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Peli1 Deficiency in Macrophages Attenuates
Pulmonary Hypertension by Enhancing
Foxp1-Mediated Transcriptional Inhibition of IL-6

Donghai Lin" Li Hu®; Dong Wei(®; Yan Li, Yanfang Yu, Qiang Wang, Xiaoxuan Sun, Yueyao Shen, Youjia Yu, Kai Li, Zhiwei Zhang,
Yue Cao'®, Jiantao Li®, Yuehua Li, David Fulton®, Jingyu Chen, Jie Wang®, Huijie Huang, Feng Chen

BACKGROUND: The infiltration of macrophages into the lungs is a common characteristic of perivascular inflammation, contributing
to vascular remodeling in pulmonary hypertension (PH). Peli1 (pellino E3 ubiquitin-protein ligase 1) plays a critical role in
regulating the production of proinflammatory cytokines and the polarization of macrophages in various diseases. However,
the role of Peli1 in PH remains to be investigated.

METHODS: The expression and biological function of Pelil were investigated in both human and experimental models of PH.
Peli1-deficient mice and bone marrow transplant mice were utilized to explore the roles of Pelil in macrophages in vivo.
Proteomic analysis and molecular biology techniques were used to uncover the underlying mechanisms.

RESULTS: The upregulation of Peli1 in the lungs and alveolar macrophages was observed in hypoxia-treated mice. Pelil
knockout mice and myeloid Peli1-deficient mice significantly ameliorated hypoxia-induced right ventricular systolic pressure,
right ventricular hypertrophy, and pulmonary vascular remodeling. Mechanistically, Peli1 facilitated the ubiquitination and
subsequent proteasomal degradation of Foxp1 (forkhead box p1), thereby alleviating its suppression of IL (interleukin)-6
transcription and contributing to macrophage activation. Furthermore, myeloid Foxp1 deficiency partially eliminates the
protective effect of myeloid Peli1 deficiency in hypoxia-induced PH mice.

CONCLUSIONS: Our findings demonstrate that the Peli1-Foxp1-IL-6 pathway plays a crucial role in macrophage activation and
recruitment during the development of PH, underscoring the potential of Peli1 as a therapeutic target for PH. (Hypertension.
2025;82:445-459. DOI: 10.1161/HYPERTENSIONAHA.124.23542.) - Supplement Material.

Key Words: hypertension, pulmonary ® inflammation ® interleukin ® macrophage ® mice

See Editorial, pp 460-462

G20z ‘6T Atenige4 uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

sive disease characterized by sustained perivascular

inflammation and progressive pulmonary vascular
remodeling, ultimately leading to right ventricular (RV)
hypertrophy and death.'? Previous research has indicated
that PH is, at least partially, an inflammatory disorder."®
Pulmonary inflammation is observed before the onset
of vascular remodeling, with macrophages serving as a

Pulmonary hypertension (PH) is a chronic and progres-

significant source of growth factors and proinflammatory
cytokines.* In the monocrotaline-induced PH rat model,
there is a notable increase in the number of cluster of
differentiation (CD)68* NOS2 (nitric oxide synthase 2)*
M1-like macrophages 3 days postadministration, whereas
the number of CD68* CD206* M2 macrophages pro-
gressively accumulates at later stages® Depending
on their location and roles in the defense response to
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Peli1 in Macrophages Promotes PH

NOVELTY AND RELEVANCE

What Is New?

Here, we provide evidence that increased expres-
sion of Peli1 (pellino E3 ubiquitin-protein ligase 1) in
macrophages of pulmonary hypertension (PH) ani-
mal models and in patients with idiopathic pulmonary
artery hypertension is associated with the develop-
ment of PH.

Peli1 deficiency in macrophages ameliorates peri-
vascular inflammation in vivo and in vitro, right ven-
tricular hypertrophy, vascular remodeling, and PH
development.

Peli1 facilitated the ubiquitination and subsequent
proteasomal degradation of Foxp1 (forkhead box
p1), thereby alleviating its suppression of IL (inter-
leukin) -6 transcription and contributing to macro-
phage activation.

What Is Relevant?

Previous research has elucidated various functions of
Peli1 in modulating the expression of proinflammatory
cytokines and the activities of macrophages within
immune responses. Nonetheless, the precise role of
Peli1 in the recruitment and activation of macrophages
during the progression of PH, as well as its contribu-
tion to pulmonary vascular remodeling, remains to be
fully characterized. This study constitutes a substantial
advancement in our comprehension of the mechanisms
through which Peli1 impacts the pathogenesis of PH.

Clinical/Pathophysiological Implications?

This study demonstrated that Peli1-Foxp1-IL-6 path-
way plays a crucial role in macrophage activation and
recruitment in the development of PH, underlining
Peli1’s potential as a therapeutic target for PH.

Nonstandard Abbreviations and Acronyms

AMs alveolar macrophages

ARG1 arginase 1

BMDMs bone marrow—derived macrophages
F13A1 coagulation factor XIII A chain
Foxp1 forkhead box P1

HNF4a hepatocyte nuclear factor 4 alpha
IFN-y interferon vy

IL interleukin

IMs interstitial macrophages

iNOS inducible NO synthase

IPAH idiopathic pulmonary artery hypertension

IRF5 interferon regulatory factor b

mPASMCs mouse pulmonary artery smooth muscle
cells

Peli1 pellino E3 ubiquitin-protein ligase 1

PH pulmonary hypertension

RVSP RV systolic pressure

TGF transforming growth factor

TNF tumor necrosis factor

damage, pulmonary macrophages can be categorized
as alveolar macrophages (AMs) and interstitial macro-
phages (IMs)® The early recruitment and activation of
macrophages (M1-like or M2-like) contribute to the injury
and apoptosis resistance of pulmonary artery endothelial
cells/ as well as promote the proliferation and hypertro-
phy of pulmonary artery smooth muscle cells (PASMCs),
resulting in pulmonary vascular remodeling.*8° Therefore,
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inhibiting the aberrant activation of macrophages may
reverse pulmonary vascular remodeling and provide
therapeutic benefits for patients with PH. However, the
precise mechanisms underlying macrophage recruitment
and activation in PH remain incompletely understood.

