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ABSTRACT

Elucidating the regulatory mechanisms underlying adaptation to high-altitude hypoxia remains a central

challenge in genetics. Yaks are exquisitely adapted to the plateau ecosystem, where the lung plays a pivotal

role in gas exchange and blood oxygen homeostasis. To explore the cellular composition and molecular

regulatory networks of the lung under hypoxic conditions, we constructed a single-cell transcriptomic atlas

of the lungs of yak, dzho and cattle. We identified 51 cell subtypes, including 13 novel subtypes

predominantly enriched in T&NK cells. Through integration of interspecies differential analysis, pseudotime

analysis, and SCENIC analyses, we identified a unique CD4 ATF7IP* subtype that is markedly enriched in

yaks. This subtype exhibits a stepwise increase in abundance across cattle, dzhos and yaks, establishing it as

a hallmark subtype associated with high-altitude adaptation in yak. Subsequent intercellular communication

analysis revealed that the CD4 ATF7IP* subtype displayed the strongest ligand—receptor interactions with

the pulmonary gCap endothelial subtype. We further demonstrate that GPI/AMF secreted by the CD4

ATF7IP* subtype likely interacts with its receptor gp78/AMFR. This AMFR-mediated signaling pathway

appears to depend on PI3K phosphorylation to drive AKT activation, which helps suppress ROS

accumulation while maintaining pulmonary gCap viability and survival during hypoxia. Furthermore,

treatment with recombinant GPI/AMF protein under hypoxic conditions reproduced these protective effects

and partially substituted for CD4 ATF7IP* co-culture. In conclusion, this study reveals a previously

unrecognized pulmonary immune-endothelial axis that supports gCap cell stress resistance under hypoxia,

providing potential molecular targets for the conservation of yak germplasm and selective breeding programs.

Keywords: Hypoxia adaptation; Yak; Lung; scRNA-seq; cell—cell interaction.
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INTRODUCTION

For centuries, elucidating the molecular mechanisms underlying adaptation to high-altitude hypoxic

environments has been a crucial scientific issue in the fields of evolution and genetics. The yak (Bos

grunniens), an indispensable livestock species capable of surviving in high-altitude areas, exhibits

remarkable adaptation to the harsh plateau environment characterised by cold, hypoxia, high altitude and

intense ultraviolet radiation (Qiu et al., 2012). It is widely distributed across the high-altitude plateau and

has unique mechanisms and pathways for adapting to hypoxic conditions at high altitudes. The dzho (also

known as dzo) (Bos grunniensxBos taurus), an interspecific F1 hybrid between female yak and male

domestic cattle (Bos taurus) (Long et al., 2020), is similarly adapted to harsh ecological conditions. As an

F1 hybrid between yaks and cattle, dzhos offer a unique, multi-dimensional research window for exploring

the hybrid-associated intermediate molecular or cellular phenotypes and regulatory mechanisms that are

associated with bovine adaptation to extreme environments. Elucidating the adaptive mechanisms of high-

altitude mammals not only deepens our understanding of evolutionary patterns in extreme environments but

also provides a theoretical basis for the prevention and treatment of hypoxia-related diseases.

As the lung is a primary target organ for studying high-altitude adaptability, this study focuses on the lung

to explore the adaptability of yak to high-altitude hypoxia environments. In addition to gas exchange,

mammalian lungs have functions such as maintaining organismal acid—base balance and blood reserve. They

also act as a crucial immune barrier (Hurskainen et al., 2021). After a long period of natural and artificial

selection, the lungs of yak and dzho have developed corresponding adaptive structures and physiological

regulation mechanisms to adapt to low—oxygen environments. Compared with other cattle breeds from the

plains, the physiological structure of the lungs of yak shows some adaptive changes (Wang et al., 2016),

such as an increased number of alveoli per unit area, increased alveolar area and enhanced richness of
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pulmonary vessels, thereby enhancing the efficiency of blood oxygen exchange. In addition, the hypoxic

environment of the highlands has promoted the vascular remodelling of the yak lungs, enhancing the

vasodilatory and contractile capacities of their blood vessels (Maron et al., 2014; Wang et al., 2014).

Previous studies on the yak lung have largely focused on its unique histological architecture and

morphological adaptations to high-altitude stress. While subsequent studies on DNA variants and key

functional genes have further revealed the genomic and phenotypic diversity of this organ (Gao et al., 2022),

a detailed characterization of the cellular heterogeneity and intercellular signaling networks within the yak

lung remains limited. Therefore, our study constructed a comprehensive single-cell transcriptome atlas of

the lungs of yak, dzho and cattle. We observed that the high-altitude hypoxic environment profoundly

reshapes the cellular landscape of the yak lung, particularly within T&NK immune cells. Given the shared

evolutionary ancestry of endothelial and immune lineages, their intimate crosstalk is fundamental to tissue

homeostasis. Notably, we identified a robust interaction between a specific CD4 ATF7IP* subtype and the

gCap capillary endothelial subtype. The gCap subtype, primarily localized to thicker alveolar septa, is

recognized as a critical functional population essential for vascular homeostasis. It is closely associated with

inflammatory responses and vascular remodeling, exhibiting a rapid proliferative capacity to repair injury.

Based on these findings, we hypothesized that this immune-endothelial crosstalk serves as a regulatory hub,

where adaptive immune signals modulate vascular remodeling to enhance oxygen transport efficiency.

Subsequent functional experiments validated this regulatory potential, revealing a novel mechanism by

which the CD4 ATF7IP* subtype modulates the gCap subtype, thereby enhancing gCap viability and survival,

suppressing ROS accumulation, and potentially contributing to sustained vascular stability and angiogenesis

under hypoxia. By linking immune regulation to vascular homeostasis, we propose immune—endothelial axis

as a key driver potentially contributing to hypoxic adaptation in the yak lung. This study provides a
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81  comprehensive overview of the molecular characteristics of the yak lung and offers a valuable resource for

82  the conservation of yak germplasm and the advancement of selective breeding programs.

83 MATERIALS AND METHODS

84 Collection of lung tissues from yak, dzho and cattle

85 The yaks and dzhos collected for the experiment were located in Hongyuan County, Aba Tibetan and

86 Qiang Autonomous Prefecture, Sichuan Province, which is situated at latitude N31°51'-33°19" and

87  longitude E101°51'-103°23", with an average elevation of 3600 m. The entire lungs of the yaks/dzhos were

88  quickly removed after they had completed the slaughtering procedure. Following aseptic procedures, for

89  cach individual, lung tissue samples of 1 cm? in size were precisely collected using surgical scissors from 6

90 sampling points on both sides of the lung lobes (i.e. left anterior, left middle, left posterior, right anterior,

91  right middle and right posterior lobes), located 5 cm from the lung apex (Supplemental Figure S1A),

92  avoiding bronchial tubes and blood vessels as much as possible. A total of 3 yak samples (n=3) and 3 dzho

93  samples (n=3) were collected, all aged between 3 and 4 years, and all were male. The same method was used

94  to collect lung tissue samples from 3 cattle (n=3), aged between 3 and 4 years old, all male, from Tashui

95 Town, Anzhou District, Mianyang City, Sichuan Province, which is located at latitude N31°23'-31°47" and

96 longitude E104°05'-104°38", with an average elevation of 570 m. For each animal, lung tissue samples

97  collected from 6 different sites were pooled for subsequent single-cell transcriptomic analysis.

98  Preparation of lung tissue for single-cell RNA sequencing

99 The steps for processing lung samples for single-cell transcriptome experiments followed strict aseptic
100  and standardized operating procedures. Freshly obtained lung tissues were rinsed in pre-cooled (4 °C) PBS
101  without calcium and magnesium in a sterile Petri dish to remove blood, and sterile dust-free paper was used

102  to remove moisture from the tissue surface. Immediately, each piece of lung tissue was transferred separately
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103 to a freezing tube containing cell freezing medium (90% FBS and 10% DMSO) and thoroughly resuspended.
104  Subsequently, the cryovials containing the Iung tissues were transferred to a gradient cooling box filled with
105  isopropanol. The gradient cooling box was completely buried in dry ice for 12 h, after which the cryovials
106  were transferred to a —80 °C ultra-low temperature freezer for short-term storage.

107 All samples collected in this study were formally approved by the Animal Ethics Committee of Southwest
108  Minzu University (No. SMU-202501235), and all samples originated from government-approved abattoirs
109  and complied with relevant ethical and regulatory requirements.

110  Isolation of single cells from lung tissue

111 Lung tissues in cryovials were thawed in a 37 °C water bath and washed 3 times in RPMI 1640 medium.
112 The lung tissues were finely minced into approximately 0.5 mm? fragments using sterile surgical scissors in
113  RPMI 1640 medium. These fragments were digested at 37 °C for 30 min in 1 mg/mL Type I collagenase
114  (MCE, #HY-E70005A), followed by 10 min of digestion at 37 °C in 0.25% trypsin-EDTA (Gibco,
115 #25200056). Lastly, 10% foetal bovine serum (Gibco, #A5256701) was added to stop digestion. Lung tissue
116  suspensions were filtered through a 40 um cell strainer (Corning, #352340), and erythrocytes were removed
117  with red blood cell lysis buffer (Invitrogen, #00-4333-57). Lung cells were resuspended in DPBS containing
118 2% foetal bovine serum, and the cell suspension was counted and stored for subsequent experiments.

119  Single-cell mRNA sequencing

120 The dead cells were removed from the cell suspension with the Dead Cell Removal Kit (Milteny Biotec,
121 #130-090-101), and the single-cell transcriptome sequencing libraries were constructed using Chromium
122 Single Cell 3' Reagent Kits (V3; 10xGenomics). In brief, the whole library construction process was divided

123 into 3 steps: GEM Generation & Barcoding, Post GEM-RT Cleanup & cDNA Amplification and 3' Gene
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124  Expression Library Construction. Finally, all libraries were subjected to quality control (Fragment Analyzer
125 2100, Agilent Technologies) and sequencing (Platform: Illumina NovaSeq 6000).

126  Data processing and downstream analysis

127 Transcripts were mapped to the corresponding reference genome using the 10xGenomics CellRanger
128  software (version 3.1.0). For cattle and yaks, the ARS-UCD?2.0 (cattle) and BosGru3.1 (yak) assemblies
129  were utilized, respectively. Given the absence of a specific reference genome for the dzho (an F1 hybrid),
130  its transcripts were mapped to the cattle reference genome (ARS-UCD?2.0), which offers superior annotation
131  and facilitates interspecies comparisons.

132 Read count matrices for each sample were generated by CellRanger counts, and the count data were
133  imported into the Seurat R package (version 4.1.3) for QC of each library with the following QC criteria:
134 nCount RNA>=1000, nFeature RNA>=200, log10GenesPerUMI>0.7 and mitochondrial content=<15%.
135  DoubletFinder was used to remove doublets for downstream analysis.

136 To eliminate batch effects in scRNA-seq data, we performed mutual nearest neighbours (MNNs).
137  Principal component analysis (PCA) was used for the dimensionality reduction algorithm, and shared nearest
138  neighbour (SNN) was used for the clustering algorithm. Visualization of the clustering results for individual
139  or grouped samples was performed using RunUMAP.

