse tracheas.

Arrowheads indicate N2ICD* or N3ICD* IAMs.

(D) Schematic representation of Notch inhibition on WT tracheal explants after treatment with DAPT (2.5 uM).

(E) Immunostaining for MHC Il (green) and CD11c (red) on whole mounts of tracheal explants treated with DMSO or DAPT at different time points.

(F) Quantification of the absolute numbers of CD11¢*/MHC II"' IAMs per 20x field at different treatment time points (n = 5-6 images/group).

(G) Quantification of the absolute numbers of CD11c*/MHC II" and CD11¢*/MHC II'° cells per 20 field at different treatment time points (n = 5-6 images/group).
(H) Assessment of apoptosis by TUNEL assay (green) in IAMs (CD11c [red], MHC Il [cyan]), on tracheal explants treated for 72 h.

(I) Schematic representation of Notch inhibition on tracheal explants for 72 h, followed by washout.

(J) Immunostaining for MHC Il on whole mounts of tracheal explants treated with DMSO or DAPT for 72 h (left), and 72 h after washout (right).

(K) Quantification of CD11c*/MHC II* IAMs (per 20x field; n = 10-12 images/group).

(L) Whole-mount staining for proliferating cells (Ki67*, green) in CD11c-mCherry (red) tracheal explants treated with DMSO (upper panels) or DAPT (bottom

panels) for 72 h, with proliferating CD11c* cells marked by white arrows.

(M) Percentage of proliferating IAMs (Ki67* CD11c") per field (n = 13-14 images/group).
(N) Schematic representation of Notch inhibition on a co-culture system generated from airway epithelial cells and bone-marrow-derived monocytes followed by

treatment with DAPT (2.5 uM) for 72 h.

(O) Whole-mount staining of a co-culture for mGFP (epithelium, green) and tdTomato (intraepithelial macrophages, red).
(P) Whole-mount staining for GFP (CX3CR1*) and RFP (CCR2*) of a co-culture generated from CX3CR1-GFP; CCR2-RFP mouse bone marrow.

(Q) Whole-mount staining for CD45 (red) after treatment with DMSO or DAPT.

(R) Flow cytometry analysis of MHC Il in CD45* cells from the co-culture treated with DMSO or DAPT. FMO, fluorescence minus one control.
Experiments in vivo were repeated three times; experiments ex vivo were repeated twice. **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data shown in the graphs are
means + SEM. Nuclei, DAPI (blue). Scale bar, 5 pm (B and C insets), 20 pm (A-C, E, and H), 50 pm (L and O-Q), 200 pm (J). See also Figure S3.
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Figure 3. In vivo Notch inhibition in IAMs causes a loss of functional maturation status

(A) Schematic representation of lineage labeling of IAMs in CX3CR1-tdTomato mice. i.p., intraperitoneal; Tam, tamoxifen.

(B and C) Immunostaining for CX3CR1-lineage-labeled IAMs (TdTomato™, red) and MHC Il (B; green) or CD11c (C; cyan). Arrowheads indicate IAMs.
(D) Percentage of CX3CR1-lineage-labeled IAMs per trachea at time points after Tam induction (n = 2-4/group).

(E) Whole-mount staining for CX3CR1-lineage-labeled IAMs (TdTomato*, red) and MHC Il (green) 52 weeks after Tam administration.

(F) Schematic representation of RBPJk (canonical Notch) inhibition in CX3CR1* cells using CX3CR1-RBPJk mice.

(G) Immunostaining for MHC Il (red) and GFP (CX3CR1*, green) on CX3CR1-RBPJk tracheal whole mounts.

(

H and 1) Quantification of intraepithelial CX3CR1-lineage-labeled cells (GFP*) (H) and CX3CR1*/MHC II* cells (l) per 20x field in control (n = 7) and CX3CR1-
RBPJk (n = 6) tracheas.

(legend continued on next page)
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expressed across all basal cells (Figure 4A). We also noted DII1
expression in NE cells and tuft cells (Figures S3P and S3Q),
but not in ionocytes (Figure S3R). We next assessed the effects
of deleting DII1 from basal cells by employing CK5-CreER;
Rosa26-L.SL-eYFP; DIIT™" mice (CK5-DII1 hereafter) to remove
DIt from CK5™ basal cells and concomitantly mark these cells
with a yellow fluorescent protein (YFP) reporter following Tam
administration (Figures 4B and S3S). We verified that common
epithelial cell populations were unchanged in frequency
10 days after intraperitoneal (i.p.) Tam (Figure S3T). CK5-DIlI1
mice displayed fewer CD11c*/MHC II* IAMs compared to
Tam-treated control mice when quantified on sectioned tra-
cheas (1.4 + 0.4 vs. 4.6 + 0.9 IAMs per field, respectively)
(Figures 4C and 4D), and whole-mount tracheas (25.1 + 1.8 vs.
39.5 + 2.6 IAMs per field, respectively) (Figures 4E and 4F).
We observed residual intraepithelial dendriform CD45* leuko-
cytes that lacked MHC Il expression in CK5-DII1 tracheas
(Figure 4G), consistent with a model in which stem cells deploy
a contact-mediated Notch signal that is required for the
ability of adjacent IAMs to present antigen. Finally, we targeted
Jag2 expression in airway basal stem cells using CK5-
CreER; Rosa26-LSL-eYFP; Jag2™" mice (CK5-Jag2 hereafter)
(Figure 4H). There was no difference in CD11c*/MHC II* cells
in the trachea of Tam-treated mice compared to control mice
(Figures 41 and 4J), suggesting that DII1 is the dominant basal
cell-derived Notch ligand engaging IAMs.

Airway basal stem cell loss prevents antigen-induced
airway inflammation

Since airway myeloid immune cells continuously sample and
process antigens,””” we assessed the functional consequences
of basal stem cell deficiency on IAMs using a model of airway
inflammation dependent on antigen presentation. Ovalbumin
(OVA) is a classic model antigen to which mice can be sensitized
through i.p. injection of alum-conjugated OVA. Subsequently,
antigen challenge by nebulization of OVA alone results in
airway antigen presentation, leading to allergic inflammation*°
(Figure 5A). Compared to other models of allergic airway inflam-
mation, such as the house dust mite model, the OVA model has
the advantage of decreased stimulation of airway epithelial cells,
innate immune responses, and pathogen recognition recep-
tors.*" After Dox-induced deletion of p63 and OVA sensitization
and challenge, we confirmed that basal cells were effectively
depleted and that other epithelial cell populations were not
substantially changed in frequency (Figures S4A and S4B),
while CD11c*/MHC II* cells were decreased (Figures 5B and
5C). Additionally, there was a decrease in mucous metaplasia,
the hallmark epithelial finding in antigen-induced inflammation,
as assessed by Alcian blue staining (Figure 5D). This was
confirmed by immunofluorescent stains of mucous cell differen-
tiation markers (Figure 5E), with 73.3 + 16.3 Muc5AC™" cells per
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CK5-p63 tracheal section vs. 222 + 44.5 cells in controls
(Figure 5F).

We hypothesized that the lack of mucous metaplasia seen
following basal stem cell loss reflected a diminished local
type-2 inflammatory response.'” Since eosinophilic infiltration
is a hallmark of a type-2 immune response, we examined
tracheal sections for eosinophils using a staining panel of
SiglecF*/CD11b*/CD11c™. We found that airway basal cell-
depleted tracheas contained fewer eosinophils compared to
controls after OVA sensitization and challenge (7.1 + 1.1 vs.
14.9 + 1.4 eosinophils per field, respectively; Figures 5G-5I).
Of note, the number of eosinophils and activated CD4" T cells
in the lung compartment and bronchoalveolar lavage (BAL) of
OVA-sensitized and challenged CK5-p63 mice was comparable
to that in control mice (Figures S4C-S4F). There was also no
change in distal airway goblet cell formation (Figures S4G and
S4H). Thus, the loss of airway basal cells, which are found exclu-
sively in the large airway of the mouse, correspondingly alters the
local immune response, consistent with the Notch-based con-
tact-mediated stem cell to immune cell signaling that is required
for the ability of IAMs to present antigen.

Deletion of DII1 on airway basal stem cells prevents
antigen-induced airway inflammation

We next evaluated whether basal stem cell DII1 loss would simi-
larly blunt the response to OVA challenge (Figure 5J). Tracheas
from Tam-treated CK5-DII1 OVA-sensitized and challenged
mice displayed reduced CD11c*/MHC II* cell numbers (1.6 +
0.5 vs. 4.4 + 0.8 cells per field, respectively) (Figures 5K and
5L), eosinophils (3.1 + 0.7 vs. 16.11 + 2 cells per field, respec-
tively) (Figures 5M and 5N), and mucous metaplasia (13.2 +
1.6% vs. 34.2 + 2.3% mucous cells per total DAPI* cells in tra-
cheas, respectively) (Figures 50 and 5P). In contrast, the BAL
and lungs of CK5-DII1 mice still developed mucous metaplasia
(Figure S4l), and eosinophilic inflammation similar to controls
(Figures S4J-S4L), mirroring the responses seen in CK5-p63
mice. This suggests the effect of altering basal stem cell
signaling specifically affects the local immune signaling in the
trachea but not distal lung tissues. In contrast, deletion of Jag2
on airway basal stem cells did not prevent mucous metaplasia
following OVA sensitization and challenge (Figures S4M and
S4N), consistent with the lack of effect on IAMs (Figures 4l
and 4J).

