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Abstract 
 

Hereditary pulmonary veno-occlusive disease (hPVOD) is a severe form of autosomal recessive pulmonary 

hypertension and is due to biallelic loss-of-function of the EIF2AK4 gene (alias GCN2) coding for GCN2. 

GCN2 is a stress kinase that belongs to the integrated stress response pathway (ISR). Three rat lines carrying 

biallelic Gcn2 mutation were generated and found phenotypically normal and did not spontaneously 

develop a PVOD-related disease. We submitted these rats to amino acid deprivation to document the 

molecular and cellular response of the lungs and to identify phenotypic changes that could be involved in 

PVOD pathophysiology. Gcn2-/- rat lungs were analyzed under basal conditions and three days after a single 

administration of PEG-asparaginase (ASNase). Lung mRNAS were analyzed by RNASeq and single cell 

RNASeq (scRNA-seq), flow-cytometry, tissue imaging, and western-blots. The ISR was not activated after 

ASNase treatment in Gcn2-/- rat lungs, and apoptosis was increased. Several proinflammatory and innate 

immunity genes were overexpressed, and inflammatory cells infiltration was also observed in the 

perivascular area. Under basal conditions, scRNA-seq analysis of Gcn2-/- rat lungs revealed increases in two 

T cell populations, a LAG3+ T cell population and a proliferative T cell population. Following ASNase 

administration, we observed an increase in calprotectin expression involved in TLR pathway activation and 

neutrophil infiltration. In conclusion, under basal and asparagine and glutamine deprivation induced by 

asparaginase administration, Gcn2-/- rats display molecular and cellular signatures in the lungs that may 

indicate a role for Gcn2 in immune homeostasis and provide further clues to the mechanisms of hPVOD 

development.  
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INTRODUCTION 

Pulmonary veno-occlusive disease (PVOD) is a rare and severe lung disease characterized by pulmonary 

vascular remodeling. Vascular remodeling involves small veins and venules with intimal fibrosis and medial 

hypertrophy, muscular hyperplasia of interlobular septal veins, and arterial remodeling illustrated by 

profound media hypertrophy of small arteries1,2. As lumen diameter decreases, pulmonary vascular 

resistance increases and thus leads to progressive right ventricular failure.  

PVOD presents either as a sporadic disease, occurring late in life and favored by tobacco consumption, 

occupational exposure to organic solvents and alkylating agent treatment, or as a hereditary form3–5. The 

hereditary form (hPVOD) is due to pathogenic variants present in the EIF2AK4 gene (also known as and 

hereinafter as General Control Nonderepressible 2, GCN2) rendering both alleles nonfunctional. hPVOD is 

inherited in an autosomal recessive manner with near complete penetrance, although the age of disease onset 

may vary, occurring from birth until 50 years of age6. Lung histology of biallelic EIF2AK4 mutation carriers 

differs from non-carriers by significantly more severe intimal fibrosis, less pronounced medial hypertrophy, 

and marked muscular hyperplasia of interlobular septal veins7. The relationship between GCN2 gene 

deficiency and pulmonary disease development remains unknown, as no clear links between gene function 

and the pathological lung lesions have yet been identified. The GCN2 protein is known to have a central 

role in sensing and responding to amino acid deficiency by shutting down protein translation, a mechanism 

common to all mammalian cells8. During cellular conditions of amino acid starvation, the cytoplasmic 

kinase GCN2 binds uncharged tRNAs with high affinity and is then activated by dimerization and 

autophosphorylation 9. GCN2 may have additional role apart from amino acid sensing, since we recently 

demonstrated that loss of GCN2 specifically in hPVOD, induces pulmonary lipointoxication, a pathological 

process not seen in sporadic PVOD 10. 

To decipher the mechanisms linking amino acid deficiency sensing and PVOD development, we interrupted 

Gcn2 function in Sprague-Dawley rats by introducing small gene deletions using CrispR-CAS9 genome 

editing technology. In contrast to humans carrying GCN2 biallelic mutations, homozygous Gcn2-deficient 
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rats do not develop PVOD, either spontaneously or in response to various stresses, as previously observed 

in Gcn2 mutant mice. Gcn2-deficient rats are, however, exquisitely sensitive to acute asparagine and 

glutamine deprivation induced by asparaginase administration, in contrast to wild-type rats. We therefore 

analyzed changes in mRNA expression and cell populations in the lungs of wild-type and Gcn2-deficient 

rats. Our results highlight the critical role of GCN2 in both the pulmonary inflammatory response and T cell 

proliferation.   

METHODS 

In vivo study design - Gcn2- (alias Eif2ak4) deficient rats were generated on a Sprague Dawley background 

using the CrispR-CAS9 method as previously described11. Briefly, a frameshift deletion was introduced in 

the first exon of the Gcn2 gene to disrupt the gene. We developed three lines with biallelic deletions of 152 

bp, 41 bp, and 25 bp; designated Gcn2152-/-, Gcn241-/-
 and Gcn225-/-, respectively. Three-week-old rats were 

genotyped using genomic DNA obtained from ear punches as described in Manaud et al.11. PCRs were 

performed using 5X Herculase, and primers were designed to encompass mutant sequences (UPTE71-

EIF2AK4: 5’-GAGGTCCCGTTTTCAGAGC-3’ and LoTE71-EIF2AK4: 5’-

AAGTCGAGGTGGGGAAGAAT-3’). Eight- to ten-week-old male and female rats weighing 

approximately 400 g were randomly assigned to receive either an intramuscular injection of 75 U/kg PEG-

asparaginase (ASNase; Oncaspar, Shire) or an equal volume of vehicle (Vhcl; 0.9% NaCl). Because ASNase 

induces dramatic weight loss in Gcn2 mutant rats, animals were euthanized three days post-injection 

(corresponding to a 20% weight loss threshold). Blood and organs were collected for histological and 

molecular studies. Two lung lobes from each animal were inflated with OCT and either frozen in isopentane 

on liquid nitrogen or fixed in paraformaldehyde for 72 hours. Remaining lobes were flash-frozen in liquid 

nitrogen. 