140  Cell type annotation

141 Cell populations were automatically annotated using the ‘SingleR’ package based on highly variable
142 marker genes. Subsequently, the cell clusters were manually annotated into different cell types based on the
143 results of the ‘SingleR’ annotation results, datasets from websites such as http://xteam.xbio.top/CellMarker/
144  and https://lungmap.net/, existing related literature and the biological functions of characteristic genes (the

145  marker genes used for cell annotation are listed in Supplemental Table S3). Different cell types annotated
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146  were displayed on a two-dimensional uniform manifold approximation and projection (UMAP) plot using

147  the ‘DimPlot’. Visualisation of representative genes in each cell type was achieved through functions like

148  ‘DotPlot and ‘VInPlot’ (Park and Jeoung, 2020). To statistically compare cell populations across species,

149  cell-type proportions were calculated independently for each biological replicate. Statistical differences in

150  these proportions across yak, dzho, and cattle were evaluated using a one-way analysis of variance (ANOVA)

151  based on the individual animals (n=3 per species).

152 GO, KEGG and GSVA analyses

153 Differentially expressed genes (DEGs) were identified using the FindAllMarkers function in the Seurat

154  package (Wilcoxon rank-sum test). For all single-cell differential expression analyses, statistical significance

155  was strictly determined using adjusted P values (false discovery rate, FDR) calculated via the Benjamini-

156  Hochberg procedure, with a significance threshold of FDR<0.05. To avoid pseudoreplication, subsequent

157  downstream evaluations, including pathway enrichment (GO and KEGG) and GSVA analyses, were

158  performed across individual animal replicates (n=3 per species). Gene Ontology (GO) and Kyoto

159  Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of DEGs were performed based on the

160  hypergeometric distribution test. Gene Set Variation Analysis (GSVA) converted the expression matrix into

161  pathway enrichment score matrices, and pathways with significant differences were analyzed using the

162  limma package.

163 SCENIC transcription factor identification and target gene enrichment analysis

164 Given that the function of cell types is maintained through the coordinated interactions of transcription

165  factors (TFs) and their corresponding target genes, to identify active TFs in different subtypes of the lungs

166  of yak, dzho and cattle, we conducted single-cell TF network inference analysis using pySCENIC, followed

167 by KEGG analyses of TFs enriched in yak in each subtype.
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168  Pseudotime analysis

169 Dynamic changes in the developmental processes of CD4* T cells and fibroblasts were constructed

170  respectively based on the Monocle2 package. The ‘plot cell trajectory’ function was employed to draw

171  pseudotime trajectory plots for different cell types, whereas the ‘plot pseudotime heatmap’ function was

172 used to generate heatmaps of highly variable genes.

173 Cell communication analysis

174 Using CellPhoneDB (version 2.0) to identify ligand—receptor pairs in scRNA-seq data based on default

175  parameters, we focused only on those receptors and corresponding ligands that were expressed in at least 10%

176  of the cell populations tested, which served as a valid threshold for inferring the presence of interactions

177  between different cell types. The complex network of ligand-receptor interactions and their intensity

178  differences among cell subtypes were visualised using ‘circlize’ and ‘ggplot2’.

179 PPI network construction

180 The Search Tool for the Retrieval of Interacting Genes (STRING) is an online tool that assesses protein—

181  protein interaction (PPI) network information. STRING (version 11.0) was used to evaluate the potential

182  PPI relationships among those DEGs.

183  Fluorescence RNA in situ hybridisation

184 To achieve in situ detection of specific targets within lung tissue, we fixed the collected lung tissue

185  samples with 4% paraformaldehyde and embedded them in paraffin to prepare 6 pm-thick sections.

186  Fluorescence in situ hybridisation to detect corresponding targets was performed according to the

187  ViewRNA™ Tissue Fluorescence Assay kit (Invitrogen, #QVT0700) instructions. In the experiment, probes

188  for multiple specific targets were hybridised at a dilution of 1:40 under 40 °C for 2 h. Label Probes (Alexa

189  Fluor™ 647, Alexa Fluor™ 546 and Alexa Fluor™ 488) were used at a dilution of 1:25. Finally, sections
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were counterstained with DAPI and mounted using ProLong Gold Antifade Mountant (Invitrogen, #P36930).
Fluorescence images were captured using a laser scanning confocal fluorescence microscope (ZEISS,
LSM900).

The following specific target probes were used in the study: FMO1 (Invitrogen, #VF6-4030788), GREM1
(Invitrogen, #VF1-4037770), C2 (Invitrogen, #VF6-4041029), COL1A2 (Invitrogen, #VF4-4028128),
ATF7IP (Invitrogen, #VF6-4034013-VC), GIMAP4 (Invitrogen, #VF6-4031593-VC), CD28 (Invitrogen,
#VF6-4027337-VT), CD4 (Invitrogen, #VF4-4028887-VC), RHOQ (Invitrogen, #VF6-4035408-VT),
ADGRGI1 (Invitrogen, #VF6-4031124-VT) and CD8A (Invitrogen, #VF1-4027346-VT). In addition, a
positive control probe GAPDH (Invitrogen, #VF1-11674) was used to validate the experimental system.
Immunohistochemistry

As previously described, 6 um-thick lung paraffin sections were prepared. We initially baked the sections
at 60 °C for 1 h, followed by xylene deparaffinisation and graded hydration (100%, 95%, 70% and 50%
ethanol). Antigen retrieval was then conducted through high-pressure heating in 10 mM pH 6.0 citrate—
citrate sodium buffer, endogenous peroxidase was inactivated with 3% H,0,, perforation was achieved with
0.1% Triton X-100 and blocking was performed at room temperature with 3% BSA in PBS. Subsequently,
sections were incubated overnight at 4 °C with primary antibodies specific to a range of target antigens,
followed by color development with horseradish peroxidase (HRP)-conjugated secondary antibodies,
haematoxylin re-staining, hydration (1% HCI in 75% ethanol), dehydration (95% and 100% ethanol) and
mounting with neutral balsam. Finally, images were captured using an automatic digital slide scanner
(KFBIO). Image-Pro Plus version 6.0 software was used to assess the area and density of the dyed region,

and the mean optical density (MOD) value of the IHC section.

10

@® & & Zoological Research



211 The following specific target antigens were used in the study: GREMI1 (rabbit, Abcam, #ab22138, 5
212 pg/mL), FMOLI (rabbit, Invitrogen, #PA5-54865, 1:350), C2 (rabbit, Invitrogen, #PA5-122183, 10 ug/mL),
213  GIMAP4 (rabbit, Bio-Techne, #NBP1-83777, 1:250), MCAF (rabbit, Bethyl, #IHC-00187-T, 1:100), CD28
214  (rabbit, Abcam, #ab203084, 1:200), RHOQ (rabbit, Invitrogen, #MAS5-37999, 1:100) and ADGRG]1 (rabbit,
215 Invitrogen, #720373, 2 pg/mL).

216 Western Blot

217 Lung tissues were homogenized in RIPA buffer (Sigma Aldrich, #R0278) and centrifuged at 13000%g for
218 5 min. Supernatants were collected and total protein levels were measured using BCA protein assay (Thermo
219  Scientific, #A65453). Proteins were separated by SDS-PAGE and transferred to polyvinylidene fluoride
220  membranes (Millipore, #IPVH00010). After overnight incubation with primary antibodies, bands were
221  washed three times with TPBS containing 0.05% Tween-20 and incubated with horseradish peroxidase
222 (HRP)-conjugated secondary antibody (goat anti-rabbit, Abcam, #ab6702, 1:5000) for 1 h at room
223  temperature. Signals were visualized with enhanced chemiluminescence (Bio-Rad, #1705060) and imaged
224  using an iBright CL1000 imaging system (Invitrogen, A32747) after an additional wash. Image-Pro Plus
225  version 6.0 software was used to assess the grayscale values of the bands.

226 The following specific primary antibodies were used in the study: NF-xB p65 (rabbit, Cell Signaling
227  Technology, #8242, 1:1000), Phospho-NF-kB p65 (Ser536) (rabbit, Cell Signaling Technology, #3033,
228 1:1000), Akt (rabbit, Cell Signaling Technology, #4691, 1:1000), Phospho-Akt (Ser473) (rabbit, Cell
229  Signaling Technology, #4060, 1:2000), FAK (rabbit, Cell Signaling Technology, #3285, 1:1000), Phospho-
230 FAK (Tyr397) (rabbit, Cell Signaling Technology, #3283, 1:1000) and B-Actin (rabbit, Cell Signaling

231  Technology, #8457, 1:1000).

11
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232 Quantitative reverse transcription PCR

233 Total RNA was extracted from lung tissues of yak dzho and cattle, and Nanodrop (Thermo, NanoDrop
234  One C) was used to detect the concentration and purity of total RNA. PrimeScript RT Reagent Kit with
235  gDNA Eraser (Takara, #RR047A) was used for cDNA synthesis. Quantification of target genes was
236  performed by real-time fluorescence quantitative PCR using TB Green Premix Ex Taq II (Takara, #RR820A),
237  with B-actin as an internal reference. The relative expression levels of the target genes in different samples
238  were calculated based on the 2-22Ct method. All statistical analyses of the data were carried out using
239  GraphPad Prism software version 9.5, and one-way ANOVA with Tukey’s multiple comparisons test was
240  used for analysis.

241 Fluorescence-activated cell sorting

242 Lung lobes were collected immediately after yak slaughter, rinsed with HBSS and immersed in Tissue
243  Storage Solution (Miltenyi Biotec, #130-100-008). The tissues were then trimmed, minced and dissociated
244  in gentleMACS™ C Tubes (Miltenyi Biotec, #130-093-237) using the gentleMACS™ Dissociator (program
245 m lung 01, then m_lung 02) with a lung dissociation kit enzyme mix (Miltenyi Biotec, #130-095-927). The
246  suspension was then filtered through 70 pm and 40 um strainers, RBC-lysed and counted to obtain single-
247  cell suspensions.

248 For CD4 ATF7IP*-enriched population sorting, because the core subtype marker ATF7IP is an
249  intracellular nuclear protein unsuitable for live-cell isolation, CD127 was selected as a surrogate surface
250  marker based on scRNA-seq analysis showing its highest specificity and expression enrichment in this
251  cluster. Cells were pre-enriched using a mouse CD4" T cell isolation kit (Biosharp, #BL1268B) according
252 tothe manufacturer’s instructions. 10°~107 cells were incubated with Zombie Violet™ (BioLegend, #423113,

253 1:1000/10° cells), washed with FACS buffer and stained on ice with an antibody panel: CD45" (clone

12
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254 30-F11, Proteintech, #PE-65087, 2.5 uL/10° cells), CD3" (clone 17A2, BioLegend, #100220, 1.25 uL/10°
255  cells), CD4" (clone GK1.5, Proteintech, #FITC-65104, 1 pL/10° cells) and CDI127" (clone A7R34,
256  Proteintech, #CL647-65093, 1 uL/10° cells). Cells were resuspended at 10° cells/500 uL for sorting.

257 For gCap-enriched population sorting, dissociated cells were plated on TC-treated dishes pre-coated with
258  0.1% gelatin. Differential adhesion was used to remove fibroblasts. Non-adherent cells were transferred to
259  gelatin-coated plates and cultured in ECM endothelial medium (ScienCell, #1001). After 48 h non-adherent
260  cells were discarded. When the cells reached 60—70% confluence, they were detached using TrypLE™
261  Express (Invitrogen, #12604013), prepared as single-cell suspensions and incubated with Zombie Violet.
262  They were then stained with the gCap panel: CD45 (clone 30-F11, Proteintech, #PE-65087, 2.5 uL/10°
263 cells), CD31" (clone 390, Proteintech, #FITC-65058, 1 uL/10° cells) and CD144* (clone BV13, Biolegend,
264  #138011, 0.3 uL/10° cells). The cells were then resuspended at a concentration of 10 cells/500 pL for sorting.
265  Activation of CD4 ATF7IP*-enriched population

266 Non-TC-treated 24-well plates were washed twice with HBSS, followed by the addition of anti-CD3
267  antibody (Biolegend, #100339, 3 ug/mL) and incubation at 37 °C for 2 h. After removing the unbound
268  antibody, wells were washed twice with HBSS and kept for subsequent use. The sorted CD4 ATF7IP*-
269  enriched population was then expanded in T-cell expansion medium: 87% RPMI 1640, 10% FBS, 100 U/mL
270  penicillin—streptomycin, 4 mM GlutaMAX™, 100 pg/mL mycoplasma removal reagent, 3 ug/mL anti-CD28
271  (Biolegend, #102115) and 10 ng/mL hIL-2 (MCE, #HY-P7037).