To directly assess whether IAMs are necessary for OVA-
induced tracheal inflammation, we employed Cx3cri-CreER;
R26-DTA™* mice (CX3CR1-DTA hereafter) to deplete airway
macrophages in the setting of OVA sensitization and challenge
(Figure S5A). Intranasal 4-hydroxytamoxifen (4-OHT) administra-
tion leads to ablation of approximately half of IAMs in the trachea
as measured by CD11¢*/MHC II* staining (Figure S5B). When
combined with OVA sensitization and challenge, IAM depletion

(J) Immunostaining for CX3CR1-lineage marker GFP (green) and apoptotic marker Caspase 3 (red) in control or CX3CR1-RBPJk mice.
(K) Immunostaining for GFP (green) and proliferation marker Ki67 (red) on control or CX3CR1-RBPJk mice. White arrowheads indicate proliferating (Ki67*) IAMs,

blue arrowheads indicate non-proliferating (Ki67") IAMs.

(L) Quantification of the percentage of Ki67* CX3CR1-lineage* IAMs per Lineage™ IAMs per 20x field of control (n = 4) or CX3CR1-RBPJk (n = 3) tracheas.
Experiments were repeated twice. **p < 0.01 and ****p < 0.0001. Data shown in the graphs are means + SEM. Nuclei, DAPI (blue). Scale bar, 20 pm (B, C, J, and K),

50 pm (E and G). See also Figure S3.

8 Cell Reports 44, 115860, June 24, 2025



Cell Reports ¢? CelPress

OPEN ACCESS

A

CK5 DAPI DIl1-mCherry DAPI CK5 DII1-mCherry CKS5 DII1-mCherry DAPI

DIl1-mCherry

CK5-DII™ i.p. Tam @Eﬂ ‘
(2mg/day) Collect . % :

RS A
|Time) " _> sl

I
I,I\ N 1 1 (days Effect on IAMs
12 12 Homeostatic DIl1 expression DIl1 loss
in basal stem cells in basal stem cells
C D G

MHC 1l CD11c CK5-YFP DAPI

Tracheal sections

| MHC Il CD45 YFP MHC 1l

Control

CD11c* MHC II*1AMs /
field / mouse
o N B O ®

- ©
=B =
Q. c
Iy o
S Control CK5-DIl1 O
E F L]
CD11c MHC Il - Wholemount
Control | CK5-DIl1 § 50 *
o % < o \;
L 340 @)
Q 830 S
S 3520 6 s
L 210
a 0
(@] Control CK5-DIl1
H
CK5-Jag2™f i.p. Tam
(2mg/day) Collect
§pv I ; Time
I’I"T‘ ']\ 1 (days) Effect on IAMs
12 12 Homeostatic Jag2 expression Jag2 loss
in basal stem cells in basal stem cells
| J
MHC Il CD11c DAPI
2 g *
; 2,
(@] ;: 3 . °
=35 . O
0g’ = r
I J 0 — &
So? — °
» @ oo L
N 2=
Q 3 ®
u_’.) o T T
5 Control CK5-Jag2

(legend on next page)

Cell Reports 44, 115860, June 24, 2025 9




¢? CellPress

OPEN ACCESS

led to a decrease in tracheal eosinophils (386 + 27 vs. 561 + 76
eosinophils per mm?, respectively) (Figures S5C and S5D) and
mucous cells (17.27 + 2.6% vs. 33.8 + 2.8% Mucbac* cells per
total DAPI* cells, respectively) (Figures S5E and S5F), while
distal lung inflammation was preserved (Figures S5G and S5H).

To more specifically assess the relevance of Notch activation
in IAMs in this context, we subjected CX3CR1-RBPJk mice to
the OVA model (Figure 6A). OVA-treated CX3CR1-RBPJk tra-
cheas showed a decrease in intraepithelial CD11¢c*/MHC* cells
(1.5 £ 0.7 vs. 6.2 = 0.5 cells per field in control tracheas)
(Figures 6B and 6C), whereas the overall number of lineage-
labeled IAMs was unchanged (2.9 + 0.5 vs. 2.5 + 0.2 Lineage*
IAMs per field in control tracheas) (Figures 6D and 6E). Consis-
tently, there was a reduction in MHC ll-expressing lineage-
labeled IAMs (1.1 + 0.4 vs. 2.3 = 0.1 Lineage®™ MHC II* IAMs
per field in control tracheas; 38.8% + 6.2% vs. 90.8% + 3.6%
Lineage* MHC II" per Lineage* IAMs in control tracheas)
(Figures 6D, 6F, and 6G). Similar to OVA-treated CK5-DII1 and
CX3CR1-DTA mice, we observed reduced eosinophilic inflam-
mation in CX3CR1-RBPJk tracheas (1.8 £ 0.5 vs. 7.5 + 0.7 eosin-
ophils per field in control tracheas) (Figures 6H and 6l) and atten-
uated mucous metaplasia (3% + 1.6% vs. 16.8% + 3.2%
Mucbac* cells per total DAPI* cells in control tracheas)
(Figures 6J and 6K). Thus, Notch signaling in IAMs is necessary
for eliciting antigen-induced inflammatory responses.

Finally, we evaluated whether differences in goblet cell forma-
tion in CK5-p63 and CK5-DII1 mice are related to an intrinsic
altered capacity of epithelial secretory cells to undergo mucous
cell differentiation independent from regulating the degree of an-
tigen-induced tracheal inflammation. Notably, overexpression of
active Notch1 intracellular domain in basal stem cells or secre-
tory cells can directly induce mucous cell differentiation,%*?
while blocking Notch2 and Notch3 has been shown to reduce
mucous metaplasia.*>™*> Furthermore, we previously demon-
strated that basal stem cells can regulate secretory cell fate us-
ing Jag2 to send a feedforward signal.’ To assess whether basal
cell-derived DII1 alters epithelial intrinsic mechanisms of goblet
cell formation, we used lentiviral-delivered short hairpin RNA
(shRNA) and overexpression constructs in primary mouse airway
basal stem cells in the absence of immune cells. After expansion
and maturation at ALI, cultures were treated with recombinant
IL-13 to induce mucous cell formation (Figure SBA),*2*446:47
Mucous metaplasia was not impacted by shRNA inhibition
(Figures S6B and S6C) or overexpression of DII1 (Figures S6D-
S6F), indicating that basal stem cell-derived DII1 is neither suffi-
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cient nor required for mucous metaplasia. Finally, we tested
whether basal stem cells are necessary in vivo for IL-13-induced
mucous metaplasia in the trachea. Intranasal administration of
recombinant IL-13 resulted in extensive mucous metaplasia in
Dox-treated CK5-p63 mouse tracheas (Figures S6G-S6l).
Therefore, the absence of basal stem cells does not cause an un-
derlying defect in the intrinsic capacity for secretory cells to
differentiate into mucous cells in vivo. In aggregate, our com-
bined observations lead us to conclude that allergen-induced
mucous metaplasia does not require a feedforward signal from
basal stem cells. Thus, our findings suggest an essential role
for airway basal stem cell-mediated Notch signaling in the main-
tenance of a functional pool of IAMs that are required for local an-
tigen-induced airway inflammation and mucous metaplasia.

Notch signaling components are highly expressed in
human airway basal stem cells and airway mononuclear
phagocytes

To assess whether human basal stem cells possess the capacity
to regulate airway mononuclear phagocytes (@MNP) via Notch
signaling, we re-analyzed single-cell transcriptomes from base-
line and allergen-challenged airway specimens from allergic hu-
man subjects with and without asthma. Specifically, previously
deposited single-cell RNA-seq (scRNA-seq) profiles, obtained
from 21 lower airway brushes collected from eight human sub-
jects with systemic sensitization to aeroallergens,*® were found
to contain 8,510 LYZ* aMNP cells split into 14 clusters that
included DCs, macrophages, and monocyte-derived cells
(MCs). The DC clusters corresponded to well-defined DCH1,
DC2, AXL*/Siglec6* DC, and plasmacytoid DC populations.*®
The monocyte-derived clusters (MC1-4) showed expression of
classical monocyte markers, including CD14, but otherwise dis-
played a combination of DC and macrophage markers, consis-
tent with known monocyte plasticity. Tissue macrophage sub-
clusters expressed MAFB, high levels of complement family
genes (C1QA, C5AR1),°°°® and low levels of ZBTB46 compared
to DC populations (Figure 7A). We next evaluated whether any of
the aMNP clusters had a transcriptomic profile akin to that of mu-
rine IAMs. Discriminatory genes for murine IAMs'® were mapped
onto human orthologs to define an IAM signature. Gene set
enrichment analysis was performed to evaluate for an enrich-
ment of the IAM signature across all aMNP clusters. Notably,
only the macrophage cluster Mac2 showed positive enrichment
for IAM marker genes (Figures 7B, S7A, and S7B). Mac2 and IAM
signatures showed considerable overlap with genes that serve

Figure 4. Basal stem cell-derived Notch ligand DII1 but not Jag2 is necessary for the maintenance of IAM function

(A) Immunostaining for DII1 (mCherry, red) and CK5 (green) in DIIT-mCherry mouse tracheas.

