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Pulmonary arterial hypertension (PAH) is a devastating disease
characterized by arteriopathy in the small to medium-sized distal
pulmonary arteries, often accompanied by infiltration of inflam-
matory cells. Aryl hydrocarbon receptor (AHR), a nuclear receptor/
transcription factor, detoxifies xenobiotics and regulates the dif-
ferentiation and function of various immune cells. However, the
role of AHR in the pathogenesis of PAH is largely unknown. Here,
we explore the role of AHR in the pathogenesis of PAH. AHR ag-
onistic activity in serum was significantly higher in PAH patients
than in healthy volunteers and was associated with poor progno-
sis of PAH. Sprague-Dawley rats treated with the potent endoge-
nous AHR agonist, 6-formylindolo[3,2-b]carbazole, in combination
with hypoxia develop severe pulmonary hypertension (PH) with
plexiform-like lesions, whereas Sprague-Dawley rats treated with
the potent vascular endothelial growth factor receptor 2 inhibitors
did not. Ahr-knockout (Ahr~") rats generated using the CRISPR/
Cas9 system did not develop PH in the SU5416/hypoxia model. A
diet containing Qing-Dai, a Chinese herbal drug, in combination
with hypoxia led to development of PH in Ahr*/* rats, but not in
Ahr~’= rats. RNA-seq analysis, chromatin immunoprecipitation
(ChIP)-seq analysis, immunohistochemical analysis, and bone mar-
row transplantation experiments show that activation of several
inflammatory signaling pathways was up-regulated in endothelial
cells and peripheral blood mononuclear cells, which led to infiltra-
tion of CD4* IL-21* T cells and MRC1* macrophages into vascular
lesions in an AHR-dependent manner. Taken together, AHR plays
crucial roles in the development and progression of PAH, and the
AHR-signaling pathway represents a promising therapeutic target
for PAH.
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Pulmonary arterial hypertension (PAH) is a devastating dis-
ease characterized by arteriopathy in the small to medium-
sized distal pulmonary arteries that are associated with arterial
muscularization and formation of plexiform lesions (1, 2). The
pathogenesis of PAH may be influenced by external and internal
environmental factors including infections, diet, drugs, pollut-
ants, and homeostatic imbalances, as well as genetic background,
epigenetic factors, and preexisting diseases (3, 4). Immune re-
sponses, which can be activated by both external and internal
environmental factors, contribute to vascular diseases such as
arteriosclerosis (5), vasculitis (6, 7) and PAH (8), as well as to
host defense, allergy, and autoimmune disease (9, 10). Multiple
inflammatory signaling molecules are elevated in patients with
PAH and in PAH model animals (11-13). Interleukin (IL)-6,
tumor necrosis factor (TNF)a, and IL-1f have been implicated in
human PAH prognosis (8). However, the causal relationship
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between environmental factors and the pathogenic mechanism
of PAH via inflammatory signaling is still elusive.

Aryl hydrocarbon receptor (AHR), a nuclear receptor/tran-
scription factor, detoxifies xenobiotics (14, 15) and regulates
various immune-related diseases by controlling inflammatory
signals, including cytokine and chemokine signals (16-19). The
SU5416/hypoxia (SuHx) rat model is widely used because it re-
produces many features of severe PAH, such as intimal and
plexiform lesions (20, 21). Inhibition of vascular endothelial
growth factor receptor 2 (VEGFR2) by SU5416 has been pos-
tulated to contribute to the pathogenesis of PAH (20-22);
however, the inhibitory potency of this compound is low at mi-
cromolar concentrations (23). By contrast, SU5416 is a potent
activator of AHR both in vivo and in vitro and exerts these ef-
fects at subnanomolar concentrations (24). The strong effect of
SU5416 for AHR agonistic activity suggests that pathogenesis of
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PAH in the SuHx model may also involve activation of AHR as
well as inhibition of VEGFR2 (25, 26). We previously reported
that the IL-6/Th17 (T helper 17)/IL-21 axis plays a crucial role in
a hypoxia-induced pulmonary hypertension (HPH) model in
mouse (13) and demonstrated that IL-6 is a critical cytokine for
Th17 cell differentiation (27) through induction of AHR ex-
pression in naive T cells (28, 29). Therefore, AHR, along with
IL-6, might be a key regulator of the pathogenesis of PAH.
Several recent studies have described the adverse events of
drug-induced PAH in patients with ulcerative colitis (UC)
treated with the Chinese herbal medicine Qing-Dai (30-32),
which contains abundant AHR agonists (33). Therefore, we hy-
pothesized that AHR is also involved in the pathogenesis of
Qing-Dai-induced PAH. Here, we investigated the roles of AHR
in the development and progression of PAH using both rat
pulmonary hypertension (PH) models and human specimens.

