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DEVELOPMENTAL BIOLOGY

Fetal hypoplastic lungs have multilineage inflammation
that is reversed by amniotic fluid stem cell extracellular
vesicle treatment

Lina Antounians'?t, Rebeca Lopes Figueira'?t, Bharti Kukreja®, Michael L. Litvack®,

Elke Zani-Ruttenstock'?, Kasra Khalaj', Louise Montalva'?, Fabian Doktor'%, Mikal Obed'?,
Matisse Blundell?, Taiyi Wu®, Cadia Chan>®, Richard Wagner’, Martin Lacher’,

Michael D. Wilson>®, Martin Post*2, Brian T. Kalish®®®, Augusto Zani'*"%

Antenatal administration of extracellular vesicles from amniotic fluid stem cells (AFSC-EVs) reverses features of
pulmonary hypoplasia in models of congenital diaphragmatic hernia (CDH). However, it remains unknown which
lung cellular compartments and biological pathways are affected by AFSC-EV therapy. Herein, we conducted
single-nucleus RNA sequencing (snRNA-seq) on rat fetal CDH lungs treated with vehicle or AFSC-EVs. We identified
that intra-amniotically injected AFSC-EVs reach the fetal lung in rats with CDH, where they promote lung branch-
ing morphogenesis and epithelial cell differentiation. Moreover, snRNA-seq revealed that rat fetal CDH lungs have
a multilineage inflammatory signature with macrophage enrichment, which is reversed by AFSC-EV treatment.
Macrophage enrichment in CDH fetal rat lungs was confirmed by immunofluorescence, flow cytometry, and inhi-
bition studies with GW2580. Moreover, we validated macrophage enrichment in human fetal CDH lung autopsy
samples. Together, this study advances knowledge on the pathogenesis of pulmonary hypoplasia and further
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evidence on the value of an EV-based therapy for CDH fetuses.

INTRODUCTION

Pulmonary hypoplasia is characterized by impaired fetal lung de-
velopment (1). A common cause of pulmonary hypoplasia is con-
genital diaphragmatic hernia (CDH), a defect due to incomplete
closure of the diaphragm and herniation of abdominal organs
into the chest (2). Hypoplastic lungs have impaired growth (fewer
branches and alveoli), maturation (undifferentiated epithelium and
mesenchyme), and vascularization (fewer pulmonary vessels with
muscularized wall layers and dysfunctional endothelium) (2). The
severity of pulmonary hypoplasia combined with pulmonary hy-
pertension and ventricular dysfunction secondary to CDH are
the main determinants of morbidity and mortality (high-income
countries, 20 to 30% in the past three decades; low- and middle-
income countries, >90%) (2, 3). Because of severe pulmonary hy-
poplasia, some fetuses die in utero or are electively terminated,
some succumb in the first days of life, and many who survive and
undergo surgery do not regain normal lung development and have
long-term lung morbidity (2).
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There is consensus that the antenatal period offers a window of
opportunity to reverse pulmonary hypoplasia and attempts have
been made to promote fetal lung development antenatally (4, 5). We
previously reported that administration of extracellular vesicles de-
rived from amniotic fluid stem cells (AFSC-EVs) promotes branch-
ing morphogenesis, rescues tissue homeostasis, and stimulates
epithelial cell and fibroblast differentiation in fetal rodent models of
pulmonary hypoplasia (6). EVs are lipid-bound nanoparticles that
carry small RNA, protein, and lipid cargo that is transferred to target
cells to induce biological responses (7). The ability to stimulate lung
cell differentiation and rescue dysregulated signaling pathways was
observed when AFSC-EV's were administered not only at the pseu-
doglandular stage but also at the canalicular and saccular stages of
lung development, time points that are amenable to human transla-
tion (8). Our enzymatic and inhibitory studies proved that the re-
generative effects observed in hypoplastic lungs following AFSC-EV
treatment were exerted, at least in part, via their RNA cargo (6, 9).
AFSC-EV RNA sequencing (RNA-seq) revealed that the cargo con-
tained multiple biomolecules including microRNAs (miRNAs) that
regulate the expression of genes involved in lung development, such
as the miRNA 17~92 cluster (6). This is relevant as lung develop-
mental processes are partly regulated by multiple miRNAs (10),
whose expression is missing or dysregulated in experimental and
human CDH lungs (6, 11). Recently, we also demonstrated that an-
tenatal administration of AFSC-EVs improves fetal survival and
mechanical ventilation parameters, such as compliance and resis-
tance (12).