272 Immunofluorescence

273 The expanded CD4 ATF7IP*-enriched population was fixed in 4% PFA for 15 min, washed with PBS and
274  permeabilised for 10 min. Following PBST washing, cells were blocked with QuickBlock™ buffer

275  (Beyotime, #P0260) for 30 min, then incubated overnight at 4 °C with anti-ATF7IP primary antibody

13
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276  (Proteintech, #14699-1-AP; 1:500). After further PBST washes, cells were stained with goat anti-rabbit IgG
277  secondary antibody (Proteintech, #SA00013-2, 1:500) for 2 h at RT, stained with DAPI, washed again and
278  dropped onto adhesive slides. After air-drying in the dark, slides were mounted with ProLong Gold Antifade
279  Mountant and imaged under a laser scanning confocal fluorescence microscope.

280 The sorted gCap-enriched population was seeded onto round coverslips in 6-well plates and cultured for
281 48 h, then fixed with 4% PFA. Subsequent staining procedures were performed using anti-APJ antibody
282  (Proteintech, #20341-1-AP; 1:500) following the same protocol as above.

283  Establishment and validation of hypoxia model

284 To simulate chemical hypoxic conditions, sorted yak CD4 ATF7IP*-enriched and gCap-enriched
285  populations were treated with 200 pmol/L CoCl, (Sigma Aldrich, #15862-1ML-F) (Lin et al., 2015).
286  Chemical hypoxia induced by CoCl, was selected to establish a highly controllable system for sustained
287  HIF-1a stabilization while avoiding reoxygenation stress associated with frequent ambient oxygen exposure
288  during multi-step treatments. The expression levels of HIF-1a (rabbit, Cell Signaling Technology, #36169,
289 1:1000) in both cell types were assessed by RT-qPCR and Western blot to evaluate the efficiency of chemical
290  hypoxia induction. Detailed procedures for RT-qPCR and Western blot are described in Sections “Western
291  Blot” and “Quantitative reverse transcription PCR”.

292 Transwell co-culture of yak CD4 ATF7IP*-enriched and gCap-enriched populations

293 To investigate whether the CD4 ATF7IP-enriched population could alleviate hypoxia-induced
294  dysfunction in the gCap-enriched population, an indirect co-culture system was established using 6-well
295  Transwell inserts (pore size 0.4 um), which enabled non-contact co-culture between these two enriched
296  populations. The gCap-enriched population was seeded into the lower chamber of Transwell inserts at a

297  density of 2.5x103 cells/mL in ECM endothelial medium (2.6 mL per well). The CD4 ATF7IP*-enriched

14
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298  population was expanded for 48 h and then seeded into the upper chamber at a concentration of 5x10°
299  cells/mL (1.5 mL per insert) using T-cell basic medium: 87% RPMI 1640, 10% FBS, 100 U/mL penicillin—
300 streptomycin, 4 mM GlutaMAX™ and 100 pg/mL mycoplasma removal reagent. These specific seeding
301  densities and cell ratios were optimized through preliminary experiments to achieve an optimal monolayer
302  confluence for gCap cells while maintaining cell viability and robust paracrine signaling during co-culture.
303 DIA proteomic analysis

304 Based on the CCK-8 assay results, we identified 24 h as the optimal time point, at which cellular lysates
305  were collected for DIA-based cellular proteomic analysis. All proteomic experiments were performed with
306 three independent biological replicates per group (n=3). CD4 ATF7IP" proteomic groups included: (1) CD4
307 ATF7IP*-enriched population under normoxia: T NC P (normal condition); (2) CD4 ATF7IP*-enriched
308  population under hypoxia: T HC P (hypoxic condition); (3) CD4 ATF7IP*-enriched population co-cultured
309  with the gCap-enriched population under hypoxia: T HCC P (hypoxic co-culture). gCap proteomic groups
310  included: (1) gCap-enriched population under hypoxia: EC_ HC P (hypoxic condition); (2) gCap-enriched
311  population co-cultured with the CD4 ATF7IP*-enriched population under hypoxia: EC HCC P (hypoxic
312 co-culture).

313 Spectronaut 19 software was used for database searching and quantitative analysis. The reference database
314  was UniProt Bos mutus grunniens (Taxon ID: 30521). The main search parameters were as follows: peptide
315  length 7-52 aa; enzyme specificity trypsin/P; maximum missed cleavages 2; variable modifications included
316  oxidation (M) and acetylation (Protein N-term); fixed modification carbamidomethyl (C); Protein
317 FDR<=0.01; Peptide FDR<=0.01; Peptide Confidence>=99%; XIC width<=75 ppm. Protein quantification
318  was performed using the MaxLFQ algorithm, and raw protein intensity data were normalized using the

319  median normalization approach across samples. Differentially expressed proteins (DEPs) were identified
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320  using the t.test functionn in R with thresholds of P<0.05 and FC>1.2, and multiple testing corrections were
321  performed using the Benjamini-Hochberg method to control the false discovery rate (FDR<0.05). Functional
322  annotation and pathway enrichment analysis of DEPs were conducted using the GO and KEGG databases,
323  respectively.

324 Optimal concentration of GPI/AMF cytokine

325 The gCap-enriched population cultured under standard conditions was treated with recombinant
326 GPI/AMF protein (MCE, #HY-P71680) at concentrations of 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1 and 1.5 ug/mL for
327 24 h (Araki et al., 2009; Lin et al., 2015). Cell viability was assessed using the CCK-8 assay after treatment
328  to evaluate gCap activity. The optimal concentration of recombinant GPI/AMF for subsequent experiments
329  was determined based on the dose—response results.

330  Construction of recombinant adenoviral vector and transduction of the CD4 ATF7IP*-enriched
331 population

332 Recombinant adenoviruses harboring a short hairpin RNA (shRNA) targeting the GPI gene (ADV1-GPI-
333  Bos) and a negative control virus (ADV1-NC) were constructed by GenePharma (Shanghai, China). These
334  vectors feature a U6 promoter driving ShRNA expression and a CMV-driven GFP reporter. The specific
335 interference target sequence for GPI was 5’-CCCAGTGACTTCTCACGATTC-3’, whereas the negative
336  control sequence was 5’-TTCTCCGAACGTGTCACGT-3’. Briefly, the shRNA-encoding shuttle vector and
337  the E1/E3-deleted Ad5 backbone plasmid were co-transfected into 293A packaging cells using the RNAi-
338 Mate (GenePharma, #G04001) transfection reagent. The transfected cells were maintained until the
339  appearance of a visible cytopathic effect (CPE) and the formation of viral plaques, indicating successful viral

340  replication. Viral particles were released from the cells via three cycles of freezing and thawing, followed
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341 by purification using CsCl density gradient centrifugation to ensure high purity. The viral titer was
342  determined to be 1x108 PFU/mL via end-point dilution assay by monitoring CPE in 293A cells.

343 The CD4 ATF7IP*-enriched population was isolated and activated using anti-CD3 and anti-CD28
344  antibodies (as detailed in Section “Activation of CD4 ATF7IP*-enriched population”). At 12 h post-
345  activation, the cells were transduced with the recombinant adenovirus at a multiplicity of infection (MOI) of
346 100 PFU/cell in the presence of 5 ug/mL Polybrene to enhance infection efficiency. The cells were incubated
347  with the recombinant adenovirus for 24 h, followed by a wash step to remove free viral particles. At 48 h
348  post-transduction, the knockdown efficiency of GPI/AMF was validated by RT-qPCR (primer listed in
349  Supplemental Table S5; see Section “Quantitative reverse transcription PCR”). Prior to subsequent co-
350  culture assays, the transduced cells were washed three times with PBS to ensure the complete removal of
351  residual virus and prevent non-specific effects on the gCap-enriched population.

352 Secretion and functional validation of the GPI/AMF cytokine

353 Five experimental groups were established as follows: (1) gCap-enriched population treated with
354  recombinant GPI/AMEF protein under hypoxic conditions (Hyp + EC + AMF); (2) gCap-enriched population
355  under hypoxic conditions (Hyp + EC); (3) CD4 ATF7IP*-enriched population under hypoxic conditions
356 (Hyp + T); (4) gCap-enriched population co-cultured with the CD4 ATF7IP*-enriched population under
357  hypoxic conditions (Hyp + T/EC); (5) CD4 ATF7IP*-enriched population with adenoviral GPI interference
358  co-cultured with the gCap-enriched population under hypoxic conditions (Hyp + T/EC + Ad-shGPI). All
359  treatments across these groups were conducted for 24 h.

360 Groups (3) and (4) were compared to assess GPI/AMF expression under hypoxic and co-culture conditions.

361  GPI/AMF protein levels were measured in both the intracellular fraction and the culture supernatant of the
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362 CD4 ATF7IP*-enriched population using an ELISA kit (Finetest, #£EH3165). Meanwhile, intracellular
363 GPI/AMF mRNA levels were quantified by RT-qPCR.

364 To further evaluate the regulatory role of GPI/AMF in the gCap-enriched population, groups (1), (2), (4)
365 and (5) were compared. The cell viability of the gCap-enriched population was assessed using the CCK-8
366  assay, while oxidative stress levels were determined through ROS detection.

367 AMFR Receptor-Blocking Assay

368 To investigate whether the AMF cytokine exerts its protective effects via the AMFR/gp78 receptor, a
369  receptor-blocking assay was conducted. The gCap-enriched population was pre-incubated with a functional
370  neutralizing anti-AMFR antibody (clone 3F3A, Sigma-Aldrich, #MABC949) prior to AMF treatment (Nabi
371 et al, 1990). The subsequent impact of AMFR blockade on cell viability and ROS levels was evaluated
372  using CCK-8 and ROS detection assays, respectively, to determine the functional necessity of the AMF-
373  AMFR interaction for gCap hypoxic adaptation.

374 Statistical analysis

375 All values were expressed as mean + standard error (SEM). All in vitro functional assays were performed
376  using primary cells isolated from a single yak donor; thus, the reported “n=3" represents three independent
377  experimental replicates from this same primary-cell source, with each sample measured in technical
378  triplicates. Differences between groups were analyzed using one-way analysis of variance (ANOVA),
379  followed by post hoc Tukey’s multiple comparisons test, and the results were considered statistically
380  significant at P<0.05. Different uppercase and lowercase letters between groups indicate P<0.01 and P<0.05,

381  respectively.
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382 RESULTS

383 Construction of single-cell transcriptomic atlas of lung in yak, dzho and cattle

384 By constructing lung single-cell transcriptomes of yak, dzho and cattle via scRNA-seq, a total bovine lung
385  single-cell transcriptome encompassing 67,984 cells was generated after strict quality control (Figure 1A;
386  Supplemental Table S1). Clustering of cells based on the expression profiles yielded 17 cell clusters
387  (Supplemental Figure S1B), corresponding to six major cell types: T&NK cells (41.35%, CD3E), fibroblasts
388  (9.68%, PDGFRB), myeloid cells (20.42%, CLEC4A4), B&plasma cells (8.49%, CD79B), endothelial cells
3890  (13.14%, MYCT1I) and epithelial cells (6.92%, MUCI; Figure 1B; Supplemental Figure SID-F, H and I).
390  The identities of these cell types were confirmed by the expression of specific marker genes (Figure 1C;
391 Supplemental Figure S2). While the major cell types were conserved across species, their proportions varied
392  significantly (Supplemental Figure S1C, G and J). T&NK cells were the predominant cell type, exhibiting a
393  distinct descending trend in abundance from yak to dzho to cattle (Supplemental Table S2).

