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Induction of a distinct macrophage
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Macrophages are pleiotropic and diverse cells that populate all tissues of the
body. Besides tissue-specific resident macrophages such as alveolar macro-
phages, Kupffer cells, and microglia, multiple organs harbor at least two
subtypes of other resident macrophages at steady state. During certain cir-
cumstances, like tissue insult, additional subtypes of macrophages are
recruited to the tissue from the monocyte pool. Previously, a recruited mac-
rophage population marked by expression of Spp1, Cd9, Gpnmb, Fabp5, and
Trem2, has been described in several models of organ injury and cancer, and
has been linked to fibrosis in mice and humans. Here, we show that Notch2
blockade, given systemically or locally, leads to an increase in this putative pro-
fibrotic macrophage in the lung and that this macrophage state can only be
adopted by monocytically derived cells and not resident alveolar macro-
phages. Using a bleomycin and COVID-19model of lung injury and fibrosis, we
find that the expansion of these macrophages before lung injury does not
promote fibrosis but rather appears to ameliorate it. This suggests that these
damage-associated macrophages are not, by themselves, drivers of fibrosis in
the lung.

Macrophages are present in every tissue and play important roles in
tissue homeostasis as well as in coordinating the immune system
response to pathogens and tissue injury. Macrophages are extremely
diverse, with distinct ontogenies, tissue-specific phenotypes, and
diverse functions in inflammation and repair1,2. While originally
believed to be derived from blood monocytes, it is now known that
some tissue-specific resident macrophages, for example microglia,
Kupffer cells, alveolar macrophages, and Langerhans cells are embry-
onically derived and self-replenish throughout life3–8. Recent studies

show that many organs harbor additional tissuemacrophages that can
be broadly defined into two or three different subsets9.While the exact
function of different tissue macrophage subsets is not fully under-
stood, they are implicated to function in promoting tissue inflamma-
tion, tissue repair, and aberrant responses like tissue fibrosis10–13.

In the lung, the classical tissue-resident macrophage is the
alveolar macrophage, which resides in the lumen of the alveoli. Within
the parenchyma of the lung, an additional tissue macrophage called
the interstitial macrophage (IM) can be found close to the vasculature
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and the large airways, and within the interstitium of the alveolar
walls12,14–16. Multiple studies using surfacemarkers, bulk, and single-cell
RNA-seq show that IMs can be divided into two or three subsets12,14,16.

The Notch pathway plays a critical role in cell differentiation in
many systems including myeloid cells17–22. There are four Notch
receptors, Notch1-4, that interact with five different ligands, Jag1,2,
Dll1, 3, 4. In myeloid cells, Notch2 signaling is known to be critical for
the development of the Esam+ Type 2 conventional dendritic cell
(cDC2)17,19 and for the conversion of Ly6Chi classical monocytes to
Ly6Clo patrolling monocytes22. In the spleen and heart, this conversion
also inhibits monocyte recruitment into tissue and subsequent mac-
rophage differentiation22,23.

In this work, we test whether Notch2 functions in the develop-
ment and homeostasis of IMs in the lung using Notch2 blocking anti-
bodies administered either systemically (intraperitoneally, IP), or
locally (intratracheally, IT). We find that both systemic and local
Notch2 blockade increases the number of IMs in the lung. Single cell
RNA sequencing (scRNAseq) shows that Notch2 blockade expanded a
population of macrophages not prevalent in the steady state. Inter-
estingly, these macrophages developed frommonocytes but acquired
slightly different phenotypes depending on systemic or local antibody
administration, respectively. Thesemacrophages expressed Spp1, Cd9,
Gpnmb, Fabp5, and Psap, all genes associated with macrophages in
lung fibrosis in mice and humans24–27. Using our dataset as a reference,
we searched a wide variety of public scRNAseq datasets and find that
macrophageswith a similarphenotype are indeedpresent in injury and
disease settings in a variety of tissues. However, pre-treatment with
αNotch2 antibodies to expand these cells did not worsen fibrosis after
bleomycin injury or after COVID infection, but instead significantly
ameliorates it. This suggests that macrophages with this phenotype
did not potentiate the fibrosis response andmay functionprotectively.

Results
Notch2 inhibition enhances the number of interstitial lung
macrophages
Only Notch1 and Notch2 have significant transcriptional expression in
macrophages, with Notch2 expressed more than 10-times higher than
Notch1 (Supplementary Fig. 1a). To test whether Notch2 signaling
regulates lung interstitial macrophages (IM) differentiation, we used
blocking antibodies for Notch 1 and Notch228 and administered them,
intraperitoneally (IP), once per week, for two weeks before analysis at
day 14 (Supplementary Fig. 1b). Consistent with previous findings
using genetic tools to regulate Notch2 signaling, we observed the loss
of Esam+ cDC2s in the spleen17,19 and the loss of Ly6Clo CD11c+ patrolling
monocytes22,23 (Supplementary Fig. 1 c,d). αNotch2 treatment did not
significantly change macrophage numbers in the kidney, liver, and
peritoneum, but changes were noted in the spleen, heart, and lung
(Fig. 1a, Supplementary Fig. 1e). In the lung, we noted a three to five-
fold increase in IMs (Fig. 1b,c). This was specific to blockade of Notch2
as IP administration of Notch1 inhibitor antibodies led to only a small
decrease in the number of IMs and alveolar macrophages (AMs)
(Fig. 1b,c). The effect of Notch2 blockade on IM numberswas transient
as 21 days after the second antibody dose, the level of macrophage
expansion was diminished by about half (Fig. 1d).

Notch2 is required for goblet cell transdifferentiation and the
formation of inflammatory ILC2s in the lung29,30. To confirm that the
expansion of IMs was cell intrinsic and not secondary to Notch2 sig-
naling in other cells, we generated bonemarrow chimeras that allowed
inducible deletion of Notch2 in either the hematopoietic or the non-
hematopoietic compartment (Fig. 1e, f). Deletion of Notch2 increased
numbers of IMs only when Notch2 was deleted in bone marrow donor
cells, suggesting that the effect of Notch2 on IMs was intrinsic to the
hematopoietic compartment (Fig. 1e). To confirm that the effect of
Notch2-blockadewas intrinsic to themacrophage-lineage, we assessed
IM numbers inmixed bonemarrow chimeras. The bonemarrow ofWT

mice was mixed in a 1:1 ratio, either with bonemarrow from control or
Rosa26CreERT2Notch2flox/flox mice, and transferred into lethally irradiated
WT mice. Congenic marking was used to track the origin of the mye-
loid cells (Fig. 1g). After tamoxifen treatment, only IMs derived from
Notch2 deleted bone marrow were increased in numbers in the lung
(Fig. 1g). Thus, Notch2 blockade acts intrinsically on monocyte/mac-
rophage lineage cells to expand IM numbers in the lung.

Single cell analysis of IMs in the steady state and after Notch2
blockade
Recently, several groups using flow cytometry, bulk, and single cell
RNA sequencing have reported distinct subpopulations of IMs9,12,14–16.
To test whether loss of Notch2 signaling has an impact on the dis-
tribution of IM subtypes, we sorted populations of IMs, monocytes,
and alveolar macrophages and analyzed them using single cell RNA
sequencing (scRNASeq) (Supplementary Fig. 2a, b). As the differential
expression of MHCII, LYVE-1, CD206 and SiglecF can be used to dis-
tinguish among different IM subtypes, AMs, and monocytes, we also
included oligonucleotide labeled antibodies to assess surface protein
levels of these markers (CITE-seq) (Supplementary Fig. 2c)9,12,14–16.
Lastly, to differentiate between cells that were in the vasculature ver-
sus those in the tissue, an allophycocyanin (APC)-conjugated αCD45
antibody was injected intravenously shortly before euthanizing the
mice. An oligonucleotide-labeled αAPC antibody allowed us to distin-
guish tissue vs. intravascular cells.

A total of ∼26,000 cells remained after standard processing and
quality control, and were annotated using SingleR and the ImmGen
database as reference (Supplemental Fig. 2d)31. A total of 4.5% (~1100)
of cells were not monocytes or macrophages and were removed from
further analysis. Single cell transcriptional profiles of cells treated with
control orαNotch2 antibodieswere integrated into a single unbatched
dataset, scaled by read depth, subjected to principal component
analysis (PCA), and visualized in two dimensions using the Uniform
Manifold Approximation and Projection method (UMAP). Cells were
segregated into three groups annotated as AMs, IMs, and monocytes
using the ImmGen database, validating our FACS sorting strategy
(Supplementary Fig. 2d).