It remains undetermined which lung cells are affected by AFSC-
EVs and how AFSC-EVs restore the biological pathways required
for lung development. Herein, we used single-nucleus RNA-seq
(snRNA-seq) to uncover the dysregulated genes and biological path-
ways in CDH fetal lungs and to determine the effects of in utero
AFSC-EV therapy on fetal lung cell populations.
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RESULTS

Intra-amniotic administration of AFSC-EVs improves
branching morphogenesis and epithelial cell differentiation
in fetal rats with CDH

As the canalicular stage of lung development is the earliest time for fetal
intervention (13, 14), we selected this stage in rats to trial different routes
of AFSC-EV administration. First, we opted for intratracheal instillation
of AFSC-EVs. However, given the small size of fetal rats and the technical
challenges with this survival surgery, we experienced low survival (20%,
n = 10), as also reported by other groups (15, 16), and abandoned this

route. We then tested two routes of administration that had high survival:
intra-amniotic (IA) (n = 48, survival 84%) and maternal intravenous
(IV) (n = 30, survival 100%). All pups that received AFSC-EVs survived
the procedure to termination. The concentration of AFSC-EVs adminis-
tered was based on dose-response experiments that determined a thera-
peutic dosage of 7.6 x 10° EVs in 100 pl of saline per fetus (6, 9). When
we compared the efficiency of AFSC-EV delivery to the fetus, we found
that both IA and IV routes successfully delivered AFSC-EVs (Exo-
GlowVivo labeled) to fetal organs (Fig. 14, fig. S1, A and B, and movies
S1 to S3). However, we detected a positive fluorescent signal in fetal lungs
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Fig. 1. In vivo administration of AFSC-EVs reaches fetal lungs and improves lung development in fetal rats with CDH. (A) Representative IVIS Spectrum cross-sectional im-
ages from three-dimensional (3D) bioluminescence reconstructions of whole fetuses at E21.5. Fetuses randomly received either saline injection (left), IV injection of ExoGlowVivo-
stained AFSC-EVs (middle), or IA injection of ExoGlowVivo-stained AFSC-EVs (right) at E18.5 in control fetuses (top row) or fetuses with pulmonary hypoplasia/CDH that received
nitrofen (bottom row). Scale bar shows background-corrected fluorescence in pmol M~' cm™". Control+saline (n = 3), Control+IV-AFSC-EVs (n = 3), Control-+IA-AFSC-EVs (n = 7),
Nitrofen-saline (n = 6), Nitrofen+IV-AFSC-EVs (n = 3), and Nitrofen+IA-AFSC-EVs (n = 16). (B) Representative 2D optical images of dissected fetal lungs from the same conditions
described in (A), quantified as radiant efficiency [p/s/cm?/sr]/[pW/cm?]. Control+saline (n = 3), Control+IV-AFSC-EVs (n = 3), Control-+IA-AFSC-EVs (n = 3), Nitrofen+saline (n = 3),
Nitrofen+IV-AFSC-EVs (n = 4), and Nitrofen-+IA-AFSC-EVs (n = 9). (C) Representative histology images (hematoxylin and eosin) of fetal lungs from Control+saline, CDH+saline, and
CDH-+AFSC-EV fetuses. Each condition included fetal lungs from n = 5 experiments. Scale bars, 50 pm. (D) Differences in number of alveoli (RAC) in Control+saline (n = 8),
CDH-tsaline (n = 8), and CDH+AFSC-EVs (n = 9) quantified in at least five fields per fetal lung. **##P < 0.0001; ***P < 0.001; ns, not significant. (E) Gene expression of lung devel-
opmental markers Fgf10, Pdpn, and Sftpc and Sftpa. Control+saline (n = 5), CDH+saline (n = 5), and CDH+AFSC-EVs (n = 5). **P < 0.01; *P < 0.05. (F) Representative immunofluo-
rescence images of PDPN (red; top) and SPC (green; bottom) protein expression between Control+saline, CDH+saline, and CDH+AFSC-EV fetuses [4',6-diamidino-2-phenylindole
(DAPI); blue]. Scale bars, 50 um. (G) Western blot analysis of PDPN and SPC expression in fetal lung quantified by signal intensity normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Control-+saline (n = 6), CDH+saline (n = 7), and CDH+AFSC-EVs (n = 6). Groups were compared using Kruskal-Wallis (post hoc Dunn’s nonparametric com-
parison) for (D) RAC and (E) Fgf10, Pdpn, and Sftpc and one-way ANOVA (Tukey post-test) for (E) Sftpa and (G), according to Shapiro-Wilk normality test.
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only upon IA injection (Fig. 1B and fig. S1, A and B), which we elected as
the optimal route for our experiments. IA injections of saline only or
EV-free ExoGlow-Vivo preparations did not yield a fluorescent signal
(fig. S1). To validate that IA-injected AFSC-EV's promoted lung growth
and maturation in vivo, we assessed lung branching morphogenesis and
cell differentiation markers at E21.5. Compared to control, CDH lungs
had a reduction in airspace density and lower gene expression levels of
fibroblast growth factor 10 (Fgf10; regulator of lung lineage commitment
and branching morphogenesis), podoplanin [Pdpn; alveolar type (AT) 1
cell marker], and surfactant proteins C and A (Sftpc and Sfipa, respec-
tively; AT2 cell markers) (Fig. 1, C to E). CDH lungs from fetuses that
received an IA injection of AFSC-EVs had restored airspace density and
gene expression of Fgfl0, Pdpn, Sftpc, and Sftpa back to control levels

