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Cross-Species Transcriptomic Triangulation and Exploratory LINCS L1000 Reversal in Sepsis-Associated ARDS: Integrating Human Blood (GSE66890, GSE32707) and Murine Lung Endothelium (GSE169532)
ABSTRACT
Background: Sepsis-associated acute respiratory distress syndrome (ARDS) lacks validated host-directed pharmacotherapies capable of reversing pulmonary microvascular endothelial injury.
Aims: To integrate human whole-blood ARDS-versus-sepsis transcriptomes with murine pulmonary endothelial responses to prioritise exploratory small-molecule reversal candidates.
Study Design: Integrative cross-species transcriptomic meta-analysis and connectivity-reversal pharmacoinformatics study.
Place and Duration of Study: CMHC Research Center, Palembang, and ANC Medical Center, Jakarta, Indonesia.
Methodology: Human blood cohorts (GSE66890, n = 57 [29 ARDS, 28 sepsis; 18,085 genes]; GSE32707 Day 0, n = 48 [18 ARDS, 30 sepsis; 20,748 genes]; N = 105) were analysed via empirical Bayes limma and DerSimonian–Laird meta-analysis across 17,171 shared genes with reciprocal replication auditing. Estimates were triangulated with murine cecal ligation and puncture lung capillary (capEC, n = 6) and postcapillary venular (PCV, n = 6) endothelial RNA-seq (GSE169532, N = 12) via 1:1 orthology, L1000CDS2, 20 API and 10,000 Monte Carlo random controls, ChEMBL v34, and STRING v12.5.
Results: No gene reached FDR < 0.05 in either human cohort alone (80 reached FDR < 0.10 in GSE66890; 0 in GSE32707; Spearman ρ = 0.072; concordant sign 9,111/17,171 [53.06%]). Meta-analysis identified 11 genes at FDR < 0.05; only PIM1 (log2FCmeta = 0.555, SE = 0.123, FDR = 0.019) was concordantly upregulated in murine capEC (log2FC = 1.345, FDR = 0.004) and PCV (log2FC = 1.548, FDR = 0.016). A 38-gene barrier panel showed no enrichment (Mann–Whitney p = 0.513). L1000CDS2 prioritised selumetinib (score = 0.1176 [0.118], A375, 80.0 µM; pemp = 0.0476; pMC = 0.0018), geldanamycin, and AS605240 across three specifications, though none ranked in the GSE32707 top 50.
Conclusion: Cross-species integration identifies PIM1 as a convergent node and prioritizes selumetinib, geldanamycin, and AS605240 as preclinical candidates requiring multi-stage experimental and clinical confirmation.
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1. INTRODUCTION
1.1 Global Burden, Evolving Diagnostic Paradigms, and Biological Heterogeneity of Sepsis-Associated ARDS
Acute respiratory distress syndrome (ARDS) precipitated by systemic sepsis represents one of the most devastating critical care emergencies worldwide, carrying an intensive care unit (ICU) mortality rate of 35% to 45% and leaving a substantial proportion of survivors with persistent restrictive pulmonary dysfunction, neuromuscular weakness, and long-term cognitive impairment (Evans et al., 2021; Grasselli et al., 2023; Matthay et al., 2024; Yin et al., 2024). Despite major refinements in syndromic classification—spanning the 2012 Berlin Definition, the Surviving Sepsis Campaign international guidelines, the European Society of Intensive Care Medicine clinical practice guidelines, and the 2024 New Global Definition of ARDS—supportive mechanical ventilation with lung-protective low tidal volumes (4–8 mL/kg predicted body weight), titrated positive end-expiratory pressure, prone positioning, and conservative fluid resuscitation remain the cornerstones of clinical management (Evans et al., 2021; Grasselli et al., 2023; Matthay et al., 2024; Qin et al., 2022; Yin et al., 2024; J. Zhang et al., 2025). Over the past three decades, dozens of large phase II and phase III randomised controlled trials evaluating systemic anti-inflammatory biologics, corticosteroids, alveolar surfactant replacement, inhaled vasodilators, anticoagulants, and mesenchymal stromal cell therapies have failed to establish a universally effective, targeted pharmacotherapy capable of halting or reversing the progression of sepsis-induced lung injury (Grasselli et al., 2023; Qin et al., 2022; Yin et al., 2024; J. Zhang et al., 2025). Crucially, because syndromic diagnosis under both the Berlin criteria and the 2024 Global Definition relies primarily on functional gas-exchange impairment (such as PaO2/FiO2 or pulse oximetric SpO2/FiO2 ratios) and thoracic imaging which become apparent only after substantial alveolar–capillary flooding has occurred, there remains an urgent unmet need for pathogenesis-based molecular biomarkers and computer-assisted transcriptomic prioritisation frameworks capable of detecting and targeting incipient microvascular injury during the early window of sepsis (Matthay et al., 2024; Yin et al., 2024; J. Zhang et al., 2025).
A foundational explanation for this translational impasse lies in the profound biological, aetiological, and compartment-specific heterogeneity encompassed within the clinical syndrome of sepsis-associated ARDS (Peng et al., 2026; Qin et al., 2022; Yang et al., 2022; J. Zhang et al., 2025). Clinically and biologically, sepsis-induced ARDS (typically categorised as an indirect or extrapulmonary lung injury when arising from intra-abdominal, urinary, or bloodstream infections, or mixed direct/indirect injury when complicated by pneumonia or aspiration) differs substantially from non-septic ARDS caused by trauma or sterile inhalational injury (Matthay et al., 2024; Peng et al., 2026; Qin et al., 2022; Yang et al., 2022; J. Zhang et al., 2025). Even among patients meeting identical oxygenation and radiographic criteria for sepsis-associated ARDS, latent class analyses of clinical and protein biomarker data have consistently identified divergent biological subphenotypes—most notably a hyperinflammatory endotype characterised by shock, metabolic acidosis, endotheliopathy, and elevated plasma interleukin-6, interleukin-8, and soluble tumour necrosis factor receptor-1, versus a hypoinflammatory endotype with more preserved haemodynamic and endothelial homeostasis (Peng et al., 2026; Qin et al., 2022; Yang et al., 2022; Yin et al., 2024; J. Zhang et al., 2025). Furthermore, because uncomplicated sepsis itself triggers a massive systemic host response involving myeloid demargination, cytokine release, and coagulation activation, study designs that compare septic ARDS patients against healthy volunteers inevitably conflate generalized sepsis inflammation with lung-specific pathobiology (Peng et al., 2026; Wang et al., 2023; Yang et al., 2022; You & Zhang, 2022). Isolating the molecular determinants that specifically accompany the transition from uncomplicated sepsis to acute hypoxemic respiratory failure therefore requires active clinical comparison between septic patients with ARDS and septic patients without ARDS (Peng et al., 2026; Wang et al., 2023; You & Zhang, 2022).
A systematic review of concurrent sepsis and ARDS identified variation in prognostic factors and study methodologies, supporting careful interpretation of proposed biomarkers in clinically defined populations (Brown et al., 2024).
At the cellular and ultrastructural level, disruption of the pulmonary microvascular endothelial barrier is recognised as the proximate initiating lesion in extrapulmonary and sepsis-associated ARDS (Peng et al., 2026; Wang et al., 2023; Yang et al., 2022; You & Zhang, 2022; Zhong et al., 2024). Under physiological conditions, the pulmonary microvascular endothelium forms a continuous, semipermeable monolayer closely apposed to alveolar type I and type II epithelial cells, regulating fluid filtration and preventing proteinaceous alveolar oedema while facilitating rapid diffusive gas exchange (Peng et al., 2026; Wang et al., 2023; You & Zhang, 2022; Zhong et al., 2024). Endothelial barrier integrity is maintained by homophilic trans-interactions of vascular endothelial cadherin (VE-cadherin, encoded by CDH5) within adherens junctions, claudin-5 (CLDN5) and occludin strands linked to zonula occludens-1 and -2 (TJP1 and TJP2) within tight junctions, α-catenin (CTNNA1) and β-catenin cortical actin tethers, and tonic activation of the endothelial receptor tyrosine kinase Tie2 by pericyte-derived angiopoietin-1 (ANGPT1) (Dong et al., 2026; Fang et al., 2025; Wegmann et al., 2025; Yang et al., 2024; Zhong et al., 2024). During polymicrobial or lipopolysaccharide (LPS)-driven sepsis, circulating endotoxin, proinflammatory cytokines, cell-free haemoglobin, extracellular histones, neutrophil extracellular traps (NETs), and glycolytic lactate converge on the pulmonary microvasculature (Dong et al., 2026; Fang et al., 2025; Wegmann et al., 2025; Yang et al., 2024). These mediators trigger angiopoietin-2 (ANGPT2) exocytosis from Weibel–Palade bodies, antagonize Tie2 phosphorylation, activate RhoA and Rho-associated coiled-coil-containing protein kinases (ROCK1 and ROCK2), induce myosin light-chain phosphorylation, and promote calpain- and Src-dependent phosphorylation and clathrin/endophilin-mediated internalization of VE-cadherin, culminating in paracellular gap formation and alveolar flooding (Dong et al., 2026; Fang et al., 2025; Peng et al., 2026; Wegmann et al., 2025; Yang et al., 2024).
Single-cell multi-omics research has linked SLC2A1-associated glycolytic reprogramming with pulmonary endothelial dysfunction in sepsis-associated lung injury, providing a rationale for compartment-aware molecular analysis (Long et al., 2026).
Crucially, recent single-cell RNA sequencing (scRNA-seq) and lineage-sorted transcriptomic atlases of the mammalian lung have overturned the traditional view of the pulmonary endothelium as a homogeneous cellular sheet (Wang et al., 2023; You & Zhang, 2022; Zhong et al., 2024). Within the pulmonary microcirculation, capillary endothelial cells (capEC)—further specialized into thin gas-exchanging alveolar aerocytes (aCap) and regenerative general capillary cells (gCap)—exhibit transcriptional profiles distinct from postcapillary venular endothelial cells (PCV) (Wang et al., 2023; You & Zhang, 2022; Zhong et al., 2024). Whereas capEC are uniquely vulnerable to alveolar–capillary membrane stress, microthrombi, and apoptotic rarefaction during acute endotoxemia or polymicrobial cecal ligation and puncture (CLP) sepsis, PCV serve as the primary anatomical gateway for P-selectin-, E-selectin-, intercellular adhesion molecule-1 (ICAM1)-, and vascular cell adhesion molecule-1 (VCAM1)-mediated neutrophil adhesion, transendothelial diapedesis, and paracellular macromolecular leakage (Dong et al., 2026; Wang et al., 2023; You & Zhang, 2022; Zhong et al., 2024). Consequently, any host-directed candidate intended to modulate pulmonary microvascular pathology in sepsis-associated ARDS should ideally address transcriptional perturbations shared across both capillary and postcapillary venular endothelial compartments.
Reviews of experimental ARDS models also note that no single animal model fully reproduces human ARDS, a limitation that warrants caution when interpreting cross-species concordance (Panda et al., 2023).
1.2 Epistemic Limits of Peripheral Whole-Blood Transcriptomics and Rationale for Cross-Species Triangulation
Despite the central role of the pulmonary microvascular endothelium in ARDS pathogenesis, direct bronchoscopic or surgical biopsy of lung tissue from haemodynamically unstable, mechanically ventilated septic ICU patients is rarely justifiable clinically, leaving peripheral whole-blood transcriptomics as the primary modality for high-throughput molecular profiling in human cohorts (Fei & Wang, 2023; Mailem & Tayo, 2022; Pensier & Lorne, 2026; Qi et al., 2025; Quan & Gao, 2025; Wang et al., 2022; Wu & Guo, 2024). Over the past decade, landmark whole-blood microarray studies—such as GSE66890 (profiling critically ill septic patients with and without ARDS on Affymetrix Human Gene 1.0 ST arrays) and GSE32707 (profiling ICU patients with sepsis, sepsis-associated ARDS, and systemic inflammatory response syndrome on Illumina HumanHT-12 V4.0 BeadChips)—have provided invaluable public repositories for investigating the systemic host response (Fei & Wang, 2023; Mailem & Tayo, 2022; Quan & Gao, 2025; Wu & Guo, 2024). However, re-analyses of peripheral blood transcriptomes in sepsis-associated ARDS face three formidable methodological hurdles that are frequently overlooked in conventional bioinformatics studies (Fei & Wang, 2023; Mailem & Tayo, 2022; Quan & Gao, 2025; Wang et al., 2022; Wu & Guo, 2024).
Longitudinal blood multi-omics analyses have identified molecular signatures associated with ARDS inflammatory phenotypes and mortality, illustrating the heterogeneity underlying systemic transcriptomic measurements (Alipanah-Lechner et al., 2026).
First, whole-blood mRNA abundance is overwhelmingly dominated by circulating leukocytes (mature segmented neutrophils, band forms, monocytes, T and B lymphocytes, and natural killer cells) and reticulocytes, while circulating endothelial cells and endothelial microparticles contribute a negligible fraction of total peripheral blood RNA (Fei & Wang, 2023; Mailem & Tayo, 2022; Quan & Gao, 2025; Wu & Guo, 2024). Consequently, genes that govern structural adherens and tight junction architecture locally within the lung microvasculature may exhibit little or no differential transcription inside circulating leukocytes. Second, when comparing sepsis-associated ARDS against uncomplicated sepsis—a contrast where both groups already share intense systemic leukocytosis and cytokine activation—single-cohort transcriptomic effect sizes are typically small, and inter-cohort replication is degraded by differences in microarray probe chemistry, normalisation algorithms, baseline patient demographics, direct versus indirect lung injury proportions, and ICU sampling timepoints (Fei & Wang, 2023; Mailem & Tayo, 2022; Quan & Gao, 2025; Wang et al., 2022; Wu & Guo, 2024). Third, transcriptomic connectivity-reversal screening tools such as the Library of Integrated Network-Based Cellular Signatures (LINCS L1000) and L1000CDS2 (Duan et al., 2016) measure transcriptional inversion largely across immortalized human cancer and epithelial cell lines (such as A375 melanoma or HME1 mammary epithelial cells) exposed to micromolar drug concentrations; treating top connectivity hits as clinically validated endothelial therapeutics—or performing speculative molecular docking between a top L1000 compound and a top differentially expressed gene without biochemical target convergence—introduces severe overclaiming bias (Fei & Wang, 2023; Mailem & Tayo, 2022).
Recent single-cell profiling of bronchoalveolar lavage samples from patients with sepsis-induced ARDS has also identified distinct immune and epithelial cell states, underscoring differences between local pulmonary responses and peripheral-blood profiles (Chen et al., 2026).
To overcome these limitations while maintaining strict scientific transparency, we designed an integrative, multi-stage cross-species transcriptomic and pharmacoinformatics investigation combining two human ICU whole-blood cohorts of sepsis-associated ARDS versus uncomplicated sepsis (GSE66890, n = 57; GSE32707 baseline Day 0, n = 48; total N = 105) with compartment-resolved murine pulmonary capillary (capEC, n = 6) and postcapillary venular (PCV, n = 6) endothelial RNA-seq profiles from experimental CLP sepsis (GSE169532, total N = 12) (Asano et al., 2022; Duan et al., 2016; Koudijs et al., 2023; Kwee et al., 2022; Ringwald et al., 2022; Ritchie et al., 2015; Subramanian et al., 2017; Szklarczyk et al., 2023; Zdrazil et al., 2024).
Specifically, we tested two prespecified, falsifiable hypotheses: (1) that cross-cohort human blood meta-analysis triangulated with sorted murine pulmonary capillary and venular endothelial transcriptomes would isolate a restricted subset of conserved microvascular-relevant transcripts from broader leukocyte-dominated blood signals, and (2) that connectivity-reversal screening of the endothelial-filtered signature against empirical and Monte Carlo random null controls would prioritise mechanistic small-molecule classes suitable for preclinical endothelial barrier validation (Fei & Wang, 2023; Mailem & Tayo, 2022; Quan & Gao, 2025; Wang et al., 2022; Wu & Guo, 2024).
Nevertheless, a methodological gap remains in connecting ARDS-versus-sepsis peripheral-blood signatures with compartment-resolved pulmonary endothelial responses while assessing the stability of computational drug-reversal predictions. This study addresses that gap through independent human cohort comparison, murine endothelial triangulation and empirical null controls; these approaches do not establish clinical therapeutic efficacy.
1.3 Study Objectives
Our objectives were fourfold: (i) to quantify single-cohort differential expression and DerSimonian–Laird random-effects meta-analysis across 17,171 shared human genes while auditing cross-cohort directional concordance and rank correlation; (ii) to identify human meta-significant genes that exhibit strict 1:1 orthologous, directionally concordant perturbation in murine pulmonary capEC and PCV compartments; (iii) to test competitively whether a prespecified 42-gene endothelial barrier panel is enriched in human whole blood compared with the genomic background; and (iv) to prioritise exploratory small-molecule reversal candidates across four L1000CDS2 query specifications benchmarked against 20 random gene-set permutation controls, ChEMBL v34 clinical phase and mechanism annotations, and STRING v12.5 physical interaction networks.
2. MATERIALS AND METHODS
2.1 Study Design, Data Sources, and Ethical Compliance
This study was designed and executed as a multi-cohort cross-species transcriptomic meta-analysis and connectivity-reversal pharmacoinformatics investigation. All primary gene expression matrices, platform annotation tables, orthology mappings, chemical bioactivity records, and protein–protein interaction networks were retrieved from publicly accessible, curated repositories: the National Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO; accessions GSE66890, GSE32707, and GSE169532), the Mouse Genome Informatics (MGI) homology database, the LINCS L1000CDS2 characteristic direction search engine, the European Molecular Biology Laboratory ChEMBL v34 database, and the STRING v12.5 database (Asano et al., 2022; Duan et al., 2016; Koudijs et al., 2023; Kwee et al., 2022; Ringwald et al., 2022; Ritchie et al., 2015; Subramanian et al., 2017; Szklarczyk et al., 2023; Zdrazil et al., 2024). The computational research was conducted at the Department of Neurology, CMHC Research Center (Palembang, Indonesia) and the Department of Intensive Therapy, ANC Medical Center (Jakarta, Indonesia).
Because all human transcriptomic records in GSE66890 and GSE32707 represent pre-existing, fully de-identified public datasets devoid of protected health information or personal linkage, and all murine endothelial data in GSE169532 represent archived secondary count tables, this secondary computational analysis involved no new human participant recruitment or animal experimentation and satisfies institutional criteria for ethical review exemption under the Declaration of Helsinki.
2.2 Cohort Selection, Analytic Sample Denominators, and Matrix Preprocessing
To ensure that differential expression contrasts captured molecular features associated with ARDS development among septic patients rather than nonspecific systemic sepsis responses relative to healthy individuals, human cohort selection required clinical documentation of sepsis with and without ARDS in critically ill ICU populations, as detailed in Table 1. In total, N = 105 human whole-blood samples across two independent cohorts (n = 47 sepsis-associated ARDS [44.8%] vs. n = 58 uncomplicated sepsis controls [55.2%]) and N = 12 sorted murine pulmonary microvascular endothelial samples (n = 6 capEC [50.0%] and n = 6 PCV [50.0%]) were integrated into the Master Analytical Dataset summarised in Table 1.
In the first human cohort, GSE66890 (Affymetrix Human Gene 1.0 ST Array, platform GPL6244), the public GEO series cataloged 62 whole-blood samples from critically ill patients with sepsis and sepsis-associated ARDS. Five samples flagged as protocol exclusions in the depositor metadata (8.1%) were removed prior to analysis, yielding an analytic cohort of n = 57 samples (91.9% inclusion) divided into n = 29 patients with sepsis-associated ARDS (50.9%) and n = 28 control patients with sepsis without ARDS (49.1%), as detailed in Table 1. In the second human cohort, GSE32707 (Illumina HumanHT-12 V4.0 Expression BeadChip, platform GPL10558), the GEO series cataloged 144 whole-blood samples collected across multiple ICU diagnoses and longitudinal timepoints (Day 0 and Day 7). To establish an independent, cross-sectional baseline comparison free of within-patient longitudinal pseudoreplication and non-septic confounding, we excluded all Day 7 repeat observations as well as all non-septic systemic inflammatory response syndrome (SIRS) and untreated control samples (96 excluded samples; 66.7%). As shown in Table 1, this filtering yielded an analytic baseline Day 0 cohort of n = 48 unique patients (33.3% inclusion), consisting of n = 18 patients with sepsis-associated ARDS on Day 0 (37.5%) and n = 30 patients with uncomplicated sepsis on Day 0 (62.5%). Every baseline Day 0 sample accession was verified to be 100% unique with zero longitudinal reuse.
Processed expression matrices deposited in NCBI GEO were utilised directly without reprocessing raw CEL or BeadArray image files. For GSE66890, intensities had been normalised via the Robust Multi-array Average (RMA) algorithm on the log2 scale. For GSE32707, depositor quantile-normalised expression values were bounded at a minimum floor of 1.0 to prevent negative or undefined logarithms and transformed to the log2 scale. Probe-to-gene mapping was executed using the official GEO platform annotation tables for GPL6244 and GPL10558. Probes lacking an official gene symbol or mapping promiscuously to multiple gene symbols were discarded; where multiple unambiguous probes targeted the same unique gene symbol, expression values were collapsed by taking the within-sample arithmetic mean across probes. Features containing any non-finite values were removed, resulting in 18,085 unique human gene symbols in GSE66890, 20,748 unique human gene symbols in GSE32707, and a shared intersection universe of 17,171 unique human gene symbols quantified in both cohorts (representing 94.95% of GSE66890 genes and 82.76% of GSE32707 genes), as detailed in Table 1.
For cross-species endothelial triangulation, we retrieved depositor-processed DESeq2 differential expression tables and normalised count matrices from GSE169532 (N = 12 cataloged and analytic samples; 100.0% inclusion), as summarised in Table 1. GSE169532 profiled fluorescence-activated cell-sorted pulmonary microvascular endothelial cells isolated from male mice following acute polymicrobial sepsis induced by cecal ligation and puncture (CLP) versus sham laparotomy across two distinct anatomical sub-compartments: pulmonary capillary endothelial cells (capEC: n = 3 CLP vs. n = 3 sham; total n = 6) and postcapillary venular endothelial cells (PCV: n = 3 CLP vs. n = 3 sham; total n = 6). Rather than re-fitting generalized linear models on small n = 3 replicate groups, we utilised the depositor DESeq2 inference tables directly and verified that the algebraic sign of every reported log2 fold change (CLP versus sham) matched the direction of the ratio of group mean normalised counts.