(B) Schematic representation of the inhibition of the Notch ligand DII1 in basal cells using CK5-DII1 mice. i.p., intraperitoneal; Tam, tamoxifen.
(C) Immunostaining for CK5-lineage-labeled YFP (cyan) cells and IAMs (MHC Il [green] and CD11c [red]) in control or CK5-DII1 mice.

(D) Quantification of CD11¢c*/MHC II* IAMs per 20x field in control (n = 5) or CK5-DII1 (n = 6) mice.

(E) Whole-mount staining for CD11c (red) and MHC Il (cyan) on control and CK5-DII1 tracheas.

(F) Quantification of CD11c*/MHC II* IAMs per 20x field in control or CK5-DII1 (n = 3/group) whole-mount tracheas.

(G) Whole-mount staining for YFP (CK5-lineage, cyan), CD45 (red), and MHC Il (green) using control or CK5-DII1 tracheas.

(H) Schematic representation of the use of CK5-Jag2 mice to inhibit the Notch ligand Jag2 in basal cells.

(I) Immunostaining for MHC Il (green) and CD11c (red) in control or CK5-Jag2 mice.

(J) Quantification of CD11c*/MHC II* IAMs per 20x field in control or CK5-Jag2 mice (n = 8-10/group).

Experiments were repeated three times (three independent experiments). “o < 0.05 and ****p < 0.0001. Data shown in the graphs are means + SEM. Nuclei, DAPI

(blue). Scale bar, 20 um (A, C, and 1), 50um (E and G). See also Figure S3.
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as canonical macrophage markers, including complement
genes (C7q) and MAFB (Figures 7A and S7B). Like murine
IAMs, Mac2s express CD11c (ITGAX), high MHC Il (HLA-
DQBT), and other genes associated with antigen presentation
(CIITA, CD74) (Figures 7A and S7B). Mac2 also express the
genes for Langerin (CD207) and MerTK (Figure S7B). Addition-
ally, Mac2 and IAMs express MMP12 and AXL, further suggest-
ing similar functional roles involving tissue remodeling and
efferocytosis, both implicated in asthma pathobiology
(Figure 7A).>4°°

We next analyzed the expression of Notch signaling compo-
nents within the human aMNP and airway basal stem cell sub-
clusters. Human basal stem cells showed robust expression of
Notch ligands DLL1, JAG1, and JAGZ2 (Figure 7C). Correspond-
ingly, we identified strong expression of Notch receptors Notch1
and Notch2 across most aMNP populations (Figure 7D),
including Mac2. We could identify Mac2 cells in human airway
tissue sections as Langerin* intraepithelial cells that co-express
MerTK and C1q (Figures S7C and S7D). Like IAMs, Langerin*
Mac2 are found adjacent to CK5" and CK17* basal cells
(Figures 7E-7G). Subsets of intraepithelial Langerin® Mac?2
showed evidence of Notch activation in vivo based upon nuclear
staining for N1ICD, N2ICD, and N3ICD in both healthy and asth-
matic human distal airways (Figures 7E-7J and S7E-S7H).
Detection of the Notch target genes Hes1 (Figures 7K, 7M) and
HeyL (Figures 7L and 7N) in Langerin* intraepithelial cells con-
firms Notch activation in Mac2 cells in healthy (Figures 7K and
7L) and asthmatic airways (Figures 7M and 7N). These results
suggest that Mac2 are the human counterparts of murine IAMs
with a similar pattern of gene expression, location, and evidence
of tonic Notch activation.

DISCUSSION

Here, we show that airway basal stem cells help establish a func-
tional niche for MHC II* IAMs. Although previous work character-
ized these cells as DCs, IAMs are distinct from the Zbtb46* DC
lineage (Figures 1B, S1A, S1B, and S1H) and possess a signa-
ture characteristic of macrophages. Interestingly, a small frac-
tion of IAMs persist over a year, suggesting that subsets of
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IAMs may be long lived or capable of self-renewal at homeosta-
sis, consistent with the robust proliferation of IAMs in tracheal
explants (Figure 2M). The signals driving this heterogeneity and
whether there are functional differences in IAM subsets have
not yet been elucidated.

Within the airway, we show that basal stem cell Notch
signaling through DII1 is necessary for IAM MHC |l expression
and function. Importantly, our findings reveal an essential role
for tonic Notch signaling between airway basal stem cells and
IAMs, suggesting that airway basal stem cells serve as an im-
mune cell niche. Previous work has underscored the interaction
of epithelial stem cells and local macrophage populations.
Within the alveolus, alveolar type 2 (AT2) epithelial stem cells
stimulate and maintain alveolar macrophage maturation
through secretion of granulocyte-macrophage colony-stimu-
lating factor (GM-CSF),>° and disruption of this interaction re-
sults in dysfunctional immature macrophages causing the
lung disease pulmonary alveolar proteinosis.>” In addition,
CD200 signaling to alveolar macrophages via CD200R restrains
macrophage inflammatory activity.>® Thus, in both the proximal
airways and alveoli, stem cells are essential for the maintenance
of local functional immune cell populations. Interestingly, mam-
mary gland stem cells have also been shown to maintain mac-
rophages using Notch signaling, potentially pointing to a
conserved arrangement in which direct communication be-
tween stem cells and adjacent immune cells allows for coupled
regeneration and inflammation.®”

We demonstrate that airway basal stem cells signal to dendri-
form MHC II" IAMs via Notch and that this cell-to-cell communi-
cation is required for locally restricted antigen-induced inflam-
mation. Prior work has shown that broad inhibition of Notch
receptors with blocking peptides or antibodies impairs allergic
airway inflammation in a murine model of asthma,**~*° although
these studies do not identify the specific mechanism involved
since the strategies utilized are not cell specific. In addition, pre-
vious studies have highlighted roles for Notch signaling in type 2
inflammation; however, these studies focused on the direct ef-
fects of Notch signaling on T cells, affecting their polarization
and egress from lymph nodes.’®°? In the OVA model, we
observe that loss of Notch signaling in IAMs leads to a reduction

Figure 5. Basal stem cells are necessary for allergen-induced mucous metaplasia
(A) Schematic representation of ovalbumin (OVA) sensitization and challenge to induce airway inflammation and mucous metaplasia in CK5-p63 mice. Neb,

nebulized.

(B) Immunostaining for IAMs (MHC Il [green] and CD11c [red]) in OVA-treated control or CK5-p63 mice (n = 4/group).
(C) Quantification of CD11c*/MHC II* IAMs per 20x field in OVA-treated mice (n = 6/group).

(D) Alcian blue staining of tracheas from OVA-treated mice.

(E) Immunostaining for basal stem cells (p63, CK5; green) and mucous cells (FOXA3, Muc5AC; red) in OVA-treated control or CK5-p63 mice.

(F) Quantification of Muc5AC™ cells per tracheal section in OVA-treated mice (n = 6/group).

(G and H) Immunostaining for SiglecF (green) and CD11b (G) or CD11c (H) (red) in OVA-treated control and CK5-p63 mouse tracheas (n = 6).

(I) Quantification of eosinophils (SiglecF* CD11b* CD11c ™) per 40x field in OVA-treated control or CK5-p63 mice (n = 5-6/group).

(J) Schematic representation of the inhibition of basal cell DII1 with OVA sensitization and challenge.

(K) Immunostaining for IAMs (MHC Il [green] and CD11c [red]) in OVA-treated control or CK5-DII1 mice.

(L) Quantification of IAMs per 20x field of the trachea of OVA-treated control (n = 10) or CK5-DII1 (n = 9) mice.

(M) Immunostaining for eosinophils (SiglecF, green) and CD11b (red) (left panels) or CD11c (red) (right panels) in OVA-treated control or CK5-DII1 mice.
(N) Quantification of eosinophils (SiglecF* CD11b* CD11c ™) per 40xfield in OVA-treated tracheas.

(O) Immunostaining for CK5-lineage YFP (green) and Muc5AC (red) in OVA-treated mice.