Histopathology – Paraformaldehyde-fixed histological samples were embedded in paraffin, and 

serial sections of 5 µm were obtained from lung tissues. Sections were stained with hematoxylin-
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eosin (HE) staining. Lung samples from all rats were retrospectively analyzed in a blinded fashion 

by conventional light microscopy. 

Western blots – Proteins from rats’ lung tissue were extracted in lysis buffer containing 1% 

Igepal®, 20 mmol/L Tris-HCl, 137 mmol/L NaCl, 10% glycerol, 2 mmol/L EDTA, 1 mmol/L 

Na3VO4, leupeptin 10 μg/μL, pepstatin 10 μg/μL, aprotinin 10 μg/μL, and a protease- inhibitor 

cocktail (aprotinin, leupeptin, and Pefabloc® [Roche]). A total of 50 μg of protein were separated 

on SDS-PAGE and transferred to nitrocellulose membrane. After blocking, membranes were 

incubated in 5% BSA in TBS 0.1% Tween-20 overnight at 4°C with primary antibodies –described 

in the Table E4. Blots were incubated with horseradish peroxidase (HRP)-conjugated goat anti-

mouse diluted 1:1000 (Bio-techne) or with HRP-conjugated goat anti-rabbit diluted 1:1000 (Bio-

techne). Immuno-reactive bands were revealed using ECL reagents (Biorad). Image-J Software 

was used to quantify the level of protein expression. 

Immunofluorescence labeling (calprotectin, CD3, Ki67 and CD11b) – Rat lungs were inflated by 

intratracheal injection of 4-6 ml Optimal Cutting Temperature (Leica, 50% in PBS) and were 

immersed in isopentane, frozen in liquid nitrogen, embedded in O.C.T and stored at -80°C. 

Cryosections of 10 µm thickness were fixed in formalin (10 min at RT). They were then 

permeabilized in methanol/acetone (1:1) (10 min at -20°C). Nonspecific binding was blocked with 

5% bovine serum albumin (BSA) and 10% goat serum in PBS (1 h at RT) and sections were 

incubated with primary antibodies diluted in 5% BSA and 3% goat serum described in Table E4 

overnight at 4°C. Secondary antibodies (anti-mouse or anti-rabbit fluorophore-coupled, depending 

on the antigen tested) were diluted in 5% BSA and 3% goat serum and incubated 1 h at room 

temperature (RT). Immunolabeled sections were mounted with Dako fluorescent mounting 

medium (Dako) and examined under a confocal microscope (Leica SPE confocal microscope). 

Control sections were stained by omitting primary antibodies and did not show labeling. For 



6 
 

positive cell counting, images were analyzed by an investigator blinded to the experimental status 

of animals. A total of 20 to 40 fields were analyzed per animal. Images were analyzed using NIH 

ImageJ. Control experiments were performed using secondary antibody alone and showed no non-

specific labeling.RNA preparation and RNAseq analysis - Frozen lung samples were processed to obtain 

high-quality RNA for RNA Sequencing (RNAseq). A detailed protocol is provided in supplemental data. 

Final pooled sample libraries were sequenced on the Novaseq 6000 ILLUMINA, generating 2 x 5.107 

paired-end base reads per sample after demultiplexing. Bioinformatic analyses were performed at the Paris 

ICM Institute's Data Analysis Core (iconics.institutducerveau-icm.org/). Data were normalized with 

DESeq2 (v1.26.0) bioconductor packages, prior to differential analysis with the DESeq2 workflow. Multiple 

tests-adjusted p-values were calculated with the Benjamini-Hochberg procedure to control FDR. Finally, 

enrichment analysis was conducted using Hallmark databases and KEGG pathways with the clusterProfiler 

R package (v3.14.3) with Gene Set Enrichment Analysis. 

Single-cell RNAseq - For every experimental group, three female rats from each KO line: Gcn2152-/-, Gcn241-

/-, and Gcn225-/- were euthanized and exsanguinated. Lungs were inflated with enzymatic solution (1.76 U/ml 

dispase, 0.15 U/ml collagenase) and slowly stirred at 37°C for 1 hour in 20 ml of enzymatic solution. 

Following digestion, lungs were pooled and cells were mechanically dissociated by carefully mincing into 

small pieces (2 to 3 mm3). The resulting cell suspension was filtered through a 70-micron sieve in order to 

eliminate cellular debris, then red blood cells were lysed. After washing, viable cells were selected by cell 

sorting using Zombie-green (Biolegend). SingleCell library prep were performed with chromium from 10X 

Genomics. Chromium Next GEM Single Cell 3' GEM kit and Chip G were used, following the 

manufacturer’s recommendations. A total of 5,000 to 20,000 cells were loaded onto chromium and 

sequenced on the Novaseq 6000 ILLUMINA. Using a 100-cycle ILLUMINA cartridge, calculations were 

based on a minimum of 20,000 reads/cell per sample. Cell assignments were performed based on known 

cell-type marker genes. Most of the cell-type marker genes used in the identification come from published 

data12–14. Detailed bioinformatic methods are described in supplemental data.   

http://iconics.institutducerveau-icm.org/
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T cell characterization by flow cytometry - Rats were euthanized and after exsanguination, lungs 

were washed in cold PBS and cut into small pieces (2–3 mm³). The multi-Tissue Dissociation Kit 

2 (Miltenyi biotec) was used in combination with the gentle MACS Dissociator (Miltenyi biotec) 

according to the manufacturer’s instructions. Tissues were passed through a 70-μm cell strainer 

and washed in 5% HBSS-BSA. Cells were then incubated for 1 min with red blood cell lysis buffer 

(RBCL, Invitrogen). Isolated rat lung cells were surface stained for 10 min on ice in the dark. 