Table 1. Cohort Composition, Transcriptomic Platforms, Analytic Sample Denominators, and Inclusion Criteria Across Human Whole-Blood and Murine Pulmonary Endothelial Datasets (N = 105 Human; N = 12 Murine)
	Dataset Source
	Species & Tissue Compartment
	Platform & Normalization
	Catalog Samples (N)
	Analytic Samples (n, %)
	Subgroup Allocation & Eligibility Filtering

	GSE66890
	Homo sapiens; peripheral whole blood
	GPL6244 (Affymetrix Human Gene 1.0 ST); RMA log2
	62
	57 (91.9%)
	29 ARDS (50.9%) and 28 sepsis without ARDS (49.1%); 5 ineligible samples (8.1%) excluded

	GSE32707
	Homo sapiens; ICU baseline Day 0 whole blood
	GPL10558 (Illumina HumanHT-12 V4.0); quantile + log2 (floor 1.0)
	144
	48 (33.3%)
	18 sepsis/ARDS Day 0 (37.5%) and 30 uncomplicated sepsis Day 0 (62.5%); 96 Day 7/SIRS/control samples (66.7%) excluded

	Combined Human
	Homo sapiens; two-cohort meta-analytic synthesis
	17,171 shared HGNC gene symbols across GPL6244 & GPL10558
	206
	105 (51.0%)
	47 total sepsis-associated ARDS (44.8%) vs. 58 total sepsis without ARDS controls (55.2%)

	GSE169532
	Mus musculus; sorted lung microvascular endothelium
	RNA-seq; DESeq2 differential expression & normalized counts
	12
	12 (100.0%)
	capEC: 3 CLP vs. 3 sham (n = 6; 50.0%); PCV: 3 CLP vs. 3 sham (n = 6; 50.0%); 0 excluded


Abbreviations: ARDS, acute respiratory distress syndrome; capEC, lung capillary endothelial cells; CLP, cecal ligation and puncture; HGNC, HUGO Gene Nomenclature Committee; ICU, intensive care unit; PCV, postcapillary venular endothelial cells; RMA, Robust Multi-array Average; SIRS, systemic inflammatory response syndrome.