(P) Quantification of the percentage of Muc5AC* mucous cells per DAPI* cells in OVA-treated control or CK5-DII1 mice (n = 9-10/group).

Experiments were repeated three times. *p < 0.05, **p < 0.01, and ****p < 0.0001. Data shown in the graphs are means + SEM. Nuclei, DAPI (blue). Scale bar,

20 pm. See also Figures S4-S6.
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in both tracheal allergic inflammation and goblet cell metaplasia.
We suspect that this is related to reduced airway IL-4/-13 pro-
duction as a consequence of impaired antigen presentation to
T cells. It has been previously shown that MHC Il-expressing
airway macrophages may present antigens to airway-resident
T cells and can transfer antigens to subepithelial DCs that then
migrate to draining lymph nodes.?® This suggests a model
wherein I1AMs perform local antigen presentation in the airway,
guided by direct signals from their surrounding tissue, while
DCs propagate responses in draining lymphoid tissues. The tis-
sue specificity of our findings suggest that the conducting air-
ways may have distinct regulatory pathways governing antigen
presentation compared to more distal airways and the alveoli,
highlighting the importance of utilizing the murine trachea as a
model for airway disease.

Finally, we identify a class of human intraepithelial airway
HLA-positive macrophages (Mac?2) that resemble murine IAM
morphologically, and are also adjacent to human basal stem
cells. Interestingly, human counterparts to IAMs similarly exhibit
tonic Notch activation, suggesting that they may receive Notch
signals from basal stem cells. Furthermore, these data suggest
that there may be a similar direct stem-immune cell interaction
that is required for the maintenance and function of these mac-
rophages in human airways. Altogether, our data suggest that
manipulation of airway basal stem cell-IAM crosstalk could be
used therapeutically to regulate immune responses in the
airway.

Limitations of the study

Myeloid cells express overlapping markers and we currently
lack a specific Cre driver line that exclusively targets |IAMs
without impacting other myeloid sub-populations. Thus, we
cannot exclude contributions of these cell types to our exper-
imental paradigms. In particular, the CX3CR1-CreERT system
can target both dendritic cells as well as other macrophage
populations. The kinetics of our Tam administration largely
eliminates the effects on short-lived dendritic cells, but the ef-
fects mediated by other macrophages, including airway sube-
pithelial macrophages, cannot be fully excluded. Notably, we
observe changes in subepithelial immune cells in our CK5-
p63 and CK5-DII1 mice suggesting that some effects of basal
stem cell Notch signaling may proceed through intermediate
migratory cell populations, cytokine/chemokine signals, or
that subepithelial immune cells may themselves transit
through the epithelium. Although all our results using a combi-
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nation of in vivo, ex vivo, and in vitro models support a direct
Notch-mediated effect of basal stem cells on IAMs, indirect ef-
fects cannot be excluded. Whether basal cell depletion may
indirectly influence IAMs via changes in other airway epithelial
or mesenchymal cells, including compensatory signals, is an
extremely difficult question to address in vivo that would
require extensive and sophisticated methods to provide
rigorous conclusions.
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Figure 6. Notch inhibition in IAMs attenuates OVA-induced airway inflammation and mucous metaplasia

(A) Schematic representation of Notch inhibition in IAMs, and induction of allergic inflammation and mucous metaplasia after OVA challenges.

(B) Immunostaining for IAMs (MHC Il [green] and CD11c [blue]) in OVA-treated control or CX3CR1-RBPJk mice.

(C) Quantification of IAMs (CD11c*/MHC II*) per 20x field in OVA-treated control (n = 6) or CX3CR1-RBPJk (n = 4) mice.

(D) Immunostaining for MHC Il (red) and GFP (CX3CR1*, green) in OVA-treated mice.

(E and F) Quantification of intraepithelial CX3CR1-lineage-labeled cells (GFP*) (E) and double-positive CX3CR1* (GFP*) MHC II* cells (F) per 20x field in OVA-

treated control (n = 5) and CX3CR1-RBPJk (n = 4) tracheas.

(G) Quantification of the percentage of intraepithelial CX3CR1-lineage-labeled cells (GFP™) per total Lineage™ cells.

(H) Immunostaining for eosinophils (SiglecF*, red) in OVA-treated mice.

(I) Quantification of eosinophils (SiglecF*) per 20x field in OVA-treated control (n = 6) or CX3CR1-RBPJk (n = 4) mice.

(J) Immunostaining for Muc5AC (red) in OVA-treated mice.

(K) Quantification of the percentage of Muc5AC™ mucous cells per DAPI* cells in OVA-treated control (n = 6) or CX3CR1-RBPJk (n = 4) mice.
*p < 0.05, **p < 0.01, and **p < 0.001. Data shown in the graphs are means + SEM. Nuclei, DAPI (blue). Scale bars, 20 pm. See also Figure S5.
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Cat# 33-1500
Cat# 37-4900
Cat# ab240297
Cat# DDX0362P-100
Cat# ab11861
Cat# 151503
Cat# D67C8
Cat# sc-515825
Cat# 31458
Cat# A16011
Cat# ab8925
Cat# ab119776
Cat# PA5-85014
Cat# 02-6102
Cat# 10400C

chicken anti-CK5 Biolegend Cat# 905901
rabbit anti-p63 Abcam Cat# ab124762
sheep anti-integrin beta 5 (ITGB5) R&D Cat# AF8035
Bacterial and virus strains

One Shot™ Stbl3™ Chemically Competent E. coli Thermo Fisher Scientific Cat# C737303
Lentiviral vectors KO.1 sh mDII1 This study N/A

Lentiviral vectors mDII1 This study N/A

Biological samples

Human healthy lung tissue DZL Biobank Giessen N/A

Human healthy and asthmatic lung tissue Mass General Brigham N/A

Chemicals, peptides, and recombinant proteins

Doxycycline Sigma-Aldrich Cat# D9891
4-hydroxytamoxifen Sigma-Aldrich Cat# H6278
Tamoxifen Sigma-Aldrich Cat# T5648
D-PBS Gibco Cat# 14190-094
Albumin from chicken egg white (Ovalbumin (grade V)) Sigma-Aldrich Cat# A5503
Aluminium hydroxide hydrate Sigma-Aldrich Cat# A1577
Recombinant murine IL-13 PeproTech Cat# 210-13
RPMI 1640 medium, GlutaMAX™ supplement Gibco Cat# 61870036
Liberase TM Research Grade Roche Applied Science Cat# 5401119001
DNase | Sigma-Aldrich Cat# 10104159001
ACK RBC lysis buffer Sigma Cat# R7757
Viability staining eBioscience Cat# 65-0865-14

(Continued on next page)
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Paraformaldehyde (PFA) Solution, 4% in PBS
FBS Fetal Bovine Serum, Qualified
Streptavidin APC

TRI Reagent

Sucrose

0O.C.T Compound

Harris Hematoxylin solution

Eosin Yellowish hydroalcoholic solution 1%
Alcian Blue solution

Citric acid ACS reagent >99.5%

Sodium citrate tribasic dihydrate

Hydrogen peroxide solution

Triton X-100

Bovine serum albumin (BSA)
streptavidin-488

DAPI

SYBR Green

SAGM

Rock inhibitor Y-27632

Rock inhibitor Y-27632

6.5 mm? Transwell® with 0.4 pm
Pore Polyester Membrane Insert, Sterile

PneumaCult-ALI Medium
KAPA2G Fast HotStart ReadyMix
Spel

EcoRlI

Gelfoam Sterile Sponge

DMEM/F12 (1X)

0.25% Trypsin-EDTA (1X)
PenStrep

HEPES (1M) Buffer solution
Primocin

DAPT

DBz

Dimethyl Sulfoxide (DMSO)
A-8301

DMH-1

CHIR99021

Dithiothietol (DTT)

TrypLE select

0.5M EDTA pH8.0
UltraPure Distilled Water (Dnase/Rnase Free)

Thermo Fisher Scientific
Gibco

Biolegend

Sigma
Sigma-Aldrich
Thermo Fisher Scientific
PanReacAppliChem
PanReacAppliChem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Life Technologies
Sigma-Aldrich
Invitrogen

Lonza

Selleckbio

Tocris

Corning

StemCell

Kapa Biosystems
New England Biolabs
New England Biolabs
Pfizer

Gibco

Gibco

Gibco

Gibco
InVivoGen
Tocris
Calbiochem
Sigma-Aldrich
Tocris

Tocris

Tocris

Sigma

Gibco
Thermo Fisher Scientific
Gibco

Cat# J19943-K2
Cat# 10437-028
Cat# 405207
Cat# T9424
Cat# S1888
Cat# 23-730-571
Cat# 2539491211
Cat# 2513011211
Cat# B8438
Cat# 251275
Cat# S4641
Cat# H1009
Cat# T8787
Cat# A9647
Cat# S-32354
Cat# D9542
Cat# S33102
Cat# CC-3118
Cat# S1049
Cat# 1254

