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Abstract

The renin-angiotensin system is a highly characterized integrative pathway in mammalian
homeostasis whose clinical spectrum has been expanded to lung disorders such as chronic
obstructive pulmonary disease (COPD)-emphysema, idiopathic pulmonary fibrosis (IPF), and
COVID pathogenesis. Despite this widespread interest, specific localization of this receptor
family in the mammalian lung is limited, partially due to the imprecision of available antibody
reagents. In this study, we establish the expression pattern of the two predominant
angiotensin receptors in the human lung, AGTR1 and AGTR2, using complementary and
comprehensive bulk and single-cell RNA-sequence datasets that are publicly available. We
show these two receptors have distinct localization patterns and developmental trajectories
in the human lung, pericytes for AGTR1 and a subtype of alveolar epithelial type 2 cells for
AGTRZ2. In the context of disease, we further pinpoint AGTR2 localization to the COPD-
associated subpopulation of alveolar epithelial type 2 (AT2g) and AGTR1 localization to
fibroblasts, where their expression is upregulated in individuals with COPD, but not in
individuals with IPF. Finally, we examine the genetic variation of the angiotensin receptors,
finding AGTR2 associated with lung phenotype (i.e., cystic fibrosis) via rs1403543. Together,
our findings provide a critical foundation for delineating this pathway's role in lung
homeostasis and constructing rational approaches for targeting specific lung disorders.

Main

The renin-angiotensin system (RAS), an extensively characterized hormonal network, plays
a crucial role in maintaining the balance and stability of mammalian tissue functions.
Dysregulated RAS contributes to numerous common disorders, such as hypertension,
chronic renal disease, and heart failure’, supporting the widespread use of RAS-targeting
therapies. In fact, angiotensin receptor blockers (ARBs) and angiotensin-converting enzyme
inhibitors are consistently among the top 10 most prescribed medications in the US#™®,
Recent evidence afforded a reconception of this system focusing on tissue-specific activities
and diverse physiological consequences. The availability of multiple agents targeting this
pathway, coupled with the high expression of angiotensin peptides in the setting of
inflammation and tissue repair, has broadened their therapeutic potential to encompass lung
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disorders®, such as acute lung injury*®**, idiopathic pulmonary fibrosis (IPF)*?, pulmonary

hypertension'***, and chronic obstructive pulmonary disease (COPD)-emphysema®*°.
Since the SARS-CoV-2 receptor (ACE-2) is an angiotensin-processing enzyme, recent
clinical studies have even examined the role of this pathway in COVID-19 pathogenesis
A reliable delineation of the abundance and cell-specific expression pattern of the two
predominant angiotensin receptors in the lung is needed to fully explore the mechanisms by
which RAS targeting could address complex lung disorders.

17,18

Despite this widespread interest in the therapeutic potential for lung disorders, the specific
localization of the angiotensin receptor family in the mammalian lung has been elusive. One
reason for the lack of localization data is the general imprecision of the available antibody
reagents which has been insufficiently appreciated within the research community*®2.
Consequently, many well-constructed studies have been published with inaccurate
expression data leading to flawed conceptual frameworks for therapeutic interventions. We
and others have observed promising benefits in mouse models with some technical
variation, including ARB-mediated attenuation of airspace enlargement in emphysema
(genetic?*?® and cigarette smoke-induced?*?®) and improved histology in lung fibrotic
disorders®?’. However, clinical and preclinical trials of ARBs have shown variable
efficacy®*®*°. This inconsistency can be attributed to several factors beyond the anatomic
and physiologic differences between mice and humans: dosing restrictions in clinical trials
and indistinct concepts of lung cell-specific receptor behaviors, ultimately undermining the
construction of trials for maximal efficacy.

In this study, we establish the expression pattern of the two predominant angiotensin
receptors in the human lung, AGTR1 and AGTR2, using complementary and comprehensive
bulk and single-cell RNA-sequence datasets that are publicly available. We then examine
the localization of these receptors in the COPD and IPF lung where compartmental
phenotypes are well established. Finally, we conflate the genetic associations of angiotensin
receptors with phenotype data. These findings represent the most comprehensive
assessment of angiotensin receptor expression in the human lung leveraging publicly
available transcriptomic datasets and disease-specific profiles. Our findings clarify the
spectrum of angiotensin signaling in the lung and establish a foundation for selecting
angiotensin-targeting reagents with compartmental considerations for various lung disorders.

Results

Angiotensin receptors show distinct localization patterns and cell type specifications
in the human lung

To investigate lung cell types expressing angiotensin receptors, we leveraged the most
comprehensive human lung single-cell dataset from version 2 of the Human Lung Cell Atlas
(HLCA)*. The core HLCA study harmonized cell annotations for 584,944 cells from 14
datasets and 107 individuals, spanning all lung compartments and circulating blood*'. Using
this comprehensive dataset, we found that angiotensin receptors 1 (AGTR1) and 2 (AGTR2)
positive cells represented a small fraction (1.64%) of the total cells examined. Of these
receptor-positive cells, fewer than 0.1% co-expressed both AGTR1 and AGTR2 (Figure 1A).
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We next examined the locations of AGTR1 and AGTR2 positive cells and found them in
distinct compartments within the lung (Figure 1B). Specifically, we found AGTR1-positive
cells primarily expressed in the stromal lung compartment (Fisher’'s exact test, FDR < 0.05;
Figure 1C), with the highest expression observed in pericytes (48.2% of total cells; Fisher's
exact test, FDR < 0.05; Figure 1D and Figure S1). Other stromal cell types, including
vascular smooth muscle (6.4% of total cells), adventitial fibroblasts (14.7% of total cells),
alveolar fibroblasts (13.2% of total cells), and peribronchial fibroblasts (4.0% of total cells),
also showed significant enrichment for AGTR1-positive cells (Fisher’s exact test, FDR <
0.05; Figure 1D and Figure S1). In contrast, we found AGTR2-positive cells primarily
expressed in the lung epithelial compartment (Figure 1C), with the highest concentration in
alveolar epithelial type 2 cells (AT2; 8.4% of total cells). Alveolar macrophages (0.048% of
total cells) also showed enrichment of AGTR2-positive cells (Fisher’'s exact test, FDR < 0.05;
Figure 1D and Figure S1). Interestingly, while both receptors represented a small proportion
of overall lung cells, AGTR1 dominated within pericyte cells, constituting nearly half of this
cell population. Furthermore, we found that AGTR1 and AGTR2 each contributed roughly
half of the total angiotensin receptor-positive cell population in this dataset. However, it is
important to note that this dataset had relatively low proportions of stromal cells (25,217
[4.3%] cells) compared with epithelial (282,065 [48.2%] cells) and immune (229,496 [39.2%)]
cells). This suggests that AGTR2-positive cells are an extremely rare population compared
to AGTR1-positive cells in the lung. Overall, these findings demonstrate a clear pattern of
cell-specific and mutually exclusive expression for AGTR1 and AGTR2 across the human
lung.