394 A total of 51 different cell subtypes were identified using known and newly defined marker genes
395  (Supplemental Table S3), containing 24 T&NK subtypes (including 10 newly identified subtypes), 8
396 fibroblast subtypes (including 3 newly identified subtypes), 5 endothelial subtypes, 4 myeloid subtypes, 4
397  B&Plasma subtypes and 6 epithelial subtypes, resulting in a complete single-cell transcriptomic atlas (Figure
398  2B) of the lungs of yak (Figure 2C), dzho (Figure 2D) and cattle (Figure 2E). Here, these newly identified
399  subtypes are defined as cell clusters with distinct marker expression signatures that have not been previously
400  described in published bovine or mammalian lung single-cell atlases. The bar graph (Figure 2A;
401 Supplemental Figure S3A) shows the differences in the proportion of cell numbers of all subtypes among

402  yak, dzho and cattle. Among the 24 identified T&NK cell subtypes, the cell numbers of 6 subtypes
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403  demonstrated differences (P<0.05) across the yak, dzho and cattle groups (Supplemental Figure S4;
404  Supplemental Table S4).

405 Cellular heterogeneity of T&NK, fibroblasts, myeloid, B&Plasma, endothelial and epithelial cells in
406 yak, dzho and cattle

407 T&NK cells: T&NK cells were clustered into 15 clusters (Supplemental Figure S5A), and based on their
408  expression profiles, we initially identified 6 cell subtypes (Supplemental Figure S5B), including CD4* T
409 cells, CD8" T cells, NK cells, NKT cells, ILCs and cycling T cells. Next, we further performed
410  dimensionality reduction and clustering on the CD4" T cell (Supplemental Figure S5C) and CD8" T cell
411  (Supplemental Figure S5E) subtypes, followed by cell annotation (Supplemental Figure S5D and F). In total,
412 we identified 24 T&NK cell subtypes with distinct expression profiles, including CD4 ATF7IP* (6.57%,
413  CAMK4), CD4 Exhausted (2.91%, CTLA4), CD4 Thl like (9.15%, PYGOI), CD4 GIMAP4* (3.94%,
414  GIMAP4),CD8 BCL2L11" (1.32%, RHOQ), CD8 KLRDI* (1.00%, KLRD1), CD8 Naive (11.69%, TRGC3),
415  and CD8 TRGC6* (2.38%, TRGC6; Figure 3A; Supplemental Table S3). The most representative marker
416  genes for each subtype, based on their expression levels, were overlaid on the UMAP plot (Supplemental
417  Figure S5G). A bubble plot (Supplemental Figure S6) displayed the top marker genes for all subtypes, and
418  a bar graph (Supplemental Figure S3B; Supplemental Figure SSH) showed the differences in cell number
419  proportions among yak, dzho and cattle for the 24 T&NK cell subtypes. Notably, the CD4 ATF7IP* subtype,
420  which represented the largest novel subtype, exhibited a marked reduction in abundance from yak to dzho
421  to cattle (Figure 3D; Supplemental Table S4).

422 Fibroblasts: Fibroblast were clustered into 10 clusters (Supplemental Figure S14A), from which we
423 identified 8 cell subtypes of fibroblasts with distinct expression profiles, namely, Fibromyo./SMCs (7.86%,

424  ADGRL3), Pericytes (4.33%, RGSS), Fib Coll3al* (20.03%, COL3A1), AdVF (8.95%, CHI3LI), Fib NOG*
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425  (23.96%, GREM1), Fib RYR2* (14.85%, RYR2), Fib C2* (13.78%, C2) and Fib S100G" (6.23%, S100G;
426  Supplemental Figure S13A; Supplemental Table S3). The Fibromyo./SMC cluster expresses a mixture of
427  fibroblasts, myofibroblasts and smooth muscle cells (Hurskainen et al., 2021), which correspond in part to
428  the fibromyocyte described by Travaglini et al. (Travaglini et al., 2020). Fib Coll3al* expresses additional
429  Coll3al fibroblast marker and multiple pan-fibroblast markers (Hurskainen et al., 2021). Fib S100G* highly
430  expresses S/00G and PI16 genes, and it functions similarly to adventitial stromal cells (Buechler et al., 2021).
431 Subtype identities were validated by the expression of specific marker genes (Supplemental Figure S14F,
432 Supplemental Figure S15). Among the three newly identified subtypes, Fib NOG* was predominantly found
433 in cattle, whereas Fib RYR2* and Fib C2* were markedly enriched in yak and dzho (Supplemental Figure
434  S3C; Supplemental Figure S13D; Supplemental Figure S14D; Supplemental Table S4).

435 Myeloid: Myeloid cells were clustered into 13 clusters (Supplemental Figure S21A), from which we
436  identified 4 subtypes of myeloid cells with unique expression profiles, namely, macrophages (63.78%,
437  CIQB), monocytes (17.45%, OSM), neutrophils (13.62%, CDA) and dendritic cells (5.14%, CLECY4;
438  Supplemental Figure S21B; Supplemental Table S3). These annotations were validated via the expression
439  of specific marker genes, and their relative abundances were quantified across yak, dzho, and cattle
440  (Supplemental Figure S21C, E). Neutrophils were almost entirely distributed in yak (Supplemental Figure
441  S21D,F).

442 B&Plasma cells: B&Plasma cell were clustered into 8 clusters (Supplemental Figure S23A), from which
443  we identified 4 subtypes of B&Plasma cells with distinct expression profiles, namely, mature B cells
444  (76.09%, RIN3), Immature B Cells (5.30%, LY6D), Plasma Cells (8.79%, TNFRSF17) and pro B cells

445  (9.82%, VPREB3; Supplemental Figure S23B; Supplemental Table S3). Following validation via marker
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446  gene expression (Supplemental Figure S23C, E), we observed that Mature B and Pro B cells were
447  predominantly enriched in yak and dzho (Supplemental Figure S23D, F).

448 Endothelial cells: Endothelial cells were clustered into 10 clusters (Supplemental Figure S25A), and we
449  identified 5 subtypes of endothelial cells with distinct expression profiles, namely, aCap (20.05%, EDNRB),
450  gCap (18.14%, CYPI1AI), artery (30.49%, NTRK?2), vein (9.31%, ACKRI) and lymph (22.01%, PROXI;
451 Supplemental Figure S25B; Supplemental Table S3). Subtype identities were validated by marker expression
452  (Supplemental Figure S25D, F). Based on the classification by Gillich et al. (Gillich et al., 2020), we resolved
453  capillary endothelial cells into two functional subtypes: aCap (specialized for gas exchange) and gCap
454  (functioning as progenitors in homeostasis and repair). In our study, the gCap subtype was preferentially
455  enriched in yak and dzho, while cattle lungs were dominated by the aCap subtype (Supplemental Figure
456  S25C, E; Supplemental Table S4).

457 Epithelial cells: Epithelial cells were clustered into 11 clusters (Supplemental Figure S27A), and we
458  identified 6 epithelial cell subtypes with distinct expression profiles, namely, AT1 (35.56%, AKAP2), AT2
459  (36.18%, HHIP), basal (6.00%, TP63), ciliated (6.89%, FAM81B), club (14.37%, FER1L6) and tuft (1.00%,
460  CA7; Supplemental Figure S27B; Supplemental Table S3). Subtype identities were validated by marker
461  expression (Supplemental Figure S27D, F). The cell numbers of all subtypes were higher in cattle but lower
462  in yak and dzho (Supplemental Figure S27C, E).

463  Identification and validation of newly species-specific subtypes in yak, dzho and cattle

464 This study identified 10 new T&NK subtypes and 3 new fibroblast subtypes in bovine species. Among
465  the 10 bovine-specific T&NK cell subtypes (marked in blue in Supplemental Table S4), the CD4 ATF7IP",
466  CD4 Thl like, CD8 BCL2L11" and CD8 TRGC6" subtypes were almost exclusively found in yak and dzho.

467  whereas the CD4 GIMAP4* subtype was predominantly found in cattle (Supplemental Table S4). Consistent
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468  with these cellular proportions, the expression profiles of their corresponding marker genes (ATF7IP for
469  CD4 ATF7IP*, GIMAP4 for CD4 GIMAP4*, RHOQ for CD8 BCL2L11*, ADGRGI for CD8 TRGC6", and
470  CD28 for CD4 Thl like) displayed matching species-specific divergence (Figure 3C). We experimentally
471  validated the existence and spatial distribution of these five representative subtypes at both RNA and protein
472 levels using fluorescence in situ hybridization (Figure 3E; Supplemental Figure S7A; Supplemental Figure
473  S8A; Supplemental Figure S9A; Supplemental Figure S10A; and Supplemental Figure S20E) and
474  immunohistochemistry (Figure 3F; Supplemental Figure S7B; Supplemental Figure S8B; Supplemental
475  Figure S9B; Supplemental Figure S10B; Supplemental Figure S20C and D). Furthermore, given the high
476  abundance of T&NK cells in lung tissue, tissue-level RT-qPCR analysis corroborated the scRNA-seq
477  findings (primers listed in Supplemental Table S5, top 10 marker genes listed in Supplemental Table S6).
478  The expression trends of representative marker genes were highly consistent with the bioinformatics data.
479  Specifically, markers for the CD4 ATF7IP*, CD4 Thl like, CD8 BCL2L11" and CD8 TRGC6™ subtypes were
480  upregulated in yak and dzho, in contrast to the CD4 GIMAP4" marker, which was enriched in cattle
481  (Supplemental Figure S5I).

482 Fib NOG*, Fib RYR2" and Fib C2* were 3 new fibroblast subtypes identified in bovine species in this
483  study (highlighted in green in Supplemental Table S4). Specifically, the Fib RYR2* and Fib C2* subtypes
484  were almost exclusively found in yak and dzho, in contrast to the Fib NOG* subtype, which was
485  predominantly observed in cattle (Supplemental Table S4). Consistent with the cellular abundance
486  differences, the expression profiles of representative marker genes (GREM1 for Fib NOG*, FMO| for Fib
487  RYR2*, and C2 for Fib C2%) displayed matching species-specific variations (Supplemental Figure S13C).
488  Subsequent experimental validation confirmed the existence and spatial distribution of these subtypes at both

489  RNA and protein levels using FISH (Supplemental Figure S13E; Supplemental Figure S16A; Supplemental
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490  Figure S17A; and Supplemental Figure S20E) and IHC (Supplemental Figure S13F; Supplemental Figure
491 S16B; Supplemental Figure S17B; Supplemental Figure S20C, D). Additionally, tissue-level RT-qPCR
492  analysis corroborated the scRNA-seq data (primers listed in Supplemental Table S5, top 10 marker genes
493  listed in Supplemental Table S6), demonstrating that markers for the Fib RYR2" and Fib C2* subtypes were
494  upregulated in yak and dzho, while the Fib NOG* marker showed an opposite trend (Supplemental Figure
495  S14C). Collectively, these findings not only validated the existence of the novel T&NK and fibroblast
496  subtypes at the gene and protein levels but also confirmed their quantitative trends among the yak, dzho and
497  cattle.

498  Specific expression patterns of differential subtypes in yak, dzho and cattle

499 To further investigate the alterations in the transcription profiles among yak, dzho and cattle, we
500 performed differential expression analysis at the cell subtype levels. Notably, given their abundance and
501  heterogeneity across species, the T&NK cell type was a major focus of our study.