Peli1 (pellino E3 ubiquitin-protein ligase 1) is an evo-
lutionarily conserved immunomodulator that regulates the
expression of proinflammatory cytokines and the activation
of macrophages during immune responses.’®'" Silencing
Peli1 in mice significantly protects against myocardial
infarction—induced cardiac dysfunction and remodeling
by inhibiting inflammatory cell infiltration into the myo-
cardium and reducing proinflammatory cytokine produc-
tion.”? Kim et al’® demonstrated that Peli1 facilitates the
nuclear translocation of IRF5 (interferon regulatory factor
5) through binding and K63-linked ubiquitination, which
promotes M1 macrophage polarization and exacerbates
glucose intolerance in obesity. In the context of acute lung
injury, TGF (transforming growth factor)-p1 induces the
upregulation of DNA methyltransferase 1, leading to the
activation of Peli1 and the nuclear translocation of IRF5,
ultimately driving M1 polarization of AMs and worsening
acute lung injury in mice."" However, the specific role of
Peli1 in the recruitment and activation of macrophages
during PH development and its contribution to pulmonary
vascular remodeling remains undefined.

In this study, we found that Peli1 plays a critical role
in the M1 polarization of AMs during the early stages of
PH. Peli1 promotes the degradation of Foxp1 (forkhead
box p1), relieving its suppression of IL-6 transcription.
This process facilitates the M1 polarization of macro-
phage and subsequently enhances the proliferation and
migration of PASMCs. In hypoxia-induced PH mice, Peli1
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knockout attenuates pulmonary vascular remodeling and
RV hypertrophy by mitigating perivascular macrophage
infiltration and polarization. These findings suggest that
Peli1 may serve as a promising therapeutic target for PH.

METHODS
Data Availability

All data related to this study's findings are available from
the corresponding author on reasonable request. See the
Supplemental Methods for detailed materials and methods.

Human Samples

The human lung sections and peripheral blood mononuclear cells
utilized in this study were obtained from Wuxi People’s Hospital
and the First Affiliated Hospital of Nanjing Medical University,
respectively. Clinical information is available in Tables S2 and S3.
Human research protocols for this study were approved by the
Ethics committee of Nanjing Medical University.

Animal Studies

All animal experiments complied with the guidelines for the
care and use of laboratory animals and received approval from
the Committee on the Ethics of Animal Experiments at Nanjing
Medical University (IACUC-1705029 and 2005016). Peli1+~
mice (C57BL/6 background) were generated as previously
described and backcrossed onto the C57BL/6 background for
at least seven generations to generate the Peli7~"~ mice."* All
the operations and analyses were performed in a blinded man-
ner. For PH parameter assessment, right cardiac function, RV
systolic pressure (RVSP), RV hypertrophy, vascular wall thick-
ness, and vessel muscularization were used to evaluate PH
parameters as in our previous studies.’®'”

Quantification and Statistical Analysis

Graphs and statistical analyses were conducted using
GraphPad Software. Unless otherwise specified, all data rep-
resent the results of at least b independent replicates. Before
conducting statistical analyses, the normality of the data was
thoroughly assessed using the Shapiro-Wilk test, whereas
the homogeneity of group variances was evaluated via the
Brown-Forsythe test. For comparisons between 2 groups
with equal variances, Student ¢ test was utilized, whereas the
Welch correction was applied for analyses involving 2 groups
with unequal variances. For comparisons among multiple
groups, a 1-way ANOVA followed by Tukey post hoc test was
used. Data are expressed as the mean+SEM, and a Pvalue of
<0.05 was considered statistically significant.

RESULTS

Peli1 Is Significantly Upregulated in Pulmonary
Macrophages of PH

To investigate the role of Peli1 in the development of PH,
we assessed the expression of Peli1 protein in the lungs
of hypoxia-treated mice during the progression of PH
(Figure STA and S1B; Figure 1A). The results showed

Hypertension. 2025;82:445-459. DOI: 10.1161/HYPERTENSIONAHA.124.23542
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that Peli1 protein expression was significantly increased in
the earlier period of PH, suggesting Peli1 may be related
to pulmonary inflammation in PH. Similarly, the expression
of Pelil was also elevated in the lungs of 5-day mono-
crotaline—treated rats (Figure S1C). Immunofluorescence
staining demonstrated a significant enrichment of Peli1
in macrophages within lung sections from both 4-day
and 28-day hypoxia—treated mice, as well as in 5-day
monocrotaline-treated rats (Figure 1B; Figure S1D). In
addition, Western blot analysis and immunofluorescence
staining indicated that Peli1 was predominantly localized
in pulmonary macrophages from patients with idiopathic
pulmonary artery hypertension and connective tissue dis-
ease—pulmonary artery hypertension, with an observed
increase of Pelil protein expression in peripheral blood
mononuclear cells from patients with idiopathic pulmonary
artery hypertension (Figure 1C and 1D). Furthermore, AMs
and IMs were isolated from hypoxia-treated mice, and the
results of real-time polymerase chain reaction demon-
strated that hypoxia induces significantly higher levels
of PeliT mRNA in AMs compared with IMs (Figure S1E).
These data support the hypothesis that upregulated Pelil
expression in pulmonary macrophages is likely involved in
the pathophysiological processes associated with PH.