Results

AHR-Luc Activity of Serum Depicts the Progression of PAH. AHR
translocates from the cytoplasm to the nucleus after binding to
its agonist and activates the transcription of its target genes (S/
Appendix, Fig. S14). To explore the involvement of AHR in the
pathogenesis of PAH in humans, we performed AHR luciferase
reporter assay using the sera of PAH patients and healthy vol-
unteers (HV). AHR agonistic (AHR-Luc) activity was signifi-
cantly higher in patients with PAH than in HV (Fig. 14).
Interestingly, AHR-Luc activity was significantly greater in pa-
tients with severe PAH (World Health Organization [WHO)]
functional class 3 and 4) than in those with mild PAH (WHO
functional class 1 and 2) (Fig. 1B). Furthermore, patients with
higher AHR-Luc activity were significantly more susceptible to
severe clinical events such as death, lung transplantation, or hos-
pitalization for right heart failure than those with lower activity
(Fig. 1C). The relationship between AHR-Luc activity in the sera
from PAH patients and clinical prognosis suggests that AHR ac-
tivation plays an essential role in the pathogenesis of PAH.

Administration of the Endogenous AHR Agonist FICZ Induces Severe
PH with Plexiform-like Lesions. To confirm the causal relationship
between AHR activation and PAH pathogenesis, we examined
the effects of AHR agonists on rat lungs. Subcutaneous admin-
istration of 6-formylindolo[3,2-b]carbazole (FICZ), an endoge-
nous potent AHR agonist (SI Appendix, Fig. S1B), to rats under
normoxic conditions (SI Appendix, Fig. S1C) induced mild to
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Fig. 1. AHR agonistic activity in sera is up-regulated in the patients with
PAH and reflects PAH severity. (A) AHR-Luc activity in sera from HV and PAH
patients, determined by AHR luciferase reporter assay (HV: n = 16, PAH: n =
18). (B) Distribution of AHR-Luc activity classified by WHO functional class
(WHO-FC) (HV: n = 16; WHO-FC 1, 2: n = 10; WHO-FC 3, 4: n = 8). (C)
Kaplan-Meier analysis of event-free survival of patients with lower AHR-Luc
activity (n = 10) or higher AHR-Luc activity (n = 8) (P = 0.0376, two-sided log-
rank test). The major clinical events were defined as death, lung transplan-
tation, and hospitalization for right heart failure. Values are means + SD;
**%P < 0.001, *P < 0.05.
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severe elevation of right ventricular systolic pressure (RVSP)
and Fulton’s index in most rats (SI Appendix, Fig. S1 D and E).
Occlusive neointimal lesions were observed in small arteries and
distal acinar arterioles of these PH rats (SI Appendix, Fig. S1F),
indicating that AHR activation might lead to the development of
a severe PAH phenotype. Administration of FICZ along with
hypoxia exposure during the first 3 wk of the experiment (FICZ/
hypoxia/normoxia: FICZ/Hx/Nx rat model; Fig. 24 and SI Ap-
pendix, Fig. S1G) induced marked elevation of RVSP (Fig. 2B)
and Fulton’s index (Fig. 2C). The distal acinar arterioles of
FICZ/Hx/Nx rats exhibited both medial wall thickening (Fig. 2 D
and E) and occlusive neointimal lesions (Fig. 2 D, F, and G) with
plexiform-like lesions (SI Appendix, Fig. S1H). Since the inhibi-
tion of VEGFR?2 is thought to be responsible for the induction of
severe PH including the most widely used SuHx rat model (21),
we examined effects of VEGFR?2 inhibition of FICZ. FICZ did
not suppress VEGFR2 phosphorylation by VEGFA (Fig. 34).
These results indicate that AHR activation is essential for the
development and progression of PAH.

Inhibition of VEGFR2 Does Not Induce PH Even in Combination with
Hypoxia. To determine the contribution of VEGFR?2 inhibition
on the pathogenesis of PH, we administered VEGFR?2 inhibitors
with AHR agonistic activity (SU5416) or without AHR agonistic
activity [Ki8751 (34) and TAK-593 (35)] (Fig. 34 and SI Ap-
pendix, Fig. S1B) into rats and exposed them to chronic hypoxia
(Fig. 3B). In contrast to SU5416, neither Ki8751 nor TAK-593
up-regulated RVSP (Fig. 3C), Fulton’s index (Fig. 3D), and
pulmonary arterial remodeling (Fig. 3 E-H), even in combina-
tion with hypoxia. These findings strongly suggest that inhibition
of VEGFR?2 is dispensable for the pathogenesis of PH.