502 T&NK cell subtypes: We selected the four T&NK subtypes almost exclusively found in yak and dzho
503 (CD4 ATF7IP*, CD8 BCL2LI11*, CD8 TRGC6* and CD4 Thl like) to investigate species-specific immune
504  features. Among them, the CD4 ATF7IP* subtype was the most abundant and exhibited the most pronounced
505 interspecies differences. GSVA enrichment analysis revealed that these subtypes were primarily enriched in
506  pathways related to the metabolism of essential amino acids, thiamine, and glutathione in yak and dzho
507  (Supplemental Figure S11A—C). We then performed a combined differential analysis of these four subtypes
508  against the remaining T&NK subtypes. Functional enrichment analysis revealed a robust pro-inflammatory
509  signature in these yak enriched subtypes. Specifically, both GO and KEGG enrichment analyses highlighted
510  the activation of critical immune signaling cascades, including the I-kappaB kinase/NF-kappaB, T cell

511  receptor (TCR) and C-type lectin receptor pathways, alongside enhanced cytokine production (interleukin-
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512 6 and IL-17 signaling) (Supplemental Figure S12A—-B; Supplemental Table S7). To experimentally validate
513  the activated signaling landscape, we first confirmed the upregulation of key pathway components. Both
514 RT-gqPCR and Western Blot analyses demonstrated that the expression of critical nodes within major
515  immune signaling cascades, including the NF-kappaB and TCR signaling pathways, followed a consistent
516  yak>dzho>cattle gradient (Supplemental Figure S12C; Supplemental Figure S20A, B; Supplemental Table
517  S7). Seeking to identify the central regulators driving these pathways, we constructed a PPI network based
518  onthe top 20 upregulated and downregulated genes. Network analysis highlighted CD4 and NKG?7 as central
519  hub nodes with opposing expression patterns (Figure 3B; Supplemental Figure S11D). Subsequent RT-qPCR
520  validation (for primers, see Supplemental Table S5) confirmed that CD4 was markedly upregulated in yak
521  (yak>dzho>cattle), whereas NKG7 was enriched in cattle (P<0.01; Supplemental Figure S5J). These findings
522  position CD4 and NKG7 as potential key mediators modulating multiple enhanced signaling cascades,
523  including NF-kappaB and TCR, that characterize the yak specific subtypes.

524 Fibroblast subtypes: Within the fibroblast population, the yak specific Fib RYR2* and Fib C2* subtypes
525  exhibited unique metabolic and signaling profiles. GSVA profiling revealed that these subtypes were
526  characterized by the enrichment of glycerophospholipid metabolism and peroxisome processes in yak and
527  dzho compared to cattle (Supplemental Figure S18). Functional analyses via GO and KEGG analyses linked
528  these yak specific subtypes to critical high-altitude adaptive mechanisms, specifically glucose homeostasis
529  and structural remodeling. Comparative analysis against other fibroblasts revealed a convergent enrichment
530  of pathways governing energy metabolism, including glucose metabolic process, insulin, cAMP and PI3K-
531 Akt signaling, as well as cell adhesion processes such as integrin binding and focal adhesion (Supplemental
532  Figure S19A—B; Supplemental Table S8). Experimental verification via RT-qPCR and Western Blot

533  confirmed the activation of these metabolic and adhesion pathways in yak and dzho (Supplemental Figure
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534  S19C; Supplemental Figure S20A, B; Supplemental Table S8). Subsequent PPI network analysis revealed
535  IGF2 and MYL9Y as the most connected hub genes (Supplemental Figure S13B; Supplemental Figure S14B).
536  Validation via RT-qPCR highlighted their distinct regulatory profiles (for primers, see Supplemental Table
537  S5), demonstrating that /GF2 was markedly upregulated in yak, whereas MYL9 was predominantly enriched
538 in cattle (P<0.01; Supplemental Figure S14E). Mechanistically, these hub genes are implicated in
539  modulating multiple signaling cascades, including the PI3K-Akt and focal adhesion signaling pathways.
540 Neutrophils subtype: As the only myeloid subtype preferentially enriched in yak, neutrophils were
541  prioritized for interspecies comparative analysis. GSV A results revealed that yak and dzho neutrophils were
542  characterized by active biosynthesis of essential amino acids and glutathione metabolism relative to cattle
543  (Supplemental Figure S22C). Functionally, GO and KEGG enrichment analyses highlighted a pronounced
544  pro-inflammatory state, characterized by the activation of critical immune signaling cascades, including the
545  NF-kappaB, TNF, IL-17, Chemokine, and C-type lectin receptor pathways, alongside enhanced
546  inflammatory responses (Supplemental Figure S22A—B).

547 Pro B subtype: Given its high abundance and preferential enrichment in yak, the Pro B subtype was
548  selected for detailed interspecies comparison. GSVA results showed that yaks and dzhos exhibited
549  heightened activity in amino acid metabolism, ECM—receptor interactions and RNA degradation pathways
550  compared to cattle (Supplemental Figure S24C). Furthermore, GO and KEGG enrichment analyses
551  uncovered a distinct regulatory network in yak that involved mRNA 3'-end processing and protein
552  autophosphorylation, coupled with the activation of critical signaling cascades including the B cell receptor,
553  C-type lectin receptor, IL-17 and glucagon signaling pathways (Supplemental Figure S24A—B).

554 gCap subtype: The gCap subtype was selected for interspecies comparison of endothelial cells, given

555 their pivotal status as a progenitor population possessing self-renewal and differentiation capacities essential
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556  for replenishing exhausted endothelial pools and orchestrating vascular remodeling and homeostasis. In the
557  interspecies comparison, yak and dzho gCap subtype displayed a unique profile of adaptive remodeling.
558  Comparative GSVA analyses identified a specific metabolic signature in yak and dzho, dominated by
559  glycerophospholipid and non-essential amino acid metabolism relative to cattle (Supplemental Figure S26C).
560  Furthermore, GO and KEGG enrichment analyses highlighted a distinct functional landscape of vascular
561  remodeling and structural integrity, featuring the PI3K/Akt pathway, growth factor receptor signaling
562  pathway, cell migration and reactive oxygen species metabolism alongside structural mechanisms including
563  cell adhesion and adherens junctions (Supplemental Figure S26A—B).

564 Species-specific TFs regulatory networks in the T&NK subtype

565 Transcription factors (TFs) serve as master regulators of gene expression and exhibit marked species
566  specificity. In our single-cell atlas, the T&NK cells constituted the most abundant population, characterized
567 by a marked predominance in yaks. Consequently, we applied single-cell regulatory network inference and
568  clustering (SCENIC) analysis to the four yak enriched subtypes, namely CD4 ATF7IP*, CD4 Th1 like, CDS8
569 BCL2LI1I" and CD8 TRGC6*, which collectively constitute the core immune populations in yak. Analysis
570  of the regulatory network uncovered a distinct regulatory landscape driven by key lineage-specific
571  transcription factors. Specifically, the CD4 ATF7IP" subtype was characterized by the high activity of Yy1,
572  Rel and Zbtb37 (Supplemental Figure S28A), while the CD4 Thl like subtype was dominated by Flil and
573  Zbtb37 (Supplemental Figure S29A). In parallel, the CD8 BCL2L11* subtype showed strong enrichment
574  for Bptf, Tbllxrl and Etv3 (Supplemental Figure S30A), whereas the CD8 TRGC6" subtype was primarily
575  regulated by Foxo3, Atf4 and Etv3 (Supplemental Figure S31A). Functionally, these identified master
576  regulators are pivotal in orchestrating inflammatory responses, immune activation and the maintenance of

577  cellular homeostasis under stress. Notably, the identification of Rel as a key NF-kappaB subunit and Foxo3
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578  asacritical stress-response regulator offers a mechanistic explanation for the enhanced inflammatory profile

579  and high-altitude adaptation observed in yak.

580 Further functional annotation of the target genes via KEGG analysis substantiated our findings,

581  confirming that these regulons are responsible for activating critical immune signaling cascades, including

582  the T cell receptor and C-type lectin receptor pathways (Supplemental Figure S28B; Supplemental Figure

583  S29B; Supplemental Figure S30B; Supplemental Figure S31B). In summary, these data reveal a

584  comprehensive transcriptional network orchestrating the immune response and homeostatic regulation in

585  yak specific T&NK subtypes.

586  Pseudotime analysis of CD4* T among yak, dzho and cattle

587 Given that the T&NK lineage exhibited the most profound interspecies heterogeneity in our atlas, we

588  reconstructed developmental trajectories to determine whether these phenotypic differences stem from

589  divergent cell fate decisions. Indeed, trajectory analysis uncovered a marked species-specific bifurcation in

590 differentiation pathways (Figure 4C—E). We speculated that among the CD4" T subtypes, CD4" T cells of

591  yak and dzho were more inclined to differentiate into CD4 ATF7IP" and CD4 Th1 like subtypes, while CD4*

592 T cells of cattle were more inclined to differentiate into CD4 GIMAP4" and CD4 Memory subtypes (Figure

593  4F; Supplemental Figure S33). To visualize the transcriptional dynamics driving this lineage divergence, we

594  employed a pseudotime-ordered heatmap to resolve distinct gene expression modules (Supplemental Figure

595  S34A). Module 4 emerged as the critical driver, showing a progressive increase in expression that paralleled

596  the developmental trajectory of the yak enriched subtypes. Functional annotation of this module via KEGG

597  analysis highlighted the activation of the T cell receptor, C-type lectin receptor and MAPK signaling

598  pathways (Supplemental Figure S34B). These results corroborate our earlier regulatory analysis, indicating
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599 that the distinct pro-inflammatory profile and signaling activation are intrinsically programmed into the
600  developmental trajectory of yak T&NK cells.

601 Intercellular communications in the differential subtype of yak

602 The hypoxic environment of the plateau exerts a profound influence on the cellular composition and
603 interaction landscape of the lung. To characterize the interactions among lung cell subtypes associated with
604  high-altitude adaptability, we selected 12 subtypes with a high percentage in yak and dzho but a low
605 percentage in cattle: Fib RYR2*, Fib C2*, CD4 ATF7IP*, CD4 Exhausted, CD4 Thl like, CD8 BCL2L11",
606 CD8 KLRDI*, CD8 Naive, CD8 TRGC6", neutrophils, pro B and gCap. On the basis of the quantity of
607  receptor—ligand pairs, we constructed an intercellular communication network. The heatmap (Figure 4B)
608 illustrated the quantity of interaction pairs among different cell subtypes, with the majority of ligands being
609  produced by gCap, Fib C2* and neutrophils, corresponding to receptors in themselves (gCap, Fib C2* and
610  neutrophils) and in Fib RYR2*. Additionally, gCap, Fib C2* and neutrophils produced a large number of
611  receptors corresponding to their own ligands and the ligands of the remaining CD4* T and CD8" T subtypes.
612 The bubble chart (Supplemental Figure S32) and the circos plot (Figure 4A) illustrated the interacting
613  receptor—ligand pairs among different subtypes. Neutrophils predominantly regulated other cell types
614  through their ligands Ccl4 and Tnfrsflb by recognising corresponding receptors. gCap was primarily
615  recognised by the receptors through Tnfsf10 and Rps19, whereas Fib C2* mainly interacted with its receptors
616  through Igf2 and Rps19. Furthermore, the seven subtypes of CD4* T and CD8" T mainly regulated gCap,
617  Fib C2* and neutrophils by recognizing their respective receptors through the ligands of the Rps19, Ccl and
618  Tnf families. These interactions delineate a complex regulatory network of immune-structural crosstalk, in

619  which T cells orchestrate the inflammatory and angiogenic remodeling of the lung microenvironment.
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620 Based on these network insights, we sought to identify the most critical interaction axis driving yak lung
621  adaptation. Given that the T&NK cells constitute the largest proportion of the bovine lung immune landscape,
622  the CD4 ATF7IP* subtype stood out as the most abundant and species-divergent population. Detailed
623  analysis of receptor-ligand pairs revealed a remarkably high frequency of significant receptor-ligand
624  interaction pairs between the CD4 ATF7IP* subtype and the gCap subtype (Supplemental Table S9). This
625  finding highlights a pivotal signaling axis wherein the dominant immune population communicates directly
626  with the core progenitor endothelial cells to maintain vascular homeostasis under hypoxia. Furthermore,
627  from an evolutionary perspective, endothelial and immune cells share a common ancestral origin, which
628  underscores their intimate functional coupling in establishing tissue-specific immune homeostasis. Therefore,
629  the interaction between the CD4 ATF7IP" subtype and the gCap subtype represents a prioritized target for
630  mechanistic study. Based on these findings, we designed co-culture experiments involving these two key
631  subtypes to experimentally validate their interaction and further investigate the cellular mechanisms
632  underlying high-altitude adaptation in the yak lung.