Peli1 Deficiency Attenuated PH Parameters
in Mice With Hypoxia or SU5416/Hypoxia-
Induced PH

To investigate the role of Peli1 in the pathogenesis of PH,
Peli1*+ mice, and Peli1~/~ mice were generated (Figure
S2A) and subjected to hypoxia for 28 days to induce PH
(Figure 2A). Tail-cuff measurements revealed no signifi-
cant differences in blood pressure between Peli1** and
Peli1=~ mice under both normoxic and hypoxic condi-
tions (Figure S3A). As illustrated in Figure 2B and 2D,
the hypoxia-induced PeliT~"~ mice exhibited a 49.81%
reduction in RVSP and a 34.75% reduction in the
ratio of RV to left ventricle plus septum, as well as a
decrease in the occlusion and muscularization of pulmo-
nary arterioles compared with Peli7** mice. Similarly, in
the SU5416 (Semaxinib)/hypoxia—induced PH model,
Peli1l™~ mice exhibited attenuated PH parameters rela-
tive to Peli1*+ mice (Figure S4A through S4C). Double-
staining for PCNA (proliferating cell nuclear antigen)
and a-SMA (smooth muscle actin) indicated a signifi-
cant reduction in the number of PCNA-positive vascu-
lar cells in the lungs of hypoxia-induced PeliT~~ mice
compared with Peli7*+ mice (Figure 2E). Furthermore,
immunofluorescence staining for F4/80 and a-SMA
indicated a significant decrease in perivascular macro-
phages in the lungs of 4-day hypoxia—treated Peli1~"~
mice (Figure 2F). These findings support the theory that
Peli1 deficiency in mice leads to decreased macrophage
recruitment and improved pulmonary vascular remodel-
ing in hypoxia-induced PH mice.
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Figure 1. Increased expression of Peli1 (pellino E3 ubiquitin-protein ligase 1) in pulmonary macrophages is associated with
pulmonary hypertension (PH).

A and C, Representative immunoblots and relative quantitative densitometric analysis of Peli1 protein expression in the lungs of 4-day
hypoxia—treated mice (n=7 mice per group) and peripheral blood mononuclear cells (PBMCs) of control individuals (n=6) and patients with
idiopathic pulmonary artery hypertension (IPAH; n=7), normalized to (3-actin. B and D, Inmunofluorescence staining for Peli1 in the lungs of
normoxia, 4-day, and 28-day hypoxia—treated mice (B), and control individuals, patients with IPAH, and connective tissue disease (CTD)-PAH
(D). Pulmonary macrophages were visualized using F4-80 (green), and cluster of differentiation 68 (CD68; green), respectively. Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI; blue color), scale bar=50 pm. The data are presented as meanSE; P values were
determined by Student t test; *A<0.05, and ***/~<0.001.

Myeloid Peli1 Deficiency Attenuated PH deficiency in myeloid cells. As illustrated in Figure 3A,
Progression in Mice With Hypoxia-Induced PH Mac (macrophage reconstruction) (Peli1*/*) and Mac

(Peli1="~) mice were subjected to hypoxia treatment for
To investigate the impact of Peli1 deletion in macro- 28 days to induce PH. Immunofluorescence staining for
phages on the progression of PH, bone marrow trans-  Peli1 and F4/80 was conducted to confirm the reduc-

plantation was performed to establish mice with Peli tion in the number of Peli7* macrophages in the lungs

448  March 2025 Hypertension. 2025;82:445-459. DOI: 10.1161/HYPERTENSIONAHA.124.23542
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Figure 2. Genetic ablation of Peli1 (pellino E3 ubiquitin-protein ligase 1) attenuates hypoxia-induced pulmonary hypertension

(PH) in mice.

A, Schematic presentation of experimental protocol for Peli1** and Peli1~~ mice in the hypoxia-induced PH model. B, left, Quantification of the

right ventricular systolic pressure (RVSP), (right) Fulton index: the ratio of right ventricular (RV) to left ventricular wall plus septum (S; RV/[LV+S])

in Peli1** and Peli1~~ mice after 4 weeks of normoxia or hypoxia treatment. C, left, Representative images of hematoxylin and eosin (H&E) and
immunofluorescence (IF) staining for a-SMA (smooth muscle actin; red) in the lungs of normoxia- or hypoxia-treated mice; nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI; blue), scale bar=50 pm; (right) The proportion of non, partially, or fully muscularized pulmonary arterioles
(20-50 pm in diameter) from hypoxia-induced PH mice. D, Quantifying media/cross-sectional area (CSA; %) for image C (left). E, Representative IF
staining for PCNA (proliferating cell nuclear antigen) (red) and a-SMA (green) staining in the lungs of normoxia- or hypoxia-treated mice; nuclei were
counterstained with DAPI (blue), scale bar=50 pm. The frequency bar chart represents the percentage of pulmonary arteries with PCNA-positive cells
categorized into 3 groups (0—1 positive cell/artery, 2—3 positive cells/artery, and >4 positive cells per artery), 6-8 pulmonary arteries per mouse. For
A through E, n=7 mice per group. F, Representative IF staining and quantification of perivascular macrophages in normoxia- or 4-day hypoxia—treated
Peli1*+ and Peli1~~ mice lung sections, nuclei were counterstained with DAPI (blue), scale bar=50 um. n=6 mice per group. The data are presented
as meantSE; Pvalues were determined by 1-way ANOVA with Tukey post hoc test; *A<0.05, **/A<0.01, and ***/<0.001.

of Mac (Peli’”~) mice compared with Mac (Peli1**)
mice (Figure SBA). As shown in Figure 3B and 3E,
Mac (Peli1~~) mice exhibited an attenuated hypoxia-
induced increase in RVSP and the ratio of RV to left

Hypertension. 2025;82:445-459. DOI: 10.1161/HYPERTENSIONAHA.124.23542

ventricle plus septum, as well as a reduction in occlu-
sion and muscularization of distal pulmonary arterioles
as compared with Mac (Peli1**) mice. Furthermore,
immunofluorescence staining for PCNA and a-SMA
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Figure 3. Genetic ablation of Peli1 (pellino E3 ubiquitin-protein ligase 1) in myeloid cells attenuates hypoxia-induced
pulmonary hypertension (PH) in mice.