Limited information exists concerning angiotensin signaling in pericytes — a multipotent cell
type residing in the vascular bed and known to be involved in vascular development and
hemodynamic regulation. Since marker and ontogeny-defined subtypes of pericytes were
recently described, we examined whether gene expression patterns in AGTR1-positive cells
were associated with distinct classes or transitional states. We assessed subclusters of
pericytes and projected the data using PHATE>? (potential of heat-diffusion for affinity-based
trajectory embedding) to preserve both local and global structures and capture potential
transitions between cell states in pericytes. We found four distinct pericyte subclusters
(Figure 2A). Although these four subclusters had various levels of AGTR1 expression
(Figure 2B), we did not find significant differences in AGTR1 expression after correcting for
patient variation (Figure 2C). These results suggest that AGTR1 expression is a global
marker gene for pericytes in the lung.
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Figure 1: Angiotensin Il receptors 1 (AGTR1) and 2 (AGTR2) demonstrate
compartment- and cell-type-specific expression in the human lung. A. Venn diagram
showing rare occurrences of AGTR1 and AGTR2 co-expression (n=107 individuals). B. Dot
plot showing the percentage and average expression of AGTR1- and AGTR2-positive cells
across lung compartments (n=107). C. Heatmap showing significant enrichment (two-sided,
Fisher's exact test) of AGTR1- and AGTR2-positive cells across lung compartments
(n=107). The color intensity of enrichment heatmaps represents log2 of odds ratio (OR) with
red indicating enrichment and blue indicating depletion. Significantly enrichment
compartments are annotated with -log10(false discovery rate). D. Dotplot showing the
percentage and average expression of AGTR1- and AGTR2-positive cells across lung cell
types (n=107).
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Figure 2: AGTR1 is a global marker for pericytes. A. Scatter plot showing pericyte
subclusters with PHATE dimensional reduction®. Subclusters are highlighted using K-means
clustering. B. Scatter plot showing normalized expression of AGTR1 across pericyte
subclusters. C. Box plot showing no significant differences of AGTR1 normalized expression
across pericyte subclusters after averaging across individuals (n=107 across clusters). Box
plots show the median and first and third quartiles, and whiskers extend to 1.5x the
interquartile range.

Angiotensin receptors show distinct developmental trajectories in the human lung

After establishing distinct localization and expression patterns of the angiotensin receptors,
we next asked how these receptors were expressed through postnatal development. To this
end, we examined the ontogeny of angiotensin receptor expression from the neonatal period
through young adulthood at the single-cell level using the integrated LungMAP dataset®.
The type 1 receptor, AGTR1, showed the highest level of lung expression during infancy (31
weeks) with a steady reduction during childhood (3 years) and adulthood (31 years). In
contrast, AGTR2 displayed significantly lower levels of expression compared to AGTR1,
which were maintained during the different stages of development (linear regression, FDR <
0.05; Figure 3A). The normalized expression of AGTR1 in the mesenchymal stromal
compartment was stable during infancy through adulthood suggesting that the overall
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reduction in expression reflects a loss in the highest expressing cell types (pericytes and
vascular smooth muscle cells; Figure 3A and Figure S2A). In contrast, the epithelial
expression of AGTR2 increased significantly in the adult lung compared with infancy and
childhood (AT2; Figure 3B and Figure S2B). These trajectories correspond to distinct cell
type-specific expression between the angiotensin receptors across development (Figure S3)
and were replicated in cell-specific ontogeny bulk RNA-sequencing data from LungMAP
(Figure 4A and Figure S4).

Given the increased prevalence of several lung disorders with age®, and considering the
relatively young donors in the LungMAP, we examined angiotensin receptor expression from
mid- to late-life (age range = 21 to 70) using the GTEx v8 bulk lung RNA-sequencing data®
(n=578; median age=56). Our analysis found a slight increase in AGTR1 expression over
time (Pearson, rho = 0.12, p < 0.0052; Figure 4B), while AGTR2 expression decreased
(Pearson, rho =-0.23, p < 1.3e-8; Figure 4B). Notably, AGTR2 expression showed greater
individual variation compared with AGTR1, potentially due to differences in cellular
composition. To investigate this possibility, we performed cell deconvolution using
BayesPrism®® with the HLCA version 2 dataset as the single-cell reference (Figure S5). We
found a negative correlation between age and AT2 cell type proportion but not alveolar
macrophages (Pearson, rho = -0.35 and 0.0066, p-value < 2.2e-16 and p-value = 0.87 for
AT2 and alveolar macrophage, respectively; Figure 4C). Moreover, AT2 cell type proportion
directly correlated with AGTR2 normalized expression (Pearson, rho = 0.78, p-value < 2.2e-
16; Figure 4C). Conversely, the proportion of pericytes — the cell type most enriched for
AGTR1-positive cells — showed a positive correlation with age (Pearson, rho = 0.17, p-value
= 3.5e-5; Figure 4D). When we expanded this analysis to the other four AGTR1 enriched
cell types (i.e., adventitial fibroblasts, alveolar fibroblasts, peribronchial fibroblasts, and
smooth muscle), we also found that adventitial fibroblasts and alveolar fibroblasts cell types
showed a positive correlation with age (Pearson, rho = 0.095 and 0.23, p-value = 0.022 and
3.8e-8, respectively; Figure 4D). Furthermore, normalized AGTR1 expression only
increased with pericytes and alveolar fibroblasts cell type proportion (Pearson, rho = 0.35
and 0.25, p-value < 2.2e-16 and p-value = 7.7e-10, respectively; Figure 4E). These findings
suggest that age-related upregulation of AGTR1 expression is driven by changes in both
pericyte and alveolar fibroblast populations.
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Figure 3: Angiotensin receptors, AGTR1 and AGTR2, show distinct developmental
trajectories across the lung location. A. Dotplot of average expression and percent
expression from total cells separated by age. B. Line graph showing average number of cells
(left) and log normalized expression (right) as a function of age. C. Line graph showing
average number of cells (top) and log normalized expression (bottom) as a function of age
separated by LungMAP annotated lung location. Three donors per age group. The standard
error is annotated with error bars for all line graphs. Mean averaged across the three unique
individuals are also annotated within the error bars, shown as standard error, of the line
graphs. Solid line, AGTR1. Dash line, AGTR2.
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Figure 4: Replication of the angiotensin receptors’ distinct developmental trajectories
in bulk RNA-sequence analysis. A. Line graph of log2 normalized expression in bulk
LungMAP lung tissue (n=3 per age group; error bars, standard error). Solid line, AGTRL1.
Dash line, AGTR2. B. Scatterplots of angiotensin receptors showing normalized expression
as a function of age in adults (age > 20) from GTEXx bulk lung tissue (n=578). C. Scatterplot
showing the proportion of AT2 (alveolar epithelial type 2) and alveolar macrophage cell types
from deconvoluted GTEX bulk tissue decreasing as a function of age (left), while normalized
AGTR2 expression increased with AT2 proportion (right). D. Scatterplot showing the cell
type proportions of cell types enriched for AGTR1 enriched cells (i.e., pericytes, adventitial
fibroblasts, alveolar fibroblasts, peribronchial fibroblasts, and smooth muscle) from
deconvoluted GTEX bulk tissue as a function of age. E. Scatterplots of nhormalized
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angiotensin receptors expression as a function of pericytes (top), adventitial fibroblasts
(middle), and alveolar fibroblasts (bottom) cell type proportions. Blue line fitted trend (two-
sided, Pearson’s correlation). The 95% confidence interval is shaded in gray.