633 CD4 ATF7IP*-enriched population regulates hypoxic adaptation of gCap-enriched population by
634 secreting GPI/AMF

635 Using immunomagnetic bead sorting combined with fluorescence-activated cell sorting (FACS), we
636  successfully isolated the yak lung CD4 ATF7IP*-enriched (Zombie/CD45%/CD3*/CD4*/CD127") and gCap-
637  enriched (Zombie/CD45/CD317/CD144") populations (Figure SA and D; Supplemental Figure S35C-D).
638  Subsequent immunofluorescence staining supported the successful enrichment of the target CD4 ATF7IP*
639  and gCap populations (Supplemental Figure S35A—B). The sorted cells were then exposed to 200 umol/L

640  CoCl; (Linetal., 2015) for 48 h to induce chemical hypoxia. Detection of HIF-1a expression levels revealed
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641  markedly higher expression in the CoCl, treated group compared to the untreated control group, which fully
642  validated the successful establishment of this chemical hypoxia model (Supplemental Figure S36C).

643 To elucidate the molecular mechanisms by which the CD4 ATF7IP*-enriched population regulates the
644  gCap-enriched population, we performed comparative proteomic analyses under 24 h (n=3 biological
645  replicates; Supplemental Figure S36A—B) under hypoxic condition (HC) and hypoxic co-culture (HCC)
646  conditions. The analysis revealed that co-culture triggered unique protein expression changes in both
647  populations that were distinct from those caused by hypoxia alone (Supplemental Figure S37A-E;
648  Supplemental Figure S38A—C). Bioinformatic analysis (GO and KEGG) of the differentially expressed
649  proteins (DEPs) provided critical insight into the functional roles of each population within the co-culture
650  environment. The CD4 ATF7IP"-enriched population exhibited enrichment in pathways associated with its
651  function as a secretory and immune regulator. Key enriched terms included complement and coagulation
652  cascades, ECM-receptor interaction and hematopoietic cell lineage (Supplemental Figure S37F—I). In
653  contrast, the gCap-enriched population showed a strong focus on pathways related to cell survival, adhesion
654  and metabolic adaptation. Highly enriched terms involved crucial signaling hubs like the PI3K-Akt signaling
655  pathway, mTOR signaling pathway and processes related to ROS regulation and adherens junctions
656  (Supplemental Figure S38D-E).

657 To identify candidate proteins with potential secretory activity from the CD4 ATF7IP*-enriched
658  population that drive this regulation, we devised a stringent multi-step screening strategy. First, we focused
659  on the CD4 ATF7IP*-enriched population, targeting proteins that were specifically upregulated in the HCC
660  group relative to the HC group, yet remained downregulated or undetectable in the HC group compared to
661  the normal condition (NC) group. This analysis identified 173 interaction-dependent proteins enriched in 45

662  markedly altered KEGG pathways. Simultaneously, we analyzed the gCap-enriched population to identify
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663  the endothelial response to T cell signals. Out of 640 DEPs between the HCC and HC groups, we narrowed

664  the list to 94 annotated proteins that mapped to 22 differential pathways. Finally, we intersected these two

665  datasets to identify potential effectors. By excluding proteins that were downregulated in the gCap-enriched

666  population during co-culture, we successfully narrowed the candidates down to five cytokines (Supplemental

667  Table S10). Notably, the CD4 ATF7IP*-enriched population exhibited minimal intracellular expression of

668 these candidate cytokines under hypoxia alone, whereas their protein levels were markedly upregulated upon

669  co-culture with the gCap-enriched population. This observation suggests an expression pattern that is not

670  autonomous but rather passively induced by intercellular crosstalk. Following the rigorous exclusion of non-

671  secretory proteins and those lacking secretory capacity in T cells, GPI/AMF emerged as the pivotal candidate

672  cytokine for subsequent functional validation of its actual extracellular secretion. Importantly, this proteomic

673  candidate is strongly corroborated by our single-cell cell-cell communication analysis. Within the scRNA-

674  seq dataset, the AMF (GPI)-AMFR ligand—receptor pair exhibited a statistically significant interaction score

675  between the CD4 ATF7IP" and gCap subtypes (interaction score=0.519, P=0.03). Furthermore, both the

676  ligand and receptor displayed robust, cell-type-specific expression in their respective target subtypes (ligand

677  expression level=2.92 in CD4 ATF7IP"; receptor expression level=6.24 in gCap). These concordant

678  transcriptomic and proteomic findings jointly designate the GPI/AMF-AMEFR axis as the key paracrine

679  mediator of CD4 ATF7IP*—gCap crosstalk under hypoxia.

680 Next, we sought to determine the secretion dynamics of GPI/AMF by the CD4 ATF7IP*-enriched

681  population under hypoxic conditions. ELISA analysis of the culture supernatant revealed a substantial

682  accumulation of AMF protein specifically in the co-culture system (Hyp + T/EC) compared to the CD4

683  ATF7IP*-enriched population under hypoxic conditions (Hyp + T) (n=3 biological replicates; Figure 5C).

684  This protein-level finding was further corroborated by RT-qPCR, which demonstrated an upregulation of
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685  GPI mRNA within the CD4 ATF7IP*-enriched population only under co-culture conditions with the gCap-
686  enriched population (n=3 biological replicates; Figure 5B). Collectively, these results confirm that the CD4
687  ATF7IP*-enriched population secretes GPI/AMF under hypoxic conditions and that this secretion is
688  markedly amplified during co-culture. This validates our proteomic prediction that GPI/AMF secretion by
689  the CD4 ATF7IP*-enriched population is not autonomously induced, but represents a passive process
690  stimulated by the gCap-enriched population.

691 GPI/AMF mediates hypoxic adaptation of the gCap-enriched population via PI3K/AKT signaling
692 pathway

693 To investigate the regulatory effects of GPI/AMF on the gCap-enriched population, we established a dual
694  experimental strategy involving exogenous protein supplementation and endogenous adenoviral interference.
695  First, to determine the optimal concentration for exogenous treatment, we evaluated the proliferative
696  response of gCap cells to a concentration gradient of recombinant GPI/AMF via a CCK-8 assay. The results
697  indicated that GPI/AMF promoted proliferation in a concentration-dependent manner, achieving maximal
698  efficacy at 0.2 pg/mL. Beyond this threshold (0.4—1.5 pg/mL), the proliferative effect reached saturation or
699  exhibited a slight inhibitory trend (n=6 biological replicates; Figure SE). Consequently, 0.2 pg/mL was
700  selected as the optimal concentration for all subsequent experiments. In parallel, to block the endogenous
701  source of the cytokine, we engineered a specific interference model in the CD4 ATF7IP*-enriched population
702  using a GPI-targeting recombinant adenovirus (Adv-shGPI-Bos) (Supplemental Figure S39B). Validation
703  assays using RT-qPCR confirmed a significant suppression of both GPI/AMF mRNA transcription in the
704  transduced CD4 ATF7IP*-enriched population (n=3 biological replicates; Supplemental Figure S39A). This

705  successfully confirmed the establishment of a GPI-interference model for subsequent co-culture experiments.
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706 Building on these optimized models, we employed a positive/negative control strategy to definitively
707  dissect the rescue effect of the AMF cytokine. Functional analysis via CCK-8 assay revealed that exogenous
708  AMF acts as a critical survival factor for the gCap-enriched population under hypoxia. Supplementation
709  with recombinant AMF (Hyp + EC + AMF) significantly enhanced cell viability, an effect that closely
710  mimicked the strong viability observed in the co-culture group (Hyp + T/EC). Crucially, this protective
711  effect was strictly dependent on the presence of AMF, as confirmed by the significant impairment of gCap
712 cell viability in the interference co-culture group (Hyp + T/EC + Ad-shGPI), where AMF derived from the
713  CD4 ATF7IP*-enriched population was silenced (n=3 biological replicates; Figure 5G). This demonstrates
714  that AMF is the primary mediator of the beneficial effects conferred by the CD4 ATF7IP*-enriched
715  population. Assessment of oxidative stress further corroborated these findings. Intracellular ROS levels
716  exhibited an inverse pattern to cell viability. The ROS levels were lowest in both the recombinant AMF
717  group and the standard co-culture group, confirming that AMF effectively alleviates hypoxia-induced
718  oxidative stress. Notably, the co-culture group yielded slightly lower ROS levels than the recombinant AMF
719  group alone. This suggests that while AMF is the dominant antioxidative factor, the CD4 ATF7IP*-enriched
720  population likely secretes additional auxiliary cytokines that cooperatively enhance antioxidative regulation
721  (n=3 biological replicates; Figure SH).

722 To elucidate the molecular mechanisms underlying these protective effects, we investigated the PI3K-
723  AKT signaling axis. This pathway was identified as a primary candidate through KEGG enrichment analyses
724  of both the gCap-enriched population and GPI protein, which highlighted it as a canonical downstream
725  effector of AMF involved in cell survival and metabolism (Supplemental Figure S38E; Supplemental Table
726  S10). To evaluate whether AMF exerts its downstream protective effects via AMFR to activate the PI3K

727  pathway (Park and Jeoung, 2020), which is typically facilitated by the downregulation of Caveolin-1 (Cav-
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728 1, as identified in our DIA quantitative proteomics analysis), we performed receptor-blocking experiments

729  using the functional neutralizing 3F3A mAb. Notably, AMFR blockade largely abolished the ability of AMF

730  to enhance gCap viability and mitigate ROS levels, indicating that AMFR plays a pivotal role in AMF-

731  mediated protection (n=3 biological replicates; Figure SF and I). Collectively, these results suggest that AMF

732 facilitates the hypoxic adaptation of the gCap-enriched population potentially by interacting with its receptor

733  gp78/AMFR. This process relies on PI3K phosphorylation and the downregulation of Cav-1, which

734  coordinate to promote AKT phosphorylation and subsequent cellular protection.

735 In summary, our data establish GPI/AMF as a critical paracrine mediator that enhances the metabolic

736  homeostasis and stress resistance of the gCap-enriched population under hypoxic conditions. We

737  demonstrate that AMF facilitates this adaptation likely through interaction with its receptor gp78/AMFR.

738  This interaction appears to depend on PI3K phosphorylation and the concurrent downregulation of Cav-1

739  expression to promote robust AKT phosphorylation. Ultimately, this orchestrates a dual protective response:

740  promoting cellular activity to maintain the progenitor pool and significantly reducing intracellular ROS

741  levels to prevent oxidative damage. The observation that recombinant AMF protein largely recapitulates the

742  protective phenotype of the co-culture system, whereas GPI silencing abolishes these benefits, confirms that

743  GPI/AMF secreted by the CD4 ATF7IP*-enriched population plays an indispensable regulatory role in

744  preserving gCap homeostasis.

