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Abstract 

Background  Pulmonary hypertension (PH) is a life-threatening cardio-pulmonary disorder. Whether natural killer 
(NK) cells could act as participants in PH and the mechanism by which NK cells moderate pulmonary vascular remod-
eling has not been fully elucidated.

Methods  Single-cell RNA sequencing data from lungs of human pulmonary arterial hypertension (PAH) patients 
and monocrotaline (MCT)-induced PH rat model were retrieved from GEO database or UCSC Cell Browser. Tcf7 condi-
tional knockout mice and TCF7 overexpression following adeno-associated virus 6 (AAV6) intratracheal delivery in rats 
were generated. The NK92 cell line and primary human pulmonary artery smooth muscle cells (hPASMCs) were used 
for in vitro experiments.

Results  Stressed NK cells were much higher in lungs from human PAH and MCT-induced PH compared to cor-
responding controls. Of note, TCF7 topped the list differentiating high-stressed from low-stressed human NK cells. 
TCF7-expressing NK cells displayed higher stress profile than TCF7-deficient cells. Tcf7-deficient NK cells exhibited 
lower Hsp90aa1 and Hsp90ab1 at transcriptional level and Hsp90 at protein level than Tcf7-expressing cells 24 h post-
hypoxia. Mechanistically, TCF7-overexpressing NK cells secrete more SPP1 compared to control NK cells, thus promot-
ing the proliferation and migration of hPASMCs 48 h post-hypoxia. TCF7 overexpression in rats aggravated PH features, 
while Tcf7 deficiency in mice alleviated pulmonary remodeling possibly due to the manipulation of HSP90 level in NK 
cells and SPP1 in the microenvironment.
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Conclusions  TCF7 contributes to the immunopathology of PH possibly through upregulation of stressed NK cells. 
Under stress conditions, NK cells promote the proliferation and migration of hPASMC through paracrine effects, 
thereby further promoting vascular remodeling.

Keywords  Pulmonary hypertension, Single cell RNA-seq, Natural killer cells, TCF7, Pulmonary arterial smooth muscle 
cells

Introduction
Pulmonary hypertension (PH) is a progressive and life-
threatening cardio-pulmonary disorder characterized 
by elevated pulmonary vascular resistance (Mean Pul-
monary Artery Pressure (mPAP) >20 mmHg), leading to 
right ventricular failure and ultimately, if left untreated, 
to death [1, 2]. Pulmonary arterial hypertension (PAH) is 
a subtype of PH, referring to group 1 PH, mainly includ-
ing idiopathic PAH, heritable PAH, drug- and toxin- 
associated PAH, disease-associated (connective tissue 
disease, HIV infection, portal hypertension, congenital 
heart disease and schistosomiasis) PAH, PAH with fea-
tures of venous/capillary involvement, and persistent PH 
of the newborn. The etiology of PH is multifactorial and 
complex, involving the interplay of genetic, epigenetic, 
metabolic, and immunological factors that contribute to 
aberrant pulmonary vascular remodeling [3–5]. The cur-
rent treatments for PH are mostly focused on vasodila-
tion, and there are still no effective interventions for the 
immune microenvironment around the pulmonary vas-
culature [6].

Natural killer (NK) cells, as essential effectors of the 
innate immune system, are known to play a pivotal role 
in the regulation of immune responses, exerting func-
tions ranging from cytotoxicity to the secretion of immu-
nomodulatory cytokines [7–9]. Zeming Zhang et  al. 
points out that NK cells exhibit a stress response driven 
by chronic hypoxia in tumors, and this phenotype weak-
ens the function of NK cells, which in turn makes it easier 
for the tumors to achieve immune evasion [10]. Chronic 
hypoxia is also attributable to PH progression [11]. How-
ever, the contributions of NK cellular stress response 
to the pathogenesis of PH and their potential as thera-
peutic targets remain unclear. The specific interactions 
between NK cells and pulmonary arterial smooth muscle 
cells (PASMCs) have not yet been fully revealed as well. 
A comprehensive single-cell RNA sequencing analysis of 
lung tissues from both human and experimental models 
of PH would be able to figure out novel mediators of NK 
cells driving PH development. This aids in the nuanced 
understanding of the disease’s immunopathology, par-
ticularly regarding the contribution of NK subsets within 
the lung microenvironment.

Transcription factor 7 (TCF7), a member of the T-cell 
factor/lymphoid enhancer factor (TCF/LEF) family, is 

primarily recognized for its role in T-cell development 
and differentiation [12, 13]. Several studies also suggested 
that TCF7 may extend its influence beyond the adap-
tive immune system to innate immune cells such as NK 
cells [14–16]. In graft-versus-host disease, there exists a 
unique subset of TCF7high NK cells, which suppress the 
function of CD4-positive T cells [15]. In tumors, NK cells 
with reduced expression levels of TCF7 exhibit stronger 
cytotoxic killing effects [17]. Additionally, TCF7 plays 
an important role in the development and maturation of 
NK cells, and immature NK cells with TCF7 deficiency 
are unable to develop and mature properly, resulting in 
significant functional deficiencies [18]. Nevertheless, 
the functional and molecular determinants of TCF7 
in NK cell fate in the context of PH have been poorly 
characterized.

Hence, our study aims to explore the transcriptional 
landscape of NK cells and whether NK cell behavior 
could be regulated by TCF7 utilizing single-cell RNA 
sequencing data from both human PAH and rodent PH 
models. We seek to decode the complexity of NK cell 
dynamics, uncover the transcriptional underpinnings 
that dictate the NK cell stress response and elucidate 
their interaction with PASMCs driving PH.

Methods
Single‑cell RNA sequencing data processing
We sourced single-cell RNA sequencing data of lung 
tissues from human PAH from the Gene Expression 
Omnibus (GEO) repository (https://​www.​ncbi.​nlm.​nih.​
gov/​geo/), under accession number GSE228644 [19]. 
The dataset encompassed samples from three healthy 
donors and three patients diagnosed with PAH. For each 
individual sample, we transformed the raw gene expres-
sion matrix into a Seurat object utilizing the Seurat R 
package (v5.0.1) in conjunction with the R software 
(v4.2.3) [20]. Rigorous quality control measures entailed 
the exclusion of cells that fell below the thresholds of 
1000 unique molecular identifiers (UMIs), 500 detected 
genes, or exhibited mitochondrial gene content exceed-
ing 15%. Similarly, genes present in fewer than 10 cells 
were deemed infrequently expressed and therefore omit-
ted by the data provider. The resulting dataset under-
went logarithmic normalization via the NormalizeData 
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function and was subsequently scaled using the Scale-
Data function, accounting for variability in UMI counts 
and mitochondrial gene proportions. We merged the 
gene expression matrices from all samples, and neutral-
ized batch effects using Seurat’s FindIntegrationAnchors 
and IntegrateData functions. Dimensionality reduction 
was executed utilizing the RunUMAP function, retaining 
the foremost 20 dimensions, and cellular clustering was 
achieved through the FindClusters function at a resolu-
tion of 0.8, maintaining all default settings otherwise. 
Marker genes for each cluster were pinpointed using the 
FindAllMarkers function. We validated cell types against 
the CellMarker database (http://​xteam.​xbio.​top/​CellM​
arker/), supplemented by manual annotation for accuracy 
[21].