Angiotensin receptor dynamics in individuals with COPD and IPF

Although multiple observational and preclinical studies suggest that ARBs may confer some
functional and/or histologic benefitin COPD and IPF, the receptor expression patterns in the
lung associated with the disease states have not been elucidated. Since the angiotensin Il
peptide can interact with both angiotensin receptors, blockade of the AT1R could plausibly
increase peptide engagement with the AT2R, creating alternative mechanisms of possible
efficacy®’. We next explored the expression pattern of angiotensin receptors in COPD and
IPF. To this end, we re-examined a human lung COPD and IPF single-cell dataset (IPF
[n=32], COPD [n=18], and control donor lungs [n=28]*%). Consistent with our prior
observations, we found little overlap between AGTR1 and AGTR2 positive cells (Figure 5A),
and distinct localization within the lung (Figure S6). Furthermore, AGTR2-positive cells
appeared more prevalent in COPD, while AGTR1-positive cells were associated with IPF
(Figure 5B). We also observed a significant upregulation of AGTRL1 in fibroblast cells of
COPD patients (t-test, p < 0.013; Figure 5C). Although the average AGTR1 expression was
highest in IPF patients, we did not identify a specific cell type with a significantly different
normalized expression between IPF patients and controls for either receptor (Figure 5C and
Figure S7). However, the proportion of individuals with AGTR1-positive cells was higher in
IPF patients (94%) compared to control donors (75%) or COPD patients (78%), potentially
explaining the observed discrepancy.

While we did not observe a statistically significant upregulation of AGTR2 in AT2 cells by
disease state, there was a trend towards increased expression in COPD patients (t-test, p-
value = 0.14; Figure 5D). A previous study identified specific COPD-associated cell types
within a subpopulation of AT2 cells**, prompting us to re-examine this dataset for AGTR2
dysregulation for COPD (COPD [n=17] and age-matched control lungs [n=15]%). We found
that AGTR2 expression was primarily associated with the AT2g subpopulation of AT2 cells
(expressed in 8.4% of AT2g cells; Figure 5F), which is the specific COPD-contributing cell
type previously reported*. Within this AT2; cell type, AGTR2 expression significantly
increased in COPD patients compared with age-matched controls (t-test, p-value < 0.033;
Figure 5E). Additionally, when we assessed subclusters of AT2 cells in the IPF/COPD
dataset with PHATE®? (Figure 5G), we also found a significant increase in AGTR2
expression in a specific subcluster of AT2 cells in COPD (t-test, p-value < 0.0036; Figure
5H). Moreover, we replicated this increase in Agtr2 expression using a cigarette smoke
mouse model (t-test, p-value < 0.00012; Figure S8).


https://doi.org/10.1101/2024.06.17.599425
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.17.599425; this version posted June 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A B E
AGTRI Expraased (%) Al
/ Contro . =12 ATz A
/ C \ A ATED o
/ ® a5 Bagal
cort ¢ ghrmge Ciliated

1331 170
188.4%) (0 =f) (11.3%] ] i bt GSLI:IL:

/ @ > FNEG
0 lonocyte
. Abarrat Rasa oid
T & & Fibrob aat Advetitial .
* L4 Fibroblasl Alwolar *
c Fibroblast ][ Myoibroblast Pericyte D AT2 Fib-oblast G:"ﬂﬂ‘s ®
-] 4 AGTR1 AGTRT AGTR1 ca AGTRZ e
$ e e ot 3 A Mosotrolll Avea
us " um ' ' caa a ' = - &
E'G ) I — QR C.pt 3- B Lymphatic E’wﬁ on
u . . . VE Cap lary A ae
F2 . t s * . Ea_ . VE Cap llary B by
5 = A * VE Arterial 1.0
|- . v 5. ]
g1 # # -~ 1' I?‘:l | 5. + E= VE Voruio o
z o~ PR . E . - VE Peribrongnial
] Z0- . oMonosyte Expreased (%)
3 v@* 3 dt . H gq T T QQ T nchMonecyle : g
o ﬁ; M. -5
cf c‘ﬁ} ‘f éfe if ("dp M.. Alveoiar o
G H Lo | &Nt ®
Il?l:'l PHATE Subcluster: 0 cDt2 . 2
: DC Mulure
g ga - . DG _angerhans
§,. 5 g = poC
F ~ E — WMast
£ B 11 . B
2 .E . B Plasma
sil- IE' PHATE Subcluster: 1 -
1 n1g —OE T Cytoloxic
E ; E 3 oooss T Reg.l=tory
i ® |, NK
go- ol & s2) W % : LCA
I § 2 . i %:I * LCB
.
& &
& €L L