oy

(Fig. 1, C to E). We validated these findings with immunofluorescence
and Western blotting and determined that CDH lungs had reduced lev-
els of PDPN and SPC compared to control (Fig. 1, F and G). Conversely,
CDH lungs treated with AFSC-EV's had increased protein expression
levels of PDPN and SPC.

Single-nucleus interrogation of the rat fetal normal and
hypoplastic lung identifies four major cell types each with
distinct subpopulations

To identify AFSC-EV cell type-specific effects, we conducted
snRNA-seq on the left lung harvested at E21.5 from two IA saline-
injected controls, three IA saline-injected left-sided CDH fetuses,
and three JA AFSC-EV-injected left-sided CDH fetuses (Fig. 2A
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Fig. 2. Single-nucleus interrogation of the rat fetal normal and hypoplastic lung identifies four major cell types each with distinct subpopulations. (A) Sche-
matic of experimental design and in vivo administration of AFSC-EVs in the rat model of CDH. (B) Global Uniform Manifold Approximation and Projection (UMAP) of all
nuclei (n = 298,653) included in our study, further delineated by major cell type and subtype. (C) Expression of known cell type-specific markers used to distinguish cel-
lular subtypes within major cell type clusters. Node size is proportional to the percentage of nuclei within the specified cluster, and node color denotes the average ex-

pression across nuclei within the specified cluster.
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and fig. S2). We selected fetuses for snRNA-seq studies from a large
cohort of pups based on severity of branching morphogenesis [ra-
dial alveolar count (RAC) and FgfI0 expression] and expression of
key lung differentiation markers (Pdpn, Sftpc, and Sftpa) (fig. S2).
We chose these markers in combination with histological changes to
represent well-described parameters that are known to be dysregu-
lated in nitrofen-exposed lungs (17). After quality control filtering,
we profiled a total of 298,653 nuclei (fig. S3 and table S1). Analysis
using bioinformatics tool Seurat (R/4.0.3) revealed 15 distinct clus-
ters representative of the four major cell types that corresponded to
epithelial, endothelial, mesenchymal, and immune cells, each con-
taining unique subpopulations (Fig. 2, B and C). We used Lung-
MAP, LungCellMap, Tabula Muris, and Human Protein Atlas
annotations from mouse and human lungs to assign cell type iden-
tity based on gene expression enrichment of key marker genes
(Fig. 2, B and C) (18-22). We identified five distinct epithelial sub-
populations, including AT1, AT2, and ciliated epithelial cells (Fig. 2,
B and C, and fig. S4). Among these cell types, AT1 cells expressed
Hopx, Pdpn, Clic5, and Ager; AT2 cells expressed Napsa, Lamp3,
Fgfr2, and Etv5; and ciliated epithelial cells expressed cilia-related
genes Dnahl12, Hydin, Ak9, and Spagl?7. In addition, there were two
other epithelial cell clusters with an inflammatory signature: Cluster
8 was called “inflamed AT?2 cells” as it coexpressed AT2 cell (Lamp3
and Lgi3) and inflammatory markers, whereas cluster 14, broadly
called “inflamed epithelial cells” expressed Lcn2, Ccl4, Ccl6, and
Il1b. We identified two distinct endothelial clusters: one that had
canonical endothelial cell markers Tie2, Fitl, and Kdr and one that
coexpressed mesenchymal and endothelial signatures (Nfib, Tbx5,
Adamts17, and Robol) that was termed “EndMT cells” (Fig. 2, B and
C, and fig. S4). Four mesenchymal cell subtypes were identified, in-
cluding fibroblasts, myofibroblasts, mesothelial cells, and pericytes
(Fig. 2, B and C, and fig. S4). Among these cell types, fibroblasts
expressed Slit2, Fgf10, and MacfI; myofibroblasts expressed Myhl1,
Enpp2, and Pdgfra; mesothelial cells expressed Gpmé6a, Aldhla2,
and Wt1; and pericytes expressed Pdgfrb, Ebfl, and Gucylal. More-
over, we identified a mesenchymal cluster that heavily expressed
Lcn2, Ccl4, Cxcll, Ccl3, and Plac8 and was called “inflamed fibro-
blasts” Last, three immune cell clusters were detected: two express-
ing macrophage markers CD68, Adgre-1, CD163, and CD86 and one
expressing immune cellmarkers Aoah, Zeb2,and Lyn (Fig.2,Band C).