Clustering analysis was performed to identify distinct sub-
populations. This revealed four monocyte clusters (M1, M2, M3, M4),
three AM clusters (A1, A2, A3), and four IM clusters (I1, I2, I3, I4)
(Fig. 2a). Clusters M4, A2 and I4 were present mainly in αNotch2-
treatedmice, while M2 was exclusive to control antibody-treatedmice
(Fig. 2a, b). Interestingly, the M4 population was positioned in the
UMAP between monocytes and emergent cluster I4, suggesting that
M4 may represent an intermediate population (Fig. 2a).

To find marker genes for each sub-cluster, gene expression pro-
files were aggregated and tested for differential expression (see
methods). Cluster M2 expressed genes consistent with Ly6clo patrol-
ling monocytes (Fig. 2c, Supplementary Fig. 2e). The absence of M2
cells after Notch2 blockade was consistent with the dependence of
Ly6Clo monocytes on Notch2 signaling22. Notch2 blockade also
induced a shift in the phenotype of AMs from A1 to A2. A2 AMs were
characterized by higher expression of Car4, a key AM identity marker
gene32, but had similar levels of the AM marker SiglecF by RNA and
antibody labeling (Fig. 2c, Supplementary Fig. 2f). A smaller population
present in both conditions, A3, was identified as proliferating AMs
(Fig. 2c, Supplementary Fig. 2e). Finally, almost all of the IMs in the
control mice segregated into clusters I1, I2 and I3. Cluster I1 expressed
Lyve1, Folr2, Mrc1, CD163, and CD209f (Fig. 2c), and was labeled by
LYVE-1 and CD206 antibodies (Supplementary Fig. 2c). I1 is consistent
with the Lyve1hiMHCIIlo subset by Chakarov et al.12, the CD206+ subset
by Schyns et al.16, the IM1 subset by Gibbings et al14, or the TLF+ subset
byDick et al.9. Cluster I2was characterized by the expression ofCx3cr1,
Cst3, complement factors (C1qb, C1qa), and class II related genes
(Cd74, H2-Ab1, H2-Eb1), while cluster I3 contained cells with higher
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expression of Fxyd5 and Bcl2a1d (Fig. 2c). I2 and I3 most likely reflect
the MHChi and CCR2+ IM subsets, respectively, as described by Dick
and colleagues9, or one combined population described as
Lyve1loMHCIIhi subset by Chakarov et al.12 or CD206- subset by Schyns
et al.16.

In contrast, over 80% of IMs from IP αNotch2-treated animals
were represented by cluster (I4) (Fig. 2a, b). This population expressed
several alternative activation-associated genes such as Arg1 and Chil3,
as well as Spp1, Fabp5, Gpnmb, S100a6, and multiple cathepsins (Ctsb,
Ctsd, Ctsk, Ctss) (Fig. 2c). Interestingly, the A2 andM4 populations also
expressed some of those markers but to a lesser extent. None of these
genes were highly expressed in steady-state IMs (Supplemen-
tary Fig. 2e).

To measure the similarity among the populations, we calculated
the cosine similarity on the PCA space aggregating the cells by cluster
(Fig. 2d). This analysis revealed that even though A2AMs express some

I4 marker genes, A2 AMs were only marginally similar to I4 IMs and
grouped firmly with the AMs in clusters A1 and A3. Cluster I4 was the
most dissimilar of the clusters, but still groupedwith the IM clusters. In
summary, systemic Notch2 blockade expanded a population of IMs
that were transcriptionally different but still related to IM populations
described in the steady state.

Monocytic origin of αNotch2 expanded interstitial
macrophages
The induction of the M4 population by Notch2 blockade and its
position in the UMAP between monocytes and IMs suggested that the
I4 population derived from monocytes. M4 cells were identified as
monocytes by both our FACS gating strategy and SingleR using the
Immgen database (Supplementary Fig 2d), but did not label with the
αCD45-APC antibody used to mark intravascular cells (Fig. 3a). Cosine
similarity analysis showed that M4 monocytes shared similarities with
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Fig. 1 | Notch2 but not Notch1 inhibition expands lung interstitial macro-
phages. a–d Analysis of lung macrophages after intraperitoneal (IP) administration
of 20mg/kg of αRagweed (control), αNotch2 or αNotch1 antibodies once per week
for two weeks and analyzed at day 14 (a-c) or at day 28 (d). Mononuclear cells were
isolated and analyzed by flow cytometry for a total number of macrophages
(CD64+MerTK+ cells) (a), as well as the proportion and number of alveolar
(CD64+MerTK+ SiglecF+/CD11bint) vs interstitial (CD64+MerTK+ SiglecF-/CD11b+) sub-
sets after Notch1 or Notch2 antibody blockade (b, c). n= 13, 3 experiments.
d Absolute numbers of AMs and IMs after 28 days of αNotch2 antibody blockade
(20 days after the last antibody dose). n= 5, 1 experiment. e, f The Notch2 effect is
intrinsic to the hematopoietic compartment. Bone marrow from CD45.2 mice
expressing either Notch2f/f or Notch2f/fCreERT2 was used to generate bone marrow

chimeras with CD45.1mice as the hosts, n = 9Notch2f/f->WT, n= 13Notch2f/fCreERT2 ->
WT, 3 experiments (e) as well as the converse n= 7 WT -> Notch2f/f, n= 7 WT->
Notch2f/fCreERT2, 2 experiments (f). gMixed bonemarrow chimeras demonstrate that
the Notch2 effect is cell intrinsic. Congenically marked WT (CD45.1/2) bone marrow
cells were mixed together with Notch2f/f or Notch2f/fCreERT2 bone marrow (CD45.2) in
equal ratios, and transferred intravenously (i.v.) into wild-type mice (CD45.1) as
diagrammed in the left panel. After tamoxifen treatment,flowcytometry was used to
analyze the contribution of each bonemarrow (45.1/2 vs 45.2) to AMs (upper middle
panel) and IMs (lowermiddle panel). The absolute number of alveolar and interstitial
macrophages per lung is shown in the right panel. n= 10, 2 experiments. An unpaired
parametric two-tailed t-test was applied in all graphs where statistical data is shown.
Data is graphed as the mean +/- standard error of the mean (SEM).
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I4 macrophages as well as the steady-state IMs (Fig. 2d). To investigate
the origin of the emerging I4 population, we leveraged the presence of
spliced and unspliced RNAmolecules in the scRNAseqdata to infer cell
transitions and trajectories using RNA velocity33 (Supplementary
Fig. 3a). The transcriptional profiles of the IM, AM and monocyte
populations were integrated according to treatment, and velocity
vectors were calculated after removing genes with less than 20 shared
unspliced/spliced counts33. In controlmice, we did not identify any cell
transitions between the three main cell types (IM, AM, monocyte,
Fig. 3b, Supplementary Fig. 3b), suggesting that AMs and IMs are
relatively stable populations and that any potential replacement by
monocytes is a rare and/or slow process. After Notch2-blockade,
however, we readily identified cell transitions betweenmonocytes and
the expanded αNotch2-derived IM cluster I4 but not from
AMs (Fig. 3b).

To experimentally validate the monocytic origin of IP αNotch2-
derived IMswe usedmice lacking the CCR2 receptor. CCR2 is required
for monocyte egress from the bone marrow and CCR2 deficient mice
have reduced numbers of monocytes in the blood34,35. αNotch2 treat-
ment of CCR2 KO mice showed an attenuated expansion of IMs,

confirming that monocytes were a main contributor to the expanded
interstitial macrophage population after Notch2 blockade (Fig. 3c).