AHR Is a Critical Driver of the Pathogenesis of PH. To confirm the
importance of AHR in the pathogenesis of PH, we generated
Ahr™~ rats (SI Appendix, Fig. S24) using CRISPR/Cas9 gene
editing. As in the previous study (36), Ahr~'~ rats showed renal
pathological alteration and had normal characteristics in kidney
and liver function assessed by serum biochemical test (SI Ap-
pendix, Fig. S2 B-K). In the FICZ/Hx/Nx model (SI Appendix,
Fig. S34), PH phenotypes were suppressed in Ahr~'™ rats (SI
Appendix, Fig. S3 B and C). We next examined the effect of AHR
deletion on the PH phenotypes in the SuHx rat PH model
(Fig. 44). Ahr™"~ rats did not exhibit elevation of either RVSP
(Fig. 4B) or Fulton’s index (Fig. 4C). The medial wall thickness
index of intraacinar arterioles was considerably lower in Ahr~'~
rats than in Ahr*'* rats (Fig. 4 D and E). No closed arterioles of
intraacinar arteries were observed in Ahr~'~ rats (Fig. 4 D, F, and
G). Ahr™'~ female rats also showed resistance to SuHx PH (SI
Appendix, Fig. S3 D-F). These findings indicate that AHR plays
an essential role in the pathogenesis of PAH. Interestingly, in the
lungs of SuHx rats, RVSP and Fulton’s index were positively
correlated with messenger RNA (mRNA) levels of Cyplal, a
typical gene whose expression is directly up-regulated by AHR
(Fig. 4 H and I).

AHR Plays Essential Roles in the Pathogenesis of Qing-Dai-Induced PAH.
To examine the involvement of AHR in Qing-Dai-induced PAH,
we fed rats a Qing-Dai—containing diet or control diet for 5 wk;
the rats were also exposed to hypoxia during the first 3 wk
(Fig. 54). In the Qing-Dai group, both RVSP and Fulton’s index
were higher than in the normal diet group (Fig. 5 B and C), in-
dicating that the phenotype of Qing-Dai-induced PAH was re-
capitulated in the rats. Next, we challenged Ahr~'~ rats and their
littermates with a Qing-Dai—containing diet with 3 wk of hypoxia
and 2 wk of normoxia (Fig. 5D). RVSP and Fulton’s index of
Ahr™'~ rats were significantly lower than those of Ahr*'* rats,
respectively (Fig. 5 E and F). These findings indicate that AHR is
responsible for the development of Qing-Dai-induced PAH.
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Fig. 2. The endogenous AHR ligand FICZ induces severe PH in rats in combination with hypoxia. (A) Experimental protocol for determining whether FICZ
treatment can induce PH in rats in combination with hypoxia (FICZ/Hx/Nx model). FICZ or vehicle was subcutaneously administered to rats every week. The rats
were housed in a state of hypoxia (10% oxygen) for the first 3 wk, followed by normoxia for 2 or 5 wk. RHC: right heart catheterization. (B and C) Assessment of
FICZ/Hx/Nx rats (Veh: vehicle, Hx: hypoxia, Nx: normoxia; normoxia: n = 5, Veh/Hx/Nx 5 wk: n = 7, FICZ/Hx/Nx 5 wk: n = 6, Veh/Hx/Nx 8 wk: n = 6, FICZ/Hx/Nx 8 wk:
n=7).RVSP (B), Fulton’s index (C). (D) Representative images of the vascular remodeling of distal acinar arterioles in lung sections subjected to Elastica van Gieson
(EVG) staining in normoxia, Veh/Hx/Nx 5-wk, FICZ/Hx/Nx 5-wk, Veh/Hx/Nx 8-wk, and FICZ/Hx/Nx 8-wk rats. (Scale bar, 30 pm.) (E) Medial wall thickness index of
FICZ/Hx/Nx rats (normoxia: n = 3, Veh/Hx/Nx 5 wk: n = 4, FICZ/Hx/Nx 5 wk: n = 3, Veh/Hx/Nx 8 wk: n = 6, FICZ/Hx/Nx 8 wk: n = 6). (F and G) Pulmonary arterial
occlusions were graded as open (no luminal occlusion; green), partial (<50% occlusion; yellow), or closed (>50% occlusion; red). Percentages of open, partial, and
closed pulmonary arteries of outer diameter (OD) < 50 pm (F) and OD: 50-100 pm (G) in FICZ/Hx/Nx rats (normoxia: n = 3, Veh/Hx/Nx 5 wk: n = 4, FICZ/Hx/Nx 5 wk:

n = 3, Veh/Hx/Nx 8 wk: n = 6, FICZ/Hx/Nx 8 wk: n = 6). Values are means + SD; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

Administration of indirubin, a major component of Qing-Dai,
along with hypoxia exposure (Fig. 5G) also induced up-regulation
of RVSP (Fig. 5H) and a trend toward increased Fulton’s index
(Fig. 5I). Those PH phenotypes induced by indirubin adminis-
tration were abolished in Ahr~'~ rats (Fig. 5 J-L). These results
suggest that indirubin is one of the causative compounds of Qing-
Dai-induced PAH.

