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Introduction

The acute respiratory distress syndrome (ARDS) is a common complication of severe COVID-19 and contributes to patient morbidity and mortality. ARDS is a heterogeneous syndrome caused by various insults, and results in acute hypoxemic respiratory failure. Patients with ARDS from COVID-19 may represent a subgroup of ARDS patients with distinct molecular profiles that drive disease outcomes. Here, we hypothesized that longitudinal transcriptomic analysis may identify distinct dynamic pathobiological pathways during COVID-19 ARDS.





Methods

We identified a patient cohort from an existing ICU biorepository and established three groups for comparison: 1) patients with COVID-19 ARDS that survived hospitalization (COVID survivors, n = 4), 2) patients with COVID-19 ARDS that did not survive hospitalization (COVID non-survivors, n = 5), and 3) patients with ARDS from other causes as a control group (ARDS controls, n = 4). RNA was isolated from peripheral blood mononuclear cells (PBMCs) at 4 time points (Days 1, 3, 7, and 10 following ICU admission) and analyzed by bulk RNA sequencing.





Results

We first compared transcriptomes between groups at individual timepoints and observed significant heterogeneity in differentially expressed genes (DEGs). Next, we utilized the likelihood ratio test to identify genes that exhibit different patterns of change over time between the 3 groups and identified 341 DEGs across time, including hemoglobin subunit alpha 2 (HBA1, HBA2), hemoglobin subunit beta (HBB), von Willebrand factor C and EGF domains (VWCE), and carbonic anhydrase 1 (CA1), which all demonstrated persistent upregulation in the COVID non-survivors compared to COVID survivors. Of the 341 DEGs, 314 demonstrated a similar pattern of persistent increased gene expression in COVID non-survivors compared to survivors, associated with canonical pathways of iron homeostasis signaling, erythrocyte interaction with oxygen and carbon dioxide, erythropoietin signaling, heme biosynthesis, metabolism of porphyrins, and iron uptake and transport.





Discussion

These findings describe significant differences in gene regulation during patient ICU course between survivors and non-survivors of COVID-19 ARDS. We identified multiple pathways that suggest heme and red blood cell metabolism contribute to disease outcomes. This approach is generalizable to larger cohorts and supports an approach of longitudinal sampling in ARDS molecular profiling studies, which may identify novel targetable pathways of injury and resolution.
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Introduction

From emergence to January 2024, coronavirus disease 2019 (COVID-19) has led to over 7 million deaths worldwide (1). Acute respiratory distress syndrome (ARDS) is one complication of severe COVID-19 and contribute to COVID-19 related death (2, 3). Among hospitalized patients with COVID-19, nearly one-third develop ARDS (4). Autopsy studies of COVID-19 reveal evidence of ARDS in most decedents (5, 6). Epidemiologic data from 2020 suggests at least a five-fold increase in ARDS-related deaths during the height of the COVID-19 pandemic (7). ARDS is a form of acute, non-cardiogenic, hypoxemic respiratory failure, characterized by bilateral lung infiltrates (8) that accounts for 10% of ICU admissions (9) with mortality rates ranging from around 30-50% (9). ARDS is notoriously heterogeneous, affecting varied patient populations with lung injury from various causes. One current focus of ARDS research is the identification of distinct patient subgroups that display varied outcomes and responses to targeted therapies (10–13). While clinical trials have demonstrated the efficacy of corticosteroids as treatment in COVID-19 ARDS (14, 15), studies evaluating immune modulating therapies in diverse ARDS populations have yielded mixed results (16, 17). Despite decades of clinical trials in ARDS, supportive care remains the primary treatment approach in diverse ARDS populations (18), and effective, targeted therapeutics for ARDS are lacking.