Antibodies used were CD3 Viobright B515, CD4 PerCPVio700, and CD8b APC-Vio770. Viability 

Fixable Dye Vioblue (Miltenyi biotec) was used on lung cells as a viability cell marker. All the 

antibodies are described in Table E4. After 30 min fixation with 1% paraformaldehyde, cells were 

washed with PBS and centrifuged for 5 min at 300g at 4°C. We realized 20 min of permeabilization 

(0.15% saponin in PBS), and then stained with LAG3 conjugated with PE (phycoerythrin). After 

washing twice with PBS, all stained cells were resuspended in PBS and acquired by flow cytometry 

using a MACSQUANT 10 (Miltenyi Biotech) and the results analyzed on FLOWJO 

software. Fluorescence compensation was performed with single-stained cells and unstained cells. 

FMO (Fluorescence Minus One) controls were used in all experiments to gate positive staining. 

Forward scatter (FCS) and side scatter (SSC) profiles allowed the exclusion of debris and doublets. 

Dead cells were excluded based on the Fixable Dye Vioblue. Analysis was performed on live single 

cell population (Figure E7). 

Cytokines measurements in rat plasma. Plasmas were isolated from 4-6 rats, wild-type rats and Gcn2-/- rats, 

treated or not treated by ASNase (3 days). Multiplex measurement of cytokines was performed using the rat 

R&D systems Luminex discovery assay that includes 17 cytokines (ref LXSARM), R&D system (listed in 

supplemental information).  
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RESULTS 

Gcn2-/- rat phenotype under basal and stress conditions 

After more than 12 months of observation by echocardiography and lung sections morphometry analyses, 

Gcn2-/- rats did not develop spontaneous PVOD nor any other obvious phenotype. Baseline parameters 

including weight, Doppler echocardiography parameters, Fulton index are normal as compared to control 

rats in the 3 lines of Gcn2 deficient rats (see supplemental material, table E1).  

Attempts to induce the disease using known GCN2 function-related stresses (intra-uterine growth 

retardation, hypoxia, LPS-induced inflammation) were unsuccessful (results not shown)15.  

Systemic responses to asparaginase in Gcn2−/− rats 

Considering GCN2 is one of the main sensors of amino acid starvation in the organism, we injected 

asparaginase (ASNase) at a dose of 75 U/Kg in both wild-type and homozygous Gcn2 KO rats in order to 

evaluate their response to amino acid deprivation in the presence or absence of functional GCN2. The 

chemotherapy agent ASNase depletes serum levels of asparagine and glutamine, starving cells of essential 

substrates, and induces GCN2 activation. ASNase treatment induced rapid weight loss in Gcn2-/- animals 

with health status deterioration, therefore experiments were stopped at three days post-injection (Figure 1A). 

In contrast, wild-type animals did not show any detectable physiological deterioration. Macroscopic 

observation of the organs from ASNase-treated Gcn2-/- animals revealed a yellowish liver, which upon 

microscopic examination, contained lipid droplets suggesting developing steatosis (Figure E1 in 

supplemental data). ASNase-induced asparagine and glutamine starvation was the only condition in which 

we observed a phenotypic difference between Gcn2-deficient and WT rats.  
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Asparaginase induced an integrated stress response (ISR) and autophagy in WT rat lungs and 

increased apoptosis in Gcn2-/- rat lungs. 

ASNase treatment increased phospho-(T899)-GCN2 and total GCN2 protein in WT animals, neither of 

which was detected in Gcn2-/- rats (Figure 1B, B1-B2)16. Consistent with this result, ATF4 (Activating 

transcription factor 4), a downstream component of ISR, was significantly increased in ASNase-treated WT 

animals but remained unchanged in ASNase-treated Gcn2-/- animals (Figure 1C). Asparagine synthetase 

(Asns) and Sestrin-2 proteins, known transcriptional targets of ATF4, were also increased in ASNase-treated 

WT animals (Figure 1, B4 and C2). We measured the expression of another EIF2 kinase, PERK, which is 

activated by endoplasmic reticulum stress. PERK was significantly increased in WT rats treated with 

ASNase and was unchanged in ASNase-treated Gcn2-/- rats (Figure 1B). These results demonstrate that the 

integrated stress response (ISR) is activated in ASNase-treated WT animals but is not induced in Gcn2-/- 

animals. Given that the downstream autophagy pathway is triggered by GCN2-induced-ISR during amino 

acid starvation and/or inflammatory stress17,18, we therefore assessed autophagy using four different protein 

markers; p62, LC3B and ATG3. ATG3 and p62 increased with ASNase treatment in WT rats as compared 

to Gcn2-/- rats, whereas LC3B remained stable in both WT and Gcn2-/- rats following ASNase treatment 

(Figure 2A). In summary, in contrast to WT rats, ISR and autophagy were not induced in Gcn2-/- rats in 

response to asparagine and glutamine deprivation.  

Lung cell apoptosis was significantly increased in Gcn2-/- rats as compared to WT rats after ASNase 

treatment, as measured by TUNEL. In contrast, there was no difference at basal conditions (Figure 2B).  

RNAseq experiments reveal whole lung inflammation in ASNase-treated Gcn2-/- rats. 

We performed RNAseq transcriptome analysis to document the lung response to ASNase-induced amino 

acid deprivation in both WT and Gcn2-deficient rats. Results were compared with those from Gcn2-/- and 

WT rats treated with vehicle (NaCl 0.05%, Vhcl) corresponding to basal conditions. Under basal conditions, 

only a few genes were differentially regulated between Gcn2-/- and WT rats, consistent with the absence of 
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phenotypic abnormalities in KO rats. Expression analysis showed 680 differentially upregulated and 628 

differentially downregulated genes between Gcn2-/- ASNase and WT ASNase groups (Figure 3, A-C).  