Inflammatory Signals Are Activated in SuHx Lungs through Activation
of Endothelial AHR. To understand the acutely regulated genes by
AHR in the lungs of SuHXx rats, we performed RNA-seq analysis
on day 4 (Fig. 6A4), the initial stage of the model. We also per-
formed chromatin immunoprecipitation (ChIP)-seq on days 0, 4,
and 8 wk (Fig. 6B). In addition to representative AHR-
downstream genes such as Cyplal, several PAH-related genes
were significantly up- or down-regulated in SuHx Ahr ~'~ rats
(Fig. 6C). Gene set enrichment analysis (GSEA) revealed that
genes involved in chemokine secretion were enriched in Akr*'*
SuHx rats (Fig. 6D). Many inflammation-related genes, including
Tir5, Ptx3, Ackr3, 1lIrl, Clga, Clgb, Clgc, Cxcll0, and Ednl,
were up-regulated in an AHR-dependent manner (Fig. 6 E,
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Upper). In addition, ChIP-seq analysis revealed that many of
these genes were directly regulated by AHR (Fig. 6 E, Lower).
Peaks of AHR binding in SuHx lungs were mainly located in
promoter regions (29.0%) and introns (26.3%) (Fig. 6F). Be-
cause AHR activation was observed mainly in endothelial cells
(ECs) of the lung on day 4 (Fig. 6 G and H), we focused on
endothelium-specific genes (Fig. 6I). Sixty of 168 AHR-
dependently up-regulated genes (or genes down-regulated in
Ahr™7) and 54 of 210 AHR-dependently down-regulated genes
(or genes up-regulated in Ahr~'~) were detected in ECs (Fig. 6J
and K). Interestingly, some of these genes were related to PAH
(Fig. 6 J and K). Gene ontology (GO) enrichment analysis using
the 60 genes up-regulated in ECs and down-regulated in Ahr~'~
revealed up-regulation of several inflammation-associated bio-
logical processes (i.e., chemokine-mediated signaling pathway,
inflammatory response, and cellular response to IL-1) (Fig. 6L).

AHR Induces Up-Regulation of Inflammatory Signals and Accumulation of
CD4*IL-21* T Cells in Vascular Lesions in the Advanced Stage of SuHx Rats.
To elucidate the mechanisms underlying the AHR-dependent devel-
opment of severe PH phenotypes including intimal and plexiform-like
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Fig. 3.

Potent VEGFR2 inhibitors do not induce PH in rats even in combination with hypoxia. (A) Western blotting of pVEGFR2 and total VEGFR2 (Left) and

quantification of pVEGFR2 (Right). SU5416, Ki8751, and TAK-593, but not FICZ and indirubin, inhibited phosphorylation of VEGFR2 by VEGFA. (B) Experimental
protocol for comparing the effect of Ki8751 and TAK-593 treatment with that of SU5416, in combination with hypoxia in rats. SU5416, Ki8751, TAK-593, or vehicle
was subcutaneously administered once on day 0. (C and D) Assessment of SuHx, Ki8751/Hx/Nx, and TAK-593/Hx/Nx rats (Veh/Hx/Nx: n = 6, SuHx: n = 4, Ki8751/Hx/
Nx: n = 3, TAK-593/Hx/Nx: n = 3). RVSP (C), Fulton’s index (D). (E) Representative images of distal acinar arterioles in lung sections of SuHx, Ki8751/Hx/Nx, or TAK-
593/Hx/Nx rats subjected to EVG staining. (Scale bar, 30 pm.) (F) Medial wall thickness index of rats in £ (Veh/Hx/Nx: n = 6, SuHx: n = 4, Ki8751/Hx/Nx: n = 3, TAK-
593/Hx/Nx: n = 3). (G and H) Percentages of open, partial, and closed pulmonary arteries with OD < 50 pm (G) and OD: 50-100 um (H) of rats in E (Veh/Hx/Nx: n = 6,
SuHx: n = 4, Ki8751/Hx/Nx: n = 3, TAK-593/Hx/Nx: n = 3). Values are means + SD; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