A, Schematic presentation of the experimental protocol for Mac (macrophage reconstruction) (Peli1**) and Mac (Peli1~~) bone marrow
transplant (BMT) mice in the hypoxia-induced PH model. The bone marrow cells of Peli7*+ mice and Peli1~"~ mice were transplanted into
recipient mice and housed in normoxia for 1 month before exposure to hypoxia (10% O,) for 4 weeks. B, Representative images and
quantification of the right ventricular (RV) systolic pressure (RVSP), (C) the ratio of RV to left ventricular (LV) wall plus septum (RV/[LV+8S])

in Mac (Peli1**) and Mac (Peli1-) BMT mice after 4 weeks of normoxia or hypoxia treatment. D, left, Representative hematoxylin and eosin
(H&E) and immunofluorescence (IF) staining for a-SMA (smooth muscle actin; green) in the lung sections and nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI; blue), scale bar=50 pm; (right) Quantification of vascular media/cross-sectional area (CSA; %)

for images in D. E, The proportion of non, partially, or fully muscularized pulmonary arterioles (20-50 pm in diameter) from hypoxia-induced
PH mice. F, Representative IF staining and quantification of PCNA (proliferating cell nuclear antigen)*(red) cells in pulmonary arteries within
the lungs of normoxia- or hypoxia-treated mice; nuclei were counterstained with DAPI (blue), scale bar=50 pm. For A through F, n=9 mice per
group. The data are presented as meantSE; P values were determined by 1-way ANOVA with Tukey post hoc test; *~<0.05, and ***/<0.001.

revealed a significant decrease in PCNA-positive vas- Peli1 Deficiency Diminished Macrophage

cular(cells ir/1 ’;he hypzoxia—induc)ed pulmonary arteries of Activation and Attenuated the Proliferation and
Mac (Peli1~~) mice (Figure 3F). These findings support : :
the hypothesis that Pelil deficiency in myeloid cells Migration of Mouse PASMCs

mitigates pulmonary vascular remodeling in hypoxia-  To investigate the impact of Pelil on macrophages in
induced PH mice. the lungs of PH, AMs were isolated from Peli7** and

450  March 2025 Hypertension. 2025;82:445-459. DOI: 10.1161/HYPERTENSIONAHA.124.23542
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Figure 4. Macrophages with Peli1 (pellino E3 ubiquitin-protein ligase 1) deficiency attenuate the proliferative and migratory

effects on mouse pulmonary artery smooth muscle cells (nPASMCs).

A, left, Representative immunoblots and relative densitometric analysis of INOS (inducible NO synthase) and Peli1 protein expression, (right)
real-time PCR (RT-PCR) analysis of Peli1, IL (interleukin)- 18, and IL-6 mRNA levels in alveolar macrophages (AMs) isolated from normoxia-
treated or 4-day hypoxia—treated Peli1** and Peli1~~ mice. B, left, Representative immunoblots and relative densitometric analysis of Peli1
protein expression, and (right) RT-PCR analysis of Peli’ mRNA levels in M1 (lipopolysaccharides [LPS] and IFN-y [interferon y]) and M2 (IL-4

and IL-13) bone marrow—derived macrophages (BMDMs). C, left, Representative immunoblots (Continued)
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PeliT~~ mice subjected to 4-day hypoxia. The results in
Figure 4A demonstrated an upregulation of Peli1 at both
the protein and mRNA levels in AMs after 4-day hypoxia
exposure. In contrast, Peli1 deficiency reduced protein
levels of INOS (inducible NO synthase) and decreased
mRNA levels of IL-18 and /L-6 in AMs. Immunofluores-
cence staining for mannose receptor c-type 1 (CD206)
and F4/80 further indicated that Peli1 deficiency dimin-
ished the proportion of M2 macrophages in the lungs
of hypoxia-induced mice (Figure S6A). In addition, we
assessed the expression of Pelil protein in M1 (lipo-
polysaccharides and IFN-y [interferon y]) and M2 (IL-4
and IL-13) polarized bone marrow—derived macrophages
(BMDMs). As shown in Figure 4B, the protein and mRNA
levels of Pelil were significantly elevated in M1 but
not in M2-polarized BMDMs. Furthermore, the mRNA
levels of IL-18 and IL-6 were significantly reduced in
M1-polarized Peli1~~ BMDMs (Figure 4C).

Previous studies have indicated that M1 macrophages
play a role in the proliferation of PASMCs in PH2 Given
the reduction in pulmonary vascular resistance observed
in hypoxia-induced myeloid Peli1-deficiency PH mice,
we proceeded to investigate the impact of macro-
phage Peli1 on the proliferation and migration of mouse
PASMCs (mPASMCs). Conditioned medium from Peli1+/+
and Peli1~~ BMDMs was collected and incubated with
mPASMCs for 24 hours. Results from Western blot
analysis (Figure 4D), wound-healing assay (Figure 4E),
and EdU (b-ethynyl-2-deoxyuridine) assay (Figure 4F)
showed that conditioned media from Peli7~~ M1 polar-
ized BMDMs significantly attenuated the proliferation
and migration of mPASMCs, which was consistent with
our in vivo findings. Furthermore, adding IL-6 to the con-
ditioned medium from Peli7~~ BMDMs mitigated the
observed reduction in the proliferation and migration of
mPASMCs (Figure S7A and S7B). These data support
the hypothesis that Peli1 deficiency reduces the pres-
ence of classically activated macrophages and mitigates
their proliferative and migratory effects on mPASMCs.