Figure 5: Fibroblasts and alveolar eplthel|al type 2 (AT2 subpopulation) are
significantly upregulated in individuals with COPD for AGTR1 and AGTR2,
respectively. A. Venn diagram showing limited co-occurrence of AGTR1 and AGTR2
expression in the same cell (control [n=28], COPD [n=18], or IPF [n=32]%). B. Dotplot of
average and percent expression of angiotensin receptors from total cells separated by
diagnosis (control [n=28], COPD [n=18], or IPF [n=32]*®). Box plot comparing IPF (n=32),
COPD (n=18), and control donors (n=28) normalized expression for cell types enriched for
C. AGTR1-positive cells and D. AGTR2-positive cells. E. Dotplot of average and percent
expression of angiotensin receptors showing enrichment of AGTR2 expression for AT2
subpopulation (AT2g; COPD [n=17] and age-matched control donors [n=15]*%). F. Box plot of
normalized expression for AT2 subpopulation (AT2g) comparing COPD (n=17) and age-
matched control donors (n=15). G. Replication of AGTR2 upregulation for COPD for AT2
subpopulation within IPF/COPD dataset (control [n=28], COPD [n=18], or IPF [n=32]%*). Top:
Dimensional reduction using PHATE®? of AT2 in IPF/COPD dataset showing two subclusters
(0 and 1). Bottom: Heatmap showing limited expression of AGTR2 specific to PHATE
subcluster 1. H. Box plot of normalized expression for PHATE AT2 subclusters showing
increased expression of AGTR2 for COPD compared with control donors. Box plots are
annotated with a two-sided, t-test and show the median and first and third quartiles, and
whiskers extend to 1.5x the interquartile range.
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Genetic variation of angiotensin receptors in the human lung

Recently described common genetic variants in angiotensin receptors plausibly contribute to
cardiovascular and renal disorders, particularly those related to systemic hypertension®®*,
We first identified angiotensin expression quantitative trait loci (eQTL) in the human lung to
understand genetic variation associated with angiotensin receptors and lung disease. To this
end, we re-processed GTEX lung data (n=578) and found 198 and 179 cis-eQTL
(permutation g-value < 0.05; Table S1) for AGTR1 and AGTRZ2, respectively. Of these cis-
eQTL, we found three variants with conditionally independent signals (nominal p-value <
5.6e-5; Table S2) for AGTR1 (rs4681418, rs12487698, and rs11371912) and AGTR2
(rs1403543, rs1589657, and rs6608481).

Following conditional analysis, we performed fine mapping using the Sum of Single Effects
(SuSiE;*) and identified three credible SNP (single nucleotide polymorphism) sets for each
gene (Table S3). We found these credible SNPs replicated using other fine-mapping
approaches (Table S4-S7;*%). For AGTR1, we found the three conditional variants
(rs4681418, rs12487698, and rs11371912) showed the highest posterior inclusion
probability (PIP) within each credible SNP set. For AGTR2, we found two of the three
(rs1403543 and rs6608481) showed the highest PIP, and a third variant (rs5991094)
showed a higher PIP compared to the conditionally independent signal (rs1589657) for their
respective credible SNP sets.

We next examined these SNPs for PheWAS associations using the genome-wide
association studies (GWAS) Catalog of SNPs*’. While there were no associations with
AGTR1, we found 50 phenotypes significantly associated (p-value < 0.05; Table S8) with
AGTRZ2, all attributed to variant rs1403543. Interestingly, this variant also showed an
association with cystic fibrosis severity GWAS (p-value = 2e-6;*®). No other fine-mapped
variant has been previously reported to be associated with any phenotype. This is primarily
due to the lack of a significant eQTL for rs5186 (nominal p-value = 0.092) — clinically linked
with genetic variants regulating AGTR1 and hypertension GTEx lung*®*? — in the GTEx lung
data.

Discussion

The RAS system, including the angiotensin receptors, has been associated with common
disorders and is currently targeted for therapeutic intervention for lung disorders like COPD
and IPF. Even so, the specific localization of this receptor family in the mammalian lung is
poorly understood. Here, we leverage publicly available datasets to systematically examine
the two predominant angiotensin receptors, AGTR1 and AGTR2, in the human lung at
cellular resolution. We find distinct receptor expression patterns in the lung with postnatal
development, aging, and lung diseases such as COPD and IPF, supporting a plausible role
of angiotensin signaling in defined disease states. Furthermore, our fine-mapping results
identified a genetic variant (rs1403543) associated with AGTR2 and cystic fibrosis severity.
Altogether, this provides a detailed summary of angiotensin Il receptor expression across the
human lung and the relevance of this expression profile to the COPD and IPF disease
states.

Across multiple single-cell datasets, we analyzed angiotensin receptor expression in
different human lung compartments (endothelial, epithelial, mesenchymal [stromal], and
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immune) and cell types. While angiotensin receptor-positive cells represent a minority of the
total lung cell population, they notably constitute roughly 25% of all stromal cells (both
vascular and alveolar). We further show that AGTR1 and AGTR2 have mutually exclusive
expression and distinct localization within the lung. AGTRL is primarily expressed in the
stromal compartment, particularly pericytes, where around half of all pericytes express this
receptor. In contrast, AGTR2 is primarily located in the lung epithelium, specifically within an
AT2 subpopulation previously defined as AT2g, where only 8.4% of the cells express it. AT2
cells play important roles in normal pulmonary function and the lung response to toxic
compounds®. Other studies have shown the involvement of lung pericytes in the
development of various lung diseases including asthma, pulmonary fibrosis, pulmonary
hypertension, and sepsis®>**. Altogether, these specific cell type localizations suggest the
potential contributions of these angiotensin receptors to the pathogenesis of these lung
diseases.

The finding that roughly half of all lung pericytes expressed AGTRL1 is especially notable.
Our inability to identify a distinct AGTR1-positive pericyte subtype suggests that AGTR1
expression might be ubiquitous across all pericytes. This observation could potentially be
attributed to technical limitations of single-cell analysis, such as dropout events.