lesions which are observed in the advanced stage, RNA-seq and ChIP-
seq were performed using 8-wk lungs of SuHx rats (Figs. 74 and
6B). We identified 702 genes that were down-regulated in
Ahr~'~. Pathway analysis using these 702 AHR-dependent genes
revealed up-regulation of genes involved in immune cell signal-
ing (i.e., cytokine—cytokine receptor interaction, T cell receptor
signaling pathway, and hematopoietic cell lineage) (Fig. 7 B and
D). GO enrichment analysis using these 702 AHR-dependent
genes revealed up-regulation of genes involved in immune cell
accumulation (i.e., lymphocyte migration, T helper 17 type im-
mune response, regulation of monocyte chemotaxis, positive
regulation of T cell migration, and leukocyte adhesion to vascular
endothelial cells) (Fig. 7 C and D), indicating that inflammatory
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cells such as Th17 cells and monocyte-derived macrophages ac-
cumulated in SuHx lungs due to AHR activation. Several of the
inflammation-related and immune-related genes were directly up-
regulated by AHR (Fig. 7D). Interestingly, we found 1/6 and Tgfb1,
which have crucial roles for differentiation of Th17 cells from
naive T cells (27, 37), were up-regulated in an AHR-dependent
manner (Fig. 7 D and E). Because AHR is a regulator of Th17
cells (28, 38, 39) and directly up-regulates the expression of IL-21
(40), the key inflammatory cytokine for the pathogenesis of PAH
(13), we coimmunostained SuHx rat lungs harvested at 8 wk with
antibodies against CD4 and IL-21. CD4™* cells including CD4*TL-21*
cells accumulated around remodeled arterioles in Ahr™'* rats (Fig. 7 F
and H). In contrast, in A~ rats, particularly, CD4*IL-21" cells
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Fig. 4. Ahr " rats are resistant to PH in the SuHx rat model. (A) Experimental protocol for examining the role of the AHR signal pathway in the SuHx rat
model. SU5416 or vehicle was subcutaneously administered to Ahr*™*, Ahr*’=, and Ahr~'~ rats once on day 0. (B and C) Assessment of the SuHx model at 5 wk
(normoxia Ahr*"*: n = 7, normoxia Ahr~'=: n = 7, SuHx 5-wk Ahr*’*: n = 3, SuHx 5-wk Ahr*’~: n = 7, SuHx 5-wk Ahr~=: n = 8). RVSP (B), Fulton’s index (C). (D)
Representative images of vascular remodeling of distal acinar arterioles in lung sections subjected to EVG staining in normoxia and SuHx 8-wk Ahr*"* or Ahr™'~
rats. (Scale bar, 30 um.) (E) Medial wall thickness index of SuHx 8-wk rats (normoxia Ahr*'*: n = 4, normoxia Ahr~'~: n = 5, SuHx 8-wk Ahr*’*: n = 3, SuHx 8-wk
Ahr™=: n = 3). (Fand G) Percentages of open, partial, and closed pulmonary arteries of OD < 50 um (F) and of OD: 50-100 um (G) in SuHx 8-wk rats (normoxia
Ahr***: n = 4, normoxia Ahr~'~: n = 5, SuHx 8-wk Ahr*"*: n = 3, SuHx 8-wk Ahr~~: n = 3). (H and /) Relationships between RVSP and Cyp7al mRNA levels (H) and
between Fulton’s index and Cyp7al mRNA levels (/) in the lungs in SuHx 5-wk Ahr*"* rats. Cyp7al mRNA levels are expressed as fold change relative to those of
Ahr*'* rats’ lung in normoxia. Values are means + SD; ****P < 0.0001, ***P < 0.001, **P < 0.01.

were rarely detected around arterioles (Fig. 7 G and H). CYP1Al
was expressed in subsets of CD4™ cells in SuHx Akr*'* rats (ST
Appendix, Fig. S44), but not in Ahr™'~ rats (SI Appendix, Fig. S4B).
These results suggest that AHR is involved in either proliferation
or differentiation of Th17 cells during the pathogenesis of PAH
and that the accumulation of Th17 cells partly contributes to the
formation of advanced vascular lesions of SuHx PH.

Inflammatory Signals Are Activated in SuHx PBMCs in an AHR-Dependent
Manner. To examine the relationship between AHR activation in im-
mune cells and pathogenesis of PAH, we performed AHR-dependent
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gene expression profiling of peripheral blood mononuclear cells
(PBMCs) from patients with Qing-Dai-induced PAH patients and
SuHx rats (Fig. 84). In PBMCs from both the PAH patients and
SuHx rats, 52 genes were commonly up-regulated, including CCL3,
CCL2, ILIB, EGRI, EGR2, ATF3, PTGS2, and SOCS3 (Fig. 8B and
SI Appendix, Fig. S54); monocyte-related genes, including CXCL11
and CCRI, were enriched (SI Appendix, Fig. S5B). Pathway analysis of
genes up-regulated by Qing-Dai-induced PAH patients and SuHx rats
revealed 12 common pathways related to inflammation, including NF-
kB signaling, TNF signaling, and Toll-like receptor signaling (Fig. 8C).
We previously reported that mannose receptor C-type lectin-1
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(D) Experimental protocol for examining the effect of Ahr deletion on Qing-Dai/Hx/Nx rats. Qing-Dai—containing diet (3 g/kg/d) was fed to Ahr*"* or Ahr'~ rats
every day. (€ and F) Assessment of the effect of Ahr deletion on the PH phenotype of Qing-Dai/Hx/Nx rats (Qing-Dai/Hx/Nx Ahr**: n = 6, Qing-Dai/Hx/Nx Ahr~'~:
n = 6). RVSP (E), Fulton’s index (F). (G) Experimental protocol for examining the effect of indirubin in combination with hypoxia (Indirubin/Hx/Nx rats). Indirubin or
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Ahrt*: n = 5, Indirubin/Hx/Nx Ahr~™=: n = 6). RVSP (K), Fulton’s index (L). Values are means + SD; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

(MRC1)* macrophages accumulated in vascular lesions in both
patients with idiopathic pulmonary arterial hypertension (IPAH)
who underwent lung transplantation and HPH mice (13). These
findings strongly suggest that the accumulation of MRC1*
macrophages into the vascular lesions of SuHx rats might be due
to the infiltration of blood-borne monocytes. Hence, we analyzed
the distribution of MRC1* macrophages in the lungs of SuHx rats.
MRC1* macrophages accumulated around remodeled arterioles in
Ahr*'* rats, but not in Ahr 7~ rats (Fig. 8 D and E). These data
suggest that inflammatory signals were AHR-dependently up-
regulated in PBMCs of both human PAH patients and SuHx rats
and that MRC1" macrophages in PAH vascular lesions might be
derived from PBMCs.