2.3 Linear Modeling, Covariate Selection, and DerSimonian–Laird Random-Effects Meta-Analysis
Single-cohort differential gene expression in human whole blood was estimated using linear models and empirical Bayes variance moderation implemented in the limma package in R, specifying an intensity-dependent prior trend (eBayes with trend = TRUE) to accommodate mean–variance relationships across microarray intensities (Ritchie et al., 2015). For each gene, limma computes a moderated t-statistic by shrinking the sample residual variance toward a smoothed prior variance estimate, yielding moderated log2 fold changes (log2FC) and moderated standard errors (SE) for the primary contrast of sepsis-associated ARDS versus uncomplicated sepsis.
In GSE66890, where comprehensive clinical metadata were available, the primary multivariable linear model adjusted for clinical group (ARDS vs. sepsis), patient age (continuous), recorded sex (categorical, explicitly preserving the depositor-recorded 'other' category as a valid factor level without deletion or artificial recoding), processing batch, and direct lung injury status. A prespecified sensitivity model in GSE66890 adjusted solely for clinical group and batch to verify stability against covariate specification. Although total white blood cell (WBC) count was recorded in GSE66890 metadata, we excluded WBC count from the primary adjustment set based on causal directed acyclic graph principles: in sepsis-induced ARDS, bone marrow leukocytosis and neutrophil mobilization represent intermediate biological mediators triggered by the septic insult that actively participate in pulmonary microvascular injury. Conditioning on an intermediate mediator (or collider-mediator) in whole-blood regression models induces overadjustment bias and artificially partitions out disease-relevant myeloid transcriptional activation. In GSE32707, because equivalent patient-level demographic and batch covariates were not available in the public repository, the baseline Day 0 linear model evaluated the unadjusted contrast of ARDS Day 0 versus sepsis Day 0. Within each cohort, p-values were adjusted for multiple hypothesis testing across all quantified genes (18,085 in GSE66890; 20,748 in GSE32707) using the Benjamini–Hochberg (BH) false discovery rate (FDR) procedure, evaluated at prespecified thresholds of FDR < 0.05 (5%) and FDR < 0.10 (10%).
To synthesize human whole-blood evidence across the 17,171 shared gene symbols, cohort-specific moderated log2FC estimates (yi) and their empirical Bayes standard errors (si) from GSE66890 (i = 1) and GSE32707 (i = 2) were combined via DerSimonian–Laird (DL) random-effects meta-analysis. Fixed-effect inverse-variance weights were defined as wi = 1 / si2, yielding the fixed-effect pooled estimate yFE = (w1y1 + w2y2) / (w1 + w2) and Cochran's homogeneity statistic Q = w1(y1 − yFE)2 + w2(y2 − yFE)2 on df = 1 degree of freedom. The DerSimonian–Laird between-cohort variance estimator was computed as τ2 = max(0, (Q − 1) / ((w1 + w2) − (w12 + w22) / (w1 + w2))), ensuring non-negative variance truncation when Q ≤ 1. Random-effects weights were then calculated as wi* = 1 / (si2 + τ2), producing the meta-analytic effect size log2FCmeta = (w1*y1 + w2*y2) / (w1* + w2*) and standard error SEmeta = 1 / √(w1* + w2*). Two-sided normal z-statistics (zmeta = log2FCmeta / SEmeta), 95% normal confidence intervals (log2FCmeta ± 1.96 × SEmeta), and nominal normal p-values were derived for all 17,171 shared genes, followed by genome-wide BH FDR adjustment. Global cross-cohort concordance was assessed via the exact proportion of shared genes having identical log2FC signs (with 95% Wilson score confidence intervals and a two-sided binomial sign test against 0.50) and Spearman's rank correlation coefficient (ρ). Because random-effects heterogeneity estimation with k = 2 cohorts has limited statistical power and is dominated by the more precise cohort when standard errors differ substantially (for example, in PIM1, GSE66890 SE = 0.127 [weight 93.9%] vs. GSE32707 SE = 0.499 [weight 6.1%]), meta-analytic significance at FDR < 0.05 was treated strictly as an aggregate human blood candidate screen requiring orthogonal murine endothelial triangulation. To rigorously evaluate cross-cohort replicability and quantify the mathematical restrictions inherent to two-cohort (k = 2) synthesis, we conducted a reciprocal directional transfer audit between GSE66890 and GSE32707 and explicitly characterised three statistical constraints of k = 2 DerSimonian–Laird estimation: (i) with df = k − 1 = 1 degree of freedom, Cochran's Q test possesses low statistical power to detect moderate between-study heterogeneity, causing the method-of-moments variance estimator τ2 to truncate at zero whenever Q ≤ 1 and thereby collapsing random-effects pooling into fixed-effect inverse-variance weighting; (ii) when cohort-specific empirical Bayes standard errors differ substantially due to sample size and covariate adjustment (as exemplified by PIM1, where adjusted GSE66890 SE₁ = 0.127 yields w1 = 93.92% inverse-variance weight versus unadjusted GSE32707 SE₂ = 0.499 yielding w2 = 6.08% weight), pooled z-statistics are dominated by the higher-precision cohort; and (iii) small-sample Hartung–Knapp–Sidik–Jonkman (HKSJ) t-distribution adjustments on df = 1 (critical value t0.975,1 = 12.706) are mathematically unstable for two-study discovery screens. Consequently, reciprocal directional sign preservation in GSE32707 and independent cross-species replication at DESeq2 FDR < 0.05 in sorted murine capEC and PCV (GSE169532) were enforced as mandatory orthogonal validation gates (Fei & Wang, 2023; Mailem & Tayo, 2022; Ringwald et al., 2022; Ritchie et al., 2015; Wu & Guo, 2024).
2.4 Cross-Species Orthology Mapping, Endothelial Barrier Panel Testing, and Functional Network Analysis
Cross-species integration between the 17,171-gene human meta-analysis and the murine GSE169532 pulmonary endothelial datasets (capEC and PCV) was performed using the official Mouse Genome Informatics (MGI) Mouse–Human Sequence Homology report (Ringwald et al., 2022). To prevent false-positive convergence arising from gene family expansion or paralogous ambiguity, homology mapping was restricted strictly to MGI orthology classes containing exactly one human gene symbol and exactly one mouse gene symbol (strict 1:1 orthology), with zero duplicate mappings permitted. A gene was defined as endothelial-concordant if its strict 1:1 murine ortholog achieved DESeq2 BH-adjusted FDR < 0.05 in either pulmonary capEC (CLP vs. sham) or pulmonary PCV (CLP vs. sham) and displayed an algebraic log2FC sign identical to the human whole-blood meta-analysis.
To test the explicit biological hypothesis that peripheral whole-blood transcriptomic differences between ARDS and uncomplicated sepsis selectively reflect structural endothelial barrier dysregulation, an a priori panel of 42 canonical endothelial barrier, adherens/tight junction, cytoskeletal, and vascular permeability genes was defined prior to meta-analytic integration. Of these 42 candidate genes, 38 were quantified in both human cohorts within the 17,171-gene shared universe (including FLT1, ROCK2, CAV1, ROCK1, ANGPT1, F3, ICAM1, RAMP2, RAC1, ESAM, PLVAP, JAM2, CALCRL, VCAM1, CLDN5, CTNNA1, TJP2, and TJP1). Competitive enrichment was evaluated using a one-sided Mann–Whitney U test comparing the distribution of absolute meta-analytic z-statistics (|zmeta|) of the 38 barrier panel genes against the remaining 17,133 background human genes.
Exploratory pathway over-representation analysis of the endothelial-filtered directional gene set was conducted using Gene Ontology Biological Process (GO-BP) annotations from the GPL10558 platform restricted to the 17,171-gene shared human universe. One-sided hypergeometric tests were evaluated across all GO-BP terms containing between 10 and 1,000 annotated universe genes, with BH FDR correction applied across all tested terms. Because filtering for CLP-responsive endothelial genes inherently enriches for acute inflammatory processes, GO-BP findings were interpreted as descriptive pathway annotations rather than independent validation. Physical protein–protein interaction (PPI) topology among the top 30 endothelial-convergent genes with the smallest human meta-analysis p-values was queried via the STRING v12.5 database (Homo sapiens taxon 9606, high-confidence score ≥ 700, zero additional shell interactors) (Asano et al., 2022; Duan et al., 2016; Koudijs et al., 2023; Kwee et al., 2022; Subramanian et al., 2017; Szklarczyk et al., 2023; Zdrazil et al., 2024).
2.5 LINCS L1000CDS2 Connectivity Reversal Screening, Empirical Null Controls, and ChEMBL Annotation
Small-molecule transcriptomic signature reversal screening was performed using the L1000CDS2 (Duan et al., 2016) programmatic engine in reverse mode (gene-set search, database version cpcd-gse70138-v1.0), which returns the top 50 perturbation profiles from the LINCS L1000 compendium that maximally invert the input upregulated and downregulated gene lists (Asano et al., 2022; Duan et al., 2016; Koudijs et al., 2023; Kwee et al., 2022; Subramanian et al., 2017). Mathematically, for an input signature consisting of upregulated set U and downregulated set D mapped to the effective L1000 gene space (total mapped input size Neff = |Ueff| + |Deff|), and a perturbation profile P with characteristic direction upregulated genes UP and downregulated genes DP, the L1000CDS2 reverse-overlap score is defined as Scorerev(P) = (|Ueff ∩ DP| + |Deff ∩ UP|) / Neff. Unlike the Connectivity Map weighted Kolmogorov–Smirnov connectivity score (τ), this metric represents a direct, interpretable proportion of effective input signature genes reversed by the perturbation profile, and discrete integer overlap counts naturally produce tied decimal scores across profiles sharing the same overlap numerator.
Because the strict human meta-analysis threshold (FDR < 0.05) yielded only 11 genes—insufficient for stable high-dimensional signature matching—rank-based directional gene sets were constructed across four prespecified query specifications: Specification 1 (Concordant Human Meta-Signature: top 150 upregulated and top 150 downregulated genes by meta p-value among the 9,111 genes sharing identical effect direction in both human cohorts); Specification 2 (Endothelial-Filtered Concordant Human Meta-Signature: capped at 150 genes per direction, yielding exactly 100 upregulated and 35 downregulated genes [135 total genes; Neff = 102 in L1000 space] that satisfied both cross-cohort human directional agreement and murine capEC/PCV DESeq2 FDR < 0.05 in the same direction); Specification 3 (GSE66890 Adjusted Signature: top 150 upregulated and top 150 downregulated genes from the multivariable GSE66890 model); and Specification 4 (GSE32707 Baseline Signature: top 150 upregulated and top 150 downregulated genes from the Day 0 GSE32707 model). Compound names in L1000 metadata were harmonised only when valid PubChem Compound Identifiers (CIDs) were identical.
To test whether the maximum reverse-overlap score observed in the primary endothelial-filtered query (Specification 2: 100 upregulated and 35 downregulated genes) exceeded random expectation under the L1000CDS2 scoring distribution, 20 size-matched random gene-set queries (each comprising 100 random upregulated and 35 random downregulated genes sampled without replacement from the 17,171-gene shared human universe) were submitted to the identical L1000CDS2 endpoint. The exact one-sided empirical p-value was calculated as pemp = (1 + r) / (M + 1), where r is the count of random null queries whose maximum reverse-overlap score equaled or exceeded the observed maximum score and M = 20. Top small-molecule candidates were annotated via ChEMBL v34 using exact preferred-name matching to retrieve ChEMBL molecule identifiers, maximum clinical development phase (Phase 1 to Phase 4), and curated mechanism-of-action records (Zdrazil et al., 2024). Because 20 live programmatic queries to the external L1000CDS2 web service impose a discrete minimum achievable p-value resolution floor of 1/(20 + 1) = 0.0476, we boosted the random-control benchmark by implementing a 10,000-iteration Monte Carlo hypergeometric signature-reversal simulation (MMC = 10,000, random seed = 20261023). In each Monte Carlo iteration, a random directional signature matching the exact effective L1000 mapped input size of Specification 2 (Neff = 102 genes: |Ueff| = 76 upregulated and |Deff| = 26 downregulated genes sampled without replacement from the shared human universe) was evaluated against the empirical characteristic-direction perturbation signature-size distribution across the cpcd-gse70138-v1.0 compendium to derive the maximum random reverse-overlap score distribution, 95% empirical null envelope, and boosted Monte Carlo p-value pMC = (1 + r_MC) / (MMC + 1) (Asano et al., 2022; Duan et al., 2016; Koudijs et al., 2023; Kwee et al., 2022; Subramanian et al., 2017).
3. RESULTS
3.1 Single-Cohort Differential Gene Expression in Human Whole Blood (GSE66890 and GSE32707)
Across the combined human sample of N = 105 critically ill septic patients (n = 47 with sepsis-associated ARDS [44.8%] and n = 58 with uncomplicated sepsis without ARDS [55.2%]), single-cohort empirical Bayes linear modelling in limma revealed that no individual gene reached the primary genome-wide multiplicity threshold of BH-adjusted FDR < 0.05 in either cohort analysed alone, as summarised in Table 2 and illustrated in Figure 1. In GSE66890 (n = 57 analytic samples: 29 ARDS [50.9%] vs. 28 sepsis without ARDS [49.1%]; multivariable model adjusted for age, sex including the 'other' category, batch, and direct lung injury across 18,085 unique HGNC gene symbols), exactly 0 genes (0.00%) achieved BH-adjusted FDR < 0.05, whereas 80 genes (0.44% of the 18,085 quantified genes) achieved the secondary exploratory threshold of FDR < 0.10, as detailed in Table 2 and depicted in Figure 1A. In the prespecified GSE66890 sensitivity model adjusting solely for clinical group and batch, single-cohort precision remained comparable, confirming that demographic and direct lung injury adjustment did not artificially suppress robust single-gene signals. In GSE32707 (n = 48 baseline Day 0 analytic samples: 18 sepsis-associated ARDS Day 0 [37.5%] vs. 30 uncomplicated sepsis Day 0 [62.5%] across 20,748 unique HGNC gene symbols), 0 genes (0.00%) reached FDR < 0.05 and 0 genes (0.00%) reached FDR < 0.10, as shown in Table 2 and Figure 1B.
Comparative examination of the single-cohort volcano distributions illustrated in Figure 1 revealed pronounced differences in statistical resolution between the two human blood datasets. In adjusted GSE66890 (Figure 1A), moderated log2FC values spanned from −1.55 to +1.62 with nominal empirical Bayes −log10(p) values extending above 5.1, reflecting balanced case–control allocation and variance reduction from batch and covariate modelling. By contrast, in baseline Day 0 GSE32707 (Figure 1B), although point estimates of log2FC spanned a comparable numerical range (−1.68 to +1.38), larger within-group variance and the absence of batch or demographic covariate adjustment produced wider moderated standard errors and compressed nominal −log10(p) values below the genome-wide FDR horizon. For example, as highlighted in Figure 1A and Figure 1B, the proto-oncogene kinase transcript PIM1 exhibited a strong single-cohort signal in adjusted GSE66890 (log2FC = +0.585, SE = 0.127, 95% CI: +0.336 to +0.834, z = 4.61, nominal p = 4.10 × 10-6, FDR < 0.10), whereas in baseline GSE32707 its point estimate was positive in direction (+0.095) but accompanied by a fourfold larger standard error (SE = 0.499, 95% CI: −0.883 to +1.073, z = 0.19, nominal p = 0.8490).

Table 2. Single-Cohort Differential Gene Expression (limma Empirical Bayes) and Cross-Cohort Concordance Summary in Human Sepsis-Associated ARDS Versus Uncomplicated Sepsis (N = 105)
	Analytical Cohort / Synthesis Level
	ARDS (n, %)
	Sepsis Control (n, %)
	Quantified Unique Genes
	DEGs at BH FDR < 5% (n, %)
	DEGs at BH FDR < 10% (n, %)
	Model Covariates & Cross-Cohort Concordance Metrics

	GSE66890 (Multivariable Adjusted)
	29 (50.9%)
	28 (49.1%)
	18,085
	0 (0.00%)
	80 (0.44%)
	Adjusted for age, sex (including 'other' category), batch, and direct lung injury (sensitivity: group + batch)

	GSE32707 (Baseline Day 0)
	18 (37.5%)
	30 (62.5%)
	20,748
	0 (0.00%)
	0 (0.00%)
	Baseline Day 0 clinical group contrast; unique patient accessions without Day 7 longitudinal overlap

	DerSimonian–Laird Human Meta-Analysis
	47 (44.8%)
	58 (55.2%)
	17,171
	11 (0.064%)
	24 (0.14%)
	Same log2FC sign: 9,111/17,171 (53.06%; 95% CI: 52.31%–53.81%); Spearman ρ = 0.072 (p = 3.45 × 10⁻2¹) Reciprocal audit: 46/76 (60.5%) GSE66890 FDR<10% genes & 9/11 (81.8%) meta-DEGs preserve sign in GSE32707; τ2 = 0 in 8/11 meta-DEGs (k = 2 df = 1 restriction).


Note: Within each cohort, moderated t-statistics were computed via limma with empirical Bayes trend moderation and Benjamini–Hochberg (BH) false discovery rate (FDR) control.
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Figure 1. Distribution of moderated log2 fold changes and nominal empirical Bayes p-values across human sepsis-associated ARDS versus uncomplicated sepsis whole-blood cohorts (N = 105): (A) covariate-adjusted GSE66890 (n = 57: 29 ARDS vs. 28 sepsis; 18,085 genes; 0 DEGs at FDR < 5%; 80 DEGs at FDR < 10%, with PIM1 highlighted at log2FC = +0.585, SE = 0.127) and (B) baseline Day 0 GSE32707 (n = 48: 18 ARDS vs. 30 sepsis; 20,748 genes; 0 DEGs at FDR < 5% and FDR < 10%, with PIM1 at log2FC = +0.095, SE = 0.499).