In order to identify which gene networks were altered during ASNase treatment, differentially expressed 

genes (DEGs) were investigated using the Gene Set Enrichment Analysis (GSEA) algorithm based on the 

Hallmark collection of Molecular Signature Database (MSigDB). This analysis revealed a number of 

significantly upregulated genes related to inflammation (Figure 3D), e.g., Nfkb2 (Hallmark geneset: TNF-α 

signaling via NF- κB), Ccl2 (encoding MCP-1), Il6, Il1b, Sele coding for E-selectin (Hallmark geneset: 

inflammatory response), and Myd88 (Hallmark geneset: interferon gamma response). These genes found to 

be upregulated with RNAseq in ASNase-treated Gcn2-/- rats were confirmed with qPCR (Figure 4, A-F). In 

addition, the Hallmark geneset inflammatory response gene heatmap illustrated that inflammatory genes 

were uniquely overexpressed in ASNase-treated Gcn2-/- rats (Figure 3C). Calprotectin is synthesized by 

innate immune cells, such as neutrophils, monocytes and macrophages. The two calprotectin subunits are 

encoded by the S100a8 and S100a9 genes whose expression were more than 30-fold increased in ASNase-

treated Gcn2-/- rats (Table E2), a result consistent with the significant increase in serum calprotectin levels 

as determined by ELISA (Figure 4G) and in lung section by immunofluorescence (Figure E2). Calprotectin 

is a known damage-associated molecular pattern (DAMP) component, able to activate toll-like receptors 

(TLR) by an autocrine mechanism 19. Indeed, we observed increased expression of Tlr-2,-9, -10 and-11 in 

ASNase-treated Gcn2-/- rats (Table E2). Myd88, one of the most upregulated genes, codes for a cytosolic 

adaptor protein linking activated Toll-like receptors with other intracellular signaling intermediates. 

Altogether, these results demonstrate upregulation of the TLR-MYD88 pathway genes. Inflammation is also 

detected at the histological level. Interstitial edema and inflammatory cell infiltration are observed in the 

lungs of Gcn2-/- rats treated with ASNase. This cell infiltration is composed of inflammatory cells and 

appears to be predominantly perivascular. These inflammatory lesions are not observed in ASNase-treated 

WT rats (Figure E3).  

 



11 
 

Identification of cell populations in whole rat lung tissue by scRNA-seq. 

scRNA-seq was performed on pooled samples of three lungs from each KO line (Gcn2152-/-, Gcn241-/-
 and 

Gcn225-/-) in order to neutralize any potential off-target events inherent to CrispR-CAS9 technology. A single 

pool of animals was analyzed per experimental group (Gcn2-/- ASNase, WT ASNase, Gcn2-/- Vhcl, and WT 

Vhcl). All sequencing experiments passed quality control steps (Figure E4). A total of 18,201 cells were 

analyzed and a median 1341 genes were detected per cell. mRNA expression clustering enabled us to 

identify 19 distinct cell populations (Figure 5A). Each cell population was characterized by the expression 

of known markers (Figure 5B). Cell clusters correspond to three cell families: epithelial cells, immune cells, 

and vascular cells (Figure 5C). In the epithelial cell group we observed club cells and a rare population of 

Tuft cells, also known as brush cells, which were characterized by Dclk1 and Lrmp expression20,21. The 

vascular wall cell group was composed of endothelial cells, smooth muscle cells, and fibroblasts. 

Interestingly, ASNase treatment increased endothelial cell number only in WT rats, whereas fibroblasts 

were increased in Gcn2-deficient rats as compared to the other experimental groups. Immune cell numbers 

also underwent significant changes. In the myeloid lineage, neutrophils and classical monocytes were 

strongly increased in ASNase-treated Gcn2-/- rats, and non-classical monocytes were also increased to a 

lesser extent. Two populations of T-lymphoid cells expressing CD3 were unexpectedly increased under 

basal conditions in Gcn2-/- rats. One population was characterized by predominant expression of the Lag3 

gene, encoding an inhibiting receptor of T cells (T_LAG3 cells) (Figure 5C and Table E6). This population 

included CD4+ and CD8+ T cells, and was only observed in untreated Gcn2-/- rats, and disappeared with 

ASNase treatment. Another T cell population was also increased in Gcn2-/- rats under basal conditions but 

did not express Lag3. This population was shown to be in a proliferating state as attested by increased ki67 

expression.  

ScRNA-seq experiments highlight cell population-specific gene and pathway regulation. 

Differentially expressed genes (DEGs) were analyzed across cell populations identified through scRNAseq. 

This analysis revealed genes whose differential expression was specific to an experimental condition and/or 
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a particular cell type. Under basal conditions, only T_LAG3 and endothelial cell populations displayed a 

large number of DEGs between Gcn2 mutant and WT rats. In contrast, under ASNase conditions, most of 

the individual cell populations exhibited high numbers of DEGs between the two genotype groups (Figure 

6A). Several gene modulations were detected in endothelial cells of Gcn2-/- rats under basal conditions. 

Indeed, Bmpr2, the major predisposing gene for PAH, was upregulated in endothelial cells from Gcn2-/- rats. 

Eng, encoding the vascular endothelium glycoprotein endoglin, and Il33, encoding an interleukin involved 

in immune cell activation, were also exclusively upregulated in endothelial cells from the Gcn2-/- Vhcl group 

(Figure 6B). In endothelial cells from ASNase-treated Gcn2-/- rats, one of the most upregulated genes was 

leucine-rich-alpha2-glycoprotein, Lrg1 (p=1.37x10-4, logFC=1.33; Figure 6B). LRG1 belongs to the 

leucine-rich repeat family of proteins involved in protein-protein interaction, and to the TGF-β signaling 

pathway. In T_LAG3 cells, Gata3, a transcription factor involved in T cell development, proliferation, and 

maintenance, was exclusively upregulated in the Gcn2-/- Vhcl group (Figure 6B). Interestingly, DEG 

pathway enrichment analysis from the T_LAG3 population revealed downregulation of ribosomes 

machinery and the mRNA transport pathway in Gcn2-/- compared to WT rats under basal conditions (Table 

E3). Following ASNase treatment, Ddit3 and Atf3 genes were exclusively upregulated in neutrophils of WT 

but not of Gcn2-/- rats, indicating absence of ISR activation in the latter (Figure 6B).  