A better understanding of ARDS pathobiology may inform the limitations of current treatments, and the COVID-19 global pandemic has renewed the importance and urgency of new approaches to ARDS research. Recent studies have employed molecular profiling tools, such as RNA-sequencing, single-cell RNA-seq, and proteomics, with varied study design to better understand gene signatures that correlate with disease severity among COVID-19 ARDS patients. In this respect, multiple studies have highlighted the importance of type I interferon signaling and acute pro-inflammatory mediators in peripheral blood mononuclear cells (PBMCs) collected from patients early in disease course that correlate with COVID-19 disease severity (19–21), suggesting that PBMC analysis provides valuable insight into the dysregulated biology of COVID-19. As COVID-19 is dynamic with an evolving disease course over hours and days, other groups have examined transcriptomic data from patients at multiple time-points with varied sampling schema, including defined clinical stages (treatment, convalescence, and rehabilitation) (20), early and late ICU time points (22), and sampling from admission through two months of follow-up (23). Optimal strategies for patient sampling during the course of COVID-19 ARDS illness and recovery remain unclear. Our approach of longitudinal patient sampling provides opportunities to identify mechanisms that may contribute to disease progression or resolution.

To better understand how dynamic gene expression correlates with clinical outcomes among a group of patients with COVID-19 ARDS, we performed RNA-sequencing of patient PBMCs collected at 4 fixed time intervals across ICU admission. We hypothesized that longitudinal analysis may identify distinct transcriptomic changes compared to analysis at single time points to better characterize dynamic processes of injury and repair in COVID-19 ARDS. Here, we established three groups for comparison, including patients with COVID-19 ARDS that survived hospitalization, patients with fatal COVID-19 ARDS, and ARDS patients without COVID-19 as a control comparison group. We analyzed differential gene expression at each individual time point and performed longitudinal analysis to identify unique patterns of dynamic gene expression throughout acute illness.





Methods




Study design and identification of patient cohort

Patients with ARDS with available longitudinal peripheral blood samples were identified from the Ohio State University Intensive Care Unit Registry (BuckICU), a pre-existing, IRB-approved (IRB #2020H0175) biorepository that enrolls patients within 48 hours of admission to the intensive care units at the Ohio State University Wexner Medical Center and the Arthur G. James Cancer Hospital and Richard J. Solove Research Institute with acute respiratory failure and/or suspicion of sepsis. For inclusion in the BuckICU biorepository, acute respiratory failure is defined by an increase in supplemental oxygen requirement to maintain oxygen saturation (SpO2) greater than 92% or the need for adjunctive respiratory support, including high flow nasal cannula, non-invasive positive pressure ventilation or mechanical ventilation. To screen patients for enrollment, BuckICU defines suspicion of sepsis as meeting SIRS criteria ((any two or more of White Blood Cell count > 12 or < 4 x 109/L, heart rate > 90 beats per minute, respiratory rate > 20 breaths per minute, or temperature > 38°C or < 36°C) and clinical suspicion of infection (collection of any clinical culture specimen OR initiation of antibiotics)) (24). Following completion of the study protocol, patient cases are adjudicated by two pulmonary and critical care physicians. While SIRS criteria were used for screening purposes, Sepsis-3 guidelines were used to define sepsis during case adjudication. Sepsis-3 defines sepsis as organ dysfunction caused by dysregulated host response to infection represented by an increase in Sequential Organ Failure Assessment (SOFA) score of at least 2 points due to infection (25, 26). For this study, we identified patients between May 2020 and June 2021 who required mechanical ventilation at ICU admission with ARDS as defined by the Berlin definition (8), with at least 3 available longitudinal blood samples (days 1, 3, and 7). As this study aimed to identify differences in gene expression with correlation to COVID-19 ARDS mortality, we selected 9 patients with ARDS and positive SARS-CoV-2 upper respiratory tract testing by PCR and an additional 4 patients with ARDS and negative SARS-CoV-2 testing to characterize differences in gene expression that may be specific to COVID-19 status. As shown in Figure 1, we defined 3 groups: 1) patients with COVID-19 ARDS who survived hospitalization (COVID survivors, n = 4); 2) patients with COVID-19 ARDS who did not survive hospitalization (COVID non-survivors, n = 5); and 3) patients with ARDS from other causes (ARDS controls, n = 4).




Figure 1 | Experimental design. Patients were identified from the Ohio State University Intensive Care Unit Registry (BuckICU). Subjects with available longitudinal biosamples with COVID-19 ARDS or non-COVID-19 ARDS controls were selected for inclusion in the study.