3.2 Cross-Cohort Concordance and Random-Effects Meta-Analysis Across 17,171 Shared Human Genes
Evaluating the intersection of 17,171 unique human gene symbols quantified in both GSE66890 and GSE32707 demonstrated that genome-wide effect-size correlation between the two human whole-blood cohorts was low, even though directional sign concordance exceeded chance expectation, as illustrated in Figure 2A. Specifically, 9,111 of the 17,171 shared genes (53.06%; 95% Wilson score CI: 52.31%–53.81%) exhibited the same algebraic sign of log2FC in both cohorts, whereas 8,060 genes (46.94%; 95% Wilson CI: 46.19%–47.69%) exhibited opposite signs (two-sided binomial sign test against 50% null: z = 8.02, p = 1.06 × 10-15). However, as depicted in Figure 2A, the genome-wide Spearman rank correlation of moderated log2FC across all 17,171 shared genes was only ρ = 0.072 (95% CI: 0.057–0.087; t = 9.46, p = 3.45 × 10⁻2¹). This weak global rank correlation indicates that across the whole-blood transcriptome as a whole, single-gene fold changes between ARDS and sepsis are heavily attenuated by inter-cohort clinical, platform, and cellular heterogeneity. To further strengthen cross-cohort validation, we performed a directional transfer audit of the top single-cohort candidates across datasets: among the 80 exploratory genes achieving BH-adjusted FDR < 0.10 in multivariable GSE66890 (76 of which were quantified in the 17,171-gene shared universe), 46 genes (60.53%; two-sided binomial p = 0.0836) preserved the same algebraic log2FC direction in unadjusted baseline GSE32707, and all 11 genes reaching genome-wide DerSimonian–Laird meta-analytic FDR < 0.05 exhibited either directional concordance across both human cohorts (9/11 genes [81.82%], including PIM1, KIF14, RGS2, TBC1D22B, SPTB, PPTC7, E2F2, SH3GL1, and ATG9A) or near-zero heterogeneity (Cochran's Q < 1.0, τ2 = 0.000 in 8/11 genes [72.73%]), confirming that random-effects synthesis effectively filtered out extreme cross-cohort sign reversals while remaining sensitive to precision asymmetry.
When cohort-specific moderated log2FC and SE estimates were synthesized via DerSimonian–Laird random-effects meta-analysis across all 17,171 shared human genes, 11 genes (0.064% of the shared universe) achieved genome-wide statistical significance at BH-adjusted FDR < 0.05, and 24 genes (0.14%) reached FDR < 0.10, as detailed in Table 3 and depicted in Figure 2B. Seven of the 11 meta-significant genes were upregulated in sepsis-associated ARDS compared with uncomplicated sepsis, as reported in Table 3 and plotted in Figure 2B: KIF14 (log2FCmeta = +0.529, SEmeta = 0.109, 95% normal CI: +0.315 to +0.743, fold change = 1.44×, z = 4.85, nominal p = 1.21 × 10-6, FDR = 0.019), TBC1D22B (log2FCmeta = +0.515, SEmeta = 0.112, 95% CI: +0.295 to +0.735, fold change = 1.43×, z = 4.60, nominal p = 4.26 × 10-6, FDR = 0.019), SPTB (log2FCmeta = +0.236, SEmeta = 0.052, 95% CI: +0.134 to +0.338, fold change = 1.18×, z = 4.54, nominal p = 5.67 × 10-6, FDR = 0.019), PIM1 (log2FCmeta = +0.555, SEmeta = 0.123, 95% CI: +0.314 to +0.796, fold change = 1.47×, z = 4.51, nominal p = 6.42 × 10-6, FDR = 0.019), SH3GL1 (log2FCmeta = +0.307, SEmeta = 0.069, 95% CI: +0.172 to +0.442, fold change = 1.24×, z = 4.45, nominal p = 8.62 × 10-6, FDR = 0.019), E2F2 (log2FCmeta = +0.520, SEmeta = 0.117, 95% CI: +0.291 to +0.749, fold change = 1.43×, z = 4.44, nominal p = 8.81 × 10-6, FDR = 0.019), and ATG9A (log2FCmeta = +0.367, SEmeta = 0.088, 95% CI: +0.195 to +0.539, fold change = 1.29×, z = 4.17, nominal p = 3.04 × 10-5, FDR = 0.044). Conversely, four meta-significant genes were downregulated in ARDS relative to uncomplicated sepsis, as detailed in Table 3 and Figure 2B: RGS2 (log2FCmeta = −0.836, SEmeta = 0.179, 95% CI: −1.187 to −0.485, fold change = 0.56×, z = −4.67, nominal p = 3.01 × 10-6, FDR = 0.019), PPTC7 (log2FCmeta = −0.397, SEmeta = 0.089, 95% CI: −0.571 to −0.223, fold change = 0.76×, z = −4.46, nominal p = 8.17 × 10-6, FDR = 0.019), CTSS (log2FCmeta = −0.361, SEmeta = 0.084, 95% CI: −0.526 to −0.196, fold change = 0.78×, z = −4.30, nominal p = 1.73 × 10-5, FDR = 0.035), and HSPBAP1 (log2FCmeta = −0.410, SEmeta = 0.096, 95% CI: −0.598 to −0.222, fold change = 0.75×, z = −4.27, nominal p = 1.95 × 10-5, FDR = 0.035) (Baroi et al., 2025; Boomer et al., 2024; Guo et al., 2024; Ivanov & Paarvanova, 2022; Zhang et al., 2022; X. Zhang et al., 2025; Zhu et al., 2025).

Table 3. DerSimonian–Laird Random-Effects Meta-Analysis Estimates, Precision Metrics, and Murine Pulmonary Endothelial Concordance for the 11 Significant Human Genes at FDR < 0.05 Across 17,171 Shared Symbols
	Gene Symbol
	log2FC Meta
	SE Meta
	95% Normal CI
	Fold Change (2log₂FC)
	Meta z-Statistic
	Nominal p-Value
	BH FDR
	Endothelial Concordant

	KIF14
	+0.529
	0.109
	+0.315 to +0.743
	1.44×
	+4.85
	1.21 × 10-6
	0.019
	No

	RGS2
	−0.836
	0.179
	−1.187 to −0.485
	0.56×
	−4.67
	3.01 × 10-6
	0.019
	No

	TBC1D22B
	+0.515
	0.112
	+0.295 to +0.735
	1.43×
	+4.60
	4.26 × 10-6
	0.019
	No

	SPTB
	+0.236
	0.052
	+0.134 to +0.338
	1.18×
	+4.54
	5.67 × 10-6
	0.019
	No

	PIM1
	+0.555
	0.123
	+0.314 to +0.796
	1.47×
	+4.51
	6.42 × 10-6
	0.019
	Yes

	PPTC7
	−0.397
	0.089
	−0.571 to −0.223
	0.76×
	−4.46
	8.17 × 10-6
	0.019
	No

	E2F2
	+0.520
	0.117
	+0.291 to +0.749
	1.43×
	+4.44
	8.81 × 10-6
	0.019
	No

	SH3GL1
	+0.307
	0.069
	+0.172 to +0.442
	1.24×
	+4.45
	8.62 × 10-6
	0.019
	No

	CTSS
	−0.361
	0.084
	−0.526 to −0.196
	0.78×
	−4.30
	1.73 × 10-5
	0.035
	No

	HSPBAP1
	−0.410
	0.096
	−0.598 to −0.222
	0.75×
	−4.27
	1.95 × 10-5
	0.035
	No

	ATG9A
	+0.367
	0.088
	+0.195 to +0.539
	1.29×
	+4.17
	3.04 × 10-5
	0.044
	No


Note: Endothelial concordance ('Yes') required strict 1:1 MGI mouse–human orthology, DESeq2 FDR < 0.05 in murine capEC or PCV (GSE169532), and identical log2FC direction with the human meta-analysis.
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Figure 2. (A) Cross-cohort effect-size agreement across all 17,171 shared human gene symbols between adjusted GSE66890 and baseline Day 0 GSE32707 (9,111/17,171 [53.06%] concordant sign; Spearman ρ = 0.072, p = 3.45 × 10⁻2¹) and (B) DerSimonian–Laird random-effects meta-analysis forest plot of the 11 significant human genes achieving BH-adjusted FDR < 0.05 (KIF14, RGS2, TBC1D22B, SPTB, PIM1, PPTC7, E2F2, SH3GL1, CTSS, HSPBAP1, and ATG9A), highlighting PIM1 as the sole murine pulmonary endothelial-concordant transcript.

3.3 Cross-Species Pulmonary Endothelial Triangulation of PIM1, Gene Ontology Over-Representation, and STRING Interaction Topology
Triangulating the 11 human meta-significant genes with sorted murine pulmonary endothelial RNA-seq profiles from GSE169532 via strict 1:1 MGI orthology established that PIM1 (murine ortholog Pim1) was the only human meta-significant gene (1/11; 9.09%) that also displayed statistically significant, directionally concordant differential expression in murine pulmonary microvascular endothelial cells during CLP sepsis, as detailed in Table 4 and illustrated in Figure 3A (Xue et al., 2025; Yang & Chen, 2023). None of the remaining 10 human meta-significant genes (KIF14, RGS2, TBC1D22B, SPTB, PPTC7, E2F2, SH3GL1, CTSS, HSPBAP1, or ATG9A) satisfied the murine endothelial convergence criteria (FDR < 0.05 in capEC or PCV with concordant log2FC direction). Across the five analytical contexts detailed in Table 4 and depicted in Figure 3A, PIM1 / Pim1 exhibited consistent positive directionality: (1) human GSE66890 covariate-adjusted whole blood: log2FC = +0.585, SE = 0.127 (95% CI: +0.336 to +0.834; 1.50× fold increase; inverse-variance meta-weight = 93.9%); (2) human GSE32707 baseline Day 0 whole blood: log2FC = +0.095, SE = 0.499 (95% CI: −0.883 to +1.073; 1.07× fold increase; inverse-variance meta-weight = 6.1%); (3) human DerSimonian–Laird random-effects meta-analysis: log2FCmeta = +0.555, SEmeta = 0.123 (95% CI: +0.314 to +0.796; 1.47× fold increase; Cochran's Q = 0.91, phet = 0.3413, I2 = 0.0%, τ2 = 0.000; BH FDR = 0.019); (4) murine lung capillary endothelial cells (capEC CLP vs. sham): log2FC = +1.345 (2.54× fold increase; DESeq2 FDR = 0.004); and (5) murine lung postcapillary venular endothelial cells (PCV CLP vs. sham): log2FC = +1.548 (2.92× fold increase; DESeq2 FDR = 0.016).
Gene Ontology Biological Process (GO-BP) over-representation analysis of the 135 endothelial-filtered convergent genes (100 upregulated and 35 downregulated genes sharing concordant direction across both human blood cohorts and achieving DESeq2 FDR < 0.05 in murine capEC or PCV) against the 17,171-gene GPL10558 universe identified significant enrichment for inflammatory endotoxin signalling and apoptotic regulation rather than structural junctional assembly, as summarised in Table 4 and illustrated in Figure 3B. Specifically, 'cellular response to lipopolysaccharide' achieved the strongest enrichment (overlap = 9 genes, BH-adjusted FDR = 3.42 × 10-4), followed by 'positive regulation of apoptotic process' (overlap = 11 genes, FDR = 0.012) and the broader parent term 'apoptotic process' (overlap = 13 genes, borderline exploratory FDR = 0.075), as shown in Table 4 and Figure 3B. When the top 30 endothelial-convergent genes with the smallest human meta-analytic p-values were submitted to STRING v12.5 (Homo sapiens taxon 9606, high-confidence score ≥ 700, zero added shell nodes), the returned physical interaction network contained only a single edge connecting replication protein A2 (RPA2) and DNA mismatch repair protein MSH3 (RPA2–MSH3; node degree = 1 for both proteins), while the remaining 28 proteins—including PIM1—were isolated singletons at the ≥700 confidence threshold, as detailed in Table 4 and Figure 3B. Consequently, topological hub-gene centrality was rejected as a valid criterion for target prioritisation.

Table 4. Cross-Species Multi-Compartment Triangulation of PIM1 / Pim1 Expression, Gene Ontology Biological Process Over-Representation, and STRING v12.5 Physical Network Topology
	Analytical Source / Pathway Module
	Contrast / Annotation Scope
	Estimate / Gene Overlap
	Primary Uncertainty / Term Size
	95% CI / Fold Change / Meta Weight
	Statistical & Biological Interpretation

	GSE66890 (Human Whole Blood, n = 57)
	ARDS (n = 29) vs. Sepsis (n = 28), multivariable adjusted
	+0.585
	SE = 0.127
	95% CI: +0.336 to +0.834 (1.50×; weight 93.9%)
	Strong positive human blood signal (z = 4.61, nominal p = 4.10 × 10-6; FDR < 10%)

	GSE32707 (Human Whole Blood, n = 48)
	ARDS Day 0 (n = 18) vs. Sepsis Day 0 (n = 30)
	+0.095
	SE = 0.499
	95% CI: −0.883 to +1.073 (1.07×; weight 6.1%)
	Concordant positive sign but wide SE and non-significant alone (z = 0.19, p = 0.8490)

	Human Meta-Analysis (N = 105)
	DerSimonian–Laird random-effects across 2 cohorts
	+0.555
	FDR = 0.019 (SE = 0.123)
	95% CI: +0.314 to +0.796 (1.47×; Q = 0.91, I2 = 0.0%)
	Significant aggregate human blood upregulation (z = 4.51, nominal p = 6.42 × 10-6)

	GSE169532 capEC (Murine Lung, n = 6)
	CLP polymicrobial sepsis (n = 3) vs. Sham (n = 3)
	+1.345
	DESeq2 FDR = 0.004
	Fold change: 2.54× (concordant with normalized counts)
	Robust concordant upregulation in pulmonary capillary endothelial cells

	GSE169532 PCV (Murine Lung, n = 6)
	CLP polymicrobial sepsis (n = 3) vs. Sham (n = 3)
	+1.548
	DESeq2 FDR = 0.016
	Fold change: 2.92× (concordant with normalized counts)
	Robust concordant upregulation in postcapillary venular endothelial cells

	GO: cellular response to lipopolysaccharide
	GO Biological Process (GPL10558 universe = 17,171)
	Overlap = 9 genes
	Term size: 10–1,000 genes
	BH FDR = 3.42 × 10-4
	Confirms predominant endotoxin-driven innate inflammatory signaling

	GO: positive regulation of apoptotic process
	GO Biological Process (GPL10558 universe = 17,171)
	Overlap = 11 genes
	Term size: 10–1,000 genes
	BH FDR = 0.012
	Supports apoptotic stress regulation across blood and CLP endothelium

	GO: apoptotic process
	GO Biological Process (GPL10558 universe = 17,171)
	Overlap = 13 genes
	Term size: 10–1,000 genes
	BH FDR = 0.075
	Borderline exploratory enrichment; consistent with endothelial survival stress

	STRING v12.5 Physical Network
	Top 30 endothelial-convergent genes (Homo sapiens 9606)
	1 interaction edge
	Confidence score ≥ 700
	RPA2–MSH3 (node degree = 1 each)
	Sparse topology precludes hub-centrality target prioritization


Abbreviations: capEC, pulmonary capillary endothelial cells; CI, confidence interval; CLP, cecal ligation and puncture; FDR, Benjamini–Hochberg false discovery rate; GO, Gene Ontology; PCV, postcapillary venular endothelial cells; SE, standard error.
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Figure 3. (A) Multi-compartment cross-species triangulation of PIM1 / Pim1 across human whole blood (GSE66890 log2FC = +0.585, SE = 0.127; GSE32707 log2FC = +0.095, SE = 0.499; human random-effects meta-analysis log2FCmeta = +0.555, SE = 0.123, FDR = 0.019) and sorted murine pulmonary endothelial subsets following cecal ligation and puncture (CLP) versus sham surgery in GSE169532 (lung capillary endothelial cells [capEC] log2FC = +1.345, FDR = 0.004; postcapillary venular endothelial cells [PCV] log2FC = +1.548, FDR = 0.016), and (B) Gene Ontology Biological Process over-representation on the GPL10558 universe (17,171 genes) alongside the sparse STRING v12.5 physical interaction network (1 edge: RPA2–MSH3).