Our survey showed AGTR2 expression in alveolar epithelial cells. The low abundance of
AGTR2-expressing cells in the lung invokes the possibility that these cells mark a subtype
with specific localization and specific function. Indeed, we found upregulation of AGTR2 in
COPD patients associated with a subtype of AT2 cells. The expansion of AGTR2-expressing
cells in COPD lungs and Agtr2 expression in mouse lungs exposed to chronic cigarette
smoke creates a hypothetical rationale for therapeutic targeting of this receptor for these
disorders. We recently showed that Agtr2 activation attenuates hyperoxic acute lung injury in
adult mice®’. In that study, we found that Agtr2 agonists reduce oxidative stress and TGF-B
activation, two injury measures also associated with chronic cigarette smoke-induced lung
injury®*. Ongoing clinical trials of AGTR2 activators for IPF may further demonstrate valid
clinical and biological metrics that could be extended to COPD trials®?.

We observed negligible angiotensin receptor expression in immune and endothelial cell
types. This aligns with previous findings that angiotensin II's inflammatory effects are
mediated by mesenchymal cells. These cells are thought to recruit inflammatory cells and
activate the NLRP3 inflammasome in an autocrine manner®?, leading to a paracrine
inflammatory response. This evidence suggests that angiotensin receptor-positive stromal
cells, including pericytes, may act as immune regulators in the lung. The prominent
expression of AGTRL1 in pericytes, which is closely associated with endothelial cells in the
microvasculature, presents a compelling opportunity for further investigation. Definitive
studies establishing this relationship could reflect a new paradigm for vascular dysfunction,
potentially leading to therapeutic strategies involving angiotensin receptor blockade.
Additionally, future studies could explore the possibility that angiotensin receptor expression
in immune and endothelial cells might be induced under specific conditions of tissue injury.

The cell type distribution of the receptors showed distinctive patterns over time. We found
stromal AGTR1 expression stable during infancy through adulthood. When we examined
mid- to late-life (age > 30) with deconvoluted bulk lung expression, we found a significant
slight increase of AGTR1 expression specific to alveolar fibroblast cells. Interestingly, we
found upregulation of AGTR1 in COPD patients associated with the fibroblast population,
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consistent with the designation of COPD as a disorder of accelerated aging®. On the other
hand, AGTR2 expression increases significantly in adult lungs compared with infancy (31
weeks) or childhood (3 years). Furthermore, AGTR2 expression in AT2 cells decreased with
age in sharp contrast to an increase in expression in COPD patients compared to age-
matched controls. Although our study did not identify a direct link between angiotensin
receptor expression with IPF, the findings suggest a potential role for angiotensin receptors
in COPD. First, AGTR1 expression in fibroblasts might serve as a biomarker for COPD and
potentially confer a productive signaling axis. Second, the upregulation of AGTR2 in a
subset of AT2 cells in COPD patients and mice exposed to chronic cigarette smoke might
represent a marker for the cell injury state or, as considered above, a signaling portal for
modulation.

In addition to exploring the expression of AGTR1 and AGTR2, we examined genetic
variation in the human lung using the GTEx dataset. The three fine-mapped variants
(rs4681418, rs12487698, and rs11371912) associated with AGTR1 were not associated with
any phenotype from the PheWAS catalog. Interestingly, we did not identify an AGTR1 eQTL
for rs5186 — clinically associated with hypertension**™ — in the postmortem lung.
Additionally, this variant was only identified for CPA3 (mast cell carboxypeptidase A3) in
sun-exposed skin and the esophagus mucosa in the GTEx dataset. Although the GTEX
dataset has limited diversity, the lack of observed eQTL for the AGTR1-rs5186 gene-SNP
pair was surprising.

For AGTR2, we found one of the three fine-mapped variants, rs1403543, had been
previously associated with cystic fibrosis severity*®. While we did not find an association with
COPD or IPF in the PheWAS catalog, we suspect this is primarily due to the exclusion of the
X-chromosome where AGTR?2 is located from the majority of GWAS®, including COPD
GWAS. Renewed efforts to include the X chromosome have resulted in a new X
chromosome-wide association study for COPD®°. While this XWAS and meta-analysis of
COPD datasets did not identify any of the AGTR2 fine-mapped SNPs, they highlight the
heritability of the X chromosome for COPD and allow for future colocalization analyses.

Transcriptomic data analysis relies heavily on the quality of the starting genetic material. The
clinical cohorts that we interrogated varied in size and depth of analyses. However, the
consistency observed in angiotensin receptor expression patterns across these diverse
datasets (HLCA, GTEXx, and LungMap) strengthens our findings. Nonetheless, further
validation in larger cohorts with greater inclusion of lung disease subtypes is needed to
confirm the specific cell populations expressing these receptors in different disease contexts.

In summary, we integrate multiple publicly available datasets to reveal the cell-specific and
compartmental localization of the major angiotensin receptors (AGTR1 and AGTR?2) in the
human lung. We further explored how these patterns vary with age and chronic lung disease
status. Our findings establish the AGTR1 as a reliable and highly selective marker of lung
pericytes with functional relevance in the airspace compartment where ARBs have shown
promise in preclinical models. Similarly, the detection of AGTR2 expression in a subset of
the alveolar epithelial compartment coupled with increased levels in COPD, invites
consideration of its role as a therapeutic target. Overall, our analysis using publicly available
data provides a nimble foundation for exploring the targeted use of available drugs to treat
chronic and debilitating lung disorders. Furthermore, our strategy demonstrates the potential
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of large transcriptomic datasets to refine our understanding of other receptors lacking other
reliable detection methods.
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Methods

Ethical statement

This study used publicly available datasets where informed consent procedures were
established for each study as described in the original papers® %333 gpecifically, the
Human Lung Cell Atlas® involved a multi-study integrative analysis, with each study
documenting informed consent as referenced in the original studies. The LungMAP* dataset
involved donor lung procurement following protocols approved by the Institutional Review
Board (IRB) at the University of Rochester Medical Center (RSRB00047606). For the GTEx
dataset®, deceased donor tissues were obtained through next-of-kin consent for scientific
research, following procedures established by the Biospecimen Source Sites (BSS) and
overseen by the relevant Institutional Review Boards (IRBs) or deemed exempt from IRB
review due to the deceased status of the donors. The COPD/IPF studies®**° involving
human samples adhered to informed consent protocols and data publication guidelines
approved by the Partners Healthcare Institutional Review Board (IRB Protocol
2011P002419).