Foxp1 Is Identified as a Target of Peli1 in
Macrophages
To further investigate the molecular mechanisms under-

lying the impact of Pelil on the progression of PH,
quantitative proteomics analysis was conducted on M1

Peli1 in Macrophages Promotes PH

polarized Peli1** and PeliT~~ BMDMs. Significant dif-
ferences were defined as absolute values of log2-fold
change =1 in intergroup comparisons. Mass spectrom-
etry identified 2917 proteins, with 13 proteins exhibiting
significant upregulation and 8 proteins demonstrating
considerable downregulation in Peli7~ BMDMs com-
pared with Peli1** BMDMs (Figure 5A). Consistent with
the quantitative proteomics analysis, the mRNA expres-
sion levels of ARG1 (arginase 1) and F13A1 (coagulation
factor XIII' A chain) were significantly decreased in M1
polarized Pelil”~ BMDMs relative to Peli1** BMDMs
(Figure S8A). Previous studies have shown that inhibiting
M2 macrophages can effectively reduce the proliferation
of PASMCs and improve pulmonary vascular remodeling.
Given the critical roles of ARG1 and F13A1 in M2 mac-
rophages, our study further explored the impact of Pelil
on M2 macrophages. However, our findings revealed
no significant difference in CD206 protein expression
between Peli1*/+ and Pelii”~ BMDMs (Figure S8B),
suggesting that Peli1 deficiency does not promote M2
polarization in BMDMs.

Foxp1, a well-known transcriptional regulator, plays a
crucial role in monocyte differentiation and macrophage
function. Western blot analysis demonstrated a significant
increase in Foxp1 protein levels in M1-polarized Peli1~~
BMDMs compared with Peli1*/*+ BMDMs (Figure 5B). In
contrast, the mRNA levels of Foxp! were decreased in
M1-polarized BMDMs (Figure S9A). Overexpression of
Peli1 using an adenoviral vector in BMDMs resulted in a
significant reduction in Foxp1 protein expression without
affecting Foxp? mRNA levels (Figure 5C; Figure S9B).
Immunofluorescence staining revealed that Foxp1 pre-
dominantly localizes to the nucleus, with no observable
differences in subcellular localization between Peli1+*
and Peli’”~ BMDMs (Figure S9C). Peli1 functions as an
E3 ubiquitin ligase that facilitates K48 or K63 ubiquitina-
tion of target proteins through substrate recognition via
a noncanonical forkhead-associated domain, which is a
well-defined phosphothreonine-binding module with sig-
nificant sequence homology.'® The amino acid sequence
analysis suggests that Foxp1 possesses numerous ubig-
uitination sites (Table S5) and multiple peptide—binding
motifs for forkhead-associated domains (Tables S6 and
S7).

To further investigate the role of Peli1 in regulating
Foxp1 expression, experiments were conducted utilizing

Figure 4 Continued. and relative densitometric analysis of Peli1 protein expression in Peli1** and Peli1”"- M1 BMDMs; (right) RT-PCR
analysis of /L-7f3 and /L-6 mRNA levels in Peli7** and Peli1”- M1 BMDMs. D, Representative inmunoblots and relative densitometric analysis
of PCNA (proliferating cell nuclear antigen) protein expression in mPASMCs treated with conditioned medium (CM) from Peli1** and Peli1~~
M1 BMDMs for 24 hours. For A through D, normalized to (3-actin or RPLPO (ribosomal protein lateral stalk subunit PO), n=5-6 biologically
independent samples per group. E, nPASMCs were treated with CM from Peli1*+ and Peli1”- M1 BMDMs for 16 hours, and images were
captured at the indicated time to quantify the relative blank area, scale bar=400 ym. F, Representative images and quantification of EdU
(5-ethynyl-2-deoxyuridine)* (red) in mMPASMCs, mPASMCs were treated with CM from Peli1*+ and Peli1”~ M1 BMDMs for 24h, and nuclei
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI; blue), scale bar=100 uym. For E and F, n=5 biologically independent samples
per group. The data are presented as mean+SE; P values were determined by 1-way ANOVA with Tukey post hoc test. TNF indicates tumor

necrosis factor. *£<0.05, **~<0.01, and ***F<0.001.
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Figure 5. Peli1 (pellino E3 ubiquitin-protein ligase 1) regulates Foxp1 (forkhead box p1) protein expression in macrophages.
A, The volcano plot depicting the differentially expressed proteins in the Peli1** and Peli1~ bone marrow—derived macrophages (BMDMs)
after lipopolysaccharides (LPS) and IFN (interferon)-y treated for 6 hours, n=6 mice per group (significance cutoff £<0.05). B, Representative

immunoblots and relative densitometric analysis of Foxp1 expression in Peli1** and