Activation of AHR in Endothelial and Bone Marrow-Derived Cells
Induces PH in SuHx Rats. To assess whether AHR signaling of
ECs or that of bone marrow (BM)—derived cells contributes to
the pathogenesis of PH in the SuHx rat model, we performed
bone marrow transplantation (BMT) experiments using Ahr~'~
rats (Fig. 9.4 and B). Ahr™'~ recipients transplanted with Ahr*/*
BM were significantly attenuated in PH phenotypes (Fig. 9 C and
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D), and Ahr*'* recipients transplanted with 447/~ BM were also
attenuated to levels similar to those in Ahr~'~ recipients trans-
planted with Ah7~'~ BM (Fig. 9 C and D), indicating that AHR in
both ECs and BM-derived cells is indispensable for PAH path-
ogenesis. To determine whether AHR activation is involved in
the pathogenesis of human PAH, we performed immunostaining
for AHR and CYP1A1l. AHR accumulated in the nuclei in some
ECs of acinar arteries, as well as in some leukocytes within or
around acinar arteries (Fig. 9F). AHR accumulation was also
observed in some cells within plexiform lesions (Fig. 9E). Pre-
sumably, as a consequence of AHR activation, CYP1A1 was also
expressed in some ECs and infiltrating leukocyte-like cells in
acinar arteries and plexiform lesions (Fig. 9F). These results
suggest that AHR activation both in the ECs and in the immune
cells of the lungs from IPAH patients is essential for the for-
mation of PAH lesions (Fig. 9G).

Discussion

In this study, we showed that AHR-Luc activity in sera from
PAH patients was higher than that from HV. We also demon-
strated that activation of AHR is essential for the development
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Fig. 7. AHR induces up-regulation of inflammatory signals and accumulation of CD4*IL-21* T cells in vascular lesions in the advanced stage of SuHx rats. (A)
Experimental protocol for RNA-seq (n = 3 for each group) and ChIP-seq (n = 3 pooled samples for each group) in the advanced stage of SuHx rats. SU5416 was
subcutaneously administered to Ahr*’* and Ahr~~ rats once on day 0. (B) KEGG pathway enrichment analysis of 702 Ahr~'~-down genes identified by RNA-seq
analysis in SuHx rat lung at 8 wk. (C) GO enrichment analysis of the 702 genes. (D) Z-score of RNA-seq data and log, fold change of enriched genes of ChIP-seq
data about cytokine-cytokine receptor interaction, T cell receptor signaling pathway, T helper 17 type immune response, and regulation of monocyte
chemotaxis in B and C. (E) RPKM values calculated in RNA-seq of representative genes about T helper 17 type immune response, //6 and Tgfb1. (F) Repre-
sentative immunohistofluorescence images of pulmonary arterioles of SuHx 8-wk Ahr*’* rats stained for IL-21 and CD4. Arrows indicate cells double-positive
for IL-21 and CD4 (CD4*IL-21%). Arrowheads indicate CD4* cells with attenuated expression of IL-21. (Scale bar, 30 pm.) (G) Representative immunohisto-
fluorescence images of pulmonary arteries of SuHx 8-wk Ahr~'~ rats stained with IL-21 and CD4. (H) Number of CD4* cells and CD4*IL-21* cells of SuHx 8-wk
Ahr*™* and Ahr™' rats in 724 mm x 541 mm fields captured around arteries (number of tested rats: normoxia Ahr*’*: n = 3, normoxia Ahr~'~: n = 3, SuHx 8-wk
Ahr*'*: n = 5, SuHx 8-wk Ahr~'~: n = 4). Values are means + SD; ****P < 0.0001, **P < 0.01, *P < 0.05.

and progression of PAH. AHR was initially identified as a receptor
for the environmental toxicant 2,3,78-tetrachlorodibenzo-p-dioxin
(TCDD) (41, 42). Subsequent work showed that AHR signaling
regulates various biological processes via activation of inflammatory
signals in response to aromatic hydrocarbons from outside or inside
the body (18, 19). On the basis of these findings, we propose that
AHR plays a critical role as a regulator linking environmental cues to
the pathogenesis of PAH.

Administration of the endogenous AHR agonist FICZ in
combination with hypoxia (FICZ/Hx/Nx) induced severe PH
with plexiform-like lesions, as seen in SuHx rats. The PH phe-
notypes observed in the SuHx and FICZ/Hx/Nx models were
completely suppressed in Ahr~'~ rats. These results indicate the
importance of AHR signaling pathways both in the medial wall
thickening and in the formation of intimal and plexiform-like
lesions in PH rats. Consistent with our findings, AHR inhibitor
partially inhibits PH phenotypes in SuHx rats (25). Despite the
availability of many potent VEGFR2 inhibitors, no previous
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study has examined the effect of VEGFR?2 inhibitors other than
SUS5416 on the induction of PH. In this study, administration of
more potent VEGFR?2 inhibitors in rats did not induce PH, even
in combination with hypoxia. Taken together, these findings in-
dicate that activation of AHR, but not inhibition of VEGFR2,
plays an essential role in the pathogenesis of PH in the SuHx
rat model.