Human lung data download

We downloaded HDFS5 files for the Human Lung Cell Atlas®! from CellxGene at
https://cellxgene.cziscience.com/collections/6f6d381a-7701-4781-935c-db10d30de293. We
downloaded counts and metadata for single-cell and bulk LungMap®® data from the LungMap
website (c). We downloaded GTEx v8* whole genome sequencing VCF, bulk RNA-
sequencing, phenotype information, and cis-eQTL GTEXx covariates including the PEER
(probabilistic estimation of expression residuals) factors® from the GTEx portal
(https://gtexportal.org/home/datasets). We downloaded raw counts, cell type annotations,
and metadata for IPF and COPD single-cell RNA sequencing data®* (GEO; GSE136831).

Human lung dataset population characteristics

The single-cell lung datasets encompass diverse population characteristics. The HLCA Core
dataset includes samples from 107 individuals with diversity in age, sex, and self-identified
socially relevant group, with 65% European, 14% African, 2% Admixed American, 2% multi-
ancestry, 2% Asian, 0.4% Pacific Islander, and 14% unannotated ancestry, harmonized to
1000 genomes reference superpopulations. This dataset includes 40% female participants.
The LungMap dataset for single-cell analysis consists of individuals of European ancestry,
with samples from 2 males and 1 female at 31 weeks, 2 males and 1 female at 3 years, and
1 male and 2 females at 31 years. The IPF/COPD single-cell dataset included 78 individuals,
with 73 self-reported as white, 1 Black, 1 Latino, 2 Asian, and 1 other. The sex distribution
was 35% female (27 females, 51 males), and the age range was 20 to 80 years (median 62
years, mean 57.6 £ 14.47). Additionally, 56% reported ever smoking.

Regarding the bulk lung datasets, the LungMap dataset included self-reported races of 6
Black, 2 other, 5 unknown, and 13 white individuals. The donor sex distribution was 8
females and 18 males, with an age range from neonates to 40 years, including 4 neonates, 9
infants, 11 children, and 2 adults, with at least one female or male represented in each age
cohort. The GTEX bulk lung dataset comprised 578 individuals aged 21 to 70 years (median
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56, mean 53.97 + 11.84), with 183 females and 395 males. The self-reported/study-reported
race distribution was 493 white, 70 Black, 10 Asian, 1 other, and 4 unknown individuals.

Mice

We obtained adult AKR/J mice from the Jackson Laboratory. These mice were housed in a
facility accredited by the American Association of Laboratory Animal Care. The Johns
Hopkins University School of Medicine's Institutional Animal Care and Use Committee
reviewed and approved the animal studies.

Cigarette smoke exposure

We divided six- to eight-week-old AKR/J male mice into two groups. We placed the control
group in a filtered air environment. The experimental group received cigarette smoke
exposure mixed with drinking water for six to seven weeks. This exposure involved burning
2R4F reference cigarettes (University of Kentucky, Louisville, Kentucky, USA) for two hours
per day, five days a week, using a smoking machine (Model TE-10; Teague Enterprises).
We routinely monitored the average concentration of total suspended particulates and
carbon monoxide, maintained at 90 mg/m and 350 ppm, respectively.

Angiotensin receptor single-cell expression profiling

Normalization and quality control

For angiotensin receptor single-cell expression profiling, we first normalized counts using
scuttle (version 1.12.0;*) logNormCounts on SingleCellExperiment (version
1.24.0;%) objects in R (version 4.3). Following normalization, we computed the sum factors
before adding per cell and feature quality control (QC) information with scuttle. After initial
QC annotation, we performed quality control based on the dataset. Specifically, for HLCA
version 2, we found the provided data had very limited mitochondria percentage. Therefore,
we did not filter specifically for mitochondria percentage. Instead, we removed outliers based
on scuttle perCellQCFilters. For LungMap 10x, we removed cells with greater than 25%
mitochondria-mapped reads and library size less than 1000. For the IPF/COPD dataset, we
removed cells with greater than 25% mitochondria mapped reads and library sizes less than
1000. For the COPD replication dataset, we removed cells with greater than 20%
mitochondria mapped reads and library size less than 1000 as previously described®. The
remaining cells were used for angiotensin receptor expression profiling.

Statistical analysis

We performed a two-tailed Fisher’s exact test to examine angiotensin receptor significant
enrichment for cell annotations (compartment and cell annotation). Within each cell
annotation, we performed multiple testing corrections using FDR. For developmental
trajectories of the angiotensin receptors, we fitted a linear model on average expression by
donor patient (n=3) separately for angiotensin receptor and cell annotation.
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Cell-type subcluster analysis

For pericyte subcluster analysis, we subsetted HLCA version 2 for the pericyte cell type. For
AT2 subclustering, we subsetted the IPF/COPD dataset for the AT2 cell type. In Python
(version 3.9.16), we applied general filtering and quality control similar to the R version with
scprep (version 1.2.3). Following quality control, we normalized library size and
transformed counts with scprep. For dimensional reduction, we used PHATE (version
1.0.11;*) and estimated the K clusters visually with KDE plots (seaborn, version 0.13.2;
De novo cluster annotation used the K-means algorithm from PHATE.

For pericyte subclusters, we compared AGTR1 expression using two-sided, one-way
ANOVA. For AT2 two cluster comparison, we compared AGTR2 expression using a two-
sided, T-test and a one-sided, Mann-Whitney U test.

60) )

Bulk RNA-sequencing age correlation

For GTEx analysis of angiotensin receptors in the human lung, we applied a linear model on
logo transformed TPM (transcripts per million) normalized expression as a function of age.
We corrected for multiple testing with Bonferroni. For LungMap analysis of angiotensin
receptors in the human lung, we applied a linear model on log;o transformed normalized
expression as a function of age, adjusting for derivative type, donor sex, and donor self-
identified race.