3.4 Competitive Evaluation of the Prespecified Endothelial Barrier Candidate Gene Panel
To determine whether the human whole-blood transcriptomic contrast between sepsis-associated ARDS and uncomplicated sepsis selectively enriched for structural endothelial junction and vascular barrier regulators, we examined the prespecified a priori panel of 42 endothelial barrier genes, of which 38 were quantified across both human cohorts, as detailed in Table 5 and illustrated in Figure 4. Across all 38 barrier panel genes in human whole blood, meta-analytic log2 fold changes were small, and none approached genome-wide meta-FDR < 0.05. Ranked in descending order of absolute meta-analytic z-statistic (|zmeta|), the top 18 barrier panel genes in human blood detailed in Table 5 and plotted in Figure 4 were: vascular endothelial growth factor receptor-1 FLT1 (log2FCmeta = +0.069, SE = 0.034, 95% normal CI: +0.003 to +0.136, |zmeta| = 2.04), Rho-associated kinase-2 ROCK2 (log2FCmeta = −0.241, SE = 0.133, 95% CI: −0.501 to +0.020, |zmeta| = 1.81), caveolin-1 CAV1 (log2FCmeta = +0.083, SE = 0.048, 95% CI: −0.011 to +0.177, |zmeta| = 1.73), Rho-associated kinase-1 ROCK1 (log2FCmeta = −0.130, SE = 0.081, 95% CI: −0.288 to +0.028, |zmeta| = 1.62), angiopoietin-1 ANGPT1 (log2FCmeta = +0.117, SE = 0.074, 95% CI: −0.027 to +0.261, |zmeta| = 1.60), tissue factor F3 (log2FCmeta = +0.157, SE = 0.100, 95% CI: −0.038 to +0.352, |zmeta| = 1.58), intercellular adhesion molecule-1 ICAM1 (log2FCmeta = −0.107, SE = 0.082, 95% CI: −0.268 to +0.054, |zmeta| = 1.30), receptor activity-modifying protein-2 RAMP2 (log2FCmeta = +0.047, SE = 0.045, 95% CI: −0.041 to +0.134, |zmeta| = 1.05), Rac family small GTPase-1 RAC1 (log2FCmeta = −0.077, SE = 0.078, 95% CI: −0.229 to +0.074, |zmeta| = 1.00), endothelial cell-selective adhesion molecule ESAM (log2FCmeta = +0.088, SE = 0.089, 95% CI: −0.087 to +0.263, |zmeta| = 0.98), plasmalemma vesicle-associated protein PLVAP (log2FCmeta = +0.062, SE = 0.064, 95% CI: −0.062 to +0.187, |zmeta| = 0.98), junctional adhesion molecule-2 JAM2 (log2FCmeta = +0.054, SE = 0.055, 95% CI: −0.055 to +0.163, |zmeta| = 0.98), calcitonin receptor-like receptor CALCRL (log2FCmeta = −0.124, SE = 0.144, 95% CI: −0.407 to +0.159, |zmeta| = 0.86), vascular cell adhesion molecule-1 VCAM1 (log2FCmeta = −0.036, SE = 0.042, 95% CI: −0.119 to +0.047, |zmeta| = 0.86), claudin-5 CLDN5 (log2FCmeta = −0.031, SE = 0.036, 95% CI: −0.102 to +0.041, |zmeta| = 0.84), αE-catenin CTNNA1 (log2FCmeta = +0.087, SE = 0.104, 95% CI: −0.116 to +0.290, |zmeta| = 0.84), tight junction protein-2 TJP2 (log2FCmeta = −0.034, SE = 0.042, 95% CI: −0.116 to +0.048, |zmeta| = 0.80), and tight junction protein-1 TJP1 (log2FCmeta = +0.049, SE = 0.064, 95% CI: −0.075 to +0.174, |zmeta| = 0.78). Competitive one-sided Mann–Whitney U testing of |zmeta| across the 38 quantified barrier panel genes versus the 17,133 background genes yielded p = 0.513, confirming that peripheral whole-blood mRNA profiles do not exhibit excess signal for canonical structural barrier genes beyond random genomic background, as summarised in Table 5 and Figure 4.

Table 5. Complete Gene-by-Gene Meta-Analytic Evaluation of the Top 18 Prespecified Endothelial Barrier Candidate Panel Genes Ranked by |zmeta| in Human Whole Blood (38/42 Quantified; Competitive Mann–Whitney p = 0.513)
	Rank & Gene Symbol
	Functional Role in Endothelial Barrier Architecture
	log2FC Meta
	SE Meta
	95% Normal CI
	|zmeta|
	Human Blood Meta-Analytic Interpretation

	1. FLT1
	VEGFR-1 decoy/signaling receptor regulating vascular permeability
	+0.069
	0.034
	+0.003 to +0.136
	2.04
	Modest positive shift; non-significant at genome-wide FDR

	2. ROCK2
	Rho-associated kinase-2 driving actomyosin stress-fiber contraction
	−0.241
	0.133
	−0.501 to +0.020
	1.81
	95% CI spans zero; non-significant in whole blood

	3. CAV1
	Caveolin-1 structural coat protein of endothelial caveolae
	+0.083
	0.048
	−0.011 to +0.177
	1.73
	95% CI spans zero; non-significant in whole blood

	4. ROCK1
	Rho-associated kinase-1 mediating myosin light-chain phosphorylation
	−0.130
	0.081
	−0.288 to +0.028
	1.62
	95% CI spans zero; non-significant in whole blood

	5. ANGPT1
	Angiopoietin-1 Tie2 agonist stabilizing endothelial adherens junctions
	+0.117
	0.074
	−0.027 to +0.261
	1.60
	95% CI spans zero; non-significant in whole blood

	6. F3
	Tissue factor (coagulation factor III) initiating microvascular thrombosis
	+0.157
	0.100
	−0.038 to +0.352
	1.58
	95% CI spans zero; non-significant in whole blood

	7. ICAM1
	Intercellular adhesion molecule-1 mediating firm leukocyte arrest
	−0.107
	0.082
	−0.268 to +0.054
	1.30
	95% CI spans zero; non-significant in whole blood

	8. RAMP2
	Receptor activity-modifying protein-2 for adrenomedullin barrier stabilization
	+0.047
	0.045
	−0.041 to +0.134
	1.05
	95% CI spans zero; near-null peripheral blood effect

	9. RAC1
	Rac family small GTPase-1 stabilizing cortical actin cytoskeleton
	−0.077
	0.078
	−0.229 to +0.074
	1.00
	95% CI spans zero; near-null peripheral blood effect

	10. ESAM
	Endothelial cell-selective adhesion molecule at tight junctions
	+0.088
	0.089
	−0.087 to +0.263
	0.98
	95% CI spans zero; near-null peripheral blood effect

	11. PLVAP
	Plasmalemma vesicle-associated protein in microvascular fenestrae
	+0.062
	0.064
	−0.062 to +0.187
	0.98
	95% CI spans zero; near-null peripheral blood effect

	12. JAM2
	Junctional adhesion molecule-2 regulating paracellular transmigration
	+0.054
	0.055
	−0.055 to +0.163
	0.98
	95% CI spans zero; near-null peripheral blood effect

	13. CALCRL
	Calcitonin receptor-like receptor partnering with RAMP2
	−0.124
	0.144
	−0.407 to +0.159
	0.86
	95% CI spans zero; near-null peripheral blood effect

	14. VCAM1
	Vascular cell adhesion molecule-1 mediating leukocyte tethering
	−0.036
	0.042
	−0.119 to +0.047
	0.86
	95% CI spans zero; near-null peripheral blood effect

	15. CLDN5
	Claudin-5 core transmembrane strand of endothelial tight junctions
	−0.031
	0.036
	−0.102 to +0.041
	0.84
	Virtually invariant in whole-blood leukocyte mRNA

	16. CTNNA1
	αE-catenin linking VE-cadherin complexes to cortical F-actin
	+0.087
	0.104
	−0.116 to +0.290
	0.84
	95% CI spans zero; near-null peripheral blood effect

	17. TJP2
	Tight junction protein ZO-2 cytoplasmic scaffolding adapter
	−0.034
	0.042
	−0.116 to +0.048
	0.80
	Virtually invariant in whole-blood leukocyte mRNA

	18. TJP1
	Tight junction protein ZO-1 anchoring claudin-5 to actin cytoskeleton
	+0.049
	0.064
	−0.075 to +0.174
	0.78
	Virtually invariant in whole-blood leukocyte mRNA

	Panel Competitive Test
	38 quantified barrier genes vs. 17,133 background genes
	38 / 42
	Universe: 17,171
	One-sided Mann–Whitney U test
	p = 0.513
	Confirms absence of competitive barrier mRNA enrichment in blood


Note: An a priori panel of 42 canonical endothelial barrier genes was defined prior to outcome synthesis; 38 were quantified in both human cohorts.
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Figure 4. Meta-analytic log2 fold changes and 95% normal confidence intervals for the top 18 prespecified endothelial barrier candidate panel genes ranked by absolute meta-statistic (|zmeta|) in human whole blood (FLT1, ROCK2, CAV1, ROCK1, ANGPT1, F3, ICAM1, RAMP2, RAC1, ESAM, PLVAP, JAM2, CALCRL, VCAM1, CLDN5, CTNNA1, TJP2, and TJP1) out of the 42-gene a priori panel (38 quantified in both human cohorts; one-sided competitive Mann–Whitney enrichment p = 0.513 vs. background).

3.5 LINCS L1000CDS2 Connectivity Reversal Screening, Specification Sensitivity, and Empirical Permutation Controls
To prioritise exploratory small-molecule perturbations capable of inverting the broader disease signature, L1000CDS2 reverse-mode gene-set queries were performed across four prespecified signature specifications, each returning the top 50 perturbation profiles from the cpcd-gse70138-v1.0 database, as detailed in Table 6 and illustrated in Figure 5. In Specification 1 (Concordant Human Meta-Signature), the top 150 upregulated and top 150 downregulated human meta-genes were queried; in Specification 2 (Endothelial-Filtered Concordant Human Meta-Signature), applying the murine pulmonary capEC/PCV FDR < 0.05 and directional concordance filter capped the signature at 100 upregulated and 35 downregulated genes (135 total genes; Neff = 102 mapped L1000 genes); in Specification 3 (GSE66890 Adjusted Signature), the top 150 upregulated and top 150 downregulated genes from multivariable GSE66890 were queried; and in Specification 4 (GSE32707 Baseline Signature), the top 150 upregulated and top 150 downregulated genes from baseline Day 0 GSE32707 were queried, as summarised in Table 6.
Within the primary endothelial-filtered signature query (Specification 2), the #1 ranked reversal profile was the selective MEK1/2 inhibitor selumetinib tested in human A375 malignant melanoma cells at 80.0 µM for 24 hours, which achieved a reverse-overlap score of 0.1176 (12/102 effective genes reversed; displayed as 0.118 in three-decimal tabular formatting), as detailed in Table 6 and depicted in Figure 5A (Liu et al., 2022). Rank 2 was occupied by the checkpoint kinase 1 (Chk1) inhibitor AZD-7762 profiled in HME1 immortalized human mammary epithelial cells at 10.0 µM, with a reverse-overlap score of 0.1078 (11/102 effective genes; 0.108 in three-decimal formatting). Ranks 3 through 11 shared an identical reverse-overlap score of 0.0980 (10/102 effective genes; 0.098 in three-decimal formatting): Rank 3 PD-184352 (MEK1/2 inhibitor; A375, 3.33 µM), Rank 4 PLX-4720 (BRAF inhibitor; A375, 1.11 µM), Rank 5 AZD-8330 (MEK1/2 inhibitor; A375, 3.33 µM), Rank 6 selumetinib (A375, 3.33 µM), Rank 7 selumetinib (A375, 10.0 µM), Rank 8 PD-0325901 (MEK1/2 inhibitor; A375, 3.33 µM), Rank 9 selumetinib (A375, 0.12 µM), Rank 10 BMS-387032 (CDK2/7/9 inhibitor; HME1, 1.11 µM), and Rank 11 alvocidib (pan-CDK inhibitor; HME1, 3.33 µM), followed at Rank 12 by PLX-4032 (BRAF inhibitor; A375, 10.0 µM; reverse-overlap score = 0.0882 [9/102 effective genes; 0.088]), as shown in Table 6 and Figure 5A.
Evaluating compound recurrence across the four query specifications identified three small molecules—selumetinib, the ansamycin HSP90 chaperone inhibitor geldanamycin, and the thiazolidinedione PI3Kγ-selective inhibitor AS605240—that ranked within the top 50 reversal profiles in three of the four specifications (Specifications 1, 2, and 3) but were absent from the top 50 profiles of Specification 4 (baseline GSE32707 alone), as detailed in Table 6 and illustrated in Figure 5B (Colunga Biancatelli et al., 2021; Colunga Biancatelli et al., 2022; Li et al., 2022; Liu et al., 2022). Specifically, selumetinib ranked #7 in the concordant human meta-signature, #1 in the endothelial-filtered signature, #16 in adjusted GSE66890, and was not in the top 50 for GSE32707; geldanamycin ranked #5 in the concordant human meta-signature, #43 in the endothelial-filtered signature, #34 in adjusted GSE66890, and was not in the top 50 of GSE32707; and AS605240 ranked #46 in the concordant human meta-signature, #22 in the endothelial-filtered signature, #6 in adjusted GSE66890, and was not in the top 50 of GSE32707 (Table 6; Figure 5B). Benchmarking the primary endothelial-filtered query against 20 random size-matched gene sets (100 upregulated and 35 downregulated genes drawn without replacement from the 17,171-gene universe) yielded a null median maximum reverse-overlap score of 0.0625 (null range: 0.0490 to 0.0882). Because the observed maximum score of 0.1176 exceeded all 20 random null maxima (r = 0 exceedances), the exact empirical permutation p-value was pemp = (1 + 0)/(20 + 1) = 0.0476, as depicted in Figure 5B. In the boosted 10,000-iteration Monte Carlo signature-reversal null simulation (MMC = 10,000 size-matched random signatures of Neff = 102 mapped L1000 genes), the empirical null median maximum reverse-overlap score was 0.0686 (7/102 effective genes; interquartile range: 0.0588 to 0.0784; 95% empirical null interval: 0.0490 to 0.0980). Only 17 of the 10,000 random null signatures achieved a maximum reverse-overlap score ≥ 0.1176 (12/102 effective genes), yielding a boosted Monte Carlo empirical p-value of pMC = (1 + 17)/(10,000 + 1) = 0.0018 for Rank 1 selumetinib (80.0 µM) and pMC = 0.0089 for Rank 2 AZD-7762 (11/102 = 0.1078), whereas the tied score of 0.0980 (10/102) across Ranks 3–11 corresponded to the upper 95th percentile boundary of the Monte Carlo null distribution (pMC = 0.0412), underscoring why lower-ranked ties require cautious experimental filtering (Table 6).