745  DISCUSSION

746 Yaks are well-adapted to the high—altitude ecological environment characterized by cold, low oxygen,

747  high altitude and intense ultraviolet radiation. As a representative organ of yak adaptation to high-altitude

748  environments, there is a large divergence of differential transcripts associated with plateau adaptation in the

749  lungs (Qi et al., 2019), which reflects the critical role of the lungs in directly coping with the low oxygen
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750  environment and driving adaptive responses. In addition to gas exchange, the lungs act as an important

751  immune barrier (Hurskainen et al., 2021). Therefore, this study focused on the lungs as the organ to explore

752  the high-altitude adaptation of yaks. We systematically constructed the most extensive single-cell

753  transcriptomic landscape of bovine lungs to date, encompassing yak, dzho and cattle. This comprehensive

754  atlas identified 51 subtypes, including 13 previously unrecognized subtypes. Here, these newly identified

755  subtypes are defined as cell clusters with distinct marker expression signatures that have not been previously

756  described in published bovine or mammalian lung single-cell atlases, suggesting potential lineage- or

757  species-specific evolutionary adaptations or physiological acclimatization to high-altitude environments.

758  Furthermore, we explored the cellular mechanisms associated with high-altitude adaptation in yak. In this

759  study, we found that yak and dzho exhibit numerous differentially enriched cell subtypes compared to low-

760  altitude cattle. These differences likely reflect distinct physiological and metabolic adaptations to

761  environmental pressures. These subtypes were significantly more abundant in yak and dzho than in cattle,

762  predominantly within T&NK immune cells.

763 While our comparative design provides valuable insights into high-altitude biology, the sampling of yaks

764  and dzhos at approximately 3,600 m and cattle at 570 m means that species genetic background and

765  environmental altitude exposure are concurrent variables. Consequently, the observed interspecies

766  differences likely represent a complex interplay of genetically encoded evolutionary adaptation, long-term

767  physiological acclimatization, and other population-specific factors. Additionally, due to the logistical

768  constraints of high-altitude field sampling, lung tissues were cryopreserved prior to enzymatic dissociation

769  without complete pulmonary perfusion. Although this strategy successfully preserved high-quality RNA for

770  robust transcriptional profiling, it may influence the capture efficiency of certain cell populations (e.g.,
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771  fragile epithelial cells or intravascular immune cells). Therefore, the reported cellular proportions should be
772  interpreted as relative abundances within the scRNA-seq libraries rather than absolute in vivo compositions.
773  Differential T&NK subtypes and their association with high-altitude adaptation in yak

774 T&NK cells are key immune cells in hypoxic immune-related microenvironments (Li et al., 2021). Among
775  the T&NK immune cell subtypes, the 3 new subtypes, CD4 ATF7IP", CD8 BCL2L11", CD8 TRGC6", along
776  with one known subtype, CD4 Thl like, accounted for a high percentage in yak and dzho. Further analysis
777  of interspecies differences revealed that most of the hypoxia-induced signaling pathways in T&NK subtypes
778  were associated with immune regulation (EI Alam et al., 2022; Rodor et al., 2022; Xin et al., 2019), such as
779 T cell receptor signaling pathway, NF-kappa B signaling pathway and IL-17 signaling pathway, all of which
780  showed a significant upregulation trend. The central genes obtained from the differential subtype PPI
781  analysis were also mostly associated with the above pathways.

782 Specifically, the TCR determines the phenotype and function of CD4" T cells, and TCR signaling plays a
783  crucial role in T cell development, antigen recognition, activation and differentiation processes following
784  presentation of peptide-MHC complexes by antigen-presenting cells (Meitei and Lal, 2023; Pearce, 2010;
785  Zhu, 2018). Members of the nuclear factor-kB (NF-kB) family of transcription factors regulate inflammation
786  and coordinate immune responses and tissue homeostasis (Eltzschig and Carmeliet, 2011). Hypoxia
787  amplifies the NF-kB pathway by increasing the expression and signaling of Toll-like receptors (Mei et al.,
788  2020), thereby potentiating inflammatory signaling cascades that modulate cytokine and chemokine
789  production and leukocyte recruitment (Kuhlicke et al., 2007). The IL-17 axis acts as an important
790  inflammatory effector that functions synergistically with other inflammatory signals synergistically,
791  activating downstream pathways including NFkB and MAPKs (Amatya et al., 2017). Together, these

792  pathway activations are expected to reshape the immune environment and influence endothelial behaviour,
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793  such as barrier function, remodelling and repair, rather than solely serving canonical pathogen-clearing roles
794 (Du et al., 2012; Kwee et al., 2018).

795 Consistent with this interpretation, our cell-cell communication analysis revealed that the CD4 ATF7IP*
796  subtype exhibited the largest number of significant ligand—receptor interactions with the gCap subtype.
797  These findings suggest that the CD4 ATF7IP* subtype may potentially contribute to the adaptive phenotype
798  under high-altitude hypoxia by activating gCap proliferation and inflammatory response pathways. In yak
799  lungs, this interaction may enhance gCap-mediated vascular remodelling, improve oxygen transport
800 efficiency and reduce hypoxia-induced inflammatory injury.

801 Other differential subtypes and their association with high-altitude adaptation in yak

802 In addition to T&NK cells showing clear interspecies differences, we found that some cell subtypes
803  showed a trend of being more abundant in yak and dzho and less abundant in cattle. These subtypes included
804  the fibroblasts subtypes, the myeloid subtype neutrophils, the B&plasma cell subtype pro B and the
805  endothelial cell subtype gCap.

806 gCap is a key subtype of pulmonary vascular endothelial cells that specializes in regulating vasodilation
807  and vasoconstriction. As described by Gillich et al. (Gillich et al., 2020), the pulmonary alveolar capillary
808  endothelial cells in mammals consist of a mixture of two cell types: aCap and gCap. aCap specialises in gas
809  exchange and leukocyte transport, whereas gCap specialises in the regulation of vasodilatory tone and
810  functions as a stem/progenitor cell in capillary homeostasis and repair. In our study, gCap (18.14%)
811  accounted for a slightly lower proportion of endothelial cells than aCap (20.05%), and the yak gCap function
812  involved the growth factor receptor signaling pathway and reactive oxygen species metabolism. Thus, we
813  speculated that it may regulate cell proliferation and migration (Rodor et al., 2022) and be closely associated

814  with the plateau adaptability of yak and dzho. Gao et al. (Gao et al., 2022) constructed single-cell
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815  transcriptional atlas of lung tissues from yak and cattle and identified a yak-specific endothelial cell cluster

816  without specific nomenclature or characterisation. They hypothesised that this cluster may be associated

817  with plateau adaptation in yak, and this cluster may correspond to the gCap subtype in this study.

818  CD4 ATF7IP" regulate gCap homeostasis via the GPI/AMF axis

819 The intimate crosstalk between immune and vascular systems stem from their shared evolutionary origins,

820  where common progenitors diverged into specialized lineages to maintain tissue homeostasis (Amersfoort

821 et al,, 2022). In the pulmonary vasculature, the gCap subtype acts as a stem-like progenitor essential for

822  microvascular maintenance and repair (Gillich et al., 2020; Yang et al., 2024). Localized within alveolar

823  septa, gCaps possess a rapid proliferative capacity, allowing them to replenish endothelial pools.

824  Consequently, preserving the regenerative potential of gCaps is paramount for pulmonary adaptation to

825 environmental stress.

826 As central coordinators of vascular homeostasis, CD4" T cells modulate endothelial proliferation,

827  migration, permeability and metabolic stability under both immune and non-immune conditions (Certo et

828  al, 2021). Specifically, this regulation is dictated by distinct cytokine axes: Thl-derived IFN-y typically

829  inhibits angiogenesis (Jorgovanovic et al., 2020), while Th2 cytokines (IL-4, IL-13) facilitate endothelial

830  repair (Espinosa Gonzalez et al., 2022), and Th17-secreted 1L-17 promotes VEGF expression to enhance

831  angiogenic activity (Du et al., 2012; Kwee et al., 2018; Pan et al., 2015).

832 Despite these insights, direct evidence linking CD4" T cells to the specific regulation of the stem-like

833  gCap subtype remains elusive. Given the regenerative potency of gCaps, their interaction with the adaptive

834  immune system likely constitutes a fundamental yet undefined mechanism governing lung homeostasis. This

835  crosstalk could potentially involve several pathways, such as the modulation of the Apelin—APJ axis (Godoy

836  etal., 2023) or direct MHC II-mediated communication (Mora Massad et al., 2025). Additionally, hypoxia-
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837  induced NF-«B signaling may help balance oxidative stress and inflammatory responses during this cellular

838 interaction (Castillo-Rodriguez et al., 2022; Xue et al., 2023). To resolve the precise molecular mechanisms

839  behind this process, it is essential to pinpoint the specific paracrine factors secreted by CD4* T cells that

840  drive gCap adaptation under hypoxia.

841 To identify the specific mediators driving this interaction, we performed proteomic analysis to screen five

842  candidate cytokines that are potentially secreted by the CD4 ATF7[P*-enriched population, including F10,

843  LDHA, GPI, TPM2 and IL1B. Among these, GPI (glucose-6-phosphate isomerase) appeared to be the most

844  valuable target, owing to its dual function as both a metabolic enzyme and a signalling molecule.

845  Intracellularly, GPI acts as a pivotal metabolic enzyme in glycolysis and gluconeogenesis. Conversely, its

846  extracellular form functions as a cytokine known as autocrine motility factor (AMF) (Haga et al., 2000).

847  Unlike classical cytokines, AMF lacks a signal peptide and relies on a non-classical secretion pathway, which

848 s typically activated in the context of tumor cells or upon lectin stimulation in T cells (Faik et al., 1988;

849  Haga et al., 2000; Yanagawa et al., 2004). Consistent with this regulatory mechanism, we found that AMF

850  release was minimal under hypoxia alone but was profoundly induced in the co-culture system. This

851 indicates that the crosstalk with the gCap subtype acts as the essential trigger for AMF secretion by CD4* T

852 cells.

853 Accumulating evidence has established that AMF is a multifunctional cytokine involved in cell growth,

854  differentiation, survival and motility, and plays an important role in in tumor progression and metastasis

855 (Funasaka et al., 2001; Nabi et al., 1992; Tsutsumi et al., 2003b). In this study, we identified a novel role for

856  AMF in facilitating the hypoxic adaptation of the gCap subtype, observing that AMF treatment markedly

857  enhances gCap viability and suppresses ROS accumulation under hypoxia, a finding consistent with its

858  characterization as a non-classical angiogenic factor. The PI3K/Akt signaling axis emerged as the primary
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859  candidate, as integrated KEGG enrichment analyses of both the gCap subtype and GPI protein consistently
860  highlighted it as a canonical downstream effector of AMF.