Local Notch2 blockade induces I4 macrophages with alveolar
macrophage-like phenotype
Our data demonstrated that systemic (IP) blockade of Notch2 induced
a population of macrophages in the lung that was dependent on the
recruitment of monocytes. To distinguish between the effects of
Notch2 blockade in the periphery, e.g. on bone marrow hematopoi-
esis, and on cells in the lung, we administered antibodies directly into
the airways by passive intratracheal inhalation (IT) at days 0 and 7, and
assessed lungmacrophages at day 14 using scRNAseq (Supplementary
Fig. 1b). In control IT treatedmice, we detected amoderate increase in
the number of I4 macrophages, which likely reflects a response to the
applicationof liquid to the lung. In contrast, IT treatmentwithαNotch2
antibody increased total numbers of IMs with the majority of cells
expressing the same I4 marker genes (Spp1, Gpnmb, Fabp5, Cd9, and
Arg1) (Fig. 4a–c, Supplementary Fig. 4a). AMs still shifted to the A2
phenotype, but there was no reduction in the numbers of patrolling
monocytes (M2), and no change in the number of Esam-expressing
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Fig. 3 | Cluster I4 macrophages are derived frommonocytes. a Separate UMAP
representation of cells from mice treated with control (left) or ɑNotch2 antibody
(right). Intravascular CITE-Seq αCD45 antibody labels only monocytes in both
conditions. After Notch2 blockade the lack of CITE-Seq intravascular αCD45 anti-
body staining of M4 monocytes (see b, and Supplementary Fig. 3) suggests that
they have emigrated into tissue. b RNA-Velocity analysis of clustered cells after
control (left) and ɑNotch2 (right) antibody treatment suggests that I4macrophages
derive fromM4monocytes. cAttenuationof IMexpansionafterNotch2blockade in

CCR2 KO mice. αNotch2 or control antibodies were administered to WT or CCR2
KOmice as shown in Supplementary Fig. 1b. Proportions of AMs compared to IMs
determined by flow cytometry in WT and CCR2 KO mice are shown on the left.
Absolute numbers of IMs are shownon the right. n = 9WT-Ctrl, n = 10WT-αNotch2,
n = 11 CCR2ko-Ctrl, n = 12 CCR2ko-αNotch2. An unpaired parametric two-tailed t-
test was applied for statistical analysis. Data is graphed as the mean +/- standard
error of the mean (SEM).
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cDC2s in the spleens19 (Fig. 4b, Supplementary Fig. 4b), supporting
that IT treatment largely restricted αNotch2 antibody to the lung.

We used a random forest classifier implemented in
pySingleCellNet36 with a calibrated output to classify and transfer the
cell labels from the IP αNotch2 treatment to the IT dataset. Interest-
ingly, a portion of the cells that clustered with I4 macrophages using a
graph-based clustering algorithm were identified as A2 AMs by
pySingleCellNet (Supplementary Fig. 4d). Accordingly, RNA velocity
and pairwise cosine similarity between each of the clusters showed
that I4 macrophages after local Notch2 blockade seemed to be tran-
scriptionally more similar to AMs than to monocytes (Fig. 4d, e Sup-
plementary Fig. 4c).

Identification of transcriptional states in I4 macrophages
To better understand the features that make up the I4 population, we
analyzed the specific I4 transcriptional programs using Hotspot37, a
graph-basedmethod that organizes genes intomodules based on local
autocorrelation and co-expression between nearby cells. To this end,
both datasets (IT,IP) were integrated together as described before and
Hotspot analysis was performed using the joint dataset of IT/IP Notch2
blockade (Fig. 5a–c, Supplementary Fig 5a). This allowed us to assess
dynamic gene expression changes within a cluster and capture gra-
dients of gene expression that would not naturally segregate into
distinct subclusters.

Within cluster I4, Hotspot identified four gene modules: I4a, I4b,
I4c, and I4d (Fig. 5a). Module I4a was defined by Lgmn, Arg1, Fn1, Ccl9,
and alarmins S100a6 and S100a4. The I4a module was similarly
expressed in I4 andM4cells inducedby systemicNotch2 blockade, but
lowly expressed inA2. This indicated that expression of the I4amodule
is a signature for the monocytic origin of I4 cells after systemic anti-
body treatment (Fig. 5b, c; Supplementary Fig. 5b). Module I4b was
marked by Fabp5, Psap, Cd63, Gpnmb, Lgals3, and Spp1, as well asmany
cathepsins (Ctsd, Ctss, Ctsb, Ctsl) (Fig. 5a). Most of these genes are
known marker genes for ‘lipid-associated’ (LAM) or ‘scar-associated’
(SAM) macrophages24,38. This module was most highly and broadly
expressed in I4 macrophages from both systemic and local Notch2
blockade and therefore describes the core I4 cell state (Fig. 5b, c;
Supplementary Fig. 5b).

Module I4c was defined by the LAM/SAM and AM marker gene
Cd924,38, as well as the AMmarker genes Atp6v0d2 and Chil3 (Fig. 5a). It
was expressed highest in A2 and I4 macrophages (Fig. 5b, c; Supple-
mentary Fig. 5b). Finally, module I4d was defined by expression of AM
marker genes Ear2, Plet1,Wfdc21 and Ltc4s (Fig. 5a). The I4d signal was
highest in AMs (A1-A3) but also present in I4 cells induced by IT but not
by IP blockade (Fig. 5b, c; Supplementary Fig. 5b). Indeed, the more
AM-specific module I4d was only expressed in ‘AM-like’ I4 macro-
phages which clustered closest to A2 AMs, further suggesting a
potential relationship between AMs and I4 macrophages in IT but not
IP treated mice (Fig. 5c, Supplementary Fig. 4d).

Resident AMs do not adopt an I4 macrophage state
To investigate whether these ‘AM-like’ I4 macrophages after IT Notch2
blockade derived from bona fide resident AMs, we transplanted con-
genically labeled AMs (CD45.2) into neonatal CD45.1+ Csf2ra-/- mice that
lack AMs due to the absence of GM-CSF signaling (henceforth, AM-
transplant mice39). After 8-weeks, AM-transplant mice were adminis-
tered control or αNotch2 antibody IT and analyzed as before (Fig. 5d).
We differentiated between CD45.1+ Csf2ra-/- host cells and transferred
CD45.2+ AMs using CD45.1 and CD45.2 Cite-Seq antibodies. As expec-
ted,AMswere labeledwithCD45.2 antibodies,while IMs andmonocytes
were labeled with CD45.1 (Fig. 5d, e). Treatment with IT αNotch2 anti-
body induced I4 macrophages that were only expressing CD45.1,
demonstrating that I4 macrophages induced by IT αNotch2 antibody
did not derive from bona fide AMs (Fig. 5e). Furthermore, I4 macro-
phages clustered closer to monocytes and were more similar to

transitional monocytes M4 than AMs (Supplementary Fig. 5c, d). We
next applied the previously calculated Hotspot modules on the AM-
transplant scRNA-Seq data (Supplementary Fig. 5e). Surprisingly, we
found that after ITαNotch2blockade in theAM-transplantmodel, the I4
cells lacked expression of AM cell module I4d (Fig. 5f; Supplementary
Fig. 5e, f). Since monocytically derived AMs (MoAMs) cannot be gen-
erated in AM-transplant mice due to all monocytes lacking the GM-CSF
receptor, monocytes recruited into the lungs of WT mice after IT
Notch2 blockade likely acquire some AM-like features, potentially
because of the environment in or around the alveolus. We did not
detect significant numbers of I4 IMs in the alveolar space, suggesting
that ‘AM-like’ I4 cells are located in the lung interstitium (Supplemen-
tary Fig. 5g).

Anti-Notch2 induced IMs resemblemacrophage states inmodels
of organ injury
The I4 macrophage gene signature is similar to a macrophage gene
signature that has been previously described in injured organs and
implicated in promoting fibrosis24–27. To determine how I4 macro-
phages compare topreviously reportedmacrophages,weusedour cell
population labels and transferred the labels onto public scRNAseq
studies using pySingleCellNet. A total of 12 public studies ranging from
lung mouse models in the steady state (5 studies) to experimental
models of organ insults (7 studies) were downloaded and processed
similarly to our dataset before the label transfer procedure (Fig. 6,
Supplementary Fig. 6).

Classification of steady-state IMs9,12,15,16,40 as well as the respective
no-treatment controls from the organ insult datasets showed that the
vast majority of cells in these studies could be annotated as belonging
to clusters I1, I2, and I3. A small percentage of cells could be classified
as I4, suggesting that I4 macrophages are a bona fide but uncommon
population in the steady state (Fig. 6a, b and Fig. 2b).