The same procedure, including normalization, scal-
ing, dimensionality reduction, and cellular clustering 
and annotation, was repeated for monocrotaline (MCT) 
induced PH rat model at single-cell RNA level, and the 
datasets consisting of lung tissues from six wild-type 
and six MCT-induced PH rats were obtained from the 
UCSC Cell Browser (http://​merge​omics.​resea​rch.​idre.​
ucla.​edu/​PVDSi​ngleC​ell/​CellB​rowse​r/) [22]. Moreover, 
we extracted and isolated NK cells from each dataset and 
reiterated the mentioned processes.

Calculation of NK functionality scores
To gauge the NK cell activity, we computed NK function-
ality scores for each NK cell via the AddModuleScore 
function in Seurat. We leveraged predefined gene sets 
relating to NK functions (refer to Table  S1 in the Sup-
porting Information). NK cells were then stratified based 
on stress score into low- and high stress groups. Using 
the FindAllMarkers function, we identified significant 
differentially expressed genes (average log fold change > 
0.25, p < 0.05) between two groups.

Functional enrichment analysis
The Metascape database (https://​metas​cape.​org/​gp/) 
[23] provided a platform for further enrichment investi-
gation within biological processes as identified by Gene 
Ontology (GO), by selecting genes exhibiting differential 
expression beyond a threshold of log fold change > 0.25 
and adjusted p-value < 0.05.

Cell communication analysis
Cellchat R package was uesd to analyze the strength and 
relationships of communication between cells. The Cell-
chat analysis object was created using a Seurat object 
and human database was set up as the reference data 
for receptor-ligand pairs. Finally, we used the reference 
data to calculate the strength of communication between 
cells and obtain the expression differences of various 

receptor-ligand pairs. Visualization was performed using 
the visualization commands provided with the Cellchat 
package.

Patient lung tissue acquisition
The lung tissue was donated by deceased patients. After 
harvest of the lung tissues, they were cut into small pieces 
and stored in a freezer at −80℃. This study has been 
approved by the Ethics Committee of Shanghai Children’s 
Medical Center affiliated to Shanghai Jiao Tong Univer-
sity School of Medicine (SCMCIRB-K2024081-1), and 
informed consent has been obtained from the patients or 
their relative guardians.

Animals
To explore the role of TCF7 in the development of PH, 
CAGGCre-ERTM; Tcf7flox/flox mice (Tcf7KO) mice were 
generated by interbreeding C57BL/6 J Tcf7flox/flox mice 
with CAGGCre-ERTM mice. To invoke Tcf7 gene knock-
out, mice received a 5-day regimen of 75 mg/kg tamox-
ifen (dissolved in corn oil at 20 mg/ml). These mouse 
strains were acquired from Cyagen Biosciences Inc. 
Tcf7KO male mice (8-week, 20 g) or their wild-type lit-
termates Tcf7flox/flox mice (Tcf7WT) were either housed in 
hypoxic chamber (Shanghai TOW Intelligent Technology 
Co., Ltd, ProOX-850) (10% O2) or at ambient air for four 
weeks.

To explore whether up-regulation of TCF7 could exac-
erbate disease progression, human TCF7 was engineered 
and packaged into adeno-associated virus 6 (AAV6). 
Male Sprague-Dawley rats were obtained from Beijing 
Vital River Laboratory Animal Technology Co., Ltd., and 
received intratracheal delivery of 100μl of either AAV6-
hTCF7 or AAV6 vector at a dosage of 4×1012 GC/ml, fol-
lowed by intraperitoneal MCT administration (Sigma, 
Cat #C2401; 60 mg/kg) or saline injection. The hypoxia 
rats were housed in hypoxic chamber (Shanghai TOW 
Intelligent Technology Co., Ltd, ProOX-850) (10% O2) for 
three weeks.

All rodents were housed under specific pathogen-free 
conditions and organs were harvested at week 3 for rat 
models and week 4 for murine models after right heart 
catheterization. The degree of right ventricular hypertro-
phy was determined via the Fulton index, which equals to 
the ratio of the weight of right ventricle (RV) to the total 
mass of the left ventricle (LV) and the interventricular 
septum.

The experiment was carried out in accordance with the 
Guideline for Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health and the 
Guidelines for the ethical review of laboratory animal 
welfare People’s Republic of China National Standard 
GB/T 35892-2018 [24]. All the protocols and procedures 
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were approved by the Animal Ethics Committee of 
Shanghai Children’s Medical Center, Shanghai Jiao Tong 
University School of Medicine.

Right heart catheterization
Invasive hemodynamic measurements were obtained 
through right ventricular catheterization with a Millar pres-
sure catheter (SPR-671; Millar Inc.) in mice, and via jugular 
vein cannulation in rats using a PE50 catheter. The mice 
(200 mg/kg) and rats (125 mg/kg) were both anesthetized 
with tribromoethanol. Data were recorded, analog-to-dig-
ital converted (PowerLab; AD Instruments) and analyzed 
using LabChart software (AD Instruments, v8.1.16).

Vascular remodeling analysis
We quantified the extent of pulmonary arteriolar remod-
eling by comparing the thickness of the vascular media 
wall to the external diameter of distal pulmonary arte-
rioles (50–100 µm) on lung sections stained with Elas-
tica van Gieson (EVG). Collagen deposition within the 
arterioles was assessed by Masson’s trichrome staining. 
Muscularization was evaluated based on the proportion 
of α-smooth muscle actin (α-SMA)-positive cells envel-
oping the vessel, stratified as non-muscularized, partially 
muscularized, or fully muscularized. At least 30 appro-
priately size-matched vessels in non-sequential lung sec-
tions of each animal were analyzed.