Ligand-receptor analysis of rat fetal lung transcriptomics
reveals the biological pathways that are influenced by
AFSC-EV administration

To identify signaling pathways activated in CDH lungs treated
with saline or AFSC-EVs, we performed ligand-receptor analy-
sis. Of all cell types, lung fibroblasts had the strongest outgoing
signals and endothelial cells were the most receptive to incoming
ligands (Fig. 3A). Moreover, compared to normal lungs and AFSC-
EV-treated CDH lungs, CDH+saline lungs had up-regulated
ligand-receptor signaling from fibroblasts to endothelial cells
(Fig. 3B). Our ligand-receptor analysis revealed that CDH lungs
treated with saline exhibited signaling networks that are involved
in inflammation and immune response, such as Visfatin (Fig. 3, C
and D). Visfatin is a proinflammatory cytokine that potentiates tu-
mor necrosis factor-o (TNFa) and interleukin-6 (IL-6) produc-
tion in human peripheral blood mononuclear cells (table S2). The
strongest outgoing ligand signal in saline-treated CDH lungs was

Antounians et al., Sci. Adv. 10, eadn5405 (2024) 26 July 2024

pleiotrophin (Ptn), a signaling molecule involved in lung develop-
ment, which, in our experiments, was released from inflamed fi-
broblast and signaled to its receptors Sdc2 and Ncl on multiple
lung cell types (Fig. 3, C to E, and table S2). Moreover, compared
to CDH+saline lungs, AFSC-EV-treated CDH lungs had activated
signaling networks that control epithelial branching morphogen-
esis (Fgf10-Fgfr2), surfactant synthesis and alveolarization (Nrg2-
Erbb4), distal lung branching and alveologenesis (Igf2-Igfir),
and angiogenesis (Vegfa-Kdr) (Fig. 3, C to E, and table S3).

CDH lungs have an inflammatory phenotype with high
macrophage density that is reduced to normal levels by
AFSC-EV administration

When we analyzed the snRNA-seq data by condition, we found
that CDH+saline lungs had notable differences in the pattern and
clustering of nuclei (Fig. 4A). Conversely, lungs from Control+saline
and CDH+AFSC-EV groups had similar populations and distri-
butions. We found that three clusters were unique to CDH+saline
lungs, namely, macrophage group 1 (cluster 1), inflamed fibroblasts
(cluster 7), and inflamed AT2 (cluster 8). Moreover, macrophage
group 2 was heavily represented in CDH+saline lungs (n = 89,187
nuclei), compared to Control+saline (n = 247 nuclei) and CDH+
AFSC-EVs (n = 739 nuclei; table S1). Markers of macrophage iden-
tity and function were found in several clusters (Fig. 4B). We further
delineated the specific macrophage subtypes contained in clusters 1
and 2 using machine learning and found that most nuclei were al-
veolar macrophages (n = 140,382, 77%) (fig. S5 and table S4). Using
immunofluorescence on an additional cohort of rat fetuses, we con-
firmed a high density of macrophages in CDH+-saline lungs, which
was reduced to normal levels in CDH+AFSC-EV lungs (Fig. 4C).
Using flow cytometry on additional fetuses not used for snRNA-seq
or immunofluorescence studies, we corroborated that CD68" mac-
rophages were highly expressed in CDH+-saline lungs compared to
Control+saline and CDH+AFSC-EV lungs (Fig. 4D and data file
S3). Moreover, triple staining for CD68, ADGRE-1, and CD43
showed that some macrophages were monocyte-derived (CD68%/
CD43high) and some were bone marrow-derived (CD68*/ADGRE-
lh’gh) (Fig. 4E and data file S3) (23). To understand if macrophages
play a role in pulmonary hypoplasia, we performed inhibition stud-
ies, where we blocked macrophage activation using GW2580, a se-
lective inhibitor of colony-stimulating factor 1 receptor (CSF1R)
kinase (24). As CSF1R is responsible for macrophage survival, pro-
liferation, and inflammatory responses of lung macrophages (24),
GW2580 inhibition effectively modulates macrophage function at
relatively low doses that are tolerated in the nitrofen rat model of
CDH. CDH fetal lungs that were intra-amniotically injected with
GW2580 had a reduction in macrophage density compared to
CDH lungs treated with saline (Fig. 4F). GW2580-treated CDH
fetal lungs had a less severe degree of pulmonary hypoplasia com-
pared to untreated CDH fetal lungs (Fig. 4, F and G). We then
determined if AFSC-EV administration had a direct effect on
macrophages by interrogating gene expression of Tnfa and Lcn2
in RAW264.7 cells, an immortalized cell line of macrophages.
When we stimulated RAW264.7 cells with lipopolysaccharide
(LPS) to mimic activated macrophages, we found that those
treated with AFSC-EV's had a reduction in Tnfa and Lcn2 expres-
sion compared to stimulated RAW264.7 cells treated with me-
dium alone (Fig. 4H).
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CDH fetal lungs have a multilineage inflammatory signature
that is dampened by the administration of AFSC-EVs