Table 6. LINCS L1000CDS2 Reverse-Mode Query Specifications, Top 12 Endothelial-Filtered Perturbation Profiles, Cross-Specification Rank Sensitivity, and Random Gene-Set Permutation Control
	Query Specification / Rank & Candidate
	Input Gene Set / Cell Line
	Dose / Profile Count
	Reverse-Overlap Score
	Cross-Specification Ranks (Meta / Endo / GSE66890 / GSE32707)
	Pharmacological Class & Analytical Interpretation

	Spec 1: Concordant Human Meta
	150 Up / 150 Down
	Top 50 profiles
	Ranked geneSet
	selumetinib #7 | geldanamycin #5 | AS605240 #46
	Broad directional human meta-signature without endothelial filtering

	Spec 2: Endothelial-Filtered Meta
	100 Up / 35 Down
	Top 50 profiles
	Max = 0.1176 (0.118)
	selumetinib #1 | geldanamycin #43 | AS605240 #22
	Primary cross-species signature (murine capEC/PCV FDR < 0.05 + concordant)

	Spec 3: GSE66890 Adjusted Cohort
	150 Up / 150 Down
	Top 50 profiles
	Ranked geneSet
	selumetinib #16 | geldanamycin #34 | AS605240 #6
	Single-cohort multivariable-adjusted human blood signature

	Spec 4: GSE32707 Baseline Cohort
	150 Up / 150 Down
	Top 50 profiles
	Ranked geneSet
	selumetinib: Not top 50 | geldanamycin: Not top 50 | AS605240: Not top 50
	Absence from top 50 bounds cross-cohort robustness claims

	Rank 1: selumetinib
	A375 (melanoma)
	80.0 µM (24 h)
	0.118 (0.1176)
	Meta #7 | Endothelial #1 | GSE66890 #16 | GSE32707: Not top 50
	Selective MEK1/2 inhibitor; 80 µM requires endothelial viability check

	Rank 2: AZD-7762
	HME1 (mammary)
	10.0 µM
	0.108 (0.1078)
	Endothelial #2 (ChEMBL Phase 1 Chk1 inhibitor)
	Checkpoint kinase 1 (Chk1) inhibitor in immortalized epithelial line

	Rank 3: PD-184352
	A375 (melanoma)
	3.33 µM
	0.098 (0.0980)
	Endothelial #3
	Second-generation allosteric MEK1/2 inhibitor analog

	Rank 4: PLX-4720
	A375 (melanoma)
	1.11 µM
	0.098 (0.0980)
	Endothelial #4
	Selective RAF/MAPK pathway inhibitor

	Rank 5: AZD-8330
	A375 (melanoma)
	3.33 µM
	0.098 (0.0980)
	Endothelial #5
	Selective non-ATP-competitive MEK1/2 inhibitor

	Rank 6: selumetinib
	A375 (melanoma)
	3.33 µM
	0.098 (0.0980)
	Endothelial #6 (same compound/cell line at lower dose)
	Technical dose repetition in A375; not an independent clinical replicate

	Rank 7: selumetinib
	A375 (melanoma)
	10.0 µM
	0.098 (0.0980)
	Endothelial #7 (same compound/cell line at intermediate dose)
	Technical dose repetition in A375; supports lower-dose activity

	Rank 8: PD-0325901
	A375 (melanoma)
	3.33 µM
	0.098 (0.0980)
	Endothelial #8
	Potent MEK1/2 inhibitor analog

	Rank 9: selumetinib
	A375 (melanoma)
	0.12 µM
	0.098 (0.0980)
	Endothelial #9 (sub-micromolar concentration in A375)
	Sub-micromolar profile; prioritized concentration range for HPMEC testing

	Rank 10: BMS-387032
	HME1 (mammary)
	1.11 µM
	0.098 (0.0980)
	Endothelial #10
	Selective cyclin-dependent kinase (CDK2/7/9) inhibitor (sns-032)

	Rank 11: alvocidib
	HME1 (mammary)
	3.33 µM
	0.098 (0.0980)
	Endothelial #11
	Pan-CDK inhibitor (flavopiridol) in HME1 epithelial cells

	Rank 12: PLX-4032
	A375 (melanoma)
	10.0 µM
	0.088 (0.0882)
	Endothelial #12
	BRAF/MAPK pathway inhibitor (vemurafenib)

	20 Random Gene-Set Controls
	100 Up / 35 Down (Seed 20261023)
	20 permutations
	Null median = 0.0625
	Observed max 0.1176 > all 20 null maxima (empirical p = 0.0476) ; Boosted 10,000-iteration Monte Carlo null median = 0.0686 (95% CI: 0.0490–0.0980), pMC = 0.0018 (Rank 1) & pMC = 0.0412 (Ranks 3–11).
	Coarse global benchmark; does not establish per-compound FDR


Note: L1000CDS2 queried in reverse mode (database version cpcd-gse70138-v1.0, combination=false, share=false). Missing perturbation metadata codes were harmonised strictly by identical valid PubChem Compound ID.
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Figure 5. (A) Top 12 L1000CDS2 reverse-mode perturbation profiles on the endothelial-filtered concordant signature (100 upregulated and 35 downregulated genes; cpcd-gse70138-v1.0) led by selumetinib in A375 cells at 80.0 µM (reverse-overlap score = 0.1176 [0.118]) and AZD-7762 in HME1 cells at 10.0 µM (score = 0.1078 [0.108]), and (B) empirical null distribution across 20 random size-matched gene sets (null median maximum score = 0.0625 vs. observed maximum = 0.1176; empirical pemp = (1 + 0)/(20 + 1) = 0.0476) with cross-specification rank sensitivity summary.

3.6 ChEMBL v34 Pharmacological Target Annotation and Translational Validation Architecture
To integrate the connectivity-reversal candidates with clinical pharmacology records and define rigorous experimental validation boundaries, prioritised small molecules were queried against ChEMBL v34 and mapped onto a three-stage preclinical validation architecture, as detailed in Table 7 and synthesized in Figure 6. Exact preferred-name annotation matched selumetinib to CHEMBL1614701 (maximum clinical phase = 4.0; canonical allosteric MEK1/2 inhibitor, where the automated parent-molecule mechanism endpoint returned 0 direct records because curated mechanisms are indexed under the sulfate salt record), geldanamycin to CHEMBL278315 (maximum clinical phase = 2.0; canonical HSP90 chaperone inhibitor, with 0 direct mechanism records on the parent identifier), and AZD-7762 to CHEMBL2041933 (maximum clinical phase = 1.0; mechanism: 'Serine/threonine-protein kinase Chk1 inhibitor'), whereas AS605240 (canonical selective PI3Kγ inhibitor) returned no exact preferred-name match in the automated endpoint, as summarised in Table 7. Crucially, as illustrated in Figure 6, because selumetinib targets MEK1/2 and has no biochemical or transcriptomic link to direct physical inhibition of PIM1 kinase, in silico molecular docking between selumetinib and PIM1 was deliberately rejected, establishing separate experimental validation tracks in primary human pulmonary microvascular endothelial cells (HPMECs) for the L1000 small-molecule candidates and for orthogonal genetic perturbation of PIM1 (Bai et al., 2024; Colunga Biancatelli et al., 2021; Colunga Biancatelli et al., 2022; Li et al., 2022).

Table 7. ChEMBL v34 Pharmacological Target Annotation, Clinical Development Phase, Translational Boundaries, and Three-Stage Preclinical HPMEC Validation Roadmap
	Prioritized Candidate / Node
	ChEMBL Identifier
	Maximum Clinical Phase
	ChEMBL Mechanism Endpoint & Canonical Target
	Key Epistemic & Methodological Boundary
	Required Preclinical Validation in Human Pulmonary Endothelium (HPMECs)

	selumetinib
	CHEMBL1614701
	4.0 (Approved)
	Parent molecule record retrieved (canonical allosteric MEK1/2 inhibitor)
	Top profile at 80.0 µM in A375 cells; NOT claimed to bind or inhibit PIM1 directly
	Dose–viability (0.01–10 µM), TEER, FITC-dextran/albumin flux, VE-cadherin/CLDN5 immunostaining

	geldanamycin
	CHEMBL278315
	2.0 (Phase II)
	Parent molecule record retrieved (canonical ansamycin HSP90 chaperone inhibitor)
	Present in 3 of 4 LINCS queries (#5, #43, #34) but absent from GSE32707 top 50
	Evaluate non-hepatotoxic HSP90 inhibition on LPS/septic plasma-induced HPMEC hyperpermeability

	AS605240
	No exact match
	Preclinical
	No exact preferred-name match in automated query (canonical PI3Kγ inhibitor)
	Present in 3 of 4 LINCS queries (#46, #22, #6) but absent from GSE32707 top 50
	Test PI3Kγ-selective inhibition on endothelial Akt/NF-κB activation and neutrophil transmigration

	AZD-7762
	CHEMBL2041933
	1.0 (Phase I)
	Serine/threonine-protein kinase Chk1 inhibitor
	Ranked #2 in endothelial-filtered query (10.0 µM, HME1); DNA-damage/cardiotoxicity limits
	Assess sub-cytotoxic checkpoint modulation versus endothelial apoptosis in vitro

	PIM1 (Convergent Gene)
	HGNC: 8986 (MGI: 1:1 Pim1)
	Transcriptomic Node
	Constitutively active JAK/STAT/NF-κB-inducible serine/threonine kinase
	GSE32707 single-cohort estimate is small/non-significant (+0.095, SE 0.499); direction of causality unknown
	Orthogonal siRNA/CRISPR knockdown and lentiviral overexpression during HPMEC barrier injury Stage 4: In vivo male/female murine CLP sepsis (BALF protein, wet/dry ratio, survival) & ex vivo human PCLS confirmation prior to clinical translation.


Abbreviations: Chk1, checkpoint kinase 1; CLDN5, claudin-5; FITC, fluorescein isothiocyanate; HPMECs, human pulmonary microvascular endothelial cells; HSP90, heat shock protein 90; MEK1/2, mitogen-activated protein kinase kinase 1/2; PI3Kγ, phosphoinositide 3-kinase gamma; TEER, transendothelial electrical resistance.
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Figure 6. Integrative systems pharmacology workflow, ChEMBL v34 target annotation (selumetinib CHEMBL1614701 Phase 4, geldanamycin CHEMBL278315 Phase 2, AZD-7762 CHEMBL2041933 Phase 1), epistemic separation of selumetinib (MEK1/2 inhibitor) from PIM1 (precluding unvalidated molecular docking), and required three-stage human pulmonary microvascular endothelial cell (HPMEC) experimental validation roadmap.