861 At the molecular level, the biological function of AMF is initiated by its interaction with the cell surface
862  receptor gp78/AMFR, a 78 kDa glycoprotein (Fairbank et al., 2009; Silletti and Raz, 1993). While AMF can
863  engage alternate binding partners like IGFBP-3 (Mishra et al., 2004) or HER2 (Kho et al., 2013), indicating
864  acell-type-specific response, it is likely that its role in gCap adaptation is mediated by the canonical receptor
865  gp78/AMFR. Notably, recombinant AMF-stimulated gCap viability peaked at 0.2 ug/mL and plateaued at
866  higher doses (0.4—1.5 pg/mL), representing a receptor saturation-mediated safety brake that prevents cellular
867  over-stimulation under hypoxic stress. Mechanistically, previous studies have shown that the signal
868  transduction triggered by AMF-receptor engagement relies on specific endocytic trafficking. Following its
869 interaction with gp78/AMFR, AMF induces the activation of the PI3K/Akt pathway. Although AMF can be
870 internalized via distinct routes, established models indicate that the pathway relevant to cell survival is a
871  raft-dependent, dynamin-dependent process that targets the smooth endoplasmic reticulum (SER). Crucially,
872  this SER-targeting pathway is governed by the opposing regulatory effects of Cav-1 (a negative regulator)
873  (Benlimame et al., 1998; Le et al., 2002; Shankar et al., 2013) and PI3K (a positive regulator) (Kojic et al.,
874 2007; Kojic et al., 2008; Tsutsumi et al., 2003a). The concurrent activation of PI3K and downregulation of
875  Cav-1 observed in our study may therefore provide the molecular basis for the PI3K-dependent
876 internalization of the AMF—gp78/AMFR complex, thereby driving the pro-survival and viability-enhancing
877  effects observed in gCaps under hypoxia. It should be noted that regarding our in vitro functional assays
878  demonstrating this axis, the absence of an empty-vector control (Ad-NC) in the GPI knockdown experiments

879  means that potential non-specific effects caused by adenoviral transduction cannot be definitively excluded.
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880  However, the consistent protective effects observed with exogenous recombinant AMF supplementation

881  strongly support its major role in this regulatory mechanism.

882 In addition to enhancing cellular viability, the AMF—gp78/AMFR axis is also a critical driver of

883  angiogenesis (Nabi et al., 1992; Yanagawa et al., 2004). In vivo studies demonstrate that stable AMF

884  overexpression markedly enhances capillary vessel formation (Funasaka et al., 2001). This angiogenic

885  potential is likely mediated by crosstalk with the VEGF signaling axis. Notably, paracrine AMF stimulation

886  in endothelial cells has been shown to upregulate the VEGF receptor Flt-1 via a PKC- and PI3K-dependent

887  signaling cascade (Funasaka et al., 2002). This suggests that AMF may further support gCap function by

888  potentiating their sensitivity to angiogenic signals.

889 Alongside its role in cell growth, AMF/PGI is recognized for its potent cytoprotective effects under

890  environmental stress (Tsutsumi et al., 2003a). Previous studies have characterized its ability to suppress

891  apoptosis via the PI3K/Akt signaling pathway by downregulating pro-apoptotic factors such as Apaf-1 and

892  caspase-9 (Fuetal., 2011; Haga et al., 2003). However, the upstream events initiating this survival advantage

893  remain to be fully elucidated. Given that PI3K/Akt is a central regulator of redox homeostasis (Tian et al.,

894  2015; Wang et al., 2008), and that excessive ROS accumulation serves as a primary trigger for hypoxia-

895  induced apoptosis and ER stress (Cao and Kaufman, 2014; Redza-Dutordoir and Averill-Bates, 2016), we

896 investigated whether AMF confers protection by mitigating oxidative stress. Our findings demonstrate that

897  AMF treatment concurrently activates Akt and markedly reduces intracellular ROS levels. This suggests that

898  AMF-mediated PI3K/Akt signaling promotes gCap adaptation not only through classical survival signaling

899  but also by buffering against oxidative stress, which effectively pre-empts the activation of downstream

900  apoptotic cascades.
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901 Within the co-culture system of the CD4 ATF7IP*-enriched and gCap-enriched populations, AMF

902  functions in coordination with other cytokines to regulate antioxidant responses and hypoxic adaptation.

903  Interleukin-1 B (IL-1p) is a notable candidate for this interaction (Kidder et al., 2024), as it is recognized for

904 its ability to modulate endothelial inflammation and angiogenesis (Marceau et al., 1992; Wilson et al., 2007).

905  Although primarily associated with myeloid cells (Pulugulla et al., 2018), activated CD4* T cells produce

906  mature IL-1p to influence the local microenvironment (Arbore et al., 2016; Doitsh et al., 2014). Our

907  proteomic analysis identified elevated IL-1B levels in both the CD4 ATF7IP*-enriched and gCap-enriched

908  populations, which indicates that AMF and IL-1p signaling collectively promote gCap survival. This

909  combined signaling maintains pulmonary homeostasis under hypoxic stress.

910 Based on our findings and existing literature, we propose a novel model for immune-vascular adaptation

911 in the plateau environment. Under hypoxic stress, interaction with the gCap subtype triggers the CD4

912  ATF7IP* subtype to secrete GPI/AMF. This paracrine AMF likely interacts with gp78/AMFR on the gCap

913  subtype, potentially initiating a specific endocytic program characterized by PI3K activation and Cav-1

914  suppression. This process is thought to facilitate the transport of the AMF-receptor complex to the SER.

915  Downstream of this event, the PI3K/Akt axis serves a dual purpose: it enhances metabolic activity and

916  viability to maintain the progenitor pool and orchestrates a robust antioxidant response to reduce ROS

917  accumulation. Through this coordinated regulation of metabolic activity, cell viability and oxidative stress

918  resistance, the CD4 ATF7IP* subtype maintains gCap homeostasis. This mechanism likely facilitates

919  efficient vascular remodeling and oxygen transport under plateau hypoxia, offering a potential therapeutic

920 target for high-altitude-related vascular disorders.

43

% &fi Zoological Research



921 CONCLUSION

922 Overall, this study establishes the most comprehensive single-cell transcriptomic atlas of yak, dzho and
923  cattle lungs to date, encompassing 51 cell subtypes and identifying 13 novel subtypes primarily distributed
924  within the T&NK cell population. We elucidated an immune-endothelial axis where the CD4 ATF7IP*
925  subtype regulates gCap function under hypoxia via the secretion of GPI/AMF. This paracrine mediator likely
926 interacts with its receptor AMFR/gp78 to trigger a signaling cascade that appears to depend on PI3K
927  phosphorylation to drive AKT activation, which effectively suppresses ROS accumulation and maintains
928  gCap survival. These findings provide key insights into the cellular and molecular basis of pulmonary
929  vascular adaptation in bovines and offer a valuable transcriptomic resource for future studies on hypoxia
930  adaptation and genetic improvement in livestock.

931 SUPPLEMENTARY DATA

932 Supplementary data for this article can be found online.
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Figure 1. Single-cell atlas of the lungs of bovine species, major cell types.

(A) Flowchart showing the construction of a single-cell transcriptome map of bovine lung and further exploration

of the data. (B) UMAP plot of the main cell types of bovine lung (including yak, dzho and cattle), with cell types

coloured as shown in the legend. (C) UMAP plot showing the expression levels of typical markers for the T&NK,

myeloid, endothelial, fibroblastic, B&Plasma and epithelial cell types, with the intensity of the expression

indicated in red.
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Figure 2. Single-cell transcriptional profiles of the lungs of yak, dzho and cattle
(A) Percentage of all cell subtypes in the lungs of yak, dzho and cattle. (B) UMAP plots of all scRNA-seq data
showing a total of 51 cell types identified. (C to E) UMAP plots of cell subtypes in the lungs of yak, dzho and

cattle, respectively. Cell subtypes are coloured as shown in Figure 2B legend.
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Figure 3. Cell composition of T&NK subtypes in the lungs of yak, dzho and cattle

(A) UMAP plot of T&NK immune cell subtypes in the lungs of bovid species, with cell clusters coloured as
indicated in the legend. (B) PPI network diagram of differential proteins of CD4 ATF7IP*, CD8 BCL2L11", CDS§
TRGC6" and CD4 Thl like versus other T&NK subtypes of differential proteins, with upregulated proteins in red
and downregulated proteins in green. (C) Violin plots showing the expression of selected T&NK subtype marker
genes in yak, dzho and cattle. (D) Differences in cell numbers of some T&NK immune cell subtypes in yak, dzho
and cattle, with error bars representing mean (SEM), labelling all differences at P<0.05; different uppercase and
lowercase letters between groups indicate P<0.01 and P<0.05, respectively. (E) RNA fluorescence in situ
hybridization images of the CD4 ATF7IP* subtype-specific marker gene ATF7IP (red) and the CD4" T cell marker
gene CD4 (green) in yak, dzho and cattle. Magnification: 63x. Scale bars=10 um. (F) Immunohistochemical
staining images of CD4 ATF7IP* subtype-specific marker protein MCAF (ATF7IP) in yak, dzho and cattle. Scale

bars=50 pm.
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Figure 4. Cell communication and pseudotime in some subtypes of lungs of bovine species

(A) Circos plot of the cell communication network, with the outermost circle indicating the expression of
ligand/receptor genes (yellow to red indicate low to high expression), the second circle indicating the cell type
and the innermost circle indicating the interactions between ligand and receptor gene pairs. Solid lines indicate
significant interactions, and dashed lines indicate non-significant interactions. (B) Heatmap showing the intensity

of interactions between cell types based on the number of ligands or receptors, with the number of ligands or
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1159

receptors from small to large indicated by a colour gradient from blue to red. (C) Cell trajectory plots of CD4" T

subtypes in yak, dzho and cattle, with species coloured as indicated in the legend. (D) Diagram of the pseudo-

temporal trajectories of CD4" T cells, with colours transitioning from dark to light, representing the timeline of

differentiation from early to late stages. (E) Cell trajectory display of CD4* T cell subtypes in yak, dzho and cattle,

with species colours as indicated in the legend. (F) Cell trajectory display for all subtypes of CD4" T cells, with

the colours of cell types as shown in the legend.
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Figure 5. The CD4 ATF7IP* subtype (T) facilitates hypoxic adaptation of gCap subtype (EC) via the
GPI/AMF—-AMER signaling axis

(A) Flow cytometric sorting strategy for the CD4 ATF7IP* subtype. The hierarchical gating was defined as
Zombie/CD45*/CD3*/CD4*/CD127*. (B) GPI/AMF mRNA transcription level in CD4 ATF7IP" subtype under
hypoxia during monoculture and co-culture with gCap subtype, with groups coloured as indicated in the legend
to Figure 5C. Hyp: hypoxia model; T/EC: co-culture of CD4 ATF7IP* and gCap subtypes. Data are presented as
mean (SEM). Different uppercase and lowercase letters between groups indicate P<0.01 and P<0.05, respectively.
(C) Concentration of GPI/AMF in the culture supernatant of CD4 ATF7IP" subtype under hypoxia during

monoculture and co-culture with the gCap subtype, with groups coloured as indicated in the legend. (D) Flow
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cytometric sorting strategy for the gCap subtype. The hierarchical gating was defined as Zombie/CD45-

/CD31%/CD144*. (E) Dose-dependent effects of recombinant AMF protein on the viability of the yak gCap

subtype. Data are presented as mean (SEM), with statistical notation as described in Figure 5B. (F) Relative ROS

fluorescence intensity of the gCap subtype following treatment with an AMFR-blocking antibody compared to

the control group. Statistical notation follows that described in Figure 5B. (G) Cell viability of the gCap subtype

under different treatments, with groups coloured as indicated in the legend to Figure SH. Hyp: hypoxia model;

T/EC: co-culture of CD4 ATF7IP* and gCap subtypes; AMF: recombinant GPI/AMF protein treatment; Ad-shGPI:

adenoviral GPI/AMF knockdown. Statistical notation follows that described in Figure 5B. (H) Relative ROS

fluorescence intensity in the gCap subtype under different treatments, with groups coloured as indicated in the

legend. (I) Cell viability of the gCap subtype following treatment with an AMFR-blocking antibody compared to

the control group.
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