Differential gene expression analysis of CDH+saline lungs compared
to Control+saline showed an extensive inflammatory signature across
clusters with up-regulation of Il1b, Bcl2al, Cxcll, Ccl3/4, and Lcn2
(Fig. 5, A and B, and table S2). These genes were down-regulated in

Antounians et al., Sci. Adv. 10, eadn5405 (2024) 26 July 2024

AFSC-EV-treated lungs (Fig. 5, A and B). Differential gene expres-
sion analysis revealed similar patterns between Control+saline and
CDH+AFSC-EV lungs regardless of the major cell type (Fig. 5C).
Most of the highly differentially expressed genes in CDH+-saline lungs
were enriched for biological processes related to immune responses
and included pathways associated with autophagy, which we also
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Fig. 4. CDH lungs have an inflammatory phenotype with high macrophage density that is reduced to normal levels by AFSC-EV administration. (A) UMAP of
snRNA-seq data split by condition. (B) Violin plots of macrophage and inflammatory marker gene expression across cell types, as measured by snRNA-seq. (C) Representa-
tive immunofluorescence images of pan-macrophage marker CD68 in rat fetal lungs from all three conditions, quantified as fluorescence intensity of CD68 per field. Scale
bars, 50 pm. Control+saline (n = 8), CDH+saline (n = 6), and CDH+AFSC-EV (n = 8). Groups were compared using Kruskal-Wallis (post hoc Dunn’s nonparametric com-
parison) for (C), according to Shapiro-Wilk normality test. **#P < 0.001; ****P < 0.0001. (D) Flow cytometry analysis of dissociated lung cells stained for CD68 (red) versus
unstained (black) and (E) costained with ADGRE-1 and CD43 (panels are representative of n > 3 pups per group; data file S4). *P < 0.05; **P < 0.01. (F) Representative
histology images (hematoxylin and eosin) of fetal lungs from Control+saline, CDH+saline, and CDH+GW2580 fetuses. Scale bars, 50 pm. (G) Differences in number of al-
veoli (RAC) in Control+saline (n = 7), CDH+saline (n = 8), and CDH+GW2580 (n = 8), quantified in at least seven fields per fetal lung. (H) Gene expression changes in inflam-
matory markers Tnfa and Lcn2 in RAW264.7 cells stimulated with LPS, relative to Actb housekeeping gene.
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previously showed to be dysregulated in CDH lungs (Fig. 5D and data
file S4, late endosomal microautophagy; P = 0.04) (9). We confirmed
that the lungs of an additional cohort of CDH+saline rat fetuses were
inflamed with up-regulation of TNFa using immunofluorescence,
which was restored to normal levels with AFSC-EV treatment (Fig. 5E).

To investigate the transcriptomic differences across conditions
and have a homogeneous comparison with similar number of nuclei
within each condition, we created a subset of data by removing mac-
rophage groups 1 and 2 as they were overrepresented in CDH+saline
lungs. In this sub-analysis that included 30,064 Control+saline nu-
clei, 45,114 CDH+saline nuclei, and 42,193 CDH+AFSC-EV nu-
clei, we again found that all four major cell types were represented
(Fig. 5F). Given the inflammatory signature of CDH+saline lungs,
we investigated which immune cells were present in cluster 5 using
machine learning (see the Supplementary Materials for further de-
tails) and found neutrophils, monocytes, T and B cells, and other
immune cells (Fig. 5G and table S5). CDH+saline lungs had a high-
er proportion of neutrophils compared to Control+saline lungs (53
versus 3%, P < 0.0001; Fisher’s exact test), whereas CDH+AFSC-EV
lungs had a lower proportion of neutrophils (4%) compared to
CDH-+saline lungs (P < 0.0001).