Peli1~=M1 BMDMs. C, Representative immunoblots and

relative densitometric analysis of Peli1 and Foxp1 expression in BMDMs transduced with increasing amounts of adenovirus-Peli1 for 24 hours.
D, Representative immunoblots and relative densitometric analysis of Foxp1 expression in MG132 (Z-Leu-Leu-Leu-al; 5 uM) or cycloheximide
(CHX; 5 pM) treated Peli1*"* and Peli1~~ BMDMs. For B through D, normalized to 3-actin, n=5 biologically independent (Continued)
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the proteasome inhibitor MG132 (Z-Leu-Leu-Leu-al)
and the protein synthesis inhibitor cycloheximide in both
Peli1** and PelilT”"~ BMDMs. As shown in Figure 5D, the
degradation of Foxp1 probably involves the ubiquitination-
mediated proteasomal degradation system, with a more
pronounced attenuation observed in Peli7”~ BMDMs
compared with Peli7** BMDMs. Furthermore, coimmu-
noprecipitation and immunoprecipitation assays were
performed to confirm the interaction between Peli1 and
Foxp1, which promotes the K48 ubiquitination of Foxp1
(Figure BE). The results from molecular docking and
coimmunoprecipitation using the Foxp1 truncated mutant
plasmid indicated a potential binding site for Peli1 within
the glutamine-rich domain of Foxp1 (Figure 5F). These
findings support the hypothesis that Peli1 may facilitate
the degradation of Foxp1 in macrophages.

Myeloid Foxp1 Knockdown Partially Eliminates
the Protective Effect of Myeloid Peli1 Deficiency
in Hypoxia-Induced PH Mice

Chokas et al™ have provided evidence that Foxp1 func-
tions as a transcriptional inhibitor of /L-6'in the lungs of
embryonic mice by directly binding to the promoter region
of IL-6. To investigate the role of Foxp1 in mediating /L-6
transcription in BMDMSs, Foxp1 was knocked down using
siRNA (small interfering RNA), which was confirmed by
Western blot analysis (Figure 6A, left). As anticipated, the
knockdown of Foxp1 led to elevated mRNA levels of IL-6
and IL-1Bin M1 BMDMs (Figure 6A, middle). In addition,
Foxp1 silencing reinstated the previously reduced IL-6
mRNA levels, whereas IL-1f levels remained unchanged
in Peli1~-~ BMDMs (Figure BA, right).

To elucidate the role of Foxp1 in the lungs of PH mod-
els, we assessed the expression of Foxp1 protein in the
lungs of 4-day hypoxia—treated mice. Our results indi-
cated no significant alteration in Foxp 1 protein expression
in the lungs of PH mice (Figure S10A). Immunofluores-
cence staining revealed extensive expression of FoxpT,
with partial colocalization in pulmonary macrophages
from hypoxia-induced mice, monocrotaline-induced rats,
and patients with idiopathic pulmonary artery hyperten-
sion (Figure 6B). Moreover, Peli1”~ mice exhibited an
increased proportion of Foxp1* pulmonary macrophages
compared with Peli1*/* mice (Figure S10B). Notably,

Peli1 in Macrophages Promotes PH

Foxp1 was predominantly localized in the nuclei of pul-
monary macrophages from both 4-day hypoxia—treated
Peli1** and Peli1~~ mice (Figure 6B, left).

To further investigate the impact of Foxp1 deletion in
macrophages on PH progression, lentiviral vectors were
engineered for Foxp1 knockdown, and the knockdown
efficiency was confirmed in H293T cells and BMDMs
(Figure S11A and S11B). As shown in Figure 6C, bone
marrow transplant was performed to generate Mac
(Peli1**) and Mac (Peli1/~) mice with or without Foxp1
deficiency in myeloid cells. The mice were subjected to
hypoxia treatment for 28 days to induce PH. Immuno-
fluorescence staining for EGFP (enhanced green fluo-
rescent protein) and Foxp1 was conducted to validate
the successful transduction of the lentivirus and to con-
firm the reduced expression of Foxp1 in the pulmonary
macrophages of hypoxia-induced bone marrow trans-
plant mice (Figure S12A through S12C). As shown in
Figure 6D, RVSP and the ratio of RV to left ventricle plus
septum were significantly lower in Mac (Peli1~~) mice
compared with Mac (Peli1*/*) mice, which is consistent
with previous findings. Furthermore, the deficiency of
myeloid Foxp1 further elevated RVSP and reversed the
ratio of RV to left ventricle plus septum in Mac (Peli1~~)
mice. However, histological analysis indicated that
myeloid Foxp1 deficiency did not reverse the reduced
occlusion and muscularization of distal pulmonary arteri-
oles in hypoxia-induced Mac (Peli1~~) mice (Figure 6E).
These findings suggest that Pelil may mediate macro-
phage activation, partially through the Foxp1/IL-6 path-
way, in the development of PH (Figure 6F).

DISCUSSION

The infiltration and activation of perivascular macro-
phages play a crucial role in driving pulmonary artery
remodeling.2°2" When exposed to different stimuli, mono-
cytes/macrophages can be recruited and retained in the
local tissue microenvironment, activating to exhibit either
proinflammatory or proremodeling phenotypes.22223
The heightened expression of cytokines (IL-14, IL-6,
leukotriene B4), chemokines (CCL [chemokine (C-C
motif) ligand] 2, CCL5), and enzymes (iNOS, matrix
metalloproteinases-10) by M1 macrophages have been
shown to induce damage and confer apoptosis resistance