Cell-type deconvolution

We performed cell-type deconvolution using BayesPrism (version 2.2.2;%°) in R (version
4.3) for GTEx lung and Human Lung Cell Atlas version 2 single-cell reference. Specifically,
we selected cell type marker genes using get_mean_ratio2 from DeconvoBuddies
(developmental version) — selecting genes with a rank ratio less than or equal to 100 shared
between the GTEx lung data and HLCA reference data. For the single-cell reference data,
we removed ribosomal genes, mitochondria genes, MATAL1, and genes on the sex
chromosomes following BayesPrism recommendations. We used the new.prism function
with an outlier cutoff of 1% and an outlier fraction of 10%.

Real-time PCR (qPCR) analysis

We isolated total RNA from whole lung mouse tissues and treated it with DNase. Next, we
reverse-transcribed the RNA using Invitrogen's first-strand DNA synthesis kit. The resulting
cDNA was used for PCR analysis on an ABI Fast 7500 System (Applied Biosystems, Foster
City, CA). Custom TagMan probes for the genes of interest were designed by Applied
Biosystems based on the sequences in the lllumina array and used according to the
manufacturer’s instructions. Expression levels of target genes were determined in triplicate
from the standard curve and normalized to Gapdh mRNA.

Expression quantitative trait loci (eQTL) analysis

For bulk lung cis-eQTL analysis, we re-processed the GTEx data using tensorQTL®"
(version 1.0.8) as previously described®*® with modifications for lung tissue. Briefly, we
filtered out low expression genes (< 0.1 TPM in at least 20% of samples) and normalized
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counts using TMM (trimmed mean of M values). Following normalization, we performed cis-
eQTL analysis using linear regression and GPU adjusting for genetic similarity (i.e.,
genotyping principal components) and PEER factors with a mapping window of 1 Mb of the
TSS (transcriptional start site) for each gene and a minor allele frequency = 0.05. We used
PEER factors to adjust for hidden variation. We determined permutation g-values for the
most highly associated variant per gene using empirical p-values based on default values in
tensorQTL. Following permutation analysis, we performed conditional cis-eQTL analysis
using the same parameters as the initial cis-eQTL analysis with tensorQTL.

Fine-mapping analysis

We performed fine mapping using susig*® implemented in Python with tensorQTL. We
downloaded GTEX lung fine-mapping results with CAVIAR**, CaVEMaN*®, and DAP-G*¢ from
the GTEXx portal for replication.

Graphics

All plots were generated in R (version 4.3) or Python (version 3.9). For Venn diagrams
comparing the overlap between AGTR1 and AGTR2, we used ggvenn (version 0.1.10;*%) in
R. Dot plots showing average expression and percentage of positive expression angiotensin
receptor cells were generated using the Seurat (version 5.0.1;%°) DotPlot function in R. Line
graphs, scatter plots, box plots, and bar plots were generated using ggpubr (version
0.6.0;%°) in R. Heatmap enrichment plots were generated in R using ggplot2 (version
3.5.0;%"), ggfittext (version 0.10.2; ), and ggpubr. PHATE subcluster plots visualization
used the scprep scatter2d function and the subcluster box plot graphic was generated with
seaborn in Python.

Data availability

The Human Lung Cell Atlas is a publicly available resource located at
https://hica.ds.czbiohub.org/. We downloaded HDF5 and RDS files associated with the
HLCA version from CellxGene (https://cellxgene.cziscience.com/collections/6f6d381a-7701-
4781-935¢-db10d30de293). The LungMAP is a publicly available resource located at
https://lungmap.net/. We downloaded data from Wang et al.* at https://data-
browser.lungmap.net/explore/projects/20037472-eald-4ddb-9cd3-56a11a6f0f76. For COPD
and IPF data, we downloaded raw counts and metadata from GEO (GSE136831)%%%.

Code availability

All code, jupyter-notebooks, and results are available through GitHub at
https://github.com/heart-gen/angiotensinll_lung.
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Figure legends

Figure 1: Angiotensin Il receptors 1 (AGTR1) and 2 (AGTR2) demonstrate
compartment- and cell-type-specific expression in the human lung. A. Venn diagram
showing rare occurrences of AGTR1 and AGTR2 co-expression (n=107 individuals). B. Dot
plot showing the percentage and average expression of AGTR1- and AGTR2-positive cells
across lung compartments (n=107). C. Heatmap showing significant enrichment (two-sided,
Fisher's exact test) of AGTR1- and AGTR2-positive cells across lung compartments
(n=107). The color intensity of enrichment heatmaps represents log2 of odds ratio (OR) with
red indicating enrichment and blue indicating depletion. Significantly enrichment
compartments are annotated with -log10(false discovery rate). D. Dotplot showing the
percentage and average expression of AGTR1- and AGTR2-positive cells across lung cell
types (n=107).

Figure 2: AGTR1 is a global marker for pericytes. A. Scatter plot showing pericyte
subclusters using PHATE dimensional reduction®. Subclusters are highlighted using K-
means clustering. B. Scatter plot showing normalized expression of AGTR1 across pericyte
subclusters. C. Box plot showing no significant differences of AGTR1 normalized expression
across pericyte subclusters after averaging across individuals (n=107 across clusters). Box
plots show the median and first and third quartiles, and whiskers extend to 1.5x the
interquartile range.

Figure 3: Angiotensin receptors, AGTR1 and AGTR2, show distinct developmental
trajectories across the lung location. A. Dotplot of average expression and percent
expression from total cells separated by age. B. Line graph showing average number of cells
(left) and log normalized expression (right) as a function of age. C. Line graph showing
average number of cells (top) and log normalized expression (bottom) as a function of age
separated by LungMAP annotated lung location. Three donors per age group. The standard
error is annotated with error bars for all line graphs. Mean averaged across the three unique
individuals are also annotated within the error bars, shown as standard error, of the line
graphs. Solid line, AGTRL1. Dash line, AGTR2.

Figure 4: Replication of the angiotensin receptors’ distinct developmental trajectories
in bulk RNA-sequence analysis. A. Line graph of log2 normalized expression in bulk
LungMAP lung tissue (n=3 per age group; error bars, standard error). Solid line, AGTRL1.
Dash line, AGTR2. B. Scatterplots of angiotensin receptors showing normalized expression
as a function of age in adults (age > 20) from GTEXx bulk lung tissue (n=578). C. Scatterplot
showing the proportion of AT2 (alveolar epithelial type 2) and alveolar macrophage cell types
from deconvoluted GTEX bulk tissue decreasing as a function of age (left), while normalized
AGTR2 expression increased with AT2 proportion (right). D. Scatterplot showing the cell
type proportions of cell types enriched for AGTR1 enriched cells (i.e., pericytes, adventitial
fibroblasts, alveolar fibroblasts, peribronchial fibroblasts, and smooth muscle) from
deconvoluted GTEXx bulk tissue as a function of age. E. Scatterplots of normalized
angiotensin receptors expression as a function of pericytes (top), adventitial fibroblasts
(middle), and alveolar fibroblasts (bottom) cell type proportions. Blue line fitted trend (two-
sided, Pearson’s correlation). The 95% confidence interval is shaded in gray.