Predicted miRNA-mRNA signaling pathways activated

by AFSC-EVs

To establish the mechanism behind the effects of AFSC-EVs on CDH
lungs, we first reanalyzed the proteomics data of the AFSC-EV cargo
(6) and found no proteins with known anti-inflammatory properties.
We next investigated the role of the miRNA cargo, which we previ-
ously showed to be critical for the effects of AFSC-EV's on branching
morphogenesis (6, 9). We used publicly available datasets to generate a
network between the miRNAs present in the rat AFSC-EV cargo (6)
and the mRNAs identified by snRNA-seq that were down-regulated in
CDH+AFSC-EV lungs compared to CDH+saline lungs. Overall, we
found 820 predicted miRNA-mRNA targets that regulate several bio-
logical processes, including inflammatory/immune responses (fig. S6,
A to C). From the 820 predicted miRNA-mRNA pairs, 32 miRNA-
mRNA pairs (13 miRNAs and 24 mRNAs) were validated (fig. S6D).

Inflammatory markers are up-regulated in hypoplastic lungs
of human fetuses with CDH

To confirm that the findings observed in fetal rats are relevant to the
human CDH condition, we interrogated lung sections from autopsy
samples of four human fetuses with CDH that died between gesta-
tional weeks 19 and 26 (canalicular stage of lung development) and
four controls (no fetal lung pathology or systemic inflammatory
conditions; table S6) following ethical approval (nos. 1000074888
and 1000080881, The Hospital for Sick Children, Toronto). We con-
firmed that compared to controls, the lungs of the CDH fetuses had
a lower density of airspaces (Fig. 6A). We then determined that the
macrophage density was increased in lungs of CDH fetuses, most
predominantly in the parenchyma (Fig. 6B). Moreover, the expres-
sion of canonical markers of inflammation such as TNFa and its
downstream nuclear factor kB (NF-kB) signaling was up-regulated
in lungs of CDH fetuses (Fig. 6C).

DISCUSSION
This study demonstrates that rat CDH fetal hypoplastic lungs have
an inflammatory signature with high density of macrophages and
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up-regulation of biological pathways that are involved in inflamma-
tory and innate immune response. We confirmed that human fe-
tuses with CDH also have an inflammatory status with macrophage
enrichment and increased TNFa and phosphorylated NF-kB (pNEF-
kB) expression. These antenatal findings in fetuses with CDH are in
line with similar observations made in postnatally infants with
CDH. In human infants with CDH, several studies reported a post-
natal up-regulation of pNF-kB in the proximal lung and TNFa in
the distal lung as well as high levels of proinflammatory cytokines in
the blood (25-34). Similarly, experimental studies using the rat ni-
trofen model reported high levels of monocyte chemoattractant
protein 1, Tnfa, signal transducer and activator of transcription 3
(STAT3), and NF-kB in the lung (35-39), and a study using the lamb
model of CDH detected proinflammatory proteins in the tracheal
fluid (40). The technology advances offered by snRNA-seq have
allowed us to show that all four major lung cell types in CDH
rat fetuses had up-regulation of several inflammatory mediators,
including Tnfa, Stat3, Lcn2, 111b, Ccl3/4, and CxclI (table S2). More-
over, ligand-receptor analysis identified increased proinflammatory
signaling of visfatin in CDH+saline lungs.

The multilineage inflammatory profile in the CDH lung was ac-
companied by an increase in macrophage density. Although there is
robust literature on the role of macrophages in the adult lung during
injury and repair, less is known about macrophage involvement in
impaired perinatal lung development. In a healthy state, fetal lung
macrophages arise from early developmental embryonic and fetal
precursors (41, 42). However, under conditions of sterile inflamma-
tion, alveolar spaces can be infiltrated by high numbers of bone
marrow hematopoietic cells or monocytes that take up residence in
the airways and become alveolar macrophages (42, 43). In the pres-
ent study, we show that the predominant CD68-expressing lung
macrophage population arises from the bone marrow or monocytes
and that this population is largely absent in CDH fetal lungs treated
with AFSC-EVs. In bronchopulmonary dysplasia (BPD), a condi-
tion of premature babies that has some similar features to CDH (44,
45), the inhibition of branching morphogenesis has been shown
to be partly caused by activation of fetal lung macrophages, and de-
pletion or targeted macrophage inactivation is protective against
impaired branching morphogenesis (46). This is similar to the out-
comes of our inhibition studies in CDH lungs. Therefore, we infer
that the severity of lung inflammation and macrophage enrichment
may contribute to the poor prognosis of babies with CDH and pro-
vide an alternative target to stimulate normal lung development.