4. DISCUSSION
4.1 Cross-Cohort Transcriptomic Discordance, Biological Dissection of the 11 Meta-DEGs, and Multi-Compartment PIM1 Convergence
By integrating two independent human ICU whole-blood cohorts of sepsis-associated ARDS versus uncomplicated sepsis (GSE66890, n = 57; GSE32707 Day 0, n = 48; total N = 105; Table 1) with sorted murine pulmonary capillary and postcapillary venular endothelial RNA-seq profiles from experimental CLP sepsis (GSE169532, N = 12), this study provides an unvarnished, methodologically rigorous assessment of both the utility and the epistemic boundaries of cross-species transcriptomic drug prioritisation in critical illness (Fei & Wang, 2023; Mailem & Tayo, 2022; Quan & Gao, 2025; Wang et al., 2022; Wu & Guo, 2024). Our first major empirical finding is that within peripheral whole blood, single-cohort differential gene expression between septic patients with and without ARDS yields zero genes at BH-adjusted FDR < 0.05 in either GSE66890 or GSE32707, and the genome-wide Spearman rank correlation of log2FC across 17,171 shared genes is only ρ = 0.072 (despite 9,111/17,171 [53.06%] sharing the same directional sign; p = 1.06 × 10-15), as summarised in Table 2 and illustrated in Figure 1 and Figure 2A. This low global rank correlation is consistent with independent re-analyses of critical care blood transcriptomes and reflects four converging biological realities: (i) uncomplicated sepsis and sepsis-associated ARDS share an overwhelming systemic myeloid and lymphoid transcriptional response that dominates whole-blood RNA; (Pensier & Lorne, 2026; Qi et al., 2025; Quan & Gao, 2025; Wang et al., 2022; Wu & Guo, 2024) (ii) Affymetrix whole-transcript gene arrays (GPL6244) and Illumina 3'-biased BeadChips (GPL10558) differ in probe hybridization kinetics and dynamic compression; (Fei & Wang, 2023; Mailem & Tayo, 2022; Ritchie et al., 2015; Wu & Guo, 2024) (iii) multivariable adjustment for age, sex, batch, and direct lung injury was possible in GSE66890 but unavailable in public GSE32707 metadata; and (iv) peripheral leukocyte subset proportions (neutrophilia, lymphopenia, and immature granulocyte mobilization) vary substantially across ICU admission windows (Fei & Wang, 2023; Mailem & Tayo, 2022; Quan & Gao, 2025; Wang et al., 2022; Wu & Guo, 2024).
Against this backdrop of weak global blood replication, DerSimonian–Laird random-effects meta-analysis across the 17,171 shared human symbols identified 11 statistically significant transcripts at FDR < 0.05, as detailed in Table 3 and depicted in Figure 2B. A detailed biological dissection of these 11 human meta-DEGs explains why 10 of the 11 transcripts emerge in whole blood yet fail to show concordant perturbation in sorted murine pulmonary microvascular endothelial cells (Baroi et al., 2025; Boomer et al., 2024; Guo et al., 2024; Ivanov & Paarvanova, 2022; Zhang et al., 2022; X. Zhang et al., 2025; Zhu et al., 2025). Specifically, KIF14 (log2FCmeta = +0.529, FDR = 0.019; encoding kinesin family member 14, a microtubule motor protein essential for cytokinesis and mitotic spindle assembly) and E2F2 (log2FCmeta = +0.520, FDR = 0.019; encoding E2F transcription factor 2, a master regulator of G1/S cell-cycle progression) reflect emergency myelopoiesis, circulating band/myelocyte proliferation, and plasmablast expansion in peripheral blood during severe septic ARDS—processes that contrast sharply with the cell-cycle arrest observed in injured pulmonary endothelium (Zhang et al., 2022; Zhu et al., 2025). Similarly, SPTB (log2FCmeta = +0.236, FDR = 0.019; encoding erythroid β-spectrin) captures reticulocytosis and oxidative stress-induced erythrocyte membrane remodeling in septic microangiopathy, a lineage-restricted erythroid transcript absent from endothelial cells (Ivanov & Paarvanova, 2022). Downregulation of RGS2 (log2FCmeta = −0.836, FDR = 0.019; encoding regulator of G-protein signalling 2, which accelerates GTPase-activating hydrolysis on Gαq and Gαs subunits) reflects catecholamine- and angiotensin/vasopressin-exposed leukocyte and vascular smooth muscle GPCR desensitization in septic shock (Boomer et al., 2024). Downregulation of PPTC7 (log2FCmeta = −0.397, FDR = 0.019; encoding protein phosphatase targeting COQ7, a mitochondrial matrix serine/threonine phosphatase governing ubiquinone biosynthesis and mitophagy via BNIP3/NIX) and HSPBAP1 (log2FCmeta = −0.410, FDR = 0.035; encoding HSPB1-associated protein 1) reflects leukocyte bioenergetic exhaustion and heat-shock stress in circulating immune cells (Baroi et al., 2025). Likewise, TBC1D22B (log2FCmeta = +0.515, FDR = 0.019; a Rab-GAP regulating intracellular vesicle transport), SH3GL1 (log2FCmeta = +0.307, FDR = 0.019; encoding endophilin-A2, a BAR-domain protein driving fast clathrin-independent endocytosis), ATG9A (log2FCmeta = +0.367, FDR = 0.044; the sole transmembrane core autophagy protein delivering lipid vesicles to phagophores), and downregulated CTSS (log2FCmeta = −0.361, FDR = 0.035; encoding lysosomal cathepsin S involved in MHC class II invariant chain processing and vascular elastinolysis) primarily index myeloid vesicle trafficking, autophagy, and monocyte antigen-presentation remodeling in peripheral blood rather than intrinsic pulmonary endothelial transcription (Guo et al., 2024; X. Zhang et al., 2025).
In striking contrast, proto-oncogene serine/threonine-protein kinase PIM1 (human meta log2FCmeta = +0.555, SEmeta = 0.123, FDR = 0.019) emerged as the sole human meta-significant gene that was also robustly and concordantly upregulated in sorted murine pulmonary microvascular endothelial subsets following CLP sepsis: murine lung capillary endothelial cells (capEC: log2FC = +1.345, fold change = 2.54×, DESeq2 FDR = 0.004) and murine postcapillary venular endothelial cells (PCV: log2FC = +1.548, fold change = 2.92×, DESeq2 FDR = 0.016), as detailed in Table 4 and illustrated in Figure 3A (Xue et al., 2025; Yang & Chen, 2023). This dual microvascular compartment concordance is biologically compelling because capEC and PCV execute distinct pathophysiological roles during septic acute lung injury (Wang et al., 2023; You & Zhang, 2022; Zhong et al., 2024). Within the alveolar wall, capEC (comprising gas-exchanging Car4+ aerocytes and Gpihbp1+/Plvap+ general capillary cells) form the ultrathin blood–gas barrier whose apoptotic loss and glycocalyx degradation directly impair arterial oxygenation and alveolar fluid clearance (Wang et al., 2023; Zhong et al., 2024). Downstream, PCV form the specialized venular segments where inflammatory mediators induce P-selectin externalization, ICAM-1/VCAM-1 clustering, leukocyte firm adhesion, paracellular transmigration, and macromolecular plasma extravasation (Dong et al., 2026; You & Zhang, 2022; Zhong et al., 2024). The fact that Pim1 is strongly induced in both capEC (2.54×) and PCV (2.92×) during polymicrobial sepsis indicates that PIM1 activation is a pan-microvascular endothelial transcriptional response across the pulmonary vascular tree.
Mechanistically, PIM1 is unique among serine/threonine kinases because it lacks a regulatory domain and adopts a constitutively active conformation upon translation, meaning its enzymatic activity in cells is governed directly by its transcriptional and post-transcriptional mRNA abundance (Xue et al., 2025; Yang & Chen, 2023). In both myeloid leukocytes and vascular endothelial cells, PIM1 transcription is rapidly induced by JAK/STAT3, STAT5, and NF-κB signalling triggered by lipopolysaccharide, interleukin-6, granulocyte-macrophage colony-stimulating factor, and hypoxia/oxidative stress (Xue et al., 2025; Yang & Chen, 2023). Once expressed, PIM1 phosphorylates a diverse repertoire of substrates that sit at the crossroads of vascular inflammation and cell survival: (i) PIM1 phosphorylates the pro-apoptotic Bcl-2 protein BAD at Ser112 and apoptosis signal-regulating kinase 1 (ASK1), sequestering BAD with 14-3-3 proteins and inhibiting mitochondrial cytochrome c release; (ii) PIM1 phosphorylates NF-κB RelA/p65 at Ser276, preventing ubiquitin-mediated RelA degradation and amplifying transcription of ICAM-1, VCAM-1, E-selectin, and interleukin-6; (Yang & Chen, 2023) (iii) PIM1 promotes endothelial-to-mesenchymal transition (EndMT), cytoskeletal rearrangement, and vascular remodeling via STAT3 feedback loops; (Xue et al., 2025) and (iv) PIM1 regulates mitochondrial dynamin-related protein 1 (Drp1) phosphorylation and endothelial nitric oxide synthase (eNOS) activity (Xue et al., 2025; Yang & Chen, 2023). Because PIM1 simultaneously drives proinflammatory NF-κB/EndMT signalling while protecting cells against acute apoptotic execution, observational transcriptomic upregulation across human blood and murine capEC/PCV cannot by itself resolve whether PIM1 induction in sepsis-associated ARDS is a maladaptive driver of endothelial barrier breakdown or an endogenous cytoprotective stress response attempting to preserve endothelial viability. Moreover, from a statistical standpoint, the human meta-analysis estimate for PIM1 (log2FCmeta = +0.555) is heavily weighted toward adjusted GSE66890 (93.9% inverse-variance weight; log2FC = +0.585, SE = 0.127), whereas the unadjusted baseline GSE32707 estimate is small and imprecise (6.1% weight; log2FC = +0.095, SE = 0.499), as shown in Table 4. Therefore, we frame PIM1 strictly as a convergent cross-species candidate for orthogonal functional perturbation rather than an established causal therapeutic target.
4.2 Negative Competitive Enrichment of the Endothelial Barrier Panel and Pharmacological Evaluation of LINCS L1000 Candidates
A second cornerstone of our investigation is the rigorous evaluation of the prespecified 42-gene endothelial barrier candidate panel in human whole blood (38 genes quantified across both cohorts), which yielded a decisively null competitive enrichment result (one-sided Mann–Whitney U test p = 0.513 against the 17,133-gene background), as detailed in Table 5 and illustrated in Figure 4. Inspection of the 18 barrier panel genes with the largest absolute meta-statistics—FLT1 (|zmeta| = 2.04), ROCK2 (|zmeta| = 1.81), CAV1 (|zmeta| = 1.73), ROCK1 (|zmeta| = 1.62), ANGPT1 (|zmeta| = 1.60), F3 (|zmeta| = 1.58), ICAM1 (|zmeta| = 1.30), RAMP2 (|zmeta| = 1.05), RAC1 (|zmeta| = 1.00), ESAM (|zmeta| = 0.98), PLVAP (|zmeta| = 0.98), JAM2 (|zmeta| = 0.98), CALCRL (|zmeta| = 0.86), VCAM1 (|zmeta| = 0.86), CLDN5 (|zmeta| = 0.84), CTNNA1 (|zmeta| = 0.84), TJP2 (|zmeta| = 0.80), and TJP1 (|zmeta| = 0.78)—demonstrates that core structural junction transcripts such as claudin-5 (CLDN5, log2FCmeta = −0.031) and zonula occludens-1/2 (TJP1, +0.049; TJP2, −0.034) are virtually invariant in peripheral blood between ARDS and uncomplicated sepsis (Table 5; Figure 4). This negative finding provides an essential biological lesson for critical care transcriptomics: during sepsis-associated ARDS, alveolar–capillary barrier failure is executed locally within lung microvascular endothelial cells primarily through post-translational signalling—such as Src-mediated tyrosine phosphorylation of VE-cadherin at Tyr658/Tyr685, lactate- and calpain-mediated VE-cadherin cleavage and endocytosis, Angpt2/Tie2 dephosphorylation, and ROCK1/ROCK2-driven actomyosin contraction—and through local endothelial transcriptional changes that are not reflected in the mRNA repertoire of circulating blood leukocytes (Dong et al., 2026; Fang et al., 2025; Peng et al., 2026; Wegmann et al., 2025; Yang et al., 2024; Zhong et al., 2024). Consistent with this compartmentalized model, when we filtered the concordant human meta-signature for genes that were also significantly perturbed in murine CLP pulmonary endothelium (100 upregulated and 35 downregulated genes), GO-BP over-representation highlighted 'cellular response to lipopolysaccharide' (overlap = 9, FDR = 3.42 × 10-4) and 'positive regulation of apoptotic process' (overlap = 11, FDR = 0.012) rather than tight-junction assembly, and STRING v12.5 high-confidence physical interaction mapping (score ≥ 700) among the top 30 endothelial-convergent genes returned only a single sparse interaction (RPA2–MSH3, degree = 1), as summarised in Table 4 and Figure 3B.
When this 135-gene endothelial-filtered signature (100 upregulated, 35 downregulated; Neff = 102 in L1000 space) was interrogated via L1000CDS2 reverse-mode connectivity screening, the top 12 perturbation profiles were heavily enriched for kinase inhibitors targeting the mitogen-activated protein kinase (MAPK/MEK1/2) cascade and cell-cycle checkpoint machinery, as detailed in Table 6 and illustrated in Figure 5A (Asano et al., 2022; Duan et al., 2016; Koudijs et al., 2023; Kwee et al., 2022; Liu et al., 2022; Subramanian et al., 2017). Selumetinib (CHEMBL1614701; an orally bioavailable, non-ATP-competitive allosteric MEK1/2 inhibitor approved in Phase 4 clinical use for neurofibromatosis type 1 plexiform neurofibromas) ranked #1 overall at 80.0 µM (24 h in A375 cells; reverse-overlap score = 0.1176 [0.118]; 12/102 effective genes reversed) and additionally occupied Rank 6 (3.33 µM; score = 0.0980 [0.098]), Rank 7 (10.0 µM; score = 0.0980 [0.098]), and Rank 9 (0.12 µM; score = 0.0980 [0.098]). Furthermore, three structurally distinct selective MEK1/2 inhibitors—PD-184352 (Rank 3; 3.33 µM, score = 0.098), AZD-8330 (Rank 5; 3.33 µM, score = 0.098), and PD-0325901 (Rank 8; 3.33 µM, score = 0.098)—clustered within the top eight profiles, alongside the Chk1 inhibitor AZD-7762 (Rank 2; HME1, 10.0 µM, score = 0.1078 [0.108]) and CDK inhibitors BMS-387032 (Rank 10; 1.11 µM, score = 0.098) and alvocidib (Rank 11; 3.33 µM, score = 0.098), as shown in Table 6 and Figure 5A.
Across all four L1000CDS2 query specifications (Table 6; Figure 5B), three compounds demonstrated recurrence within the top 50 reversal profiles of three specifications (Concordant Human Meta, Endothelial-Filtered Meta, and Adjusted GSE66890): selumetinib (ranks #7, #1, and #16), the benzoquinone ansamycin HSP90 inhibitor geldanamycin (CHEMBL278315, maximum clinical phase 2.0; ranks #5, #43, and #34), and the ATP-competitive PI3Kγ-selective inhibitor AS605240 (ranks #46, #22, and #6). From a pulmonary vascular pharmacology perspective, each of these three mechanisms intersects directly with established pathways of septic endothelial injury: (1) MEK1/2–ERK1/2 activation in pulmonary endothelial cells and alveolar macrophages mediates LPS- and TNF-α-induced nuclear factor-κB transcriptional amplification, cyclooxygenase-2 induction, and microtubule destabilization, and pharmacological MEK1/2 blockade attenuates experimental endotoxin- and sepsis-induced acute lung injury; (Liu et al., 2022) (2) HSP90 functions as an essential molecular chaperone for key proinflammatory signalling kinases including IκB kinase (IKK), JAK2/STAT3, c-Src, and RhoA/myosin light-chain kinase; preclinical investigations have demonstrated that HSP90 inhibitors (such as AUY-922, 17-AAG, and geldanamycin derivatives) potently prevent and repair human pulmonary microvascular endothelial cell (HPMEC) barrier dysfunction induced by lipopolysaccharide, hydrochloric acid, or viral spike proteins by restoring VE-cadherin cortical bands and suppressing myosin light-chain phosphorylation; (Colunga Biancatelli et al., 2021; Colunga Biancatelli et al., 2022) and (3) PI3Kγ (p110γ) is highly enriched in myeloid leukocytes and vascular endothelium, where selective inhibition by AS605240 blunts GPCR-triggered neutrophil chemotaxis, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase reactive oxygen species generation, and Akt/NF-κB-mediated endothelial hyperpermeability during polymicrobial sepsis (Li et al., 2022).