Immunostaining assay
Following deparaffinization, rehydration, endogenous 
peroxidase activity inhibition, and antigen retrieval, par-
affin-embedded tissue blocks were sectioned into 5-µm 
slices for staining. The sections underwent permeabi-
lization with 0.1% Triton X-100 (Sigma-Aldrich; Cat 
#T8787) in phosphate-buffered saline (PBS) and were 
then incubated with primary antibodies overnight at 4 °C. 
This was followed by incubation with the correspond-
ing secondary antibodies. The primary antibodies were 
anti-vWF (Invitrogen, Cat #PA5-104687), anti-α-SMA 
(Servicebio, Cat #GB12044-100), anti-HSP90 (Invitrogen, 
Cat #MA5-33168), anti-NK1.1 (Invitrogen, Cat #MA1-
70100). The TSA reagent kits (ABclonal, Cat #RK05903) 
were used for fluorescence labeling, with emission wave-
lengths corresponding to 520 nm (green), 570 nm (red), 
and 690 nm (pink). Cell nuclei were counterstained using 
4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich; 
Cat #D9542). Detailed morphological examination was 
facilitated by imaging with a laser scanning confocal 
microscope (LSM880; Zeiss, Germany).

Cell culture and reagents
The primary mouse NK cells were obtained from Tcf7KO 
and Tcf7WT mice with mouse NK cell isolation kit 

(Biolegend, Cat #480050). 1×108 NK cells were seeded 
into plate/dish and cultured in RPMI 1640 medium sup-
plemented with 10%fetal bovine serum (FBS), 10% Horse 
Serum (Gibco), and recombinant mouse IL-2 (abcam, 
Cat #ab259380). The NK92 cell line was obtained from 
QuiCell Biotech Company. 1×106 NK92 cells were 
seeded into plate/dish and cultured in MEMα medium 
supplemented with 20% FBS, 0.2 mM Inositol, 0.1 mM 
β-mercaptoethanol, 0.02 mM folic acid, and recombinant 
human IL-2 (abcam, Cat #ab119439).

The primary human PASMCs (hPASMCs) were iso-
lated from pulmonary bulla patient lung tissues. In brief, 
pulmonary arteries from pulmonary bulla patient lung 
tissues were isolated under a dissecting microscope. The 
adventitia was removed with fine micro-scissors and 
endothelial layer were removed with cell scraper. Next, 
minced arteries were attached to bottom of cell culture 
dish and then immersed by DMEM/F12 containing 20% 
FBS, 100 U/mL penicillin and 100 μg/mL streptomycin 
in a 37 °C, 5% CO2 humidified incubator. Five days later, 
culture media were refreshed, and non-adherent cells 
were removed. Ten days later the adherent cells that had 
grown to 90% confluence were considered as passage 0. 
The isolated hPASMCs were cultured in DMEM/F12 
medium supplemented with 10% FBS and passage 4–6 
were used for subsequent experiments. The NK92 cells 
were either cultured in normoxia condition at 37 °C in 
the cell incubator or in hypoxia chamber (Don Whitley 
Scientific Limited, Model: H35) for 48 h at 37 °C with 
1%O2 and 5% CO2.

Lentiviral infection
We infected the NK92 cell line using a TCF7 overexpres-
sion lentivirus (LV-TCF7) or control lentivirus (LV-Con) 
at a multiplicity of infection (MOI) of 20. After centrifu-
gation of the cells and removal of most of the superna-
tant, the calculated volume of viral solution was added 
to the 15 mL tube and incubated at room temperature 
for 15 min. Subsequently, sufficient culture medium was 
added to the cells, which were then seeded into a 6-well 
plate, with each well containing 1×106 NK92 cells.

Cell viability and proliferation
NK92 cells were infected with TCF7 overexpression 
lentivirus or control lentivirus as aforementioned for 
72 h. Next NK92 cells were cultured in the incubator or 
hypoxia chamber for 48 h. hPASMCs were seeded into 
a 96-well plate (0.8 ×105/mL) 24 h before starvation 
(DMEM/F12 without FBS for 24 h). The supernatant 
from TCF7 overexpression- or control lentivirus infected 
NK92 cells were added into hPASMC for another 24 h. 
To assess cell viability, cell supernatants were discarded 
and replaced with CCK8 solution (Dojindo Molecular 
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Technologies Inc, Kumamoto, Japan), cells were then 
incubated at 37 °C with 5% CO2 for 1 h. Optical den-
sity (OD) was determined at 450 nm using a microplate 
reader (Infinite M200 Pro; Tecan, Switzerland). To exam-
ine cell proliferation, EdU assay was performed accord-
ing to the manufacturer’s instructions (Servicebio, Cat 
#G1603). After cellular EdU labeling, fixation and perme-
abilization, cells were washed with PBS buffer followed 
by EdU click reaction. After 2–3 times wash with PBS 
buffer, cells were incubated with diluted Hoechst 33342 
staining solution (1:1000 dilution) for 5 min. Next, the 
solution was removed and cells were washed with PBS 
buffer twice. Lastly, images were taken using a fluores-
cence microscope.

Transwell assay
hPASMCs were starved (DMEM/F12 without FBS) 
for 24 h. DMEM/F12 medium and supernatants from 
either TCF7 overexpression lentivirus or control lenti-
virus infected NK92 cells after hypoxia challenge for 48 
h at a ratio of 1:1 were collected. hPASMCs were then 
resuspended with the mixture at a density of 1×106/mL. 
DMEM/F12 medium containing 20% FBS was added to 
the lower chamber of a 24-well plate. Subsequently, 100 
µL cell suspension were added into upper chamber and 
cultured at the incubator for 24 h. The transwell insert 
was removed, the culture medium was discarded, and the 
cells at the insert bottom were fixed with 4% paraform-
aldehyde for 30 min followed by PBS buffer wash twice. 
Next, the cells were stained with crystal violet (Keygen-
Biotech, Cat #KGA229) for 30 min and the insert were 
washed with running water twice gently. Finally, images 
were taken using a microscope for documentation after 
air-drying of the insert for 24 h.

Flow cytometry
Dissociated lung, spleen, and blood samples were first 
processed into single-cell suspensions. Subsequently, 
cells were incubated with the following antibodies at 
4 °C: anti-CD45-APC-CY7 (Invitrogen, Cat #A15395), 
anti-CD3-PerCP (Invitrogen; Cat #45-0031−82), and 
anti-NK1.1-APC (Invitrogen; Cat #17–5941−82). After 
fixation and permeabilization, Cells were further stained 
with anti-HSP90 (Invitrogen, Cat #MA5-33168) antibody 
followed by the secondary goat anti-rabbit IgG-FITC 
(Invitrogen; Cat #F-2765) antibody, and analyzed on a 
Beckman CytoFLEX flow cytometer.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)
We extracted total RNA using the RNAeasy™ Animal 
RNA Isolation Kit with Spin Column (Beyotime, Cat 
#R0026). Reverse transcription was performed utilizing 

HiScript II Q RT SuperMix for qPCR (+gDNA wiper) 
(Vazyme, Cat #R223-01), per the manufacturer’s instruc-
tions. Quantitative real-time PCR (qRT-PCR) was 
employed to quantify gene transcription levels using 
ChamQ Universal SYBR qPCR Master Mix (Vazyme, 
Cat #Q711-02) along with respective primer pairs (see 
Table  S2 in the Supporting Information). We exam-
ined mRNA expression for each gene in three technical 
replicates.