Figure 5: Fibroblasts and alveolar epithelial type 2 (AT2 subpopulation) are
significantly upregulated in individuals with COPD for AGTR1 and AGTR2,
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respectively. A. Venn diagram showing limited co-occurrence of AGTR1 and AGTR2
expression in the same cell (control [n=28], COPD [n=18], or IPF [n=32]*®). B. Dotplot of
average and percent expression of angiotensin receptors from total cells separated by
diagnosis (control [n=28], COPD [n=18], or IPF [n=32]*). Box plot comparing IPF (n=32),
COPD (n=18), and control donors (n=28) normalized expression for cell types enriched for
C. AGTR1-positive cells and D. AGTR2-positive cells. E. Dotplot of average and percent
expression of angiotensin receptors showing enrichment of AGTR2 expression for AT2
subpopulation (AT2g; COPD [n=17] and age-matched control donors [n=15]*). F. Box plot of
normalized expression for AT2 subpopulation (AT2g) comparing COPD (n=17) and age-
matched control donors (n=15). G. Replication of AGTR2 upregulation for COPD for AT2
subpopulation within IPF/COPD dataset (control [n=28], COPD [n=18], or IPF [n=32]*®). Top:
Dimensional reduction using PHATE®? of AT2 in IPF/COPD dataset showing two subclusters
(0 and 1). Bottom: Heatmap showing limited expression of AGTR2 specific to PHATE
subcluster 1. H. Box plot of normalized expression for PHATE AT2 subclusters showing
increased expression of AGTR2 for COPD compared with control donors. Box plots are
annotated with a two-sided, t-test and show the median and first and third quartiles, and
whiskers extend to 1.5x the interquartile range.
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TR1) and 2 (AGTR2) show cell-type-specific

enrichment in the human lung. Heatmap showing significant enrichment (two-sided,
Fisher's exact test) of AGTR1- and AGTR2-positive cells across lung cell types (n=107). The
color intensity of enrichment heatmaps represents log2 of odds ratio (OR) with red indicating
enrichment and blue indicating depletion. Significantly enrichment compartments cell types
are annotated with -log10(false discovery rate).
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Figure S2: The stable AGTR1 expression was associated with a decrease in
mesenchymal cells as a function of age, while AGTR2 expression in AT2 epithelial
cells increases with age. UMAP of A. mesenchymal and B. epithelial cells subset by age.
Mesenchymal cells decrease with age, while epithelial cells are stable.
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across cell types. Line graph showing log2 normalized expression as a function of age
separated by LungMAP annotated lung cell types. Three donors per age group. Error bars
show standard error. Solid line, AGTRL1. Dash line, AGTR2.
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Figure S4: Angiotensin Il receptor expression varies with age across cell type groups
(endothelial, epithelial, mesenchymal [stromal], and immune cells), bulk lung, and
mixed cells. Line graph of log2 normalized expression in bulk LungMAP lung tissue (n=3
per age group; error bars show standard error). Solid line, AGTR1. Dash line, AGTR2.
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Figure S5: Cell type deconvolution of the GTEx lung using Human Lung Cell Atlas
version 2. Barplot showing mean cell proportions of A. compartment from cell type
deconvolution of the GTEX lung. B. Box plots showing cell proportion from annotated cell
type deconvolution of the GTEX lung (n=578). Box plots show the median and first and third
guartiles, whiskers extend to 1.5x the interquartile range, and outlier samples are plotted as
black circles.
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Figure S6: Replication of angiotensin receptors distinct localization in IPF/COPD
dataset. Dot plot showing cell type-specific expression of AGTR1 (pericyte, fibroblast,

myofibroblast, and smooth muscle cells [SMC]) and AGTR2 (AT2).
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Figure S7: Angiotensin receptor expression is not significantly dysregulated in IPF.
Box plots showing normalized expression by diagnosis across lung cell types after filtering
for AGTR1- and AGTR2-positive cells (control [n=28], COPD [n=18], or IPF [n=32]®). P-
values from one-sided T-test are annotated for cell types with enough individuals after
filtering. Box plots show the median and first and third quartiles, whiskers extend to 1.5x the
interquartile range, and outlier samples are plotted as black circles.
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Figure S8: Angiotensin receptor 2 (Agtr2) expression is increased in the cigarette
smoke-exposed mouse lung. Box plot of real-time PCR quantitation of Agtrla (n=4) and
Agtr2 (n=3) expression in cigarette smoke-exposed mice compared with room air controls
(n=5). Receptor expression was normalized to Gapdh. Box plots show the median and first
and third quartiles, whiskers extend to 1.5x the interquartile range, and outlier samples are
plotted as black circles.
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Supplementary Tables

Table S1: Summary of significant eQTL (permutation g-value < 0.05) for AGTR1 and
AGTR2 from re-processed GTEXx lung data (n=578).

Table S2: Summary of conditional eQTL for AGTR1 and AGTR2 from re-processed GTEXx
lung data (n=578).

Table S3: Summary of SUSIE fine-mapping results for angiotensin receptors (AGTR1 and
AGTR2) using GTEXx lung data (n=578).

Table S4: Subset of CaVEMaN fine-mapped results from GTEXx lung (n=578) for AGTR1
and AGTR2.

Table S5: Subset of CAVIAR fine-mapped results from GTEx lung (n=578) for AGTR1 and
AGTR2.

Table S6: Subset of DAP-G fine-mapped results from GTEXx lung (n=578) for AGTR1 and
AGTR2.

Table S7: Subset of DAP-G CS95 fine-mapped results from GTEXx lung (n=578) for AGTR1
and AGTR2.

Table S8: Summary of phenotypes significantly associated (p-value < 0.05) with AGTR2
fine-mapped SNP, rs1403543, in the PheWAS catalog.
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