Figure 5 Continued. samples per group. E, left and middle, The interaction between Peli1 and Foxp1 was detected by Co-IP (co-
inmunoprecipitation) assay. H293T cells were cotransfected with flag-tagged Peli1 and myc-tagged Foxp1 plasmids. The cells were harvested
and subjected to immunoprecipitation with anti-Flag and anti-Myc antibodies, respectively. Right, Western blot analysis of K48-linked
polyubiquitination of Foxp1 immunoprecipitated from H293T cells co-overexpressing Peli1 and Foxp1. F, top, Schematic representation of the
structural domains of Foxp1 and Peli1 proteins: glutamine-rich (Gln-rich) domain, zinc finger (ZF) domain, leucine zipper (LZ) domain, forkhead
box DNA-binding domain (FOX), FOXP coiled-coil (FOXP C-C) domain, forkhead-associated (FHA) domains. Right, The docking simulation
explored the potential interaction between Peli1 (green) and Foxp1 (blue); the docking results suggest a potential interaction between Peli1
and Foxp1, with specific residues implicated in the binding interface. Bottom, Co-IP analysis of Foxp1 mutants binding to Peli1. H293T cells
were cotransfected with Foxp1 deletion mutants (myc-tagged 1-330 Foxp1, or myc-tagged 1-420 Foxp1) and flag-tagged Peli1 plasmids, and
Co-IP analysis was performed with anti-Myc antibody. The data are presented as meantSE; P values were determined by 1-way ANOVA with
Tukey post hoc test; *A<0.05, **<0.01, and ***A<0.001. HA-ub indicates HA taged ubiquitin plasmids; MOI, multiplicity of infection; Myc,

MYC tag; RING, really interesting new gene; and WCL, whole cell lysate.
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Figure 6. The protective effect of myeloid Peli1 (pellino E3 ubiquitin-protein ligase 1) knockdown on hypoxia-induced
pulmonary hypertension (PH) in mice is partially attenuated by myeloid Foxp1 (forkhead box p1) knockdown.

A, left, Representative immunoblots and relative densitometric analysis of Foxp1 expression, (middle and right) relative mRNA levels of /L

(interleukin) 6, and IL-1B in Peli1*"* and Peli1~~ M1 bone marrow (BM)-derived macrophages (BMDMs) transfected with or without Foxp1 small
interfering RNA (siRNA), normalized to -actin, n=5 or 6 biologically independent samples per group. B, Immunofluorescence (IF) staining for
Foxp1 (red) in the lungs of normoxia- or hypoxia-induced Peli1*+ and Peli1”~ mice (left), in control and MCT (monocrotaline) rats (middle), and

in non—idiopathic pulmonary artery hypertension (IPAH) individuals and patients with IPAH (right). Pulmonary macrophages (Continued)
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in PAECs, as well as stimulate the proliferation, migra-
tion, and dedifferentiation of PASMCs. These processes
ultimately lead to vasomotor dysfunction, vascular remod-
eling, and RV remodeling.”?~?¢ Inhibition of macrophage
recruitment and activation, as well as the blockade of
macrophage products, has been demonstrated to miti-
gate or reverse the progression of PH.“927 Nonetheless,
macrophages play a pivotal role in innate immunity, and
broad-spectrum interventions targeting these cells may
pose inherent risks. Moreover, AMs and [Ms exhibit nota-
ble heterogeneity across various stages of PH. Therefore,
a comprehensive examination of the distinct phenotypic
characteristics and regulatory mechanisms of AMs and
IMs throughout the progression of PH is imperative for
developing innovative, targeted therapeutic modalities. In
this study, our results demonstrated that a 4-day hypoxia
exposure significantly increased the infiltration of perivas-
cular macrophages in the lungs of mice and upregulated
the expression of M1 polarization-related genes (iNOS,
IL-1B, IL-6) in AMs, consistent with previous studies.%?
Peli1 plays a crucial role in facilitating the polyubiqui-
tination of various substrate proteins. In myocardial isch-
emia/reperfusion, Pelil interacts with P62 via its RING
(really interesting new gene)-like domain to promote
K63-linked ubiquitination of P62 at lysine (K) 7. This
modification inhibits P62 dimerization and autophagic
degradation, thereby disrupting autophagic flux and ulti-
mately exacerbating cardiomyocyte death.?® In addition,
Peli1 is involved in the degradation of HNF4a (hepa-
tocyte nuclear factor 4 alpha) through ubiquitination at
residues K307 and K309, which impairs fatty acid oxi-
dation in cardiomyocytes and accelerates myocardial
hypertrophy induced by pressure overload® Silencing
Pelil in macrophages has been shown to suppress M1
polarization of macrophages and attenuate myocardial
ischemia/reperfusion injury3' Meanwhile, the nuclear
translocation of Peli1 and IRF5 promotes the M1 polar-
ization of AMs, thereby aggravating acute lung injury in
mice."" Our results demonstrate that Pelil expression
is increased in the lungs of 4-day hypoxia—induced PH
mice, in 5-day monocrotaline-treated rats, and the periph-
eral blood mononuclear cells of patients with idiopathic
pulmonary artery hypertension. Immunofluorescence
staining demonstrated significant enrichment of Peli1 in

Peli1 in Macrophages Promotes PH

pulmonary macrophages. The expression pattern of Peli1
may correlate with the time course of macrophage infil-
tration in the disease progress of PH. Genetic depletion
of Peli1 deactivates pulmonary macrophages, reduces
the number of perivascular macrophages, weakens dis-
tal pulmonary vascular muscularization, and alleviates
hypoxia-induced PH in mice. These suggest that Pelil
may serve as a valuable biomarker for the early detection
of PH and remains elevated throughout the progression
of the disease. The early application of Pelil-targeted
therapies could reduce ongoing inflammation and limit
further vascular remodeling. Because the activation of
inflammatory macrophages is involved during the pro-
gression of PH, it is speculated that the inhibition of Peli1
could also benefit patients with established PH.