Public datasets of tissue insult came from seven different studies,
largely focusing on different organs: liver41, adipose tissue38, skeletal
muscle42, heart43, and three datasets from lung27,44,45. In epididymal fat
pads and in livers of mice fed a high fat diet 0.7% and 15% of the mac-
rophages were classified as I4macrophages, respectively38,41(Fig. 6b). In
mouse models of organ injury, including infarcted heart, traumatic
muscle injury, and several differentmodels of lung fibrosis, between 15-
70% of interstitial macrophages could be classified as I4 cells27,42–45

(Fig. 6b).Wecompared the IMs fromthese studieswith IMs from IPor IT
αNotch2 treated by calculating a cosine similarity score after integrat-
ing all of the studies in the same PCA space (Supplementary Fig. 6a, b).
IM cells associated with insult conditions showed high similarity to IMs
after Notch2 blockade (Fig. 6c). Within the I4 population, I4 macro-
phages identified inmousemodels of tissue insult weremore similar to
αNotch2-induced I4 cells than I4 cells identified in control mice (Sup-
plementary Fig. 6c). Interestingly, a time-course study of bleomycin-
induced lung fibrosis showed that there is a continuous expansion of
cells resembling I4 macrophages until day 21 after bleomycin
administration45 (Fig. 6d).

We next evaluated the expression of the four I4 HotSpot gene
expression modules in each of the published datasets. Scores were
aggregated for each of the experimental conditions described in the
respective study (Supplementary Table 1). In most studies, I4d (AM
module)was prevalent in the controls (most likely identifying bona fide
AMs in lung samples), while I4a, I4b, and I4c, were expressed at dif-
ferent levels depending on the study and condition (Supplementary
Fig. 6d, e). Focusing on the bleomycin time course, we could identify a
temporal expression pattern for each module where the I4a tran-
scriptional state appeared first, with maximum signal at day 10, fol-
lowed by an accumulation of I4b (Fig. 6e). This reflects the expression
trajectories of modules in the systemic Notch2 blockade suggesting
monocyte recruitment and conversion to I4 cells (Fig. 5). In this study,
AM-enriched genemodules I4c and I4dwere high at baseline, andwere
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Fig. 4 | Intra-tracheal (IT)αNotch2administration induces I4macrophages that
are similar to alveolar macrophages. IT Notch2 antibody treatment induces I4
macrophages. αNotch2 antibody (n = 5) or control antibody (n = 5) was given IT, in
two doses, once a week for two weeks before the lungs were harvested. Myeloid
cells were prepared for scRNAseq as described in Supplementary Fig. 2a, b.
a scRNAseq analysis and unsupervised clustering of sorted AMs, IMs, and mono-
cytes is shown as a UMAP. Colors represent cell clusters (left) or the treatment
status of the mice (right). b Proportions of individual subclusters of IMs, AMs, and
monocytes before and after treatment are shown in the bar graph. I4 IMs represent
the majority of IMs seen after IT Notch2 blockade. The presence of M2 patrolling

monocytes suggests that there is little systemic effect of IT administration.
c Quantitation of IM numbers after IT Notch2 antibody blockade. Unpaired para-
metric two-tailed t-test was applied as statistical analysis. Data is graphed as the
mean +/- SEM. d RNA-Velocity analysis suggests a potential connection between I4
macrophages and AMs. After control antibody treatment, AMs, IM, andmonocytes
are distributed separately (left Umap). After IT Notch2 blockade, I4 cells are posi-
tioned between AMs and IMs (right Umap). RNA-Velocity analysis shows potential
transitions between AMs and I4 cells. Colors reflect unsupervised clustering iden-
tity (a). e Cosine similarity analysis of all AM, IM, and monocyte clusters in IT
treatment showing a high similarity of cluster I4 to AMs.
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lost during acute inflammation before coming up again after day 10
suggesting theminimal contributionofAMs. This likely also reflects the
initial loss of AMs during bleomycin-induced lung fibrosis46 (Fig. 6e).

To determine whether Notch signaling might be modulated after
injury, we used CellChatDB47 to analyze Notch receptor –Notch ligand
interactions in a whole lung dataset collected in control animals and

after bleomycin injury44. This analysis showed that Notch - Notch-
ligand interactions were reduced in the IM clusters after bleomycin
(Fig. 6f). The loss of Notch interactions coincided with the appearance
of I4 macrophages and supports the idea that loss of Notch signaling
in vivo during tissue injury and inflammation may function as a signal
to promote the I4 cell state.
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Testing the function of I4 macrophages in tissue injury
Since I4 macrophages are abundant in published datasets of lung
injury and macrophages similar to the I4 phenotype are proposed to
be drivers of tissue fibrosis24,27,48,49, we testedwhether their enrichment
might modulate the fibrotic response after bleomycin-injury. We rea-
soned that if these macrophages are pro-fibrotic, expanding these
macrophages before bleomycin injury should enhance the develop-
ment of fibrosis. Mice were pretreated with αNotch2 antibody 10 and
3 days before bleomycin administration, timing the last bleomycin
injection (day4) so that it wouldbe coincidentwith twoweeks after the
initial αNotch2 antibody treatment (Fig. 7a). Heavy water (D2O) was
added to the drinking water to track new collagen deposition.

Body weight measurements showed that mice pre-treated with
αNotch2 antibodies had significantly less weight loss over the course
of the experiment (Fig. 7b). Histological examination of the lungs
showed less inflammation and significantly less collagen deposition in
the αNotch2 treated animals as indicated by H&E and trichrome
staining, respectively (Fig. 7c, d). New collagen deposition based on
isotope (deuterium) labeled hydroxyproline showed only a minimal
increase of total and isotope labeled hydroxyproline in bleomycin-
injured mice after Notch2 blockade (Fig. 7e). This demonstrates that
macrophages with the I4 phenotype are not by themselves drivers of
fibrosis and may play a role in attenuating fibrosis.

Bleomycin-induced injury increased IM numbers in lungs of con-
trol and αNotch2 treated animals 9 days after starting bleomycin
applications, at the peak of inflammation (Supplementary Fig. 7a). To
confirm that the macrophages that accumulate during bleomycin-
induced injury after IP control or αNotch2 antibody treatment are
similar to those that accumulate after Notch2 blockade without bleo-
mycin, we performed scRNA-Seq on IMs from mice treated with
αNotch2 alone or bleomycin +/- αNotch2. As expected, label transfer
identified a population of cells similar to I4s after bleomycin treatment
(Fig. 7f, Supplementary Fig. 7b). Cosine similarity calculations, based
on the combined IM space with other injury datasets, demonstrated
the similarity of macrophages seen after bleomycin treatment to
macrophages from mice treated with αNotch2 antibody (Fig. 7g,
Supplementary Fig. 6b). To verify that localized Notch2 blockade had
the same protective effect, we administered bleomycin to mice pre-
treated IT with Notch2 antibodies. Similar to our results with systemic
Notch2blockade,mice treatedwith local Notch2blockade showed less
weight loss, less inflammation, and less fibrosis (Supplementary
Fig. 7c, d). Importantly, Notch2 deletion in all non-hematopoietic cells
using Rosa26CreERT2Notch2flox/flox mice reconstituted with WT bone
marrow, did not show protection against bleomycin-induced lung
fibrosis, arguing that the beneficial effect of Notch2 blockade is due to
its effect on the hematopoietic compartment in the lung and not on
lung epithelial and/or stromal cells (Supplementary Fig. 7e).

To address the effect of Notch2 blockade in another, infectious,
model of lung injury, we infected mice with a mouse-adapted strain of
SARS-CoV-2 (MA-10)50. Mice were treated with αNotch2 or an isotype
control antibody at 10 and 3 days before intranasal inoculation with

SARS-CoV-2 MA-10. Animals were euthanized at days 2 and 7 for ana-
lysis of lung infection and injury. Notably, while viral RNA levels were
equivalent in isotype and αNotch2-treated animals, less weight loss
was observed in SARS-CoV-2 infected animals treated with αNotch2
antibody (Fig. 8a, b). Corresponding with the improved clinical out-
come, much less airway space consolidation and immune cell infiltra-
tion was observed in αNotch2 compared to isotype antibody-treated
mice (Fig. 8c). Overall these results show that blockade of Notch2-
signaling attenuates inflammation in the lung after bleomycin-induced
injury or viral infection, resulting in improved recovery.

Discussion
Over the last five years, there has been steady progress on the char-
acterization of interstitial macrophages in the lung. Depending on the
method used, previous studies using cell sorting, bulk RNA sequencing,
and scRNA-Seq approaches have shown that there are two or three
different interstitial macrophage populations in the lung9,12,14,16. Our
work clearly supports the existence of three IM subtypes in the lung.
Our approach combining cell sorting, scRNASeq, and CITE-Seq identi-
fied three distinct subtypes at high resolution which largely recapitu-
lated populations described in previous studies. RNA velocity analysis
of steady-state lungs did not show active monocyte to IM conversion,
suggesting that these populations are relatively stable at steady state.