Cat# 3470

Cat# 05001
Cat# KK5608
Cat# R3133
Cat# R3101

Cat# GTIN 00300090342104
(0009-0342-10)

Cat# 11320-033
Cat# 25200-056
Cat# 15140-122
Cat# 15630-080
Cat# ant-pm-1
Cat# TB2634-RMU
Cat# 565789
Cat# D2650
Cat# 2939

Cat# 4126

Cat# 4423

Cat# D0632
Cat# 12563-029
Cat# AM9260G
Cat# 10977-035

Critical commercial assays

DeadEnd™ Fluorometric TUNEL System
Tyramide signal amplification fluorescein Kit
Tyramide signal amplification biotin Kit
RNeasy Micro Kit
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PerkinElmer
PerkinElmer
QIAGEN

Cat# G3250
Cat# NEL701A001KT
Cat# NEL700A001KT
Cat# 74004
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QuantiTect Reverse Transcription Kit QIAGEN Cat# 205311

Papain Dissociation System
Monocyte Isolation Kit (BM), mouse

Worthington Biochemical Corporation
Miltenyi Biotec

Cat# LK003150
Cat# 130-100-629

Deposited data

Single-cell RNA-seq data mouse trachea Montoro et al.? GSE103354
Single-cell RNA-seq data mouse trachea Engler et al."® GSE152501
Single-cell RNA-seq data human lung Alladina et al.*® GSE193816
Experimental models: Cell lines

HEK293T cells N/A N/A

804G rat bladder cell line N/A N/A

Primary airway basal cells N/A N/A

Purified murine bone-marrow monocytes N/A N/A
Experimental models: Organisms/strains

CK5-rtTA Pardo-Saganta et al.’ N/A
tet(O)cre Jackson Laboratory Cat# 006224
CK5-creER Pardo-Saganta et al.’ N/A
Rosa26R-EYFP Jackson Laboratory Cat# 006148
Rosa26R-CAG-Isl-tdTomato Jackson Laboratory Cat# 007909

Zbtb46-Cre Jackson Laboratory Cat# 028538

Rosa26R-mTmG Jackson Laboratory Cat# 007576

CD11c-Cre Jackson Laboratory Cat# 008068

p63 Zhao et al.?® N/A

Jag2 " Pardo-Saganta et al. N/A

D™ Brooker et al.®® N/A

DIl1-mCherry Chakrabarti et al.*” Yibin Kang (Princeton) N/A

CD11¢c-mCherry Khanna et al.®* N/A

Rosa26R-IslI-DTA Jackson Laboratory Cat# 009669

Cx3cr1-GFP; Ccr2-RFP Jackson Laboratory Cat# 032127

Cx3cr1-CreER Jackson Laboratory Cat# 021160

RBPJKk ™ Pardo-Saganta et al.’ N/A

CBF:H2B-Venus Jackson Laboratory Cat# 020942

FoxJ1-Cre Mouse Genome Informatics (MGI) Cat# MGI 3797103

C57BI/6 Jackson Laboratory Cat# 000664

Oligonucleotides

Gapdh F Invitrogen — Thermo Fisher Scientific AACTTTGGCATTGTGGAAGG
Gapdh R Invitrogen — Thermo Fisher Scientific ACACATTGGGGGTAGGAACA
p-2-Microglobulin F Invitrogen — Thermo Fisher Scientific CTGACCGGCCTGTATGCTAT
B-2-Microglobulin F Invitrogen — Thermo Fisher Scientific CAGTCTCAGTGGGGGTGAAT
DI F Invitrogen — Thermo Fisher Scientific TTAGCATCATTGGGGCTACC
DI1 R Invitrogen — Thermo Fisher Scientific TAAGTGTTGGGGCGATCTTC
mDII1-Spel Invitrogen — Thermo Fisher Scientific GTAACTAGTatgggccgtcggage
mDII1-EcoRl Invitrogen — Thermo Fisher Scientific AGCGAATTCttacacctcagtcgctataac

Recombinant DNA

MISSION® shRNA DII1 NM_007865
pLKO.1

mDIl

pSin-EF2-Nanog-Pur

SIGMA
Addgene
OriGene
Addgene

NM_007865
Plasmid 10878
Plasmid MC221075
Plasmid 16578

(Continued on next page)
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Software and algorithms

FlowJo software (version 10.8) NIH https://www.flowjo.com

FIJI NIH https://fiji.sc

GraphPad Prism Graph Pad https://www.graphpad.com

igraph R package R software https://github.com/igraph/rigraph
fgsea (v1.24.0, R) Bioconductor https://bioconductor.org/packages/

release/bioc/html/fgsea.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

CK5-rtTA," tet(O)cre (JAX 006224), CK5-creER," LSL-YFP (JAX 006148), TdTomato (JAX7909), Zbtb46-Cre (JAX028538), mTmG
(JAX007576), CD11c-Cre (JAX008068), p63 ™ 2° Notch2 ™ (JAX 010525), Notch3 KO (JAX 010547), Jag2 ™" 1 Dii1™" 5% pii1-
mCherry,>” CD11c-mCherry,®* Rosa DTA (JAX 009669), Cx3cr1-GFP;Ccr2-RFP (JAX 032127), Cx3cr1-CreER (JAX 021160),
RBPJKk " CBF:H2B-Venus (JAX 020942) and C57BL6/J (JAX 000664) mice were previously described. CK5-rtTA and tet(O)cre
mice were crossed to generate CK5-rtTA;tet(O)cre mice. CK5-rtTA;tet(O)cre mice were crossed with p63™" mice to generate basal
stem cell specific CK5-rtTA;tet(O)Cre;p63™" conditional knockout mice upon doxycycline administration. Doxycycline administration
was performed through drinking water (1 mg/mL) for 2 weeks as described previously.?® Inhaled doxycycline (iDox) (50mg/mlin PBS)
was administered by aerosol nebulization for three consecutive days as described.** CX3CR1-CreER mice were crossed with Rosa-
DTA mice. Cre activation in CX3CR1-CreER; Rosa-DTA mice was achieved through seven consecutive days of administering
4-hydroxytamoxifen (4-i) (2uM) intranasally as two drops of 30 pL each. To allow for lineage tracing, RBPJK™" and Notch2™" mice
were crossed with mTmG and tdTomato mice, respectively, then mated to CX3CR17-CreER mice. Tamoxifen was administered by
intraperitoneal injection (i.p.) (2 mg per day) for five consecutive days to induce the cre-mediated recombination and the expression
of the reporter. CK5-creER; LSL-YFP mice were crossed with DIIT"" and Jag2™" mice to generate basal cell specific CK5-creER;LSL-
YFP;DII1™" and CK5-creER;LSL-YFP;Jag2™" conditional knockout mice. CK5-creER;LSL-YFP;DIIT™" and CK5-creER;LSL-YFP;
Jag2™™ mice were then treated, with 2mg of i.p. tamoxifen (Tam) per day for 2 consecutive days. Mice were sacrificed 10 days after
the last tamoxifen injection.

Mice aged 6-10 weeks old were used for experiments with similarly aged mice used for both control and treated animals. Litter-
mate controls that lacked the Cre driver were used in all the experiments with the exception of Tam-treated CK5-creER;LSL-YFP;
Jag2** mice, intranasal 4-OHT-treated C57BL6 for Cx3cri-CreER; R26-DTA™* mice, Tam-treated Cx3cr1-CreER; mTmG;
RBPJK** for Cx3cr1-CreER; mTmG; RBPJK"" mice, and CX3CR1-CreER; Rosa26-tdTomato as control for Cx3cri-CreER;
Rosa26-tdTomato; Notch2™". DII1-mCherry mice were kindly provided by Yibin Kang (Princeton) and tracheas were harvested
with no previous treatment and processed as indicated. CD17c-mCherry mice were provided by Kamal Khanna (NYU) and were
crossed with CBF:H2B-Venus mice and harvested with no treatment. We analyzed at least 3-7 mice per condition in each experiment
and all the experiments were repeated twice or three times as indicated for each case in figure legends. All procedures and protocols
were approved by the MGH Subcommittee on Research Animal Care in accordance with NIH guidelines and by the Animal Care
Committee of the University of Navarra.

Human samples

Human lung tissue was obtained from the Division of Pulmonary and Critical Care Medicine (Massachusetts General Brigham) and
from explanted lungs through the UGMLC Giessen Biobank in compliance with the current regulation for the use of human samples
and guaranteeing ethical and legal documentation, data protection and all the procedures associated with quality control and data
management. Informed consent was obtained in written form from each subject and all procedures were approved by the Ethical
Committee at Justus Liebig University and by the Massachusetts General Brigham Institutional Review Board.