This research indicates that Pelil facilitates M1
polarization of macrophages, partially dependent on the
Foxp1/IL-6 axis. Foxp1, a forkhead box P transcription
factor family member, contains forkhead DNA-binding
and protein-protein interaction domains. It is predomi-
nantly localized in the nucleus and exhibits high expres-
sion levels in the spleen, thymus, lung, and brain.32% By
interacting with the forkhead-binding motif (TGTTTAC),
Foxp1 can specifically inhibit the transcription of target
genes®% Numerous studies have demonstrated that
the downregulation of Foxp1 modulates the differen-
tiation of monocytes into macrophages and influences
macrophage function.3-38 Increasing Foxp1 expression
in macrophages may represent a novel strategy for anti-
inflammatory intervention.3*' Our research demon-
strates that Peli1 can modulate the protein stability of
Foxp1 in macrophages without affecting its mMRNA levels
or subcellular localization. Depletion of Pelil in BMDMs
resulted in elevated Foxp1 expression, whereas over-
expression of Peli1 led to decreased Foxp1 levels. The
regulatory mechanism by which Peli1 influences Foxp1
expression may involve K48-linked ubiquitination and
proteasome-mediated degradation.

Patients with PH exhibit elevated levels of the pro-
infammatory cytokine IL-6 in their serum and lung
tissues.*?*3 As a nonclassical activator of M2 polariza-
tion, IL-6 can induce the expression of CD206, a well-
established marker of M2 macrophages. Elevated IL-6
levels have been shown to promote various physiological

Figure 6 Continued. were identified using F4-80 (green) or CD (cluster of differentiation) 68 (green) staining. Nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI), scale bar=50 pm. C, Schematic presentation of the experimental protocol for BM transplant (BMT)
mice in the hypoxia-induced PH model. BM cells from Peli1*"* and Peli1~"~ mice were transfected with lentiviruses control (LVs-Con) or LVs-sh
(short hairpin) Foxp1, respectively. These transfected BM cells were then transplanted into recipient mice, which were subsequently exposed
to normoxic conditions for 1 month before being subjected to hypoxia (10% O,) for 4 weeks. D, left and middle, Representative images

and quantification of the right ventricular systolic pressure (RVSP; right) ratio RV to left ventricular (LV) wall plus septum (RV/[LV+8]) ratio

in BMT mice after 4 weeks of hypoxia treatment. E, Representative hematoxylin and eosin (H&E) and IF staining for a-SMA (smooth muscle
actin; green) in the lung sections and nuclei were counterstained with DAPI (blue), scale bar=50 ym. The media/cross-sectional area (CSA;
%) was quantified in each pulmonary artery. For C through E, n=8 mice per group. F, Schematic diagram of Peli1 in macrophages promoting
pulmonary vascular remodeling during PH pathogenesis. Forkhead-associated (FHA) domain—binding motifs=pTxx+3 (pT, phosphorylated
threonine residue; x, non-specific amino acids; +3, the third amino acid after pT.); Forkhead-binding motif=TGTTTAC. The data are presented
as meantSE; Pvalues were determined by 1-way ANOVA with Tukey post hoc test*”<0.05, **<0.01, and ***/<0.001. A indicates alanine; L,
leucine; M, methionine; Mac, macrophage reconstruction; PASMC, pulmonary artery smooth muscle cells; S, serine; and T, threonine.
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responses, including neutrophil egress from the bone
marrow, proliferation of endothelial cells,** chemokine
production,*® and proliferation of PASMCs.?® Transgenic
mice that overexpress IL-6 develop spontaneous PH
and exhibit exacerbated hypoxia-induced PH. Inhibition
of IL-6 through genetic depletion or the use of neutral-
izing antibodies in mice has been found to suppress the
expression of genes associated with M2 polarization
in pulmonary macrophages, such as hypoxia-induced
mitogenic factor, ARG1, chitinase 3-like 3, CD206, and
C-X-C motif chemokine ligand 12, thereby protecting
mice from hypoxia-induced PH. However, Toshner et
al*® reported that tocilizumab, an IL-6-specific antibody,
did not demonstrate a consistent therapeutic effect in
patients with PH. In contrast, Yaku et al*” found that
regnase-1 plays a role in maintaining lung innate
immune homeostasis by degrading /L-6 and platelet-
derived growth factor mRNA in AMs, thereby sup-
pressing the development of hypoxia-induced PH in
mice. Consequently, future research may prioritize
cell-specific targeted interventions for IL-6 expres-
sion. In addition, Foxp1 has been shown to inhibit the
transcription of I1L-6 in embryonic mouse lungs.” The
present study provides further evidence supporting the
inhibitory effect of Foxp1 on IL-6 transcription in mac-
rophages, leading to reduced proliferation and migra-
tion of PASMCs.

There are several limitations to this study. First, it
remains to be determined whether Pelil interacts with
Foxp1 through the RING-like domain and which specific
lysine residues of Foxp1 are targeted for ubiquitination
by Peli1. Second, silencing of Foxp1 did not restore the
reduced IL-18 mRNA levels in Peli7”~ BMDMs, and
the knockdown of myeloid Foxp1 was unable to reverse
the improved pulmonary vascular remodeling observed
in hypoxia-induced Mac (Peli1~) mice. These findings
suggest that Pelil may regulate PH progression through
additional signaling pathways, which require further
investigation.

In conclusion, our study indicates that Pelil plays a
role in the development of PH by facilitating the recruit-
ment and activation of macrophages through the attenu-
ation of Foxpl-mediated transcriptional inhibition of
IL-6. This finding suggests that targeting Peli1 in macro-
phages may represent a promising therapeutic strategy
for PH.

PERSPECTIVES

The findings in this study are an exciting advance in our
understanding of the mechanisms underlying E3 ubig-
uitin ligase Peli1 in macrophages and PH pathogenesis
and provide new insight into Pelil on the cellular and
molecular regulatory mechanisms of pulmonary vascu-
lar remodeling in PH. Our results showed that the Peli1-
Foxp1-IL-6 pathway plays a crucial role in macrophage
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activation and recruitment in the development of PH, and
targeting this pathway may be an effective therapeutic
approach to improve macrophage polarization and vas-
cular remodeling.
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