 

Flow-cytometry analysis and immunofluorescence imaging confirm cluster identification and 

differential regulation.  

The T_LAG3 population found only in Gcn2-/- rats under basal conditions was confirmed by flow cytometry 

analysis. Using whole lungs from an additional set of Gcn2-/- Vhcl and WT Vhcl rats (n=5/group), we 

analyzed cells to validate the increase in T_LAG3 cells in Gcn2-/- rats under basal conditions observed by 

scRNAseq. We used the CD3 cell surface marker to identify the global T cell population. CD4 and CD8 

cell surface markers were added to determine the proportion of LAG3+ T cells in CD3+/CD4+ and 

CD3+/CD8+ T cell populations. Finally, we used the LAG3 marker to investigate the T_LAG3 population 
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(Figure E7). Interestingly, we observed that the increase in LAG3 marker expression was essentially 

intracellular (for either condition there was no signal without permeation). Furthermore, the percentage of 

CD3+/LAG3+ cell populations was significantly increased in Gcn2-/- rats under basal conditions as compared 

to WT, thus confirming our scRNAseq results (Figure 7A). The percentage of LAG3+ cells tended to 

increase in both CD3+/CD4+ and CD3+/CD8+ populations (p=0.09; Figure 7A). Flow cytometry analysis 

demonstrated that the LAG3 increase appeared to be mainly detected within the intracellular compartment, 

suggesting that the T_LAG3 population remains in an unstimulated state in Gcn2-/- rats under basal 

conditions. T cell proliferation was assessed by double labeling with CD3 and Ki67 antibodies followed by 

immunofluorescence (IF) analyses. A two-fold increase in dual-positive cells illustrated greater T cell 

proliferation in Gcn2 -/- rats under basal conditions (Figure 7B). 

The significantly increased expression of S100a8 and S100a9 genes encoding calprotectin subunits 

suggested an increase in classical monocyte and neutrophil populations as supported by scRNAseq. IF 

double-staining using CD11b, as marker of myeloid cells, and calprotectin antiserum showed an increase in 

calprotectin expressing myeloid cells during ASNase treatment in Gcn2 deficient rats (Figure 8 A-B et 

Figure E2).  Western blot experiments further demonstrated that MMP9, a metalloprotease expressed in 

neutrophils was increased in ASNase-treated Gcn2-/- rats (Figure 8C).  

Cytokine measurements in rat plasma. 

Among seventeen cytokines measured in the plasma of experimental rats of both genotypes, we observed a 

significant increase in CXCL3, ICAM-1, TIMP1, VEGF, IL-18 and Il-6 in Gcn2 deficient rats treated by 

ASNase, as compared to the other experimental groups (Figure 9).  

Altogether, these results demonstrate an active inflammatory state in Gcn2 deficient rats involving both T-

lymphocyte dysregulation in basal conditions and innate immunity activation in under amino acid 

deprivation in Gcn2-/- rats.  
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DISCUSSION 

We generated genetically Gcn2-deficient rats by CrispR-CAS9 to create an animal model of heritable 

PVOD. These rats, as well as Gcn2 KO mice, do not develop spontaneous PVOD, even after twelve months. 

To induce a state of amino acid deprivation, a relevant condition for GCN2 activation, we used asparaginase, 

an anti-leukemia drug that causes asparagine and glutamine deficiency. We found this treatment to be the 

only experimental condition that strongly discriminated between WT and Gcn2-/- rats since Gcn2 mutant 

rats underwent rapid weight loss with fatal consequences within a few days of administration, whereas WT 

rats did not show any significant physiological failure.  

We conducted transcriptomic profiling and scRNAseq in Gcn2-/- and WT rat lungs three days after a single 

ASNase injection to gain insight into the molecular and cellular responses to this stress.   

Under basal conditions, only five genes were differentially regulated, consistent with the absence of 

phenotypic alterations in Gcn2-deficient rats. However, Gcn2-deficient rat lungs contained large 

populations of T_LAG3 cells expressing LAG3 (CD223), a key member of the immunoglobulin superfamily 

and a CD4 paralog that binds MHC class II molecules with very high affinity and has an intrinsic negative 

regulatory T cell function by its role as an immune checkpoint receptor 22. Other studies have shown that 

persistent antigen exposure results in sustained LAG3 expression and contributes to a state of “exhaustion” 

responsible for impaired proliferation of T cells and decreased cytokine production23. Previous reports have 

demonstrated that LAG3 is mainly localized in the intracellular compartment and is translocated to the cell 

surface upon stimulation24. Using flow cytometry, we confirmed that LAG3 had intracellular localization in 

this T cell population from Gcn2-/- rats under basal conditions. Under unstimulated conditions, the majority 

of LAG3 does not reach the cell surface and likely undergoes degradation within lysosomal compartments24. 

Nevertheless, DEGs analysis of T_LAG3 cells highlighted increased Lag3 expression in Gcn2-/- compared 

to WT rats under basal conditions. Given that intracellular LAG3 is accumulating in these Gcn2-/- rats, the 

degradation pathway might be unable to clear the increased LAG3 expression.  
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Interestingly, the T_Prolif cell population also increased in Gcn2-/- rats under non-stimulated conditions. 

Considering that this cell population expresses LAG3 at higher level in Gcn2 deficient rats, it is possible 

that T_LAG3 cells are proliferating at higher rates than in WT animals. Moreover, the T_LAG3 expressing 

cell population is no longer detected after ASNase treatment and T_Prolif also decrease under ASNase 

treatment.  It has been previously shown that T cells (CD4+, CD8+, and CD4+/CD8+), B cells (B220+ sIgM+), 

and leukocytes (CD11b+) from Gcn2-/- mice display enhanced cell death when exposed to ASNase-induced 

amino acid deficiency25. Considering that GCN2 and amino acid supply are both necessary for T cell 

survival and differentiation, we can suppose that GCN2-deficient T_LAG3 and the subpopulation of 

T_prolif expressing LAG3 cells undergo cell death with ASNase treatment 26. 