Western blot
Cells and tissues were lysed in RIPA buffer (Beyotime, 
Cat #P0013B) to extract total protein. The total protein 
was quantified, and equal amounts of protein were sep-
arated by sodium dodecyl sulfate‒polyacrylamide gel 
electrophoresis (SDS‒PAGE), followed by transfer onto 
nitrocellulose membranes. The membranes were incu-
bated overnight at 4 °C with primary antibodies: anti-
SPP1 (Invitrogen, Cat #PA5-34579), anti-TCF7 (CST, 
Cat #2203), and anti-GAPDH (CST, Cat #2118). This was 
followed by a two-hour incubation at room temperature 
with goat anti-rabbit HRP-conjugated secondary anti-
body (Beyotime, Cat #A0208). Immunodetection was 
accomplished using an enhanced chemiluminescence 
detection system.

Statistical analysis
Statistical analyses were implemented in R (v4.2.3) or 
Graphpad prism (v9.5.1) as specified in the figure leg-
ends. Kolmogorov-Smirnov test was used to confirm nor-
mality of data distribution. The comparison between two 
groups was determined using two-tailed Student’s t-test 
if the data were normally distributed, and Wilcoxon rank-
sum test was used if otherwise. One-way ANOVA was 
applied to compare the difference among three groups 
or above if data were normally distributed, and Kruskal-
Wallis test was adopted if not normally distributed. A 
P-value of less than 0.05 indicated significance.

Results
NK cell atlas in lung tissues from PAH patients and controls
In this study, a total of 20,035 cells from 3 normal and 3 
PAH lung tissue samples were classified into 15 principal 
cell types (Fig.  1A and Figure S1 A), with the principal 
marker genes for each cell type displayed in Figure S1B. 
An appreciable degree of heterogeneity was observed in 
cells derived from both normal lung tissues and those 
affected by PAH (Fig.  1B), indicating significant altera-
tions in the microenvironment within the PAH lung 
compartments. It was reported NK cells exhibited a phe-
notypic transformation characterized by reduced cyto-
toxicity in PAH [8]. However, other phenotypes of NK 
cells in this disease setting have not been fully explored. 
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Fig. 1  The NK landscape of lung tissues from PAH patients and controls at single-cell resolution. A All cells in lung tissues from three PAH patients 
and three controls were clustered into 15 major cell types and visualized in UMAP plot. Each dot represents a cell, colored by cell type. B Cell 
distributions in lung tissues from either PAH patients or controls and were visualized in UMAP plot. C NK cells categorized into seven subclusters. 
D Distribution of lung NK cells from either PAH patients or controls. E Correlation between NK cells subsets and was visualized in heatmap. Red 
represents high correlation while blue represents low correlation. F NK cells clustered into four NK functional subtypes based on correlation. G 
Enriched GO biological process among different NK subtypes. Red bar represents lower P-value while blue bar represents higher P-value
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A total of 952 NK cells were grouped into 7 distinct sub-
populations (Fig.  1C). Upon analysis, NK cells derived 
from different groups showed considerable heterogeneity 
split by their origin (Fig. 1D). Correlation analysis utiliz-
ing representative genes of NK cells revealed that these 
7 NK cell subgroups could be subdivided into 4 major 
functional subsets (Fig. 1E, F). The top 10 marker genes 
of 4 major functional subsets were shown in Table  S3. 
Pathway enrichment of marker genes for these four sub-
sets showed that NK1 cells were primarily responsible for 
cytokine secretion and exerted cytotoxic functions; NK2 
cells were mainly involved in the secretion of IL2 and IL6; 
NK3 cells partook in ATP metabolism and cytoskeletal 
transportation, while NK4 cells engaged in ATP synthesis 
and regulation of protein stability (Fig. 1G).

NK cell landscape in lung tissues from MCT‑induced PH rats 
and controls
A total of 22,161 cells from the lung tissues of 6 con-
trol and 6 MCT-induced PH rats were classified into 16 
major cell types (Fig.  2A and Figure S2 A) and visual-
ized by group (Fig.  2B). To annotate the cell types, top 
3 marker genes were displayed in Figure S2B. Of these, 
2,063 NK cells were subdivided into 4 distinct subpopu-
lations (Fig.  2C). In contrast to human data, there was 
no remarkable heterogeneity between lung NK cells 
from MCT-PH rats versus those from controls (Fig. 2D). 
Based on the correlation analysis of characteristic genes, 
NK cells were further divided into 3 functional subsets 
(Fig. 2E, F). The top 10 marker genes of 3 functional sub-
sets were shown in Table  S3. These functional subsets 
exhibited different roles: NK1 predominantly engaged in 
cell adhesion and apoptotic pathways, NK2 was primar-
ily involved in the NF-kappaB signaling and programmed 
cell death, while NK3 was mainly responsible for cell acti-
vation and perforin-mediated cytotoxicity (Fig. 2G).

Heightened stressed NK cells in PH lungs and TCF7 affects 
NK functionality
In the tumor, the stress response of NK cells is acti-
vated by chronic hypoxia, leading to impaired NK cell 
function, which in turn makes the tumor cells in tumor 
microenvironment more prone to immune escape [10]. 
In similarity to cancer, a state of chronic hypoxia also 
triggers the development of PH. Therefore, stress score 
for each NK cell was calculated based on the expression 
of stress-related genes [10]. NK cells from PAH group 
exhibited higher stress scores compared to that of con-
trols (Fig. 3A), suggesting a phenotypic transformation of 
NK cells in favor of stress response in microenvironment 
of PAH. This is also evidenced by a significant decrease 
in cell cytotoxicity (Figure S3 A) and little change was 
detected in inflammatory response (Figure S3B). Cell 