A promising avenue for targeting multiple molecules and path-
ways that are dysregulated in CDH lungs is through an EV-based
therapy. We showed that antenatal AFSC-EV administration im-
proves dysregulated signaling pathways relevant to lung develop-
ment and results in enhancement of lung branching morphogenesis
and epithelial and mesenchymal maturation during pseudoglandu-
lar, canalicular, and saccular stages of lung development (6, 8). In
the current study, we provide evidence that AFSC-EVs also have
anti-inflammatory effects in a fetal rat model of CDH. The anti-
inflammatory effects of stem cell-derived EVs have been recognized
within the past decade in numerous experimental and clinical trials
under several conditions, including BPD (47, 48). Furthermore,
with the advent of SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2)-induced acute respiratory distress syndrome, many
research groups have attempted to use EVs from different sources,
including mesenchymal stromal cells, as a possible strategy to treat
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lung inflammation (see the Supplementary Materials) (49-51).
Several studies have demonstrated that AFSCs as well as their con-
ditioned medium and EVs have anti-inflammatory effects on dif-
ferent disease models (52-57). In the present study, we have shown
that AFSC-EVs reduce the expression of inflammatory mediators
in the lung back to control levels. Although immune cells are not
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predominant in fetal lungs, our snRNA-seq analysis was able to
detect gene expression differences in immune cell populations.
Moreover, several genes identified by our snRNA-seq analysis to
be up-regulated were also observed in a single-cell RNA-seq study
of postnatal lungs of mice with BPD (58). This study found that
up-regulation of inflammatory cytokine signaling was associated
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with major structural and cell-to-cell signaling changes in the
lung (58).

This and our previous studies show that AFSC-EV administra-
tion to rat fetal hypoplastic lungs is associated with anti-
inflammatory and regenerative effects likely due to cargo delivery.
Our proteomics analysis showed that AFSC-EV cargo contains
proteins with molecular function not directly related to modula-
tion of inflammation or lung development (6). Conversely, small
RNA-seq of the AFSC-EV cargo identified some miRNAs, such
as miR-9, miR-125, and miR-128, that modulate macrophage-
mediated inflammatory responses in the lung (59-61). This adds to
the previously reported miRNAs that regulate lung developmental
processes, such as the miR-17~92 family, which we demonstrated
to be key for the AFSC-EV effects on branching morphogenesis
with inhibition studies (9). In addition to the analysis of cargo con-
tents, the ligand-receptor analysis of CDH+AFSC-EV lungs al-
lowed us to characterize the cellular cross-talk and dysregulated
functional processes in neighboring cells and demonstrated resto-
ration of cellular processes that were dysregulated in CDH+saline
lungs, such as up-regulated signaling from fibroblasts to endo-
thelial cells and aberrant endothelial-to-mesenchymal transition.
Gene set enrichment analysis also indicated down-regulation of
inflammatory pathways in endothelial cells of CDH+AFSC-EV
lungs compared to CDH+saline lungs and the improvement of
Vegf signaling.

Although we provide evidence that AFSC-EV administration
has potential for reversing features of pulmonary hypoplasia in
CDH rat fetuses, there are several necessary steps before translat-
ing this approach to clinical application. For example, the opti-
mal route of administration will need to be established. Herein,
we opted for AFSC-EV IA injection during the saccular stage of
lung development when clustered fetal breathing movements oc-
cur and intra-amniotically injected products can reach the fetal
lung. This route is feasible as access to the amniotic sac is routine
during pregnancy for diagnostic procedures and has been used
to administer ectodysplasin A to human twins with X-linked hy-
pohidrotic ectodermal dysplasia with profound reversal of dis-
ease phenotype (62). We also tested intratracheal administration,
a procedure that mimics fetal endoscopic tracheal occlusion in
human babies (2, 13). However, given the invasiveness of the
procedure in rat fetuses, we had a high rate of fetal demise. Last,
we tested maternal IV administration and demonstrated that
AFSC-EVs cross the placental barrier, a well-described property
of EVs (63). Although this strategy would circumvent the inva-
siveness of fetal intervention, custom-designed EVs should be
constructed to target the fetal lung and avoid off-target effects.
Alternatively, fetal circulation can be directly accessed multiple
times through the umbilical vein, as recently shown in a fetus
with Pompe’s disease (64). Another critical step for translation of
EV therapy is the establishment of a stable source of AFSCs from
which EVs can be derived. The most feasible solution would be
biobanked AFSCs from the amniotic fluid of healthy human
pregnancies. AFSC-EVs should be derived in a manner that is
scalable and administered as a heterologous therapy.