Since GCN2 has been reported to play a role in immune cell differentiation27,28, it is possible that Gcn2-

deficient T cells cannot differentiate as efficiently as WT T cells during asparagine and glutamine starvation 

induced by ASNase treatment. Indeed, we found that the T_Eff population, corresponding to activated T 

cells, was significantly decreased in Gcn2-/- rats compared to WT rats after ASNase treatment, whereas 

T_Naïve populations, corresponding to quiescent T cells, remained unchanged between experimental 

groups. Moreover, instead of being necessary for T cell proliferation, as proposed by Munn et al.29, Van de 

Velde et al. suggested that GCN2 is required for normal cytotoxic T_Eff function. The possible inability of 

T_Eff to lyse activated antigen presenting cells could be one cause of the increased inflammatory status 

observed under amino acid starvation conditions.  

Altogether, GCN2 loss of function impedes normal T cell development and leads to their proliferation, 

resulting in an increased T_LAG3 population that is unable to survive when rats are undergoing metabolic 

stress. ASNase treatment affects GCN2-deficient T cell differentiation, resulting in decreased T_Eff 

populations, and, possibly, cytotoxic dysfunction.  

GCN2 has already been demonstrated as critically important in limiting ASNase toxicity in the liver and 

pancreas in rodents 30,31. Consistent with these results, cytosolic vacuoles were present in yellowy livers 

from ASNase-treated Gcn2-/- rats, suggesting steatosis and inflammation. Indeed, ASNase treatment rapidly 

led to severe morbidity in GCN2-deficient rats indicating a high sensitivity to asparagine and glutamine 
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depletion. We cannot exclude the possibility that inflammatory mediators originating from other organs, 

such as the liver or intestine, could target the lungs and indirectly induce lung injury.   

As previously described in mice, we confirm that the GCN2 protein kinase is required to activate integrated 

stress responses in rats treated with ASNase. In accordance with the previous observation that ISR failure 

can drive cells towards apoptosis25, we showed that apoptosis increased in lung cells from ASNase-treated 

Gcn2-deficient rats using the TUNEL assay. Given that there is growing evidence that cell death can activate 

the immune response either by antigens transfer to the immune system or by DAMPs release32,33, we 

speculate that increased cell death is an inflammatory trigger in ASNase-treated Gcn2-deficient rats. 

Ravishankar et al. demonstrated the important role of GCN2 in regulating the tolerogenic response to 

apoptotic cell antigens by inducing IL-10 and TGF-β production in macrophages34. We detected the DAMP 

molecule calprotectin, whose two subunits are encoded by the S100a8 and S100a9 genes that were both 

strongly overexpressed in the lung of ASNase-treated GCN2 deficient rats and increased in their serum. 

Several reports have suggested that the immune system senses cell death via the TLR2 and/or TLR9 

pathway(s)35. In fact, DAMP molecules, such as calprotectin, can either activate the TLR pathway in sentinel 

cells (macrophages and mast cells) or in an autocrine manner via neutrophils36,37. This data, along with our 

current results demonstrating Tlr2, Myd88, Il6, and Il1B overexpression, collectively suggest that the 

observed increased cell death could be responsible for increased inflammation processes by releasing 

calprotectin and inducing TLR pathway activation. Calprotectin is involved in neutrophil migration to 

inflammatory sites38 and its increased expression in Gcn2 mutant rats correlates with the increased CD11b 

myeloid cell population as attested by scRNAseq and immunofluorescence analysis of lung cells. 

Interestingly, the parallel increased expression of MMP9, known to promote revascularization at injury 

sites39, could suggest a possible role for neutrophils in vascular remodeling. It was previously shown that 

neutrophils facilitate monocyte recruitment, likely explaining increased numbers of monocytes in ASNase-

treated Gcn2-/- rats40. Finally, inflammation activation could also be due to defective autophagy in Gcn2-/- 

rats. Ravindran et al. found an enhanced inflammatory response in the gut of Gcn2-/- mice following dextran 

sodium sulfate (DSS) administration that was imputed to decreased autophagy activation18. Consistent with 
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their results, we found that autophagy, as evaluated on key proteins of this pathway, was not induced in 

ASNase-treated Gcn2-/- rats in contrast to WT.  

Endothelial cells (ECs) play a major role in vascular remodeling and several genes of interest were strongly 

modulated in this cell population. We observed a major increase in Lrg1 gene expression in ASNase-treated 

Gcn2-/- mutant rats. LRG1 is mitogenic for endothelial cells in the presence of TGF-β1 and induces 

angiogenesis. Owing to its interaction with endoglin, LRG1 increases endothelial TGF-β type II receptor 

and ALK1 activation and signaling by activating the Smad1/5/9 pathway41. More recently, Singhal et al. 

showed that LRG1 increased the number of NG2+ perivascular cells42. Lrg1 upregulation in lungs from 

Gcn2-deficient rats under stress conditions might offer a clue to understanding the large ECs proliferation 

conferring a capillary hemangiomatosis aspect observed in some patients with hPVOD. LRG1 is also 

expressed in neutrophils where emerging data suggest that LRG1 plays a role in innate immunity 43. BMPR2 

and endoglin, two genes involved in BMP signaling in endothelial cells and linked to hereditary 

predisposition to PAH development, were found upregulated in endothelial cells from Gcn2 mutant rats 

under basal conditions. These two gene overexpressions may represent a compensatory mechanism to cope 

with the BMP/TGFb imbalance found in hPVOD. Indeed, we already published that phosphorylation of 

SMAD1/5/9, the downstream signaling below BMPR2, is strongly reduced in human hPVOD, but also in 

mitomycin C (MMC)-induced PVOD in rats, without significant alteration of BMPRII protein expression 