cytotoxicity and the secretion of inflammatory cytokines 
are also important phenotypes of NK cells [10, 25]. The 
enhanced stress response of NK cells under hypoxic con-
ditions may impact cytotoxicity. A much higher stress 
score was observed in both NK1 and NK2 compared to 
that of NK3 or NK4 (Fig. 3B), further implicating a rel-
evant link between NK1/2 and the progression of pul-
monary vascular remodeling. Next, we divided the NK 
cells according to the median stress score, it turned out 
that TCF7 topped the differentially expressed genes 
and was much higher in high- versus low-stressed NK 
cells (Fig. 3C). Compared to TCF7- NK cells, TCF7+ NK 
cells displayed higher stress score (Fig.  3D) and lower 
cytotoxicity score (Figure S3 C). The findings in human 
lung tissue, the stress response of NK cells was elevated 
in the MCT treated group (Fig.  3G), while cytotoxicity 
was decreased (Figure S4 A), and no significant differ-
ence in inflammatory response was observed between 
the two groups (Figure S4B). The stress scores of the NK 
cell functional subgroups NK2 and NK3 were elevated 
(Fig.  3H). There was an increased trend of stress score 
in Tcf7-exthat of controls (Fig. 3E, Figure S3E, F), as well 
as in lung NK1 and NK2 from PH patients (Fig. 3F). This 
suggests that NK1 and NK2 cells with high expression of 
TCF7 might be a type of NK cells responded to stress.

Consistent with findings in human lung tissue, the 
stress response of NK cells was elevated in the MCT 
treated group (Fig. 3G), while cytotoxicity was decreased 
(Figure S4 A), and no significant difference in inflam-
matory response was observed between the two groups 
(Figure S4B). The stress scores of the NK cell functional 
subgroups NK2 and NK3 were elevated (Fig. 3H). There 
was an increased trend of stress score in Tcf7-express-
ing rat NK cells compared to that of Tcf7-deficient rat 
NK cells although it didn’t reach statistical significance 
(Fig.  3I). Cytotoxicity scores were markedly decreased 
in Tcf7-positive NK cells (Figure S4 C), while the scores 
of inflammatory responses did not differ between the 
groups (Figure S4D). Tcf7 was much higher in lung tis-
sues from MCT-induced PH rats compared to that of 
controls at both mRNA and protein levels (Fig.  3J, K, 
Figure S4E, F), as well as in lung NK2/3 subtypes from 
rodent PH model at single-cell level (Fig. 3L).

TCF7 regulates the stress response of NK cells
A total of 23 stress-related genes were upregulated 
in human PAH group (Fig.  4A), and 19 stress-related 
genes were upregulated in the TCF7-expressing NK 
cells (Fig.  4B). Of note, the expression levels of sev-
eral heat shock-related proteins were elevated, so we 
selected the four genes with high expression levels for 
further validation. NK cells were harvested from the 
spleens of Tcf7 knockout mice and their controls. Tcf7 
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deficiency was evidenced by ~75% reduction at pro-
tein level in TCFKO NK cells (Fig. 4C, D). The in vitro 
experimental schematic for gene validation was shown 
in Fig.  4E. Both Hsp90aa1 and Hsp90ab1 were much 

higher in Tcf7WT NK cells compared to those in Tcf7KO 
NK cells (Fig.  4F, G and Figure S5 A, B), whereas no 
significant difference was observed for Hsph1 and 
Hsp90b1 between the two groups (Figure S5 C, D). 

Fig. 2  The NK landscape of lung tissues from MCT-induced PH rat model and controls at single-cell resolution. A All cells in lung tissues from six 
MCT-induced PH rats and six controls clustered into 16 major cell types and were visualized in UMAP plot. Each dot represents a cell, colored by cell 
type. B Cell distributions in lung tissues from either MCT-induced PH rats or controls. C NK cells clustered into four clusters. D Distribution of lung 
NK cells from either MCT-PH rats or controls. E Correlation between NK cells subsets and was visualized in heatmap. Red represents high correlation 
while blue represents low correlation. F NK cells clustered into three NK subtypes based on correlation. G GO biological process shows functional 
enrichment among NK subtypes. Red bar represents lower P-value while blue bar represents higher P-value
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Consistently, stress-related genes were also found to 
be upregulated in rat NK cell functional subsets NK1 
and NK2 at single-cell level (Figure S5E). Moreo-
ver, a downregulation of HSP90 was demonstrated 
from Tcf7KO NK cells compared to Tcf7WT NK cells 
after 24 h hypoxia (Fig.  4H). In line with the in  vitro 
data, downregulation of HSP90 was also detected in 
lung NK cells from Tcf7KO mice (Fig.  4I). However, 
no significant difference was observed in HSP90 at 
protein level in blood or spleen between NK cells 
from Tcf7KO mice and those from Tcf7WT mice after 
4-week hypoxia (Figure S6 A, B). These findings indi-
cate that TCF7 may regulate the stress response of NK 
cells via the regulation of HSP90 expression in lung 
microenvironment.

TCF7 enhances proliferation and migration of PASMCs 
via upregulating secretion of SPP1 by NK cells
There were more signals from NK cells to PASMCs in 
the lung tissues from PAH compared that of controls 
(Fig.  5A). Of note, TCF7-expressing NK cells exhibit 
markedly increased SPP1-integrin interactions with 
PASMCs compared to TCF7-deficient counterparts 
in PH (Fig.  5B), suggesting that TCF7 might have an 
influence on the cell communication between NK cells 
and PASMCs through SPP1-mediated engagement 
with integrin receptors, potentially altering PASMC 
phenotype. To test the hypothesis, NK92 cells were 
infected by either TCF7 overexpression lentivirus 
(LV-TCF7) or control lentivirus (LV-Con) followed by 
hypoxia exposure. The hypoxic level was validated by 
HIF1 A mRNA expression level (Figure S7 A-C). It was 
shown that LV-TCF7 infected NK92 cells had a higher 
expression of SPP1 at protein level compared to LV-
Con infected NK92 cells (Fig.  5C). It was observed 
that hPASMCs exhibited an increase in cell viability 
and proliferation rate after treatment with superna-
tant from LV-TCF7 infected NK92 cells compared to 
those treated with supernatant from LV-Con infected 
NK92 cells (Fig. 5D, E). Moreover, there was a 2.5-fold 
higher migratory capacity of hPASMCs treated with 

supernatant from LV-TCF7 infected NK92 cells as well 
(Fig. 5F).