RNA extraction, RNA-seq library construction and sequencing

For gene expression profiling, we used longitudinal, banked, peripheral blood mononuclear cells (PBMCs), isolated by Ficoll (Sigma, Cytiva 17-1440-03) density gradient centrifugation of whole blood, lysed in Trizol (Invitrogen, 15596026), and stored at -80°C. We extracted RNA using the Direct-zol RNA Miniprep Plus kit (Zymo Research, R2071) followed by RNA cleanup with the Monarch RNA Cleanup Kit (New England BioLabs, #T2040, 50 μg) with additional in tube DNaseI treatment, per the manufacturer’s protocols. Total RNA was quantified using the Invitrogen Qubit RNA HS Assay kit (Invitrogen, Carlsbad, CA) and RNA quality was assessed by RNA integrity scoring using Agilent 2100 Bioanalyzer and/or 2200 TapeStation (Agilent, Santa Clara CA). RNA seq libraries were prepared using kits from New England Biolabs (Ipswich, MA) with 100 ng total RNA by targeted depletion of rRNA (NEB E#E6310x). Fragmentation and amplification were done using NEBNext Ultra II Directional (stranded) RNA Library Prep Kit (NEB#E7760L) and NEBNext (E64490S/L). Samples were sequenced to a depth of 40 million paired-end 150 bp clusters on the Illumina NovaSeq platform (Illumina, Inc., San Diego, CA) through the Ohio State University Genomics Shared Resource.





Sequence alignment, gene count generation, and differential expression analysis

RNA sequencing sample reads underwent pre-alignment quality control with fastqc followed by alignment to the human genome GRCh38.96 (GCF_000001405.26) using HiSAT2 (v2.1.0) to obtain feature counts for each sample. Read alignment was performed through the Ohio Supercomputer Center (27). These counts were used for Differential Expression Analysis using the DESeq2 package in R (version 4.3.2). Lowly expressed genes were removed, and counts underwent normalization prior to differential expression analysis. Data visualizations were performed in R. We used the likelihood ratio test (LRT) to compare groups with or without time as an interaction term. Genes were determined to be significantly expressed based on adjusted p < 0.05 (false discovery rate). A variance stabilizing transformation (VST) was performed for normalization to create heat maps or cluster diagrams.





Ingenuity pathway analysis

We utilized Ingenuity Pathway Analysis (IPA v23.0, Qiagen) software to analyze the resultant gene expression data to identify canonical pathways common to the DEGs in each comparison. DESeq2 results were uploaded to IPA along with their corresponding adjusted p values, as the LRT does not provide fold change results. Pathways were filtered for significance at a -log10 p value of 1.3, which corresponds to an FDR of 0.05.






Results




Subject cohort characteristics

Subject characteristics are shown in Table 1. Per group definitions, all subjects in the COVID non-survivors group did not survive hospitalization, while all subjects in the COVID survivors group survived critical illness. All patients met ARDS criteria during ICU admission, required mechanical ventilation with low tidal volume ventilation, and received standard ICU supportive care. At Day 1, P/F ratios were similar across groups. Subjects with COVID-19 showed decreased P/F at Day 3, compared to Day 1, and COVID-19 survivors showed improvements in P/F later in ICU admission, compared to COVID-19 non-survivors. ARDS controls and COVID-19 non-survivors had significantly higher SOFA scores at Day 1 with higher SOFA scores throughout ICU admission compared to COVID-19 survivors. Further, vasopressor requirements were higher in the ARDS controls and COVID-19 non-survivors compared to COVID-19 survivors. All ARDS controls had sepsis from a bacterial infection as a risk factor leading to ARDS. These patients received treatment per current sepsis care guidelines (28, 29), including source control, early antibiotics, and volume resuscitation. All COVID-19 subjects tested positive for SARS-CoV-2 by upper respiratory tract nucleic acid amplification test, and all subjects were unvaccinated against SARS-CoV-2. Some COVID-19 patients had positive bacterial cultures during the study period, but COVID-19 was determined to be the primary risk factor for ARDS. There were differences in steroid exposure among groups, as all patients in the COVID-19 survivors group received dexamethasone, while 4 of 5 COVID-19 non-survivors and no ARDS Controls received dexamethasone.