11,44. We also relevantly demonstrated that the pulmonary phosphorylation of SMAD1/5/9 is specifically 

reduced in our Gcn2-/- rats and that pharmacological or siRNA-based inhibition of GCN2 negatively 

regulates BMP-dependent SMAD1/5/9 signaling in pulmonary endothelial cells, in part through modulation 

of chordin 11.  Loss of GCN2 enhances as well the mRNA levels of collagen I by decreasing ATF3-

dependent p38 phosphorylation, which promotes the collagen I synthesis in PASMCs and eventually leads 

to increased collagen deposition in the pulmonary artery wall 45. Accordingly, vascular remodeling and 

pulmonary fibrosis are aggravated in a model of group 3 PH induced by bleomycin in our Gcn2-/- rat, 

potentially through an IL-6-dependent mechanism 46. The fact that we found an increased number of 

fibroblasts in the lungs of Gcn2-deficient rats, and that biallelic EIF2AK4 mutation carriers have 
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significantly more severe intimal fibrosis, support further the profibrotic influence of GCN2 loss-of-function 

7. Our results also suggest an activation of endothelial cells through IL-6 and E-selectin as RNAseq revealed 

that their transcripts were increased. E-selectin increase in endothelial cells mediates leukocyte rolling along 

the activated endothelium, neutrophil chemoattraction, and capture likely participating to neutrophil 

recruitment in Gcn2 deficient rats 47,48. Increased plasma levels of VEGF, CXCL3, IL-6 and IL-18 illustrate 

the angiogenic and proinflammatory status of Gcn2 deficient rats treated by ASNase and corroborate results 

found at the expression levels in lung tissue.  

There are some limitations to our study that must be discussed. The first is the absence of PVOD 

development in Gcn2-deficient rats, which prevented the observation of the molecular and cellular events 

associated with vascular remodeling. The scRNAseq experiments might have been biased because rare cell 

population, like cells progenitors for example, can be difficult to extract and included in the analysis. 

However, we conducted the study in accordance with standard protocols for lung experiments. Finally, 

although some gene modulations were integrated into gene networks likely involved in the ASNase 

treatment stress response in Gcn2-deficient rats, in view of severe physiological consequences, other gene 

alterations could be secondary to non-lung tissue failures, and may be difficult to interpret. Therefore, either 

there was an integrated regulatory system present that we have not yet identified, or several genes were 

increased due to compromised systemic physiological status. The Gcn2-deficient rodent model is 

characterized by a major difference compared with human subjects carrying biallelic GCN2 deficiency, 

because severe PVOD usually occurs early in life, even in neonates, despite the absence of an identifiable 

trigger. We cannot eliminate a specific and unidentified inducing factor involved in humans to which the 

experimental rats have not been exposed, although we used several conditions to attempt to induce PVOD. 

Another hypothesis could refer to a specific inflammatory factor involved in the development of vascular 

remodeling in humans, which could be absent in rodents. 

Interestingly, the whole lung RNAseq analysis did not allow the discrimination of molecular and cellular 

differences between WT and Gcn2-/- rats at the basal level, whereas scRNAseq, flow cytometry, and IF 
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staining on isolated pulmonary cells did. This demonstrates that the GCN2 loss-of-function can impact 

discrete circulating and/or resident pulmonary cells with subsequent effects on the pulmonary vasculature. 

Our results suggest that the activation of the lung’s innate immune system in response to amino acid 

deprivation in Gcn2-deficient rats is the combination of calprotectin-induced TLR pathway activation 

associated with apoptosis-induced neutrophil recruitment and autophagy deficiency. Importantly, we 

propose a new role for GCN2 in adaptive immunity involving T cell development under basal conditions. 

These results suggest that GCN2 has an additional role to its amino acid sensor function that should be 

further investigated. 
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FIGURES LEGENDS 

Figure 1. The integrated stress response is induced in WT rat lungs after systemic asparaginase exposure. 

(A) Bodyweight loss three days after a single injection of either asparaginase (ASNase; 75 units per 

kilogram body  weight) or physiological serum in both WT rats (WT) and Gcn2 KO rats (Gcn2-/-). nmale=4 

and nfemelle=4 per condition. (B) Pulmonary levels of phospho-GCN2 protein (general control 

nonderepressible 2; B1), GCN2 (B2), PERK [(PKR)-like endoplasmic reticulum kinase; B3] and ASNS 

(asparagine synthetase; B4) were analyzed by Western blotting in control and asparaginase-treated rats of 

both WT and Gcn2-/- genotypes. (C) Pulmonary levels of ATF4 (activating transcription factor 4; C1) and 

Sestrin-2 (C2) were analyzed by Western blotting in control and asparaginase-treated rats of both WT and 

Gcn2-/- genotypes. β-Actin was used as the loading control. *p<0.05, **p<0.005, ***p<0.0005 by two-way 

ANOVA test, except for B2: Mann-Whitney U test. nmale=3 and nfemelle=3 for rats treated with ASNase, 

nmale=3 and nfemelle=2 for rats treated with Vhcl. 

Figure 2. Deficient autophagy and increased apoptosis in lungs from asparaginase-treated Gcn2-

deficient rats. (A) Pulmonary levels of p62 (A1), ATG3 (A2), and LC3B (A3) were analyzed by Western 

blotting in control and asparaginase-treated rats of both WT and Gcn2-/- genotypes. nmale=3 and nfemelle=3 for 

each condition exept for Gcn2-/- rats treated with Vhcl, nmale=3 and nfemelle=2. (B) Immunofluorescent 

TUNEL staining of rat lungs (green, apoptosis marker). Nikon Eclipse Ti, 20X; Scalebar: 50µM. To 

quantify pulmonary apoptosis, the ratio of TUNEL+ cells per total (DAPI+) cell number was calculated. 

Images for control and treatment groups in microscopy experiments were collected at the same time under 

the same conditions. nmale=4 and nfemelle=3 for each condition exept for WT rats treated with Vhcl, nmale=3 

and nfemelle=3. *p<0.05, **p<0.005, ***p<0.0005 by two-way ANOVA test.  