TCF7 overexpression aggregates vascular remodeling 
in MCT‑PH model
We next investigated the role of TCF7 in PH develop-
ment. The experimental schematic was illustrated in 
Fig. 6A. After intratracheal delivery, a ~10-fold increase 
of TCF7 expression was observed in lungs from AAV6-
hTCF7 rats at transcriptional level in Figure S8 A and 
S8B. The susceptibility of AAV6-hTCF7 rats to the MCT 
challenge (60 mg/kg) was then determined. AAV6-hTCF7 
rats displayed significantly higher right ventricular sys-
tolic pressure (Fig. 6B), mean pulmonary arterial pressure 
(Fig. 6C), and Fulton index (Fig. 6D) compared to AAV6-
Control treated rats 3 weeks after MCT administration. 
Additionally, TCF7 facilitated pulmonary arterial remod-
eling, resulting in thickening of the pulmonary artery 
medial layer (Fig.  6E, F) and more abundant deposition 
of collagen around the vessels (Fig.  6G, H), and more 
severe pulmonary vascular muscularization evidenced 
by a higher proportion of fully-muscularized vessels 
(Fig. 6I, J) compared to AAV6-Control rats at week 3 post 
MCT induction. Moreover, there was a higher propor-
tion of HSP90+ NK cells in lungs from MCT-treated PH 
rats receiving AAV6-hTCF7 compared to that of AAV6-
Control recipients after MCT administration (Fig. 6K, L). 
There were also increased expression of SPP1 and TCF7 
at protein level in lungs from rats receiving AAV6-hTCF7 
compared to that of AAV6-Control recipients after MCT 
administration (Fig. 6M, N, O).

TCF7 overexpression aggregates vascular remodeling 
in hypoxia‑PH model
AAV6-hTCF7 rats displayed significantly higher right 
ventricular systolic pressure (Figure S9 A), mean pul-
monary arterial pressure (Figure S9B), and Fulton index 
(Figure S9 C) compared to AAV6-Control treated rats 3 
weeks after hypoxia exposure. Similarly, TCF7 also exac-
erbated pulmonary vascular remodeling, as manifested 
by thicker pulmonary artery medial layer (Figure S9D, 
E) and more abundant deposition of collagen (Figure S9 

(See figure on next page.)
Fig. 3  The association of TCF7 and stress response in NK cells. A Stress score of lung NK cells from controls or PAH patients (n=3 each). B Stress 
score of each human NK cell subtypes in lung tissues. C Top 10 stress related genes differentiating low- and high-stress NK cells; red represents 
high expression while blue represents low expression. D Stress score of TCF7-deficient or TCF7-expressing NK cells. E Lung TCF7 expression level 
from controls or PAH patients (n=3 each). F TCF7 expression level of four NK cell subclusters from controls or PAH patients. Blue indicates elevated 
expression levels, and gray indicates reduced or absent expression. G Stress score of lung NK cells from control or MCT-PH rats (n=6 each). H 
Stress score of each rat NK cell subtypes in lung tissues. I Stress score of Tcf7-deficient or Tcf7-expressing NK cells. J Lung Tcf7 transcriptional levels 
from control group and MCT-PH group. K Lung Tcf7 protein levels from control group and MCT-PH group. L Lung Tcf7 expression level of three NK 
cell subclusters from control or MCT-PH rats. Data represent mean ± SEM. * P < 0.05 compared to corresponding controls, as analyzed by unpaired t 
test or Mann-Whitney test as appropriate. Kruskal-Wallis was performed for the comparison among three groups or above
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Fig. 3  (See legend on previous page.)
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F, G), and higher proportion of fully-muscularized ves-
sels (Figure S9H, I) compared to AAV6-Control recipi-
ents at week 3 post hypoxia challenge. Additionally, a 
higher proportion of HSP90+ NK cells was also observed 
in lungs from hypoxia-induced PH rats receiving AAV6-
hTCF7 administration (Figure S9 J, K). Rats receiving 
AAV6-hTCF7 displayed higher protein levels of SPP1 and 
TCF7 in lungs compared to that of AAV6-Control recipi-
ents after hypoxia exposure (Figure S9L, M, N).

TCF7 deficiency ameliorates vascular remodeling in murine 
PH model induced by hypoxia
The experimental design is illustrated in Fig.  7A. After 
intraperitoneal injection of tamoxifen, a robust decrease 
in Tcf7 expression was observed in lungs from Tcf7 knock 
out mice in Figure S10. Tcf7KO mice had improved hemo-
dynamic compromise and right ventricular hypertrophy 
evidenced by lower RVSP and Fulton index compared 
to those in Tcf7WT mice at day 28 post-hypoxia (Fig. 7B, 
C). In contrast to the overexpression experiment, TCF7 
knockout ameliorated pulmonary artery remodeling 
under hypoxic conditions, resulting in the thinning of the 
medial layer (Fig. 7D, E) and reduced perivascular colla-
gen deposition (Fig. 7F, G), as well as less proportion of 
fully muscularized vessels (Fig. 7H, I). Additionally, TCF7 
knockout resulted in a decreased proportion of NK cells 
expressing HSP90 (Fig.  7J, K). TCF7 knockout resulted 
in decreased SPP1 and TCF7 expression at protein lev-
els in mouse lung tissues (Fig. 7L, M, N). All the findings 
implicate that TCF7 deficiency might contribute to a less 
stress levels of NK cells and less SPP1 protein levels at the 
microenvironment in PH.

Discussion
In this study, we advanced the comprehensive under-
standing of the complexities of NK cells and their 
crosstalk with PASMCs. By combining single-cell RNA 
sequencing data from both human PAH and MCT-
induced PH model with functional assessments, we have 

provided evidence that suggests altered behavior of NK 
cells in the context of PH in both humans and rodents. 
This alteration in cellular behavior may be attributable to 
the differential expression patterns of TCF7. Overexpres-
sion of TCF7 exacerbated key features of PH, including 
vascular remodeling and right ventricular hypertrophy 
in MCT-induced PH model. Conversely, TCF7-deficient 
mice exhibited improved pulmonary hemodynam-
ics and vascular pathology after hypoxia exposure. This 
improvement may be attributable to the altered behavior 
of stressed NK cells, particularly through their secretion 
of SPP1, which appears to regulate the proliferation and 
migration of PASMCs. Our findings provide compelling 
evidence that TCF7 contributes to PH pathogenesis and 
suggest that it may serve as a therapeutic target for the 
disease.

Among the various components of innate immunity, 
the roles of macrophages have been widely explored; 
however, the understanding of NK cell function in rela-
tion to PH remains limited. The phenotype of NK cells 
characterized by reduced cytotoxicity in PH was depicted 
in our results. In line with our study, the cytotoxic-
ity of NK cells has been found to be downregulated in 
patients with PAH [8]. By contrast, there was an increase 
in the stress score in PH NK cells compared to that of 
the control group, supporting a state of heightened 
stress response. The abnormal NK cell stress response 
has been previously reported in cancers. In the hostile 
tumor microenvironment, elevated levels of reactive oxy-
gen species (ROS) impair the function of NK cells. ROS 
are associated with cellular stress responses, primarily 
through the inhibition of the transcription factor NRF2, 
thereby heightening the stress responses in cells and con-
sequently damaging their function. Targeted activation 
of NRF2 has the potential to reverse the enhanced cel-
lular stress responses caused by increased ROS, thereby 
restoring the functionality of NK cells [26]. Our findings 
implicate that NK cells in PH may face similar functional 
shifts impacting their cytotoxic capabilities.