Table 1 | Values shown as median (range) or percentage of subjects.







Analysis of differential gene expression at single time points highlights heterogeneity of host responses during ARDS

Prior to analyzing dynamic gene expression patterns across ICU admission, we first performed differential expression analysis at each time point (days 1, 3, 7, and 10), comparing the three groups (COVID survivors, COVID non-survivors, and ARDS controls). Prior studies had analyzed transcriptomes of biospecimens from early time points of severe COVID-19 and identified genes associated with interferon signaling, T cell activation, and acute inflammation that correlated with worse outcomes. Comparing our 3 groups at each collection day, we identified 150 differentially expressed genes (DEGs) at Day 1, 803 DEGs at Day 3, 514 DEGs at Day 7, and 172 DEGs at Day 10. We next identified common differences in gene expression across time points by comparing the lists of DEGs and observed that the majority of DEGs identified at each timepoint were unique (Figure 2A). For example, differences in gene expression profiles peaked at Day 3. However, of the 803 DEGs identified at Day 3, only 82 of these transcripts were determined to be significantly different at the other time points. We observed greatest overlap between Days 1 and 3 (43 common DEGs) and Days 7 and 10 (62 common DEGs).




Figure 2 | Differential expression analysis on individual days. (A) Venn diagram showing overlap of significant differentially expressed genes for each day. (B) Heatmap of the 150 significant DEGs (FDR < 0.05) identified at Day 1 with column clustering by gene expression pattern. (C) Ingenuity pathway analysis (IPA) of canonical pathways identified by DEGs at Day 1. The length of the bar indicates statistical significance of each pathway using -log10 BH multiple correction p-value.



As prior studies have characterized differential expression at early time points in COVID-19, we further examined the 150 DEGs identified at Day 1. The top 20 DEGs identified at Day 1 between the three groups are shown in Table 2. Clustering of DEGs revealed correlation with our pre-defined comparison groups apart from one non-survivor, who displayed a pattern of expression similar to COVID survivors (Figure 2B). Considering all COVID-19 patients, we observed increases in interferon-stimulated genes, including interferon alpha-inducible protein 6 (IFI6), interferon alpha-inducible protein 27, mitochondrial (IFI27) (Table 2). Ingenuity pathway analysis (IPA) of DEGs revealed canonical pathways primarily related to interferon signaling (Figure 2C).


Table 2 | Top 20 most significant DEGs identified at Day 1.







Longitudinal analysis of gene expression reveals additional host response mechanisms

As we observed significant heterogeneity of differential gene expression at each time point, we next compared dynamic gene expression across time. As opposed to identifying differences at one timepoint, this approach allows for identification of transcripts that show differential patterns of expression across time (i.e. Which genes change over time? Are those patterns of change different between groups)? Here we identified 341 genes with significant differential expression across timepoints (p < 0.05). The top 20 significant DEGs identified by our longitudinal analysis are shown in Table 3. Notably, this approach only determines significance and does not specify fold change. After filtering for significant DEGs, we next performed additional visualizations to determine directionality and patterns of change. First, clustering analysis identified transcripts that demonstrate similar patterns of temporal change. Of the 341 DEGs, 314 showed similar temporal patterns (Figure 3). The top 20 genes demonstrating the most significant differences include hemoglobin subunit alpha 2 (HBA1, HBA2), hemoglobin subunit beta (HBB), von Willebrand factor C and EGF domains (VWCE), and carbonic anhydrase 1 (CA1) (Table 3). Among COVID survivors, the 314 genes showed downregulation of expression over time with a nadir by Day 7, compared to the COVID non-survivors and ARDS controls. The ARDS control patients demonstrated a pattern of increase in temporal gene expression, and the COVID non-survivors demonstrated delayed increases in these significantly changed genes over time (Figure 3).


Table 3 | Top 20 most significant DEGs identified by longitudinal analysis.