Immunohistochemical analysis of SuHx rats and IPAH pa-
tients and BMT experiments of SuHx rats indicated that AHR
expressed in both ECs and BM-derived cells is essential for the
pathogenesis of PAH. RNA-seq analysis showed that AHR up-
regulated a large number of inflammatory genes in lung vascular
ECs of SuHx rats. ChIP-seq analysis revealed that AHR directly
up-regulated many of these inflammatory genes; the canonical
AHR-binding XRE motif (5-CACGC-3’) as detected under
most of the ChIP-seq peaks. Among these genes, we found
several PAH-related genes such as Ednl and IlIr]. In the Ahr™'~
rats, the medial wall thickening was attenuated in SuHx rats and
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Fig. 8. Activation of AHR induces inflammation-related genes in PBMCs of SuHx rats and Qing-Dai-induced PAH. (A) Experimental protocol for RNA-seq of
PBMCs in Qing-Dai-induced PAH patients (n = 2) and PBMCs in SuHx rat lungs (n = 3 for each group). (B) Volcano plot of gene expression of PBMCs in Qing-
Dai-induced PAH patients vs. HV. Genes up-regulated in PBMCs of both patients and SuHx rats at 4 and 8 wk, identified by RNA-seq experiments, are in-
dicated by blue open squares (4 wk), black circles (8 wk), and green circles (4 and 8 wk), respectively. (C) Pathway analysis of genes up-regulated by Qing-Dai
and SuHx. Orange indicates the 12 common pathways, which are shown in the lower panel. (D) Representative immunohistochemical images of pulmonary
arterioles stained for MRC1 in Ahr** and Ahr~'~ rats. Arrows indicate MRC1* macrophages. (Scale bar, 50 pm.) (E) Number of MRC1* macrophages in
724 mm x 541 mm fields captured around arteries (number of tested rats: normoxia Ahr*: n = 3, normoxia Ahr~'=: n = 3, SuHx 8-wk Ahr**: n = 4, SuHx 8-wk

Ahr~=: n = 3). Values are means + SD; ****P < 0.0001, ***P < 0.001.

our PH rats. Our immunohistochemical experiments showed that
AHR is activated primarily in ECs, but not in smooth muscle
cells, in SuHx rat lungs. These results suggest that activation of
AHR in the ECs of pulmonary acinar arteries might secondarily
affect medial wall thickening in SuHXx rats.

Th17 cells (CD4*IL-21*1L-17" T cells) accumulated in the
lung vascular lesions of HPH mice (13). In this study, pathway
enrichment and immunohistochemical analyses revealed that
CD4*IL-21" T cells, presumably Th17 cells, accumulated in the
lung vascular lesions of SuHx rats in an AHR-dependent man-
ner. We previously reported that IL-6—-dependent expression of
AHR is crucial for the differentiation of Th17 cells, and AHR
agonists promote Th17 cell differentiation induced by a combi-
nation of IL-6 and TGF-p (28, 29). In this study, the adminis-
tration of FICZ induced severe PH only in a portion of the tested
rats under normoxic conditions. In contrast, the administration
of FICZ in combination with hypoxia induced severe PH in all of
the tested rats. We also reported that hypoxia induces the up-
regulation of IL-6 in the lungs, which induces the development of
PH via induction of Th17 cells in HPH mice (13). Taken to-
gether, hypoxia might promote the AHR/Th17 axis by the pro-
duction of inflammatory cytokines such as IL-6. Interestingly, 716
in SuHx rat lungs was up-regulated in an AHR-dependent
manner in the advanced stage of SuHx rats, suggesting that ac-
tivation of AHR could trigger a positive feedback loop of Th17
cell differentiation by the IL-6/AHR-signaling axis in PAH.
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MRCI1* macrophages, as well as CD4*IL-21* T cells, were
recruited to the vascular lesions of SuHx rats in an AHR-
dependent manner. In our previous study, IL-21 blockade sup-
pressed the accumulation of MRC1* macrophages to lesions in
HPH mice (13). These findings suggest that IL-21 secreted from
these CD4*IL-21" cells might AHR-dependently recruit MRC1*
macrophages around remodeled pulmonary arteries. The recruit-
ment mechanisms of CD4*IL-21* T cells and monocytes/macro-
phages into remodeled pulmonary arteries might be due to the
interaction of chemokine—chemokine receptor signals expressed in
lung ECs and blood monocytes. Macrophages recruited to small
arteries in PH animal lungs contribute to pulmonary artery (PA)
remodeling partly via the 5-lipoxygenase (5-LO)/leukotriene B4
(LTB4) signaling axis (43) and via the CXCL12-CXCR4-signaling
axis (11, 13). AHR might therefore regulate these signaling axes to
promote the PA remodeling in the PH rats in this study.