Fig. 4  TCF7 might act as a moderator of NK cells responded to stress. A The expression of stress-related genes of lung NK cells from PAH 
patients or controls. Circle sizes represent the proportions of cells expressing genes of interest and filled colors from light gray to blue represent 
normalized expression levels from low to high. B The expression of stress-related genes of human lung TCF7- or TCF7+ NK cells. C Representative 
histogram of flow cytometry showing Tcf7 expression of isolated spleen NK cells from Tcf7WT or Tcf7KO mice. D Proportion of Tcf7+ NK cells 
among all NK cells from Tcf7WT or Tcf7KO mice (n=6 for each group). E The in vitro experimental schematic for gene validation in isolated splenic 
NK cells from Tcf7WT or Tcf7KO mice. F Hsp90aa1 mRNA expression in isolated spleen NK cells from Tcf7WT or Tcf7KO mice after hypoxia exposure 
or under normoxic condition for 24 h (n=3 mice/group for one experiment, repeat 3 experiments). G Hsp90ab1 mRNA expression in isolated spleen 
NK cells from Tcf7WT or Tcf7KO mice after hypoxia exposure or under normoxic condition for 24 h (n=3 mice/group for one experiment, repeat 3 
experiments). H Proportion of Hsp90+ NK cells among all NK cells from Tcf7WT or Tcf7KO mice after hypoxia exposure or under normoxic condition 
for 24 h (n=4/group for one experiment, repeat 2 experiments). I Quantification of Hsp90 expression in lung NK cells from Tcf7WT or Tcf7KO mice 
at day 28 after hypoxia challenge or in ambient air (n=4 for each group). Data represent mean ± SEM. * P < 0.05, *** P < 0.001, **** P < 0.0001 
compared to corresponding controls, as analyzed by as analyzed by One-way ANOVA

(See figure on next page.)
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TCF7, a transcription factor well-known for its role 
in T cell differentiation. In breast cancer, TCF7 expres-
sion is principally observed in undifferentiated T 
cells and is associated with T cell expansion [27]. In 

cholangiocarcinoma, TCF7 primarily contributes to 
resistance against the chemotherapeutic agent gemcit-
abine by upregulating SOX9 expression in cancer cells 
[28]. In addition, TCF7 appears to extend its regulatory 

Fig. 4  (See legend on previous page.)
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Fig. 5  TCF7 promotes proliferation and migration of PASMCs via upregulating secretion of SPP1 by NK cells. A The crosstalk between NK 
cells and SMCs in lung tissues of human samples from dataset GSE228644. B The ligand-receptor pairs in TCF7-deficient NK cells/SMCs 
and TCF7-expressing NK cells/SMCs. Communication probability refers to the likelihood of specific ligand-receptor interactions occurring 
between cell types. Red dots represent higher communication probabilities (stronger interactions); blue dots represent lower probabilities 
(weaker interactions). C SPP1 and TCF7 protein expression in LV-TCF7 or LV-Control infected NK92 cells after 48 h hypoxia exposure (n=3/
group for one experiment, repeat 2 experiments). D The cell viability of hPASMCs after treatment with conditioned medium (CM) from NK92 
cells infected with either LV-TCF7 or LV-Control along with 48 h hypoxia exposure (n=6/group for one experiment, repeat 4 experiments). E 
The representative images and quantification of the cell proliferation ability of hPASMCs after treatment with CM from NK92 cells infected 
with either LV-TCF7 or LV-Control along with 48 h hypoxia exposure (n=3/group for one experiment, repeat 3 experiments). F The representative 
images and quantification of relative migration rate of hPASMCs after treatment with CM from NK92 cells infected with either LV-TCF7 or LV-Control 
along with 48 h hypoxia exposure (n=3/group for one experiment, repeat 3 experiments). Data represent mean ± SEM. ** P < 0.01, *** P < 0.001, 
**** P < 0.0001 compared to corresponding controls, as analyzed by unpaired t test. LV-TCF7: Lentivirus carrying TCF7 gene sequence. LV-Con: 
Lentivirus carrying empty vector

Fig. 6  TCF7 overexpression aggravates vascular remodeling in MCT-PH rat model. A An overview of the experimental design. B RVSP (n1=6, 
n2=6, n3=8, n4=9); (C) mPAP (n1=6, n2=6, n3=7, n4=6) and (D) Fulton index (n1=6, n2=6, n3=9, n4=11) from AAV6-hTCF7 treated or AAV6-Control 
rats at day 21 after MCT administration (60 mg/kg) or saline injection. E Representative images of EVG staining and (F) quantification of media 
thickness from AAV6-hTCF7 or AAV6-Control recipients at day 21 after MCT or saline injection (n1=6, n2=6, n3=9, n4=11); scale bar: 50 μm. G 
Representative image of Masson staining and (H) quantification of collagen abundance from AAV6-hTCF7 or AAV6-Control recipients at day 21 
after MCT or saline injection (n1=5, n2=5, n3=9, n4=11); scale bar: 50 μm. I Representative images of double immunofluorescent staining and (J) 
quantification of α-SMA (for smooth muscle cells) and vWF (for endothelial cells) in lung tissues from AAV6-hTCF7 or AAV6-Control recipients at day 
21 after MCT or saline injection (n1=6, n2=6, n3=10, n4=12); scale bar: 50 μm. K Representative images of multiplex immunofluorescent staining 
assays and (L) quantification of the proportion of Hsp90+NK cells among all NK cells in lung tissues from AAV6-hTCF7 or AAV6-Control recipients 
at day 21 after MCT or saline injection (n1=5, n2=5, n3=5, n4=5); scale bar: 20 μm. M Representative images of western blot and (N, O) quantification 
of the protein level of TCF7 and SPP1 in lung tissues from AAV6-hTCF7 or AAV6-Control recipients at day 21 after MCT injection (n3=5, n4=5). Data 
represent mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to indicated group, as analyzed by One-way ANOVA or unpaired t test. n1, n2, 
n3 and n4 denotes the number of rats in group Con-AAV6-Ctrl, Con-AAV6-hTCF7, MCT-AAV6-Ctrl and MCT-AAV6-hTCF7, respectively

(See figure on next page.)
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capabilities to innate immune cells [14]. It was reported 
TCF7 could induce the production of amphiregulin 
(AREG) by NK cells, which is crucial for the maintenance 

of NK cell homeostasis and is predominantly suppressed 
in HIV-1-infected individuals, leading to impaired NK 
cell function [29]. However, the role of TCF7 in PH has 

Fig. 6  (See legend on previous page.)
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not been thoroughly investigated, especially regarding 
its potential regulation of vascular remodeling in PH 
through the modulation of responses in NK cells; to date, 
no studies have addressed this issue.