METHOD DETAILS

Mouse model of allergic airway inflammation

Acute allergic airway inflammation using OVA (grade V, Sigma-Aldrich, St. Louis, MO) was induced in mice as previously described.*°
Briefly, mice were immunized with two i.p. injections of 10 mg OVA bound to 1 mg aluminum hydroxide (alum; Sigma-Aldrich) in
0.5 mL PBS on days 1 and 7. Starting on day 14, mice were challenged by aerosol nebulization with 10 mg/mL OVA in PBS or
PBS alone (control mice) for 20 min daily for 3 consecutive days. Mice were sacrificed 24h after the last aerosol challenge for the
analysis of immune cell populations or 48h after the last aerosol challenge for the analysis of mucous metaplasia.
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In vivo induction of mucous metaplasia
CK5-p63 mice received 2pg of recombinant murine IL-13 (PeproTech #210-13), for three consecutive days intranasally following
Doxycycline administration in the drinking water for 14 days. They were harvested 48h after the last IL-13 challenge.

Cell dissociation, FACS, and flow cytometry analysis

To exclude intravascular leukocytes from analysis of lung homogenates, mice were administered of 3ug of CD45-AF700 antibody
(Biolegend #109822) diluted in 100uL sterile saline by retro-orbital injection 3 min prior to euthanasia. Lungs were cut into pieces
and then digested for 45 min in RPMI 1640 with 0.28 Wunsh U/ml Liberase TM (Roche Applied Science) and DNase (30 U/ml;
Sigma-Aldrich) at 37°C to extract leukocytes from lung tissue. The digested tissues were then strained through a 70-pm filter before
ACK RBC lysis (Sigma #R7757). Samples were blocked with purified CD16/CD32 mAb (1:100, 553141, BD Biosciences) and then
stained with the following fluorescently labeled antibodies: CD45-FITC (103108, Biolegend), SiglecF-PE (562068, BD Biosciences),
CD11c-BV605 (117333, Biolegend), CD3-BV421 (100335, Biolegend), CD19-BV510 (115545, Biolegend), CD4-BV785 (100551, Bio-
legend), CD8a-PECy7 (100721, Biolegend), and CD69-APC (104513, Biolegend). Afterward samples underwent viability staining
(eBioscience #65-0865-14) followed by fixation in paraformaldehyde (PFA). Flow cytometry was performed on an BD CytoflexS
analytical flow cytometer (BD Biosciences, San Jose, CA) and analyzed using FlowJo software (version 10.8).

Tracheas from CX3CR1-TdTomato and CX3CR1-RBPJk mice were cut into pieces and then processed to a single-cell suspension
using the same protocol as used for lungs. Samples were blocked with purified CD16/CD32 mAb (1:100, 553141, BD Biosciences)
and then stained with fluorescently labeled antibodies including CD45-FITC (Biolegend #103108), CD11b-BV785 (Biolegend
#101243), F4/80-APC (Biolegend #123115) or CD11c-APC (Biolegend #117310), CD64-BV421 (Biolegend #139309), CD26-PE-
Cy7 (Biolegend #137809 Clone H194-112), and MHC Il I-A/I-E AF647 (Biolegend 107618, M5/114.15.2).

Airway epithelial basal cells from trachea and major bronchi of CK5-DII1 mice were isolated using papain as described’*° and
stained with EpCAM-Bv421 (1:100; 118225, Biolegend), GSIp4 (Griffonia Simplicifolia Isolectin beta4)-Biotin (1:250; L2140, Sigma)
for 30 min in 2.5% FBS in PBS on ice followed by an incubation with streptavidin APC (1:500; 405207, Biolegend) for 10 min in
2.5% FBS in PBS on ice. After washing, EpCAM+ GSIp4+ basal cells were gated and eYFP+ and eYFP- basal cells were sorted
out using a FACS Aria flow cytometer (BD, San Jose, CA). Sorted cells were lysed immediately in TRl Reagent (Sigma) and RNA
was extracted as previously described.’*°

Sectioned tissue preparation, immunohistochemistry, and immunofluorescence

Mouse tracheas were removed using sterile technique and then fixed in 4% PFA for 1-2 h at 4°C, washed with PBS, and transferred to
a 30% sucrose solution overnight. For immunofluorescence, airways were embedded in OCT and cryosectioned as longitudinal 7 pm
sections. Hematoxylin-eosin and Alcian blue stainings were performed on frozen sections following standard protocols. Cryosec-
tions were stained with the previously described protocol described.'*' The following antibodies were used: rabbit anti-cytokeratin
5(1:1000; ab53121, Abcam); mouse anti-FOXJ1 (1:500; 14-9965, eBioscience); chicken anti-green fluorescent protein (1:500; GFP-
1020, Aves Labs); goat anti-GFP (1:100; NB-100-1770, Novus Biologicals); goat anti-SCGB1A1 (1:500; kindly provided by Barry
Stripp); goat anti-CC10 (1:100; sc-9772, Santa Cruz Biotechnology); mouse IgG1 anti-Muc5ac (1:250; MS-145, Thermo Fisher Sci-
entific); goat anti-Foxa3 (1:100; sc-5361, Santa Cruz Biotechnology); rabbit anti-p63 (1:100; 619002, Biolegend); mouse anti-tubulin,
acetylated (1:100; T6793, Sigma), rat anti-CD45 (1:100; 14-0451, eBioscience); Syrian hamster anti-podoplanin (T1«) (1:50. 8.1.1,
Developmental Studies Hybridoma Bank); goat anti-mCherry (1:500, AB0040-200, SicGEN); rabbit anti-BSND (1:200; ab242408, ab-
cam); rabbit anti-Trmp5 (1:200; ACC-045, Alomone); rabbit anti-Gng13 (1:100; ab126562, abcam); rabbit anti-Pgp9.5 (1:200; 14730-
1-AP, Proteintech); anti-mouse CD11c-PE (1:100, 117308, Biolegend), anti-mouse CD11¢c-APC (1:100, 17-0114-81, eBioscience),
anti-mouse MHC Il I-A/I-E 488 (1:200, 107615, Biolegend), anti-mouse CD11b-APC (1:100, 17-0112-81, eBioscience), anti-mouse
CD11b-PE (1:100, 12-0112-82, Thermo Fisher Scientific), rat anti-SiglecF (1:100, 565527, BD Pharmingen), rat anti-Ki67 (1:200,
145698, eBioscience), rabbit anti-caspase 3 (1:100, 9661S, Cell Signaling), rat anti-F4/80 (1:100, 123101, Biolegend), anti-CD172
(SIRPa) Alexa 594 (1:100, 144020, Biolegend), rat anti-RBPJk (1:200, 2ZRBP2, CosmoBio), mouse anti-ZO1 (1:100, 33-9100, Thermo
Fisher Scientific), mouse anti-occludin (1:100, 33-1500, Thermo Fisher Scientific), mouse anti-claudin1 (1:100, 37-4900, Thermo
Fisher Scientific), rabbit anti-RFP (1:100, ab240297, abcam), rat anti-Langerin/CD207 (1:100, DDX0362P-100, Dendritics), rat anti-
C1g (1:100, ab11861, abcam), anti-Mertk FITC (1:50, 151503, Biolegend). Appropriate secondary antibodies (Life Technologies’
Alexa Fluor series 488, 594, or 647) were diluted 1:500. Apoptosis was also measured by TUNEL staining (DeadEnd Fluorometric
TUNEL System, Promega) following manufacturer’s instructions. Immunofluorescent detection of Notch2 intracellular domain
(N2ICD)" and Notch3 intracellular domain (N3ICD)®® required signal amplification for rabbit anti-Notch2 (1:1500; D67C8, Cell
Signaling) and mouse anti-Notch3 (1:1500; sc-515825, Santa Cruz Biotechnology). Antigen retrieval was performed using a pressure
cooker for 2 h and a citrate buffer with a pH adjusted to 6.2 (for Notch2) and 6.3 (for Notch3). Endogenous peroxidases were then
blocked by incubation for 10 min in 3% H202 and primary antibodies incubated overnight in PBS 0.1% Triton X-100 and 3%
BSA. Following primary antibody incubation, sections were washed and incubated with donkey anti-Rabbit-HRP conjugated
(1:500; 31458, Thermo Fisher Scientific) or donkey anti-mouse-HRP conjugated (1:500; A16011, Life Technologies) in PBS 0.1%
Triton X-100 and 3% BSA for 2 h at room temperature followed by tyramide signal amplification (PerkinElmer) biotin conjugated
in the case of Notch2 (NEL700A001KT) or fluorescein conjugated in the case of Notch3 (NEL701A001KT). Sections were then washed
an incubated for 30 min at room temperature with streptavidin-488 (1:500; S-32354, Life Technologies) in the case of Notch2 staining.
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Immunodetection of rabbit anti-Notch1ICD (1:1500, ab8925, abcam), mouse anti-Hes1 (1:1500, ab119776, abcam) and rabbit anti-
HeyL (1:1500, PA5-85014, Invitrogen) was performed following the same protocol used for N2ICD. N2ICD staining represents nuclear
and non-nuclear localized portions of the ICD as previously described.®® Rabbit IgG Isotype (#02-6102, Thermo Fisher Scientific) and
Mouse IgG Isotype (10400C, Thermo Fisher Scientific) control antibodies were used as control. Further details concerning validation
and optimized protocols for detection of Notch1, 2 and 3 ICD can be found in prior publications’¢>® and https://www.rajagopallab.
com/lab-protocols.