We showed that oral administration of Qing-Dai to rats re-
capitulated the PAH phenotype observed in refractory patients with
UC treated with this drug. The phenotypes of Qing-Dai-induced PH
were abolished in Ak~ rats, suggesting that AHR is responsible for
this condition. In addition, we propose that indirubin is the causative
compound for Qing-Dai—induced PAH. Indirubin is a compound
contained in Qing-Dai that is a 50-fold more potent agonist of AHR
than indigo (44). In addition to indirubin and indigo, Qing-Dai
contains several other unknown substances (33). Future analyses of
chemical composition of Qing-Dai may lead to identification of other
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Fig. 9. The AHR signaling pathway both in ECs and in bone marrow-derived immune cells contributes to the pathogenesis of PAH. (A) lllustrative scheme of
BMT experiment using Ahr*’* and Ahr~™’~ rats. Ahr*’* or Ahr~"~ BM was transferred to Ahr*’* or Ahr™'~ rats, respectively, after lethal irradiation (11 Gy). (B)
Experimental protocol for RHC experiment for SuHx rats after BMT. Three weeks after BMT, SU5416 was subcutaneously administered to the rats. (C and D)
Assessment of the SuHx rat model of BMT rats (Ahr** BM-transplanted Ahr*’*: n = 9; Ahr*"* BM-transplanted Ahr~'~: n = 3; Ahr~'~ BM-transplanted Ahr**: n

5; Ahr='- BM-transplanted Ahr~'=; n = 4). RVSP (C), Fulton’s index (D). (E) Representative images immunostained for AHR. Arrows indicate nuclear localization
of AHR in ECs (IPAH 1, Left) and in infiltrating cells in a plexiform lesion (IPAH 1, right, and IPAH 2). No nuclear localization was seen around arteries in the
control (Control). (F) Representative images immunostained for CYP1A1. Arrows indicate positive signals in some ECs (IPAH 1, Left) and in infiltrating cells in
plexiform lesions (IPAH 1, right, and IPAH 2). No positive staining was seen around arteries in the control (Control). (Scale bar, 50 pm.) (G) Schematic illus-
tration of development of PAH via AHR activation. This illustration was created using Servier Medical Art (https:/smart.servier.com) and BioRender (https:/

biorender.com). Values are means + SD; ***P < 0.001, **P < 0.01, *P < 0.05.

AHR agonists involved in Qing-Dai-induced PAH. The low inci-
dence of Qing-Dai-induced PAH (31) might be explained by either
genetic background or by unknown environmental factors.

Here, we demonstrated that the AHR-Luc activity in sera was
significantly higher in PAH patients than in HV and that the
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patients with higher AHR-Luc activity were significantly more
susceptible to severe clinical events. These results indicate that
AHR-Luc activity in the blood could serve as a prognostic
marker for PAH. Sources of AHR agonists in the blood include
diet, drugs, pollutants, metabolites of the gut microbiome, and
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metabolites produced by the body. These environmental factors
have been proposed to be involved in the pathogenesis of PAH
(3, 4). Because AHR agonists have different potencies and ef-
ficacies for AHR activation, the AHR-Luc activity of the blood
may depend on their total activities. These observations indicate
that measurement of total AHR agonistic activity, i.e., AHR-Luc
activity, in the blood is essential for the clinical assessment of
PAH severity. Conventional therapies for PAH target three
major pathways: the endothelin, nitric oxide, and prostacyclin
pathways, all of which are involved in abnormal proliferation and
contraction of the smooth muscle cells of the pulmonary artery.
The advent of therapeutic agents targeting these pathways has
dramatically improved the prognosis of patients with PAH (45).
However, patients with severe PAH who are resistant to these
medicines still have poor prognoses (46), and the development of
therapeutic agents based on new drug targets is urgently re-
quired. Our results obtained in both animal models and human
specimens indicate that inhibition of AHR signaling might pre-
vent development of intimal lesions in severe patients with PAH
(81 Appendix, Fig. S5C). On the basis of these findings, we pro-
pose that the AHR signaling pathway represents a promising
therapeutic target.

In conclusion, we revealed that AHR signaling plays crucial
roles in the development and progression of PAH and propose
that AHR could be useful both as a therapeutic target and di-
agnostic marker for PAH.

Materials and Methods

Expanded methods for each subsection below are provided in SI Appendix,
Supporting Materials and Methods.

Human Material and AHR Luciferase Reporter Assay. All protocols using human
specimens were approved by the Institutional Review Board of the National
Cerebral and Cardiovascular Center, Suita, Japan (M30-060, M30-168). AHR
luciferase reporter assays were performed using the Human AhR Reporter
Assay System (Indigo Biosciences). All patients and volunteers provided
written consent for the use of their blood samples for biomedical research.

Animals. All experiments were carried out under the guidelines of the Animal
Ethics Committee of the National Cerebral and Cardiovascular Center Re-
search Institute and were also approved by the Institutional Review Board of
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Faculty of Medicine, Osaka University.

Hemodynamic Measurements. During hemodynamic measurements, rats were
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inserted into the right jugular vein and advanced into the right ventricle to
measure right ventricular pressure. Pressure signals were relayed to a BP Amp
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