Remarkably, the NK cell with high stress score (NK1 
and NK2 subsets) showed an increase of TCF7 expres-
sion, which seems to be at the heart of NK cell-related 
responses in PH. In our study, TCF7+ NK cells exhibited 
higher stress scores may reflect the adaptation of NK 
cells from compromised cytotoxic function to activation 
of stress response in the pulmonary vascular microenvi-
ronment in the context of PH. This relationship might be 
mechanistically explained by the modulation of stress-
responsive pathways, including MAPK, JAK signaling 
and WNT signaling [30–32].

Furthermore, we have provided novel insights into 
the potential molecular mechanisms by which TCF7 
drives NK cell responses associated with PH. It was 
surprisingly observed that TCF7-expressing NK cells 
expressed abundant stress-related genes compared to 
TCF-deficient NK cells, which may pertain to a TCF7-
dependent stress response in NK cells. HSP90 is a 
marker gene that responds to cellular stress conditions 
[33]. Our experimental results confirmed that TCF7 
can regulate the stress levels of NK cells through the 
expression levels of HSP90. SPP1 encodes secreted pro-
tein (also known as osteopontin (OPN)) that can bind 
to receptors on various cell surfaces and exert its effects 
[34]. There are primarily four biological functions 
of SPP1. First, SPP1 is a protein that is very impor-
tant in bone formation and remodeling [35]. It affects 
the adhesion, migration, and survival of osteoblasts 
and promotes bone mineralization [36]. Second, SPP1 
affects cellular processes such as migration, survival, 
proliferation, and differentiation by binding to integrin 
receptors on cell surfaces [37]. Third, in the immune 
system, SPP1 regulates the function of various immune 
cells, such as T cells and macrophages, participating in 

inflammatory responses [38]. Lastly, the expression of 
SPP1 is associated with the aggressiveness and meta-
static ability of certain cancers [39, 40]. It may pro-
mote tumor progression by influencing the interaction 
between tumor cells and the surrounding matrix, as 
well as the cellular signaling within the tumor micro-
environment [41]. Macrophages derived SPP1 can bind 
to integrin receptors on smooth muscle cells, driving 
their proliferation [42, 43]. Lines of evidence show that 
SPP1 upregulation also enhances the proliferative and 
migratory activity of PASMCs, thereby accelerating PH 
pathogenesis [44, 45]. Similarly, SPP1 is also upregu-
lated in lung cancer, promoting the proliferation and 
migration of tumor cells [46]. These findings highlight 
the central role of SPP1 dysregulation in the progres-
sion of diverse pulmonary disorders. Furthermore, our 
research has confirmed that TCF7 can promote the 
secretion of SPP1 from NK cells, which in turn further 
promotes the proliferation and migration of PASMCs. 
This indicates the specific mechanism by which TCF7 is 
involved in vascular remodeling, and the development 
of drugs targeting TCF7 may be key in treating pulmo-
nary arterial hypertension.

This study has several limitations. First, we didn’t 
examine the effect of NK cell-specific deletion of 
TCF7 on vascular remodeling. At this point, we can-
not exclude the possibility that effects of TCF7 on other 
cells in response to stress differentially or synergisti-
cally affect PH in a systemic knockout. Secondly, we 
didn’t provide the direct evidence on how TCF7 regu-
lates the release of SPP1. Future studies are warranted 
to further elucidate the pathways by which TCF7 influ-
ences NK cell activity and how this relates to PH pro-
gression. Finally, TCF7, as a transcription factor, plays 
an important biological role, and therapeutic strategies 
targeting TCF7 may have off-target effects, underscor-
ing the need for the safety assessments in future pre-
clinical experiments and clinical trials.

(See figure on next page.)
Fig. 7  Tcf7 knockout alleviates vascular remodeling in hypoxia-induced PH mouse model. A An overview of the experimental design. B RVSP (n1=7, 
n2=5, n3=7, n4=9) and (C) Fulton index (n1=8, n2=9, n3=7, n4=7) from Tcf7WT or Tcf7KO mice at day 28 after hypoxia or normoxia. D Representative 
images of EVG staining and (E) quantification of media thickness from Tcf7WT or Tcf7KO mice at day 28 after hypoxia or normoxia (n1=7, n2=7, n3=9, 
n4=9); scale bar: 50 μm. F Representative image of Masson staining and (G) quantification of collagen abundance from Tcf7WT or Tcf7KO mice at day 
28 after hypoxia or normoxia (n1=7, n2=7, n3=9, n4=9); scale bar: 50 μm. H Representative images of double immunofluorescent staining and (I) 
quantification of α-SMA (for smooth muscle cells) and vWF (for endothelial cells) in lung tissues from Tcf7WT or Tcf7KO mice at day 28 after hypoxia 
or normoxia (n1=7, n2=7, n3=9, n4=9); scale bar: 50 μm. J Representative images of multiplex immunofluorescent staining assays and (K) 
quantification of the proportion of Hsp90+NK cells among all NK cells in lung tissues from Tcf7WT or Tcf7KO mice at day 28 after hypoxia or normoxia 
(n1=5, n2=5, n3=5, n4=5); scale bar: 20 μm. L Representative images of western blot and (M, N) quantification of the protein level of TCF7 and SPP1 
in lung tissues from Tcf7WT or Tcf7KO mice at day 28 after hypoxia (n3=5, n4=5). Data represent mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, **** 
P < 0.0001 compared to indicated group, as analyzed by One-way ANOVA or unpaired t test. n1, n2, n3 and n4 denotes the number of mice in group 
Nor-Tcf7WT, Nor-Tcf7KO, Hx-Tcf7WT and Hx-Tcf7KO, respectively
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Fig. 7  (See legend on previous page.)
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In conclusion, TCF7 emerges as a critical element 
influencing NK cell behavior and vascular remodeling 
in PH. Understanding these relationships paves the 
road for novel therapeutic modalities aimed at the ame-
lioration of PH via the orchestration of immune cell 
function.
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