Given the role of Notch signaling controlling cell lineage iden-
tities, we were interested to study its role in regulating IM differ-
entiation. We found that Notch2 signaling regulates monocyte-
macrophage conversion in the lung. This was specific to
Notch2 signaling, as Notch1 blockade had no effect on IMs. The
increase of IM numbers in the lung after antibody mediated Notch2
blockade was intrinsic to the monocyte/macrophage axis as genetic
deletion of Notch2 in mixed bone marrow chimeras phenocopied this
effect. However, scRNA-Seq showed that Notch2 blockade induced
cluster I4, a newly arising population of IMs, which strongly resembled
macrophages previously described as lipid-associated macrophages
(LAMs)38 or scar-associated macrophages (SAM)24. RNA velocity ana-
lysis, experiments using CCR2ko mice, and lineage tracing experi-
ments showed that these macrophages after systemic Notch2
blockade were mostly monocyte derived.

Systemic administration of blocking Notch2 antibodies could
have widespread effects on cells outside and inside of the lung. To
control for these effects we administered Notch2 antibodies locally by
passive intratracheal inhalation (IT). The local confinement of the
antibody was supported by the lack of changes in lung patrolling
monocytes and in Notch2-dependent splenic ESAM2+ cDC2s19,22. Upon
IT instillation of αNotch2 antibody, I4 macrophages were still induced
but some cells in the I4 macrophage cluster expressed genes that are
specific toAMs, suggesting anAMorigin. However, experimentswhere
congenicallymarkedWTAMswere transplanted intoCsf2ra-/-mice that
lack AMs, showed that I4 macrophages induced after IT Notch2
blockade were monocytically derived as no WT AMs adopted an I4
transcriptional phenotype. As this model does not allow for MoAM

Fig. 5 | Hotspotanalysis identifies an I4 core genemodule (I4b).Hotspot analysis
of IP and IT IM subclusters identified 28 genes with significant pairwise local cor-
relation that could be divided into four modules. a Heatmap showing the Z-scores
for the local correlation values for the 28 genes in the four modules, I4a, I4b, I4c,
and I4d. bGene scoring for each of themodules projected on the joint IP/IT UMAP.
Joint UMAP colored by cluster identification is shown on the left. The I4amodule is
expressed in clusterM4 and a subset of I4 cells. The I4bmodule ismainly expressed
in cluster I4. Module I4c is expressed in cluster I4 and all AM subclusters. I4d is
expressed primarily in AMs and in the AMs that bridge between cluster I4 and AMs.
cHeatmap representation of I4a-d module expression in all monocyte, AM, and IM
clusters, separated by the route of antibody application (IP - upper, IT - lower).
d Schematic depiction of the experimental timeline (left) and flow cytometry
analysis of AM-transplant model (right). CD45.2 AMs were transferred intranasally

into CD45.1+ Csf2ra-/- mice at neonatal state. Eight weeks later control or αNotch2
antibody was instilled IT as before. Mice were taken down 2 weeks after initial
antibody instillation. Flow cytometry analysis confirms CD45.2 expression in AMs
and CD45.1 expression in IMs. Cells from AM gate are shown in red in CD45.1/
CD45.2 plot. Cells from IM gate are shown as blue in CD45.1/CD45.2 plot. Ungated
cells from AM/IM gate are represented in gray. e scRNAseq analysis and unsu-
pervised clustering of sorted AMs, IMs, andmonocytes is shown as a UMAP. Colors
represent cell clusters (left) or CITE-Seq antibody staining (right). CITE-Seq anti-
body counts were de-noised and scaled by background (dsb) and normalized
counts were projected on scRNAseq UMAP. f Heatmap representation of I4a-d
module expression in all monocyte, AM, and IM clusters in AM-transplant mice
after IT αNotch2 antibody.
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Fig. 6 | Comparisonofmacrophages generated in this study tomacrophages in
12 previously published studies. a Cell classification of IMs from five published
datasets9,12,15,16,65 based on the clusters in our IP and IT datasets using pySingle-
cellNet. Analysis of steady-state IMs identified in three IM subsets as well as a small
fraction of I4 cells (green). Numbers on the right show the total number of analyzed
cells in each study. b Analysis of IMs from insulted tissue from seven published
studies as noted27,38,41–45. Label transfer using pySinglecellNet as in (a) identified
variable numbers of I4 macrophages (green) with significant numbers in multiple
lung injury studies. Control conditions are shown on the left and insulted condi-
tions on the right. c Pairwise cosine similarity between aggregated IM cells from
each study according to the experimental condition and compared to aggregated

IMs after Notch2 antibody blockade. IMs after IP Notch2 application showedhigher
similarity to IM cells derived from insult conditions (in orange) and IT Notch2
antibody application (in green) than baseline or control samples across several
tissues (in blue). d Proportion of cells classified as I4 increase in a lung bleomycin
time-course study by Strunz et al.45 e Hotspot module expression in all cells clas-
sified as AMs, IMs, or monocytes over a bleomycin lung injury time course from
Strunz et al.45 shows theprogressive change inmodule expressionover time.Data is
presented as a heatmap (top) and xy-graph (bottom). f Decreased Notch receptor/
ligand interactions detected in interstitial macrophages after bleomycin injury.
CellChat analysis was performed from the whole lung scRNASeq data from Peyser
et al.44 focusing on Notch receptor-Notch ligand interactions.
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development, this suggests that resident AMs, due to their long term
imprinting in the alveolar space, have lost their plasticity to change as
discussed by Guilliams and Svedberg51. It does not, however, rule out
that I4 macrophages induced by IT Notch2 blockade could develop
into MoAMs as I4 macrophages share some transcriptional similarities
to ApoE+CD11b+ AMs52. Interestingly, in AM-transplant mice, I4

macrophages lacked the expression of an AM specific gene module.
This suggests that AM-specific genes induced by IT Notch2 blockade
require the presence of GM-CSF, which they encounter when mono-
cytes enter the alveolar interstitial space. Acquisition of thematureAM
phenotype would likely occur after GM-CSF stimulated monocytes
cross the alveolar wall into the alveolar space.
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I4 macrophages have a gene signature similar to macrophages
present in different models of organ injuries. Examples of these mac-
rophages are lipid-associated macrophages (LAMs)24,38, ‘scar-asso-
ciated macrophages’ (SAMacs)24,38 which localize in areas of excessive
extracellular matrix deposition24,48, and macrophages in livers of
mousemodels of NASH41,53. In humans,macrophages expressing these

genes are reported to be present in patients with liver cirrhosis and in
lung fibrosis24,48,49.While our analysis of a publishedwhole lung scRNA-
Seq dataset supports the idea that Notch signaling is downregulated
during tissue injury, the limited availability of whole tissue datasets
before and after injury prevented us from confirming this hypothesis
more widely.

Fig. 7 | Notch2 antibodyblockade amelioratesbleomycin induced lungfibrosis.
a Schematic depiction of experimental timeline. b Mice pre-treated with αNotch2
antibodies exhibited decreased weight loss after bleomycin treatment.
c Histological analysis shows that pre-treatment with αNotch2 antibodies amelio-
rates lung inflammation and fibrosis as assessed by H&E (upper panels) and tri-
chrome (lower panels) staining. Scale bar = 100 μm. d Inflammation (left) and
fibrosis (right) scoring. Sectionswere scored blindly using a scoring scale described
in the Methods section. e Deuterated hydroxyproline levels (New OHP (ug/3 right
lobes), mean + SD) were measured by mass spectroscopy (MS/MS) as an indicator
of newly synthesized collagen. f Analyzed AMs, IMs, and monocytes were isolated
frommice at day 9 according to the experimental layout depicted in (a). Integrated
UMAP after Harmony batch correction of IM cells classified according to the cell
populations defined in this study, colored by cluster identity (left), or colored in