Figure 3. Transcriptional profiling of lungs three days after a single injection of either asparaginase or 

physiological serum in both wild-type rats (WT) or Gcn2 KO rats (Gcn2-/-). (A) Differentially expressed 

genes that are significantly either up- or downregulated between all experimental groups. (B) Venn diagram 

shows the number of genes altered by asparaginase treatment, with 1221 genes categorized as unique to 
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ASNase-treated Gcn2-/- rats, 27 genes unique to ASNase-treated WT rats, and 15 genes common to both 

ASNase-treated genotypes. (C) Heatmap representation of upregulated genes in asparaginase-treated Gcn2-

/- rats classified by the Hallmark_inflammatory response gene set in all experiment groups. (D) Hallmark 

geneset enrichment analysis of asparaginase-treated Gcn2-/- rats versus asparaginase-treated WT rats 

showing the most significantly upregulated pathways. nmale=4 and nfemelle=4 for each condition except for 

Gcn2-/- rats treated with ASNase, nmale=4 and nfemelle=3 

Figure 4. Asparaginase treatment induces inflammation in Gcn2-deficient rats (Gcn2-/-). (A) Gene 

expression of Il1β (B) Nfkb2, nmale=4 and nfemelle=3 for each condition (C) Nfkb2, (D) Myd88, nmale=4 and 

nfemelle=3 for each condition except for Gcn2-/- rats treated with Vhcl, nmale=3 and nfemelle=3 (E) Myd88, and 

(F) SELE, nmale=4 and nfemelle=3 for each condition except for Gcn2-/- rats treated with ASNase, nmale=3 and 

nfemelle=3, in rat lungs measured by RT-qPCR. Each mRNA from a single biological sample was measured 

in triplicate, normalized to 18S ribosomal RNA, and means of triplicate values are compared. Results were 

obtained by the comparative Ct method and are expressed as fold change with respect to the experimental 

control. (G) Calprotectin concentration in the serum measured by ELISA. nmale=3 and nfemelle=3 for each 

condition. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001 by two-way ANOVA test.  

Figure 5. scRNA-seq identifies different cellular landscapes in the lungs of Gcn2-deficient rats and WT 

rats with either asparaginase treatment or under basal conditions. (A) UMAP projection of 18,201 lung 

cells from 12 rats showing the formation of 19 clusters. (B) Dot plot displaying average expression of 

discriminative marker genes used to identify cell clusters in (A). Dot size corresponds to percentage of cells 

expressing a gene in the cluster (C). Bar chart highlighting the percentage of cells per sample within each 

cell type cluster (WT rats treated with asparaginase in blue, WT rats treated with physiological serum in 

yellow, Gcn2-deficient rats treated with asparaginase in grey, and Gcn2-deficient rats treated with 

physiological serum in orange).  

Figure 6. scRNA-seq reveals unique DEGs in cell types of Gcn2-/- rats compared to WT rats. (A) Jitter 

plot displaying differential gene expression for each cell type of the UMAP projection according to genotype 
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(Gcn2-/- rats injected with vehicle vs WT rats injected with vehicle) or according to asparaginase treatment 

and genotype  (Gcn2-/- rats treated with asparaginase vs WT rats treated with asparaginase). Each dot 

represents genes distributed according to the log (fold change) of a gene. Dots with FDR < 0.05 are in color. 

Grey dots were not significant. (B) Dot plot presenting differentially expressed genes across cell types 

enabling the identification of genes whose differential expression was specific to an experiment group and 

a particular cell type. Abbreviations for cell types are defined in figure 5.  

Figure 7. Flow cytometry and immunofluorescence validate scRNA-seq cell type identities. (A) Flow 

cytometry analysis of pulmonary cells from Gcn2-deficient rats and WT rats under basal conditions 

confirmed (A1) the increased population of CD3+ LAG3+ cells in unstressed Gcn2-deficient rats. This 

analysis enabled us to confirm that the increase of LAG3+ T cells occurs in both CD4+ (A2) and CD8+ (A3)  

T cells. nmale=3 and nfemelle=2 for each condition. (B) Immunofluorescent staining of rat lungs for Ki67 

(proliferation marker; green) and CD3 (lymphocyte T cell marker; red). Nikon Eclipse Ti, 20X ; Scalebar : 

50µM. To quantify proliferating CD3+ cells, the ratio of double-positive Ki67+ CD3+ cells over total cells 

was calculated. Images for control and treatment groups in microscopy experiments were collected at the 

same time under the same conditions. nmale=3 and nfemelle=2 for Gcn2-/- rats, nmale=2 and nfemelle=2 for WT 

rats. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001 by two-way ANOVA test, except for (A1), (A2), 

and (A3): Mann Whitney U test.  

Figure 8. Expression of innate immunity cell markers in rat lungs under ASnase treatment. (A) 

Immunofluorescent double-staining of rat lungs from the four groups using a human monoclonal antibody 

against CD11b and a goat antiserum again rat S100A8 subunit of calprotectin. Nikon Eclipse Ti, 20X ; 

Scalebar : 50µM. White arrows indicate staining by either antibody or both in the lung from the various 

conditions. (B) To quantify calprotectin+ cells, the ratio of CD11b + or calprotectin+ or double positive 

labelled cells over total (DAPI+) cells was calculated. Kruskall-Wallis, ANOVA 1 Way on log-transformed 

values. nmale=2 and nfemelle=2 for each condition except for Gcn2-/- rats treated with ASNase, nmale=4 and 

nfemelle=3. (C) Pulmonary levels of MMP9 were analyzed by Western blotting in control and asparaginase-
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treated rats for both WT and Gcn2-/- genotypes. β-Actin was used as the loading control. nmale=3 and nfemelle=3 

for each condition. Images for control and treatment groups in microscopy experiments were collected at 

the same time under the same conditions.  *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001 by two-way 

ANOVA test. 

Figure 9. Rat Luminex Assay. Luminex assay (R&D LXSARM-17) was performed according to the 

manufacturer procedure, with rat plasma from the four groups ; nmale=3 and nfemelle=3 for each condition 

*p<0.05, **p<0.005, ***p<0.0005 
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