Wholemount tissue preparation and staining

Tracheas were isolated and a ventral incision was made followed by excision of 10 cartilagenous rings using a dissecting micro-
scope. Tissues were fixed in 4% paraformaldehyde for 15 min at room temperature. For analysis of epithelial cell populations, antigen
retrieval was performed by incubating in citrate buffer pH 6 in a 95C heat block for 15 min. Tracheas were blocked for 60 min in PBS
with 0.3% Triton X-100 and 1% BSA. Samples were then incubated with primary antibodies at 4C overnight. The following antibodies
were used: chicken anti-CK5 (1:400, 905901, Biolegend), rabbit anti-p63 (1:400, ab124762, Abcam), rabbit anti-UCHL1/PGP9.5
(1:400, 14730-1-AP, Proteintech), rabbit anti-BSND (1:400, ab196017, Abcam), rabbit anti-GNG13 (1:200, ab126562, Abcam),
mouse-anti Mucb5ac (1:250; MS-145, Thermo Fisher Scientific), sheep anti-integrin beta 5 (ITGB5) (15 pg/mL, AF8035, R&D).
Following primary antibody incubations, tracheas were washed and incubated with compatible secondaries diluted to 1:400 (Life
Technologies’ Alexa Fluor series 488 or 594) in PBS 0.3% Triton X-100 and 1% BSA for 2 h at room temperature. Specimens
were then washed for at least 4 h and flat mounted onto slides.

To stain for IAMs, tracheas underwent the same process of sample isolation and fixation, but no antigen retrieval was used. Spec-
imens were blocked in PBS 0.3% Triton X-100 and 1% BSA for 60 min. Tracheas were then stained with a combination of directly
conjugated CD11c PE (1:50, 117308, Biolegend) and MHC Il I-A/I-E AF488 or AF647 (1:50, 107615 or 107618, Biolegend) F4/80 PE
(1:50, 123109, Biolegend), SIRP«a PE (1:50, 144011, Biolegend) overnight at 4C. Afterward, samples were washed for several hours
and then flat mounted onto slides. When staining for eosinophils by wholemount, SiglecF-AF647 (1:30, 562680, BD) was combined
with CD11c and MHC I[I-AF488 staining as above.

Microscopy and imaging

Tissue was imaged using an Olympus FluoView FV10i confocal microscope (Olympus Corporation), an IX7181 (Olympus), an FV3000
confocal microscope (Olympus), an Axiolmager.M1 (Zeiss), a LSM780 confocal microscope (Zeiss) and a LSM800 confocal micro-
scope (Zeiss). We performed two methods to quantify immune cells. The first method to quantify cells was on sectioned tracheas.
Cells were manually counted based on immunofluorescence staining of markers for each of the respective cell types.'*“° Briefly, cell
counting was performed on the basis of nuclear staining with DAPI (nuclei) and specific cell markers. Cells were counted using 40x or
20x magnification fields (each field represented 250 pm or 500 pm of epithelium, respectively) covering the whole tracheal epithe-
lium, from cartilage ring 1 to 12, of each mouse. For CK5-p63 baseline experiments, between 10 and 15 fields per trachea were
counted; for OVA-treated CK5-p63, between 15 and 17 fields per trachea were counted; for CK5-DII1 baseline, between 7 and 12
fields per trachea were counted; for OVA-treated CK5-DII1, between 9 and 12 fields per trachea were counted; for CK5-Jag2 base-
line, between 11 and 13 fields per trachea were counted; for CX3CR1-RBPJk baseline, 8 fields per trachea were counted; for OVA-
treated CX3CR1-RBPJk, between 10 and 20 fields per trachea were counted. The second method to quantify cells was through using
tracheal wholemount preparations. For analysis of epithelial cell populations, all antibody staining was observed to be isolated to the
epithelial layer. The entire surface of wholemounted tracheas was imaged using a 10X objective to tilescan z-stacks containing the
epithelium followed by image flattening through maximal intensity projection (MIP). Cells were counted on flattened MIP images, and
the tracheal surface area was measured. Rare cells were counted manually with the exception of GNG13+ Tuft cells for which there
were several thousand per trachea and a script was written to perform automated cell counting based on the “Find Maxima” function
in ImageJ/Fiji (available upon request).

For analysis of intraepithelial myeloid populations, there was a substantial amount of mesenchymal cell staining such that different
counting methods were required. Tracheal z-stacks were obtained through the epithelium using 20X objectives covering the majority
of central, non-membranous portions of the wholemount preparations. The boundary between the epithelium and subepithelium was
determined based on collagen autofluorescence of basement membrane fibers. Cells located within the epithelial layer were manu-
ally counted within the z stack over each 20X field, representing an approximate surface area of 425 pm by 425 pm. Dual CD11¢c*/
MHC Il + staining was used to initially quantify IAMs. Subsequently, targeting efficiency of CX3CR17-CreER was calculated by count-
ing the fraction of MHC II* intraepithelial cells that were tdTomato labeled. In following CX3CR1-CreER based experiments, Lineage™*
IAM were defined as mGFP* cells within the epithelium and scored according to MHC II* staining. Images were processed and
analyzed using ImageJ/Fiji (NIH).

Time-lapse microscopy

Tracheas from CD11c-mCherry reporter mice were explanted and sutured into a custom imaging platform as previously described.®’
In brief, the trachea was affixed to a silicone o-ring which was placed on top of an inverted transwell insert (Corning #3470) attached
to a 60mm tissue culture dish with PDMS. This dish was placed in a CO2 and temperature controlled live imaging chamber (TokaiHit)
on the microscope stage. DMEM/F12 media supplemented with Primocin (InVivoGen) and 15mM HEPES contacted the explant from
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below through the ALI membrane. Time lapse imaging over 25 min was performed using an Olympus FVMPE-RS multiphoton laser
scanning microscope equipped with a MaiTai HPDS-O IR pulsed laser and INSIGHT X3-OL IR pulsed laser using a 25 X water im-
mersion lens (NA 1.05). Images were exported into Imaged for processing to generate maximum intensity projections from z-stacks
spanning the epithelial layer to best capture all IAM processes.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from sorted cell populations as previously described.'**° DIl7 deletion was confirmed extracting total RNA
from lineage labeled (YFP+) and YFP negative basal cells isolated from Tam-treated CK5-creER;LSL-YFP;DIl1"" mice. The compar-
ative Ct method for relative quantification of gene expression was used (2ACt, where ACt represents the difference in threshold cycle
between the target and control genes). For control genes, the geometric mean of cycle thresholds for GAPDH and p-2-microglobulin
was used. Otherwise, data was normalized to GAPDH mRNA levels. The following primers were used: Gapdh: Forward 5
AACTTTGGCATTGTGGAAGG 3’ and reverse 5 ACACATTGGGGGTAGGAACA 3’; p-2-Microglobulin: Forwards’ CTGACCGGCCT
GTATGCTAT 3’ and reverse 5 CAGTCTCAGTGGGGGTGAAT 3’; DIl1: Forward5’ TTAGCATCATTGGGGCTACC 3’ and reverse 5
TAAGTGTTGGGGCGATCTTC 3'.