blue by experimental condition (right). g Pairwise cosine similarity of total aggre-
gated IM space (Supplementary Fig. 6a, b) shows high similarity of total IMs in
bleomycin-injured lungs and lungs treated with αNotch2 antibody. Mixed-effects
model with Geisser-Greenhouse correction followed by a Tukey’s multiple com-
parison test (b) or Kruskal Wallis test followed by Dunn’s multiple comparison test
vs. control antibody + bleomycin group. b For clarity only one asterisk is shown
(*p =0.0006 (day −3), 0.0068 (d10), 0.0001 (d15), 0.0002 (d18), <0.0001 (d23))
and only for the comparison of the control and αNotch2 groups in the bleomycin
arm. Data are presented as mean values +/- SD. Each dot represents one mouse.
Sample size b, d, e: Control antibody + saline (n = 5); αNotch2 + saline (n = 4);
Control antibody + bleomycin (day 0: n = 30 (b), day 24: n = 21 (d, e)); αNotch2 +
bleomycin (day 0: n = 30 (b), day 24: n = 29 (d, e)). One representative of two
independent experiments.
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Fig. 8 | Notch2 antibody blockade ameliorated COVID-19 induced lung injury
and fibrosis. aMice pre-treated with control or ɑNotch2 antibodies were infected
with theMA-10mouse-adapted strain ofCOVID virus andwereweighedeveryother
day untilmicewere sacrificed onday 12.bViral titers inmice treatedwith control or
ɑNotch2 antibodies weremeasured by PCR. cAttenuation of inflammation inM10A
infected animals after ɑNotch2 antibody treatment. H&E sections of lungs from
mice pretreated with control or αNotch2 antibodies at 5X and 40X magnification.
Scale bar = 100 μm. Mixed-effects model with Geisser-Greenhouse correction

followed by Šidák’smultiple comparison test (a); or unpaired parametric two-tailed
t-test (b) were performed. a For clarity only one asterisk is shown (*p =0.0022 (day
6), 0.0010 (d8), 0.0281 (d12)). Data are presented as mean values (a, b) +/- SD (a).
Each dot represents onemouse. Sample sizes: a Control antibody +M10A infection
(n = 15); αNotch2 +M10A infection (n = 11). b Control antibody + M10A infection
(n = 8); αNotch2 +M10A infection (n = 8). Combined data from two independent
experiments.
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To study the similarity of I4 macrophages from Notch2 blockade
to macrophages seen in various other studies27,42–45, we used random
forest models to identify and label potential I4 cells in published stu-
dies and then overlaid our HotSpot modules. Our analysis suggests
that the I4macrophage signature fromboth IP and IT αNotch2-treated
mice is very similar and also similar to damage-associated macro-
phages reported inother studies. TheHotSpot analysis suggests that I4
macrophages share a common geneset (I4b) and that differences
amongdifferent I4macrophages in different tissues and injuries reflect
environmental and developmental cues.

A previous study showed that macrophages labeled as I4 macro-
phages begin to accumulate in the lung about 3 days after bleomycin
injury and represent the majority of interstitial macrophages during
the fibrotic phase (day 14-20)45. Their presence in many fibrotic con-
ditions suggested their potential roles in promoting fibrosis after tis-
sue injury24–27, while others suggested that macrophages with a similar
gene signature could help attenuate liver fibrosis or aid in bacterial
defense in the lung52,53. In our studies, the accumulation of I4 macro-
phages prior to bleomycin-induced injury clearly did not promote
fibrosis andmayhave attenuated it. This argues thatmacrophageswith
this phenotype are not per se drivers of lung fibrosis. We cannot rule
out, however, that the presence of these cells after the initiation of a
fibrotic process could contribute to the pathogenesis. Additionally,
despite the strong calculated similarity between αNotch2-induced I4
macrophages and injury-induced I4 macrophages and the shared
HotSpot (I4b)module, we cannot exclude that other differences in the
gene expression are functionally important.

Notch signaling is ubiquitous and antibody blockade has effects
on cells other than monocytes inside and outside of the lung. IT
administration of αNotch2 antibodies largely limited exposure to the
lung as it had no effect on the number of patrolling monocytes or
splenic ESAM+cDC2s but still conferred the same protection against
bleomycin-induced fibrosis. Importantly, using bone-marrow chi-
meras, deleting Notch2 on the non-hematopoietic compartment did
not have an effect on the progression of bleomycin-induced lung
fibrosis suggesting that the protection seen after Notch2 blockade is
mediated by the hematopoietic compartment in the lung.

The rapid adoption of single cell transcriptomic approaches over
the last several years has provided insights into the pathogenesis of
diseaseby revealingnovel cell states as in the caseofmacrophages that
are present during maladaptive tissue responses. It is tempting to
implicate such cell states with progression of the pathological
response, but such cell states may be a bystander response or even an
insufficient protective response. Our results demonstrate that the I4
macrophages seen inmanymodels oforgan injury andhumandiseases
are not pro-fibrotic per se and may even be protective. More precise
genetic tools and approaches will be required to dissect the role of
individual cell states in disease.

Methods
Mice
Animals were maintained in accordance with the Guide for the Care
andUse of Laboratory Animals (National ResearchCouncil 2011, Guide
for the Care and Use of Laboratory Animals: Eighth Edition. Washing-
ton, DC: The National Academies Press. https://doi.org/10.17226/
12910.). Genentech is an AAALAC-accredited facility and all animal
activities in this research study were conducted under protocols
approved by the Genentech Institutional Animal Care and Use Com-
mittee (IACUC).

Mice were housed in individually ventilated cages within animal
roomsmaintainedon a 14:10-hour, light:darkcycle. Animal roomswere
temperature and humidity-controlled, between 68 to 79 °F (20.0 to
26.1 °C) and 30 to 70% respectively, with 10 to 15 room air exchanges
per hour. Mice were fed an autoclaved, closed formula, natural
ingredient diet ad libitum (Laboratory Autoclavable Rodent Diet 5010,

Lab Diet, Richmond, IN) and provided reverse osmosis purified
drinking water ad libitum.

Mice were bred andmaintained in groups of 1–5 animals per cage
at Genentech.Males and females from6–20weeks oldwere used.Mice
were euthanized using CO2.

Wild type C57BL/6 J mice were obtained from Jackson Laboratory
and used directly throughout the study. Other strains were obtained
from various sources and bred in house: CD45.1 congenic mice (Jack-
son Laboratory B6.SJL-Ptprca Pepcb/BoyJ, Strain #002014); Notch2f/f

(JacksonLaboratory B6.129S-Notch2tm3Grid/J, Strain #010525); ROSA-
CreERT2 (University of Tokyo); CCR2ko (The J. David Gladstone
Institute).

Notch2f/f mice containing loxP sites flanking Exon3 of the Notch2
locus were crossedwith ROSA-CreERT2 to obtain conditional deletion of
Notch2 in cells expressing both alleles. CD45.1micewere bred in house
with C57BL/6 mice to obtain CD45.1 + 2 congenic mice to use in chi-
mera studies.

Csf2ra KO mice (pmid: 27468760) were crossed to C57BL/6 con-
genic CD45.1 (strain 002014) and housed at the University of Zurich
Laboratory Animal Sciences Center in Zurich, Switzerland, in a specific
pathogen-free barrier facility in individually ventilated cage units.
Animal experiments were reviewed and approved by the cantonal
veterinary office of Zurich (ZH111/2022).

Antibodies
A list of used commercially available analysis antibodies can be found
in Supplementary Table 2.

Anti-notch antibody treatments
Anti-Notch1 and anti-Notch2 antibodies have been previously
described28. Anti-Notch receptor antibodies were injected at 20mg/kg
of mouse in PBS medium, once per week for two weeks, unless a dif-
ferent timeline is specified. Intratracheal antibody was applied at
15mg/kg using passive intratracheal inhalation as described below.

Tamoxifen treatments
Tamoxifen (MP Biomedicals, LLC) was dissolved in sunflower seed oil
and administered at 80mg/kg once a day for 5 consecutive days. Mice
were analyzed 10 days after the last tamoxifen injection for quantifi-
cation of macrophage populations. For bleomycin injury experiments,
mice were instilled with bleomycin at days 10, 12, and 14 after the last
tamoxifen injection.

Bone marrow chimeras
Donor bone marrow was isolated from femur and tibia by crushing
with mortar and pestle, and removing debris by filtering through a
70um filter. Red blood cells were removed using ACK lysing buffer
(Gibco) and cells were resuspended at 10 × 106 cells per ml. Recipient
mice were irradiated twice a day at 550 rad and 2 × 106 cells from
donor bonemarrowwas administered intravenously after the second
irradiation in a volume of 200ul. Bone marrow chimeric mice were
rested for a minimum of 12 weeks before undergoing tamoxifen
injections.

Isolation and Intranasal Transplantation of Alveolar
Macrophages
CD45.2+ WT AMs were harvested from donor mice by BAL: Mice were
euthanized by lethal i.p. pentobarbital injection. The trachea was
exposed and cannulated with a 20-G catheter.