Figure 3 | Clustering diagram demonstrates differential dynamic gene expression across time. Using the likelihood ratio test, we compared differences in dynamic gene expression across 3 patient groups, COVID-19 ARDS survivors, COVID-19 ARDS non-survivors, and ARDS controls and 4 time points with Day 1 as reference. DEGs were clustered by similar patterns of gene expression. 314 of the 341 DEGs identified by the longitudinal analysis showed a similar pattern of dynamic change. Significance determined by the adjusted p-value from DESeq2 analysis.



To better understand dynamic gene expression at the level of individual genes, we used box plots to visualize gene expression of the top 20 genes identified by the LRT. As expected, these genes demonstrate a similar pattern of change that was observed in the clustering analysis (Figure 3). Specifically, we observe the most variability in gene expression at day 1 for the COVID survivors, compared to the other two comparison groups. Further, differences in gene expression between groups increases across time (Figure 4). Together, these findings suggest that differences in host response across disease course may better inform underlying biological processes contributing to outcomes than differential gene expression at ICU admission.




Figure 4 | The top 20 differentially expressed genes identified by longitudinal analysis. Following identification of significantly differentially expressed genes by longitudinal analysis, we plotted the 20 genes with most significant differences to observe individual patterns of change. Here, we plotted normalized gene expression by variance stabilizing transformation (y-axis) against time (days 1, 3, 7, and 10 on the x-axis). Colored boxes represent the 3 comparison groups.







Perturbations in hematopoiesis and erythrocyte function pathways correlated with COVID-19 fatality

To identify common biological pathways among the significant DEGs observed in our LRT comparisons, we utilized Ingenuity Pathway Analysis (IPA) to elucidate the pathways engaged among COVID survivors, non-survivors, and ARDS controls. As we compared 3 groups, this analysis does not specify fold-change differences or directionality and describes only significance and pathway enrichment, determined by the number of DEGs involved in each pathway. Among the most represented pathways, we identified iron homeostasis signaling, erythrocyte interaction with oxygen and carbon dioxide, transcriptional activity of SMAD2/SMAD3:SMAD4 heterotrimer, deubiquitination, erythropoietin signaling, heme biosynthesis, metabolism of porphyrins, and iron uptake and transport among the top 12 IPA canonical pathways (Figure 5). These results suggest that oxygen carrying capacity and metabolism of heme may be important modulators of disease course in COVID-19 ARDS.




Figure 5 | Ingenuity pathway analysis. A bubble chart shows the top pathway categories of the IPA canonical pathways of significant genes (adjusted p < 0.05) detected across all days simultaneously. The size and color intensity of bubbles indicates the number of genes overlapping each pathway.








Discussion

Here we performed longitudinal RNA sequencing analysis of PBMCs from patients with ARDS at a single center during the COVID-19 pandemic (May 2020 – June 2021) and compared temporal gene expression changes between COVID-19 ARDS survivors and non-survivors, as well as non-COVID ARDS patients, across 10 days of ICU admission. Longitudinal analysis revealed 341 transcripts with significantly different patterns of dynamic gene expression over time with most significant differences in pathways of iron homeostasis, heme biosynthesis, and erythrocyte function, that remained upregulated throughout ICU course in fatal COVID-19 ARDS compared to survivors of COVID-19 ARDS. Enriched gene signatures of hemoglobin metabolism have previously been described in blood leukocytes from septic patients (30). In vitro studies have shown induction of hemoglobin genes during cellular stress in murine macrophages (31) and human PBMCs (32). The role of heme in macrophages is complex (32–34) and additional data are needed to support strategies targeting heme biosynthesis in ARDS patients. Notably, our study employing longitudinal sampling and analysis identified distinct pathway regulation throughout disease course that was not identified at single time points. This study highlights the dynamic nature of COVID-19 ARDS and represents a novel approach towards better understanding of COVID-19 ARDS pathobiology.