Cell culture and viral transduction

Mouse tracheal epithelial cells were isolated using papain for tissue dissociation and stained for EpCAM and GSIp4 to sort them as
previously described."“° Cells were cultured and expanded in complete SAGM (small airway epithelial cell growth medium; Lonza,
CC-3118) containing TGF-/BMP4/WNT antagonist cocktails and 5mM Rock inhibitor Y-27632 (Selleckbio, S1049). To initiate air-
liquid interface (ALI) cultures, airway basal cells were dissociated and seeded onto transwell membranes. After confluence, media
was removed from the upper chamber. Mucocilary differentiation was performed with PneumaCult-ALI Medium (StemCell,
05001). Differentiation of airway basal cells on an air-liquid interface was followed by directly visualizing beating cilia in real time after
8 days. Mouse basal cells were infected with lentiviral vectors carrying shRNAs targeting mouse DIl1. Four different clones were ob-
tained from Sigma (MISSION® shRNA DIl1 NM_007865, clones TRCN0000028890, TRCN0000028865, TRCN0000028845,
TRCNO0000028864, TRCN0000028910), and cloned into pLKO.1 vector (Addgene Plasmid 10878). Murine DII1 was amplified from
the plasmid MC221075 (OriGene) using a high fidelity Tag polymerase and the following primers: Forward 5'-GTAACTAG
Tatgggccgtcggage-3’; Reverse: 5'-AGCGAATT Cttacacctcagtcgctataac-3’, to be next cloned into pSin-EF2-Nanog-Pur (Addgene
Plasmid 16578) following Spel and EcoRI digestion. Insert into the plasmid was confirmed by PCR and sequencing. Lentiviral pro-
duction was performed in HEK293 cells following standard protocols. Concentrated viruses were used at a MOI of 6 to infect murine
basal cells for 9h at 37C in 5% CO.. Basal cells were selected by puromycin administration in the case of DIl1 overexpression, or by
GFP after FACS sorting in the case of DII1 inhibition and then the cells were allowed to grow to confluence before being transferred
onto transwell membranes. 24d (DII1 overexpression) or 26d (DII1 inhibition) after ALI initiation, cells were washed, fix with 4% PFA
and immunostained to detect the development of mucous cells. For DII1 inhibition experiments, 20d after ALI initiation mucous cell
formation was induced by administering recombinant murine IL-13 (20ng/ml; 210-13, PeproTech) for 6d. To test initially the efficiency
of mDII1 overexpression and shRNA DII1, non-purified infected cells were collected 72h after infection and lysed in TRI Reagent for
analysis of DII1 expression.

Notch inhibition on an explant system

Tracheas were excised from mice using a dissecting microscope as described above for wholemount harvesting. However, in addi-
tion to a longitudinal ventral incision, each trachea was divided into two equal halves with another longitudinal dorsal incision along
the posterior membrane. Tracheas were placed on gelfoam sponges (Pfizer) in Petri dishes and cultured at air-liquid interface in
DMEM/F12 based media supplemented with 15mM HEPES (Thermo Fisher Scientific). For Notch inhibition, the media contained
either 2.5uM DAPT (Tocris) or 10pM DBZ (Calbiochem) while control media contained an equivalent volume of DMSO (Sigma),
<0.1% v/v. Daily media changes were performed and tracheas were cultured for 3 days unless otherwise specified followed by
wholemount fixation and staining.

Murine co-culture model

Tracheal epithelial cells from Membrane-GFP (mGFP) mice were isolated to better visualize immune integration into the epithelium.
mGFP mice were generated by breeding Rosa26R-mTmG mice (JAX 007576) to FoxJ1-Cre mice (MGI 3797103). FoxJ1-Cre activity
in spermatocyte precursors resulted in reporter recombination to produce mGFP sperm, leading to mGFP offspring when bred to
C57BL/6 mice. The FoxJ1-Cre allele was subsequently backcrossed out of mice expressing mGFP through additional matings to
C57BL/6 mice. In subsequent experiments, C57BL6/J mice (JAX 000664) were used to generate epithelial cells lines. Primary
tracheal epithelial cells were isolated by digesting tracheas as previously described.®® Freshly isolated epithelium was seeded
onto plates pre-coated with laminin-rich matrix derived from filtered supernatant of the 804G rat bladder cell line. The cells were
then expanded in Small Airway Growth Media (SAGM, Lonza #CC-3118) supplemented with ROCK inhibitor Y-27632 (Tocris),
dual SMAD inhibitors A-8301/DMH-1 (Tocris), and WNT activator CHIR99021 (Tocris).*® Passage 2-5 cells were used to seed trans-
well inserts (Corning #3470) pre-coated with 804G-derived matrix as above. When confluence was achieved, media was aspirated
from apical and basolateral chambers and basolateral media was replaced with PneumaCult ALI media (StemCell Technologies
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#05001). Purified murine bone-marrow monocytes were then added to the apical surface in PneumaCult ALI media at a concentration
of 1.5e3/mm?. Bone marrow monocytes were isolated for use according to the manufacturers protocol (Miltenyi Biotec # 130-100-
629). Rosa26R-mTmG (JAX 007576), CCR2-RFP/CX3CR1-GFP (Jax 032127), and CX3CR1-RBPJk mice were used as sources of
bone marrow for experiments. Cultures were maintained in Pneumacult ALI media until maturity was reached. No supplemental
exogenous cytokines/chemokines were added to the media.

Notch inhibition in an in vitro co-culture system

Mature cultures were treated with 2.5uM DAPT (Tocris) while control cultures were treated with an equivalent volume of DMSO for
72h before analysis by immunofluorescent staining or flow cytometry. To induce deletion in vitro from CX3CR1-RBPJk mice, 2uM
4-OHT (Sigma) was added to basolateral media of mature cultures for 5 consecutive days. 4-OHT treated wells with monocytes
from RBPJK™":mTmG littermates lacking CX3CR17-CreER were used as controls. Two weeks later, cultures were analyzed by flow
cytometry.

Confocal/flow analysis of co-cultures

Live transwell cultures were maintained on a temperature and climate controlled stage and imaged with a Zeiss LSM780 confocal
laser scanning microscope using a 10x objective to capture fluorescent reporter signal. For flow cytometry, mucus was removed
from the apical surface by a 5 min incubation in dithiothietol (DTT, Sigma). The apical surface was then washed two times with
PBS and TrypLE select (Gibco) was added to apical and basolateral chambers for 20 min at 37C to generate a single cell suspension.
The digested cultures were passed through a 100um filter and resuspended in MACS buffer (PBS supplemented with 2mM EDTA and
1% bovine serum albumin). Samples were blocked with purified CD16/CD32 mAb (1:100, 553141, BD Biosciences) and then stained
with fluorescently labeled antibodies CD45-PE (Biolegend 103105, 30-F11), MHC Il I-A/I-E AF647 (Biolegend 107618, M5/114.15.2)
followed by fixation in PFA. Flow cytometry was performed on an BD CytoflexS analytical flow cytometer (BD Biosciences, San Jose,
CA) and analyzed using FlowJo software (version 10.8).

Mouse single cell RNA sequencing (scRNAseq) analysis

Single-cell profiles for murine tracheal myeloid cells were obtained by re-analyzing data collected as part of our prior study of the
tracheal epithelium.? Previously, non-epithelial cells (fibroblasts, endothelial cells, and immune cells) were considered contaminating
populations and were computationally filtered out and excluded from the prior analysis.” To examine the immune populations, the
10X digital gene expression matrices were downloaded (GSE103354, GSE152501) and analyzed using standard processing pipe-
lines while still including non-epithelial populations. The top 3,000 most variable genes were identified based on a previously
described outlier detection approach.®® PCA was performed and the top 50 principal components were used to construct a Shared
Nearest Neighbor (SNN) graph, using approximate nearest neighbors (k = 20, eps = 0.5). 10,744 total cells were allocated into com-
munities (cell type clusters) using the Leiden algorithm (implemented using the igraph R package, resolution = 0.25). Two Krt5"9" and
two Scgb1a1" clusters were merged to define basal and club cells respectively. All other clusters detected represented a distinct
cell type (or lineage, in the case of immune cells). To examine heterogeneity of marker gene expression in immune cells, we recom-
puted variable genes, PCA, and UMAP on only the cluster of 304 immune cells and visualized the indicated genes by projected them
onto the resulting UMAP embedding.

Human single cell RNA sequencing and gene set enrichment analysis (GSEA)

For full details regarding subject recruitment, sample processing, and cell clustering was previously described.*® An IAM gene set
was derived using the list of IAM discriminatory markers from Engler et al.® and mapping them to their human orthologs. GSEA
was then performed with this IAM gene set, to look for an enrichment of an IAM signature in human airway mononuclear phagocyte
clusters, using fgsea (v1.24.0, R). Cluster gene lists were defined and ordered as previously described with a pseudobulk one-vs-all
approach. Only genes that were expressed in >5% of cells were included in the ranking lists with 10,000 permutations to test for in-
dependence. Based on multiple hypothesis testing a false discovery rate was calculated using the Benjamini-Hochberg method. Dot
plots and violin plots to show functional specialization of airway mononuclear phagocytes and expression of Notch ligands and re-
ceptors was performed using the dotplot function in scanpy and plotted using matplotlib as performed.*®

QUANTIFICATION AND STATISTICAL ANALYSIS

The standard error of the mean was calculated from the average of the indicated number of samples in each case (n = biological
replicates/condition/experiment). All the experiments were repeated two or three times. The number of samples per condition is indi-
cated in each case in the figure legend. Multiple 20x or 40 x magnification fields per sample were counted and is indicated in detail in
the Microscopy and imaging section. No animals were excluded from the analysis. Data was analyzed and compared among groups
by Student’s t-test (unpaired, two-tailed test) or two-way ANOVA. In the experiments where multiple fields per trachea were counted,
the data was analyzed by nested t test. A p-value of less than 0.05 was considered significant. The analysis was performed with
GraphPad Prism 10.0 software.
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