1mL of warm PBS supplemented with 2mM EDTA was instilled
intratracheally and incubated for 5min. Without removing the cathe-
ter or syringe, the lung was flushed three times with ~0.7mL of the
installed EDTA-containing PBS, and the BAL fluid was then collected
into cold PBS supplementedwith 2% FCS. Instillation and flushingwere
repeated three more times with 1mL PBS supplemented with 2mM
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EDTA without the 5min incubation period. Collected BAL fluid was
then centrifuged at 300 g for 5min at 4 °C. Cells were then counted
with trypan blue staining using Neubauer chamber. For the intranasal
transplantation of CD45.2+ WT AMs, neonatal CD45.1+ Csf2ra–/– mice
(postnatal day 0) were anesthetized with isoflurane and transplanted
with 1 ×105 CD45.2+ WT AMs resuspended in PBS and in a total volume
of 10 uL.

Tissue processing
Lung lobes were collected making sure to separate them from the
trachea and lymph nodes. Lungs, kidney, heart, and spleen were
minced and then digested in 1-5ml of complete RPMI containing 25ug/
ml of liberase (Roche) and0.1mg/mlofDNAseI (Roche) in an incubator
at 37oC for 30minutes with gentle shaking. Samples were thenmashed
through 70um filters, centrifuged and red blood cells were lysed using
ACK buffer (Gibco). Cell numbers were counted using Vicel cell
counter, and aliquots from each sample were stained with antibodies
for flow cytometry. Peritoneal macrophages: Peritoneal lavage was
performed on deceased mice using 10mL of PBS or 5mL 2mM
EDTA+ 2% BSA in PBS. They were then centrifuged and stained with
antibodies for flow cytometry. Liver macrophages: Livers were diges-
ted using Liver Dissociation kit (Miltenyi) using C-tubes with gentle-
MACS Octo Dissociator with Heaters. After digestion, C-tubes were
spun down and the supernatant was removed. Liver cells were resus-
pended in 33% Percoll (Sigma), transferred to 15ml eppendorf tubes
and centrifuged at 1100 x g at room temperature for 20minutes
without break. Supernatants were carefully removed and pellet con-
taining immune cells were collected. Red blood cells were lysed using
ACK buffer (Gibco). Cell numbers were counted using Vi-CELL XR cell
counter (Beckman Coulter), and aliquots from each sample were
stained with antibodies for flow cytometry, data was acquired using a
BD Symphony A3/A5.

5 lasers (355 nm, 405 nm, 488 nm, 561 nm, 638 nm; Software: BD
FACSDiva Software v9.0) and analyzed in FlowJo (FlowJo 10.10.0).

Histology
The lung was removed and flushed with 10% neutral buffered formalin
to inflate the tissue. A suture was then tied to the trachea to ensure the
tissue stayed inflated while fixing in 10% neutral buffered formalin for
24 h. After fixation, the samples were transferred to 70% ethanol and
then processed for paraffin embedding. Once embedded, the blocks
were trimmed on a Leica RM-2245 microtome until the center of the
tissue was reached. Five-micrometer-thick sections were stained with
hematoxylin and eosin (H&E) and Masson’s trichrome, and a single
section from each animal was qualitatively scored for inflammation
and fibrosis severity. Pulmonary inflammation was scored on H&E
stained sections according to the following criteria: 0, normal lung; 1,
minimal inflammation (infrequent/sparse inflammatory infiltrates); 2,
mild inflammation (light perivenous involvement); 3, moderate
inflammation (many small foci of mononuclear cells); 4, Severe
inflammation (generalized mononuclear infiltrates). Trichrome-
stained sections were scored for the number and size of fibrotic foci
and a fibrosis score was obtained by multiplying the two scores.
Number of foci (A): 0, none detected; 1, <25% tissue section; 2, 25-50%
tissue section; 3, multiple discrete foci across >50% section; 4, multi-
focally coalescent or locally extensive fibrosis; 5, diffuse fibrosis. Size
of foci (B): 0, nonedetected; 1, largest focus <areaof ~2 alveolar spaces;
2, largest focus <area of ~4 alveolar spaces; 3, coalescing areas >4
alveolar spaces; 4, locally extensive fibrosis; 5, diffuse fibrosis. Fibrosis
score = number of foci (A) x size of foci (B).

For SARS-CoV-2 infection studies, the lungs (right lobe) of
euthanized mice were inflated with 1 to 2mL of 10% neutral buffered
formalin using a 3-ml syringe after a catheter was inserted into the
trachea. Lungs were then kept in fixative for 7 days. Tissues were
embedded in paraffin, and sections were stainedwith hematoxylin and

eosin. Images were captured using the Nanozoomer (Hamamatsu) at
the Alafi Neuroimaging Core at Washington University.

Bleomycin administration, deuterated water labeling, and
hydroxyproline measurement
Adult mice (older than 12 weeks) were randomized based on their
weights before the study to minimize variance between experimental
and control groups. Bleomycin was administered via passive intra-
tracheal inhalation dosing on days 0, 2, and 4 at 0.24 U/kg (DNC
0703−3155-01; TEVA).

For passive intratracheal inhalation 53ul of bleomycin or antibody
dosing solution was delivered to a soft pipette tip (gel loading tip) and
the tip was inserted into the airway, visibly locating the opening of the
trachea in the open mouth. When the pipette tip created a seal in the
airway, the dosing solution was inhaled into the lung. After delivery,
animals were monitored continuously on a 37oC heat pad until fully
awake and ambulatory.

Deuterated water labeling was used to assess the new collagen
synthesis in bleomycin studies54. Deuterium labeling started on day 9
after bleomycin delivery55, by injecting deuterated water i.p. (DLM-4-
99.8-1000; Cambridge Isotope Laboratories) 35mL/kg in 2 divided
doses 4 hours apart. Afterward, 8% deuterated water in drinking water
was provided ad lib in a water bottle until the end of the study.

Deuterated water incorporation into hydroxyproline was ana-
lyzed as described previously56.

Mass spectrometry and analysis were performed by Metabolic
Solutions. Newhydroxyproline contentwas expressed asμgper 3 right
lung lobes.

MA-10 virus infection experiments and measurement of
viral burden
TheMA-10 strain of SARS-CoV-2 has been described previously50. Virus
was passaged once in Vero-TMPRSS2 cells and subjected to next-
generation sequencing to confirm the identity of the virus and stability
of the amino acid substitutions. All virus experiments were performed
in approved biosafety level 3 (BSL−3) facilities. Viral infection experi-
ments were performed at Washington University School of Medicine.
Animal studies were carried out in accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocols were approved by the
Institutional Animal. Care and Use Committee at the Washington
University School of Medicine (assurance number A3381–01). Virus
inoculations were performed under anesthesia that was induced and
maintained with ketamine hydrochloride and xylazine, and all efforts
were made to minimize animal suffering. Sample size for animal
experiments was determined on the basis of criteria set by the insti-
tutional Animal Care and Use Committee. Experiments were neither
randomized nor blinded.

Cohorts of 22-week-old male C57BL/6 mice were administered
αNotch2 or isotype control antibodies (20mg/kg) at days 10 and 3
before inoculations with 10^5 FFU of SARS-CoV-2MA-10.Weights were
recorded daily. Animals were euthanized at 7 dpi, and nasalwash, nasal
turbinates, and left lungs were harvested for virological analyses. Right
lung lobes were collected for pathological analyses.

For the measurement of viral burden, tissues were weighed and
homogenized with zirconia beads in aMagNA Lyser instrument (Roche
Life Science) in 1mL of DMEM medium supplemented with 5%heat-
inactivated FBS. Tissue homogenates were clarified by centrifugation
at 10,000 rpm for 5min and stored at−80 °C. RNAwas extracted using
the MagMax mirVana. Total RNA isolation kit (Thermo Fisher Scien-
tific, A27828) on the Kingfisher Flex extraction robot (Thermo Fisher
Scientific). RNA was reverse transcribed and amplified using the Taq-
Man RNA-to-CT 1-Step Kit (ThermoFisher Scientific). Reverse tran-
scription was carried out at 48 °C for 15min followed by 10min at
95 °C. Amplification was accomplished over 50 cycles as follows: 95 °C
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for 15 s and 60 °C for 1min. Copies of SARS-CoV-2 N gene RNA in
samples were determined by RT-qPCR cycle threshold (Ct) values
which were then converted to transcript or genome copy number
equivalents by generating an RNA standard curve57.