The COVID-19 pandemic increased the global incidence of severe viral pneumonia, acute respiratory failure, and ARDS (7). Clinicians and researchers alike observed unique features of COVID-19 ARDS and raised the question: Is COVID-19 ARDS somehow different than “regular” ARDS (35, 36)? As a syndrome, ARDS is known for its heterogeneity and efforts to identify subtypes and subgroups of ARDS patients predate the pandemic (10, 13). Our study identified a cohort of ARDS patients with COVID-19 and varied clinical outcomes and compared to a group of patients with ARDS and bacterial sepsis as the primary ARDS risk factor. Our differential expression analysis on Day 1 of study enrollment was characterized by significant activation of immune system pathways and interferon signaling consistent with prior reports in studies of severe COVID-19 (37–40). Dysregulated interferon signaling has been implicated in COVID-19 as an important driver of pathology (21). Compared to healthy controls, interferon responses are elevated in COVID-19 (41). However, when compared to other viral infections or among COVID-19 patients with varied clinical course, interferon responses are more variable (42). Subjects in our comparison group of non-COVID-19 ARDS had sepsis from bacterial sources as their primary risk factor for ARDS. Host responses to bacterial versus viral infection yield different transcriptomic signatures (43–45), which may account for the significant differences in interferon responses in our analysis. While multiple interferon-stimulated genes showed significant upregulation in our analysis, one specific gene, interferon-inducible protein 27 (IFI27), showed significant upregulation at study enrollment in COVID-19 ARDS compared to non-COVID-19 ARDS. This recapitulates findings of other study that suggest robust and specific upregulation of IFI27 in COVID-19. A re-analysis of nine independent cohort studies that analyzed peripheral blood gene expression across multiple infections, including COVID-19, influenza, and bacterial pneumonia, described a COVID-19-specific gene signature comprised of 149 genes, among which IFI27 was the sole gene directly associated with the interferon response (46). A single-center cohort study comparing peripheral blood transcriptomes at one time point showed IFI27 was highly upregulated in COVID-19, even when compared to influenza and seasonal coronaviridae (42). Despite reports of varied interferon responses, robust induction of IFI27 may represent a peripheral blood gene signature unique to COVID-19 infection. Notably, our study, like the above referenced COVID-19 transcriptomics studies, focused on mixed populations of peripheral blood cells, which may reflect transcriptomic signatures driven by a single cell type or changes in relative cell populations. Further, PBMCs represent transcriptional signatures in peripheral blood, which may differ from the lung transcriptome (47).

Despite multiple prior reports of transcriptomics in COVID-19, our study is unique in our sampling and analysis strategy. In opposition to single time-point studies or limited longitudinal sampling, we analyzed peripheral blood gene expression throughout acute illness at multiple short intervals. While our study is limited by the small sample size and single-center design, it provides proof of concept that longitudinal molecular profiling can be valuable for identifying dynamic molecular mechanisms that function during ARDS disease course. In ARDS studies, analysis at individual timepoints allows for identification of relative differences in gene expression between groups. However, this design is vulnerable to baseline patient heterogeneity and lead-time bias. While longitudinal sampling is subject to the same obstacles, our approach allows each patient to function as their own baseline control and focuses on dynamic gene expression during acute illness. We identified gene signatures related to iron homeostasis, erythropoietin signaling, heme biosynthesis, and iron uptake that we grouped into processes contributing to erythropoiesis, as well as upregulation of erythrocyte function in fatal COVID-19 compared to COVID-19 survivors. Among ARDS controls, we observed early upregulation of these genes compared to the other groups with decreased rate of change between days 7 and 10. Among the COVID-19 non-survivors, gene expression related to erythropoiesis and erythrocyte function showed late increased compared to COVID-19 survivors, which showed relatively low expression throughout ICU course. Other groups have employed sampling at multiple time points with various strategies and have also identified gene expression correlating with pathways of hemopoiesis, reactive oxygen species, and erythrocyte functioning (20, 22, 23). Zheng et al. examined longitudinal transcriptomes but defined three ad hoc clinical stages (treatment, convalescence, and rehabilitation) as opposed to consistent time intervals; they identified early downregulation of genes related to humoral immunity and type I interferon response and upregulated gene expression related to hemopoiesis, regulation of inflammatory response, mRNA splicing via spliceosome, and epithelial cell proliferation during COVID-19 recovery (20). Another study applied longitudinal multi-omics with 2 – 7 times points from 0 – 55 days after admission and demonstrated increased protein catabolism, erythrocyte differentiation, ferroptosis, and organelle disassembly in clusters primarily corresponding to COVID non-survivors compared to COVID survivors (23). As our study and others have identified common pathways of iron homeostasis and erythrocyte function, it is intriguing to hypothesize that interventions targeting effective erythropoiesis, iron handling, and erythrocyte function represent a novel therapeutic strategy in COVID-19 ARDS. Indeed, studies have demonstrated perturbations in iron handling and ferroptosis (iron-dependent cell death) due to COVID-19 in humans (48), animal models (49), and human cells (50), suggesting that COVID-19 may uniquely impact iron homeostasis and downstream pathways during disease course. Further, observational human studies, including ours, may be capturing a compensatory mechanism of increased erythropoiesis and erythrocyte function in severe COVID-19. Steroid treatment with dexamethasone is a common and accepted treatment in severe COVID-19 (14, 15) and may impact iron metabolism pathways (51). In our cohort, steroid exposure was high in the COVID-19 groups, as 8 of 9 subjects received dexamethasone. However, ARDS controls did not receive steroid treatment. All patients in our cohort met sepsis criteria, recognizing the frequent overlap between critical illness syndromes, such as ARDS and sepsis. Among septic patients, heme metabolism and iron homeostasis genes are enriched in white blood cells (neutrophils and PBMCs) compared to controls (30), and transcriptomic differences in heme biosynthesis genes correlated with sepsis subgroups or endotypes (52). In non-erythroid cells, hemoglobin scavenges free radicals and functions in nitric oxide metabolism (53). Cellular damage through reactive oxygen species is a known pathologic mechanism in both sepsis and ARDS. Our study and others (23, 52) demonstrate increased heme-related transcript expression correlated with worse outcomes in certain critically ill populations. We postulate that upregulation of these transcripts in non-erythroid cells represents a compensatory mechanism due to ongoing oxidative stress. As iron and heme metabolism are foundational biologic processes, it is unclear if these pathways represent viable interventional targets during COVID-19 ARDS.