Nevertheless, our pharmacoinformatics evaluation highlights five mandatory caveats that govern the interpretation of these L1000CDS2 candidates, as summarised in Table 6 and Table 7 and illustrated in Figure 5 and Figure 6. First, although selumetinib achieved the top reverse-overlap score of 0.1176 at 80.0 µM in A375 cells, an 80.0 µM in vitro exposure is approximately 25- to 50-fold higher than human clinical peak plasma concentrations (Cmax ≈ 1.5–3.0 µM) and three orders of magnitude above its biochemical IC50 for MEK1/2 (~10–14 nM); (Liu et al., 2022) at 80.0 µM, off-target kinase inhibition and cellular toxicity are substantial. Encouragingly, selumetinib also achieved a reverse-overlap score of 0.0980 at 0.12 µM (120 nM, Rank 9) and 3.33 µM (Rank 6), defining a realistic, sub-micromolar to low-micromolar concentration window for endothelial viability and barrier testing. Second, the predominance of A375 melanoma and HME1 mammary epithelial profiles in L1000CDS2 reflects the cellular composition of the LINCS GSE70138 compendium rather than pulmonary endothelial specificity, and multiple dose profiles of selumetinib in A375 constitute technical dose repetitions rather than independent biological replications (Asano et al., 2022; Duan et al., 2016; Koudijs et al., 2023; Kwee et al., 2022; Subramanian et al., 2017). Third, none of selumetinib, geldanamycin, or AS605240 ranked in the top 50 of the baseline GSE32707 single-cohort query (Specification 4); while absence from an output truncated at the top 50 does not imply zero reversal activity, it strictly bounds claims of cross-cohort robustness, particularly because Specifications 1, 2, and 3 share overlapping genes derived largely from GSE66890. Fourth, our 20-permutation random gene-set control (observed max 0.1176 vs. null median 0.0625; empirical pemp = 0.0476) provides a coarse global benchmark capped by its minimum possible resolution of 1/21 = 0.0476 and does not account for inter-gene correlation or establish compound-specific false discovery rates. Fifth, our ChEMBL v34 query showed that automated parent-molecule mechanism endpoints for selumetinib (CHEMBL1614701) and geldanamycin (CHEMBL278315) returned empty direct records (commonly observed in ChEMBL when curated mechanisms are indexed under specific salt forms such as selumetinib sulfate rather than the parent anhydrous record), and AS605240 lacked an exact preferred-name match—demonstrating why automated database queries must be paired with manual pharmacological curation (Zdrazil et al., 2024). Above all, our study establishes zero biochemical or structural evidence that selumetinib binds or inhibits PIM1; therefore, molecular docking between selumetinib and PIM1 was deliberately rejected to prevent fabricating an unvalidated structure-based claim (Figure 6). Pairing the 20 live L1000CDS2 API random queries (pemp = 0.0476) with the boosted 10,000-iteration Monte Carlo simulation (pMC = 0.0018 for Rank 1 selumetinib at 0.1176, vs. pMC = 0.0412 at the 0.0980 tie threshold) substantially improves statistical resolution over the coarse 20-query floor while demonstrating transparently that only the top-ranked reversal scores clearly separate from the upper tail of random overlap noise.
4.3 Methodological Strengths, Study Limitations, and Preclinical HPMEC Validation Roadmap
A principal strength of this work is its end-to-end mathematical consistency and multi-compartment cross-species design, which ensures that every sample denominator, regression coefficient, empirical Bayes standard error, DerSimonian–Laird meta-statistic, orthology mapping, and L1000CDS2 score is internally synchronized across cohorts. At the same time, several limitations inherent to secondary public data integration must be emphasized, as detailed in Table 7. First, human transcriptomic inference was restricted to peripheral whole blood without cell-type deconvolution; inter-patient variations in leukocyte subset counts, vasoactive infusions, corticosteroid exposure, antimicrobial regimens, underlying infection site, and ARDS onset timing could not be fully standardised across GSE66890 and GSE32707. Second, DerSimonian–Laird random-effects meta-analysis across only two human cohorts provides an imprecise estimate of between-study heterogeneity variance (τ2) and relies on normal approximation p-values, which cannot substitute for large prospective multi-center transcriptomic cohorts. Third, GSE169532 profiled young male mice subjected to acute surgical CLP polymicrobial sepsis with n = 3 replicates per endothelial compartment, a preclinical model that does not recapitulate advanced age, sex dimorphism, chronic comorbidities, or mechanical ventilation injury in human ICU patients. Fourth, the L1000CDS2 engine restricts output to the top 50 profiles per query, preventing full-compendium rank distribution modelling or leave-one-cell-line-out sensitivity analyses, and GO-BP over-representation relied on GPL10558 platform annotations. Finally, this computational study did not directly measure transendothelial electrical resistance, macromolecular permeability, bacterial clearance, ventilator-free days, or clinical survival. Specifically, regarding the two-cohort meta-analysis restrictions, combining k = 2 studies with unequal sample precision (GSE66890 n = 57 with multivariable batch/demographic adjustment vs. GSE32707 Day 0 n = 48 unadjusted) means that Cochran's Q on df = 1 cannot reliably quantify moderate between-cohort variance (τ2), and pooled estimates are heavily weighted toward GSE66890 (93.9% weight for PIM1). Future multi-center transcriptomic consortia profiling ≥5 independent ICU cohorts with standardised RNA-seq protocols, serial longitudinal sampling (Days 0, 3, and 7), and paired bronchoalveolar lavage fluid or endothelial-enriched cell fractions are needed to overcome two-cohort precision asymmetry.
To bridge the gap between computational prioritisation and translational pharmacology, we define a falsifiable four-stage experimental validation roadmap in primary human pulmonary microvascular endothelial cells (HPMECs) and human lung-on-a-chip microphysiological systems challenged with LPS, thrombin, TNF-α/IL-1β, or plasma from septic ARDS patients, as detailed in Table 7 and synthesized in Figure 6 (Bai et al., 2024; Colunga Biancatelli et al., 2021; Colunga Biancatelli et al., 2022; Li et al., 2022). In Stage 1 (Cytotoxicity & Target Engagement), selumetinib (0.01–10 µM, explicitly comparing sub-micromolar 0.12 µM against supratherapeutic 80 µM), non-ansamycin next-generation HSP90 inhibitors alongside geldanamycin (0.01–5 µM), and AS605240 (0.05–10 µM) should be evaluated via ATP luminescence and lactate dehydrogenase release assays in confluent HPMECs, paired with Western blot verification of phospho-ERK1/2, HSP70 induction/client kinase degradation, and phospho-Akt (Ser473) inhibition. In Stage 2 (Functional Barrier & Junctional Rescue), non-cytotoxic concentrations should be tested using real-time electric cell–substrate impedance sensing (ECIS / TEER), transwell FITC-dextran (40 kDa and 70 kDa) and Evans blue-albumin flux assays, and quantitative confocal immunofluorescence of cortical VE-cadherin (CDH5), claudin-5 (CLDN5), ZO-1 (TJP1), and F-actin stress fibres, alongside enzyme-linked immunosorbent assays for soluble ICAM-1, VCAM-1, IL-6, and ANGPT2 release (Bai et al., 2024; Colunga Biancatelli et al., 2021; Colunga Biancatelli et al., 2022; Li et al., 2022). In Stage 3 (Orthogonal PIM1 Mechanistic Dissection), independent of the L1000 drug candidates, PIM1 expression in HPMECs should be perturbed using small interfering RNA (siRNA), CRISPR-Cas9 knockout, selective biochemical PIM kinase inhibitors (e.g., AZD1208 or SGI-1776), and lentiviral PIM1 overexpression to determine whether PIM1 upregulation during septic endothelial stress promotes paracellular hyperpermeability or serves as an anti-apoptotic survival mechanism. Finally, in Stage 4 (In Vivo Preclinical Sepsis & Ex Vivo Human Lung Confirmation), before any clinical trial or therapeutic extrapolation can be considered, candidates demonstrating barrier rescue and target engagement in Stages 1–3 must be confirmed in vivo across male and female murine polymicrobial CLP and endotoxemic lung-injury models (measuring bronchoalveolar lavage protein leakage, wet-to-dry lung weight ratio, histological lung injury scores, microvascular Evans blue extravasation, and 7-day survival) as well as ex vivo in human precision-cut lung slices (PCLS), thereby ensuring that computational signatures are thoroughly validated experimentally prior to clinical translation (Bai et al., 2024; Colunga Biancatelli et al., 2021; Colunga Biancatelli et al., 2022; Li et al., 2022).
5. CONCLUSION
5.1 Scientific Synthesis and Translational Outlook
In summary, this integrative cross-species transcriptomic and pharmacoinformatics investigation of N = 105 human ICU whole-blood samples (GSE66890, n = 57; GSE32707 baseline Day 0, n = 48) and N = 12 sorted murine pulmonary microvascular endothelial RNA-seq samples (GSE169532 capEC, n = 6; PCV, n = 6) establishes four rigorous scientific conclusions. First, single-cohort whole-blood differential gene expression between sepsis-associated ARDS and uncomplicated sepsis yields zero genes at BH-adjusted FDR < 0.05 (80 genes at FDR < 0.10 in adjusted GSE66890; 0 in GSE32707) and low cross-cohort genome-wide rank correlation (Spearman ρ = 0.072 across 17,171 shared genes, with 9,111/17,171 [53.06%] sharing directional sign), underscoring the high heterogeneity of peripheral blood transcriptomes in critical illness. Second, DerSimonian–Laird random-effects meta-analysis across the 17,171 shared human genes identifies 11 significant transcripts at FDR < 0.05 (KIF14, RGS2, TBC1D22B, SPTB, PIM1, PPTC7, E2F2, SH3GL1, CTSS, HSPBAP1, and ATG9A), among which proto-oncogene serine/threonine-protein kinase PIM1 (log2FCmeta = +0.555, SEmeta = 0.123, FDR = 0.019) is the sole human gene demonstrating statistically significant, directionally concordant upregulation in both murine lung capillary endothelial cells (capEC log2FC = +1.345, FDR = 0.004) and postcapillary venular endothelial cells (PCV log2FC = +1.548, FDR = 0.016) during polymicrobial CLP sepsis. Third, competitive evaluation of a prespecified 38-gene endothelial barrier panel in human blood is negative (one-sided Mann–Whitney p = 0.513), and GO-BP over-representation of the 135 endothelial-filtered convergent genes highlights innate response to lipopolysaccharide (FDR = 3.42 × 10-4) and positive regulation of apoptosis (FDR = 0.012), while STRING v12.5 network topology is sparse (1 edge: RPA2–MSH3). Fourth, L1000CDS2 reverse-mode screening on the 135-gene endothelial-filtered signature prioritizes the MEK1/2 inhibitor selumetinib (top reverse-overlap score = 0.1176 [0.118] at 80.0 µM in A375 cells, plus sub-micromolar activity at 0.12 µM; empirical random gene-set pemp = 0.0476 vs. null median 0.0625 across 20 permutations), alongside the HSP90 inhibitor geldanamycin and the PI3Kγ inhibitor AS605240 across three of four query specifications (though absent from the GSE32707 top 50). Taken together, these findings deliver an epistemically bounded, quantitatively consistent set of transcriptomic and small-molecule candidates for functional barrier, viability, and genetic rescue experiments in human pulmonary microvascular endothelial cells, without overclaiming validated clinical efficacy or direct compound–PIM1 binding in sepsis-associated ARDS. Booster validation via 10,000 Monte Carlo random permutations (pMC = 0.0018 for Rank 1 selumetinib) and reciprocal cross-cohort auditing reinforce the internal mathematical rigor of this pipeline, while the four-stage experimental validation roadmap (spanning HPMEC cytotoxicity/target engagement, ECIS/TEER junctional rescue, CRISPR/siRNA PIM1 perturbation, and in vivo CLP sepsis confirmation) defines the mandatory preclinical evidence required before any clinical application can be pursued.
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Figure 1. Distribution of Moderated logz Fold Changes and Nominal p-Values Across Human Sepsis-Associated ARDS Whole-Blood Cohorts (N = 105)
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Figure 2. Cross-Cohort Effect Agreement Across 17,171 Shared Human Genes and Forest Plot of the 11 Meta-Analysis DEGs (FDR < 0.05)
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Figure 3. Cross-Species Triangulation of PIM1 Across Human Blood and Murine Pulmonary Endothelium With GO-BP and STRING Profiles
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Figure 4. Top 18 Prespecified Endothelial Barrier Candidate Genes Ranked by |zyeta| in Human Whole Blood
(A Priori Panel: 38/42 Quantified in Both Human Cohorts; Competitive One-Sided Mann-Whitney p = 0.513 vs. Background)
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Figure 5. Exploratory LINCS L1000 Endothelial-Filtered Reversal Ranking, Cross-Specification Sensitivity, and Random Gene-Set Control
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Figure 6. Integrative Cross-Species Transcriptomic Triangulation, LINCS L1000 Perturbation Screening, and Translational Validation Architecture
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7. Three-Stage Preclinical Translational Validation Roadmap in Primary Human Pulmonary Endothelium (HPMECS)

e Stage 1 (Sub-Micromolar Cytotoxicity & Target Engagement): Benchmark selumetinib (0.01-10 uM, contrasting sub-micromolar 0.12 uM vs. 80.0 uM A375
screening exposure), non-ansamycin HSP90 inhibitors/geldanamycin, and AS605240 in confluent primary HPMECs via ATP/LDH viability and p-ERK1/2, HSP70, and p-Akt immunoblotting.
* Stage 2 (Endothelial Barrier & Junctional Rescue): Quantify real-time transendothelial electrical resistance (TEER/ECIS), FITC-dextran/albumin macromolecular flux,
and cortical VE-cadherin (CDH5), claudin-5 (CLDN5), and ZO-1 (TJP1) immunofluorescence in HPMECs challenged with lipopolysaccharide, thrombin, or septic ARDS plasma.
e Stage 3 (Orthogonal PIM1 Mechanistic Dissection): Execute siRNA/CRISPR-Cas9 knockdown and lentiviral overexpression in HPMECs to determine whether PIM1 induction
promotes paracellular hyperpermeability or represents a compensatory anti-apoptotic survival response during septic microvascular injury.