Single cell library preparation and sequencing
scRNA sequencing was performed using Chromium Next GEM Single
Cell 5ʹ Kit v2 protocol following the manufacturer’s instructions (10X
Genomics, Cat. PN-1000263). Lung tissue from mice of specific treat-
ments was processed as described in the “Tissue Processing” section.
Dissociated cells were then stainedwith flow cytometry antibodies (for
sorting by flow cytometry), Cite-seq antibodies (for protein expression
of cell-specific markers, Biolegend) and barcode hashtag antibodies
(for differentiation of each replicate mouse, Biolegend) (Supplemen-
tary Fig. 2b). Stained cells were pooled by treatment, and FACS-sorted
for AM, IM, and monocytes using a BD FACSAria Fusion or BD FACS-
Symphony S6 (5 lasers: 355 nm, 405 nm, 488 nm, 561 nm, 638 nm;
100 µm nozzle @ 20psi @ ∼30 kHz; Sorting precision mode:4-Way
Purity; Software: BD FACSDiva Software v9). An approximately equal
number of cells from each treatment were pooled by cell type, coun-
ted, and checked for viability using Vi-CELL XR cell counter (Beckman
Coulter) or hemocytometer. Finally, cells were injected into micro-
fluidic chips to form Gel Beads-in-Emulsion (GEMs) in the 10X Chro-
mium instrument. AM, IM, and monocytes were injected into separate
lanes. Reverse transcription (RT) was performed on the GEMs, and RT
productswerepurified and amplified. DNA fromantibody-derived tags
(ADTs) was separated from cDNA based on size selection using SPRI-
select beads (Beckman Coulter, cat. B23318) and cDNA was used to
generate Gene expression libraries. ADT/HTO libraries were generated
using 5’ Feature Barcode Kit, (10Xgenomics PN-1000256). Gene
expression and ADT/HTO libraries were then profiled using the Bioa-
nalyzerHigh SensitivityDNAkit (Agilent Technologies, cat. 5067-4626)
and quantified with Kapa Library Quantification Kit (Roche, cat.
07960255001). Illumina HiSeq and NovaSeq (Illumina) were used to
sequence the libraries.

Analytical methods
Initial data processing of single cell barcode libraries. Alignment of
HTO and CITE-seq libraries was performed using the CellRanger
workflowas implemented inCumulus58 againstTotalSeq-C and specific
antibody sequences (Supplementary Fig. 2b) using the “fiveprime”
chemistry setting. Feature barcode demultiplexing was performed
using the demultiplexing workflow implemented in Cumulus which
uses DemuxEM59; and normalization of CITE-seq protein counts using
the denoised and scaled by background method60 as implemented in
the python library muon61.

Initial data processing and quality control of single cell RNA-seq.
Initial processing of scRNA-seq libraries generated in this study was
performedusing the STARSoloworkflowas implemented inCumulus58

(version 2.4.1). Gene expression reads were aligned against the mm10
reference genome, with the assay option “tenX_5p” to indicate 10×5’
assay, and “Gene Velocyto” in the SoloFeatures to obtain total gene
counts aswell as spliced, unspliced, and ambiguous counts per cell per
gene. Cell by gene matrices for public datasets were downloaded
already as raw counts, obtained as described in the respective study.

To remove doublets and poor-quality cells, cells were excluded
from the analysis if they were outliers in the corresponding dataset in
terms of number of genes, number of unique molecular identifiers
(UMIs) and percent of mitochondrial genes. In addition, when hashing
informationwas available, cells were further removed ifmore than one
HTO was assigned by DemuxEM.

Normalization, batch correction, clustering and visualization. The
computational analysis for the filtered and quality-controlled cells was

largely performed using the python package Scanpy62 using standard
protocols. Briefly, cell-by-gene count matrices were total-count nor-
malized to 10,000 reads per cell. Counts were further logarithmized
before selecting highly variable geneswith amean expression between
0.01 and 5, and a mean dispersion of 0.5. Selected genes were used to
compute a principal components analysis, and visualized by comput-
ing aUMAPusing the top 30principal components. The neighborhood
graph was also computed using the PCA representation of the data
matrix, and used to calculate clusters using the leiden algorithm.When
indicated, Harmony63 was used to integrate datasets by study, and this
newprojectionused to recalculate the neighborhoodgraph andUMAP
embedding.

Identification of myeloid cells. Cell-by-gene normalized counts were
used as input for cell annotation using the package SingleR31 and the
Immgen database. The identity of each cell was assigned according to
the label with themaximum score value. To annotate cell populations,
cells were clustered at low resolution and assigned a cell type identity
by taking the label with the highest average in the cluster. Only cells
assigned a macrophage or monocyte label were taken for further
analysis.

Label transfer of annotations in this study. The cell-by-gene raw
counts matrix for both IP and IT datasets with the cluster annotations
was used as training dataset for label classification using the python
implementation of SingleCellNet36. The original code was modified to
produce a calibrated probability with isotonic regression using the
library scikit-learn. For eachdataset to bequeried, the cell-by-gene raw
counts matrix as published in the original study was filtered to include
only the common genes with the training dataset. The cell identity
assigned corresponds to the label with the maximum calibrated
probability, or to a random category, created by randomizing the
training dataset. Cells were further added to the random category if
the calibrated probability was below 0.7.

CalculationofRNAvelocity vectors. Cell by gene total, unspliced and
spliced raw counts were used as input for RNA velocity analysis using
the python library scvelo64, and processed as indicated in the library
documentation. Briefly, genes with less than 20 counts in both
unspliced and spliced matrices were excluded from the analysis. Fur-
ther, the first and second order moments (means and uncentered
variances) were computed among the 30 nearest neighbors using the
top 30principal components, and the dynamicalmodel was applied to
learn the transcriptional dynamics of splicing kinetics. Velocity pseu-
dotime was calculated using scvelo velocity_pseudotime function.

Identification of transcriptional modules using HotSpot. IP and IT
myeloid datasets after IP αNotch2 treatment were integrated using
Harmony, and the raw counts from IM cells used as input to identify
genemoduleswith local correlation in the batch corrected space using
HotSpot65. Gene expression was modeled using the depth-adjusted
negative binomial as background, and total UMI counts as per-cell
scaling factor.Only the top 1000geneswith an autocorrelationwith an
FDR <0.5 were selected to compute pairwise local correlations. Mod-
ules were further created using a minimum threshold of 20 genes. To
identify significant modules enriched in I4 macrophages each module
was scored against all myeloid cells using the scoring function pro-
vided by HotSpot and onlymodules with specific expression in I4 cells
were selected. Within those modules, genes were filtered out if the
autocorrelation coefficients were below 0.3, and the Z-score for
autocorrelation was below 130.

Cosine similarity. Cell-to-cell similarity was quantified in either PCA or
Harmony corrected PCA space using the cosine similarity imple-
mentation by scikit-learn, and the mean of the space as center.
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Inference of cell-cell communication using CellChat. The whole
lung scRNA-seq dataset from Peyser et al.44 was processed, filtered,
annotated, and annotated with SingleR to obtain general cell type
annotations, and with our cluster labels with SingleCellNet to classify
IM populations as previously described. Normalized counts were used
as input to run CellChat using the cluster annotation as cell group
information and subsetting specifically for the Notch pathway.

Library versions used: scanpy 1.9.5, anndata 0.9.2, scvelo 0.3.2,
hotspot 1.1.1, scipy 1.10.1, matplotlib 3.7.3, pySingleCellNet 0.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The scRNAseq and barcode data generated in this study have been
deposited in the GEO database under accession code GSE243289 and
accession code GSE277297. Previously published scRNAseq datasets
of steady state lung macrophages can be found under accession
numbers GSE1886479 [https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE188647], GSE12569112 [https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE125691], GSE14668315 [https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE146683], E-MTAB-767816

[https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-
7678], and PRJNA63293965 [https://www.ncbi.nlm.nih.gov/sra/?term=
PRJNA632939]. Previously published scRNAseq datasets from differ-
ent models of organ insult can be found under accession numbers
GSE12780327 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE127803], GSE12851838 [https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE128518], GSE15605941 [https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE156059], GSE13802742 [https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE138027], E-MTAB-737643

[https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-
7376], GSE12960544 [https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE129605], and GSE14125945 [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE141259]. All other data are available
in the article and its Supplementary files or from the corresponding
author upon request. Source data are provided with this paper.

Code availability
Code to reproduce the analyses described in this manuscript can be
accessed via: https://github.com/Genentech/2024_cruz_etal.
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