We acknowledge that our study has limitations. As snRNA-seq
transcriptomics requires tissue dissociation, we could not define
the location of CD68™ cells within the lung. Although, flow cytom-
etry suggested that the macrophages are either monocyte-derived
or bone marrow—derived, in-depth macrophage characterization
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using spatial transcriptomics and fate mapping are necessary to
determine the cellular origin of tissue-resident macrophages.
Moreover, using another adult rat lung single-cell RNA dataset, we
made predictions on which types of macrophages reside in our
snRNA-seq clusters. Although inhibition studies using GW2580
indicated that macrophages play a role in the pathogenesis of
pulmonary hypoplasia secondary to CDH, further mechanistic
studies using knockout models are necessary to ascertain if macro-
phages are at the root cause of arrested lung development. Simi-
larly, it remains unclear how AFSC-EVs induce a reduction in
macrophage density and which of the other biomolecules present
in the AFSC-EV cargo (i.e., proteins, lipids, and other small RNA
species) could also play a role. Last, although our study reports a
multilineage inflammatory signature in the lung, we did not iden-
tify a specific inflamed endothelial cell cluster. Nonetheless, gene
set enrichment analysis revealed that CDH+saline lungs had an
up-regulation of genes involved in inflammation compared to
CDH+AFSC-EVs and Control+saline lungs. Given the evidence
that babies with CDH have several organs affected (65), some
with an inflammatory response such as the brain (66), the anti-
inflammatory and regenerative effects of AFSC-EVs could be
beneficial beyond the lung. Further studies are needed to address
these important questions before translating these findings to hu-
man patients with CDH.

MATERIALS AND METHODS

Extracellular vesicles

CD117" rat AFSCs were previously characterized as broadly multi-
potent and nonteratogenic (52), grown in cell culture, and subjected
to EV isolation with ultracentrifugation as previously described (6,
8-9, 54). We characterized AFSC-EVs as previously described in ac-
cordance with the International Society for Extracellular Vesicles
guidelines for proper size, morphology, and expression of canonical
EV protein markers (fig. S7, EV-TRACK: EV190001) (6, 8-9, 54,
67). For in vivo tracking experiments, we stained EV-free prepara-
tions and AFSC-EVs with ExoGlowVivo according to the manufac-
turer’s protocol.

Experimental model of CDH

Following ethical approval (no. 49892, The Hospital for Sick
Children, Toronto), CDH was induced in rat fetuses with nitrofen
administration to dams by oral gavage on E9.5 (6, 16, 68-70).
Only 50% of fetal rats develop a diaphragmatic defect, but all de-
velop some degree of pulmonary hypoplasia, which, in part, re-
flects the variability also observed in human babies with CDH
(68-70). For in vivo AFSC-EV administration, three routes were
used at E18.5 and described in detail in the Supplementary Mate-
rials. At E21.5, only fetuses with a confirmed CDH were used and
the left lung was separated for histology, RNA/protein analysis,
and snRNA-seq.

Human fetal lung studies

Following ethical approval (nos. 1000074888 and #1000080881, The
Hospital for Sick Children, Toronto), we analyzed lung sections
from autopsy samples of four human fetuses with CDH that died
between gestational weeks 19 and 26 (canalicular stage of lung de-
velopment) and four controls (no fetal lung pathology or systemic
inflammatory conditions; table S7).

100f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Outcome measures

For EV tracking, ExoGlow-Vivo AFSC-EVs were injected through
IA or IV, and fetuses and organs were imaged with IVIS. For as-
sessment of lung growth and maturation, lungs were compared for
morphometry using radial airspace count and gene and protein
expression of SPC and PDPN (6, 8-9). For snRNA-seq studies, a
subset of fetal lung samples was chosen (Control+saline, n = 2;
CDH+saline, n = 3; and CDH+AFSC-EVs, n = 3), and nuclei
were subjected to 10X Genomics protocol (see the Supplementary
Materials for further details). For determining miRNA-mRNA
regulatory pathways, multiMiR was used with AFSC-EV cargo and
down-regulated genes from snRNA-seq dataset. Immunofluores-
cence assays were used to confirm snRNA-seq findings (i.e.,
CD68" macrophages and inflammatory mediators). Flow cytom-
etry was used to sort fetal lung cells for extracellular targets
ADGRE-1, CD43, and CD68 (see the Supplementary Materials for
further details). To inhibit macrophage activation in rat fetuses
with CDH, we intra-amniotically injected GW2580, a selective in-
hibitor of CSFIR kinase.

Statistical analysis

Data distribution from each group was assessed using Shapiro-Wilk
normality test. Groups containing normally distributed data were
compared using two-tailed Student’s t test or one-way analysis of
variance (ANOVA) (Tukey post-test), while non-normally distrib-
uted data were compared using Mann-Whitney or Kruskal-Wallis
(post hoc Dunn’s nonparametric comparison) tests. Fisher’s exact
test was used to compare proportions of cells in Fig. 5G. A P value of
<0.05 was considered statistically significant.
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