Our study supports a novel patient sampling strategy and demonstrates a unique analysis of dynamic gene expression. We focused on patients with severe COVID-19 ARDS as a subgroup of ARDS patient to gain insights into disease pathology. Our findings suggest an approach for future studies, generalizable to larger COVID-19 and ARDS cohorts. Our study is limited by several factors. First, all patients were enrolled from a single center for analysis, which may not be representative of the general population. As we analyzed multiple samples from each subject, the sample size of the cohort was small. While we attempted to select age- and sex-matched subjects, the sample size does not allow for proper control of these potentially confounding variables. Despite the small cohort size, we were able to identify several biologically relative pathways, reflected in correlation with prior studies, and provide new insights via our longitudinal approach. We defined outcomes by mortality in this study. While our COVID-19 ARDS non-survivors demonstrate impaired oxygenation throughout ICU stay, consistent with worsened ARDS, this group also had baseline higher SOFA scores that increased over time and increased vasopressor requirements, which may confound our findings. Further, this study used ARDS as a primary inclusion criterion, but severe COVID-19 is a systemic disease. All patients in our cohort met criteria for sepsis, and we did not attempt to differentiate COVID-19 ARDS, sepsis, or both as independent groups. Our transcriptomic findings in peripheral blood cells may be related to systemic responses instead of lung-specific pathology related to COVID-19 or ARDS. Disease classification in critical illness is currently limited by often overlapping syndrome-based paradigms (54, 55). However, transcriptomic studies have the potential to identify dysregulated host response pathways during critical illness that inform clinical disease course beyond established definitions of ARDS or sepsis (56).





Conclusion

Patients with ARDS from COVID-19 may represent a subgroup of ARDS patients with distinct molecular pathophysiology that drive disease outcomes. Our study identified differences in dynamic expression of genes related to iron homeostasis and erythrocyte function that correlate to survival in COVID-19 ARDS. Our findings are supported by prior studies of molecular profiling in COVID-19 and suggest that iron handling and ferroptosis may be putative mechanisms of ongoing lung injury during SARS-CoV-2 infection. Additional research is needed to examine the therapeutic potential of these pathways. Finally, our study suggests that short interval longitudinal sampling during acute illness may uncover novel mechanisms of injury, repair, and resolution during COVID-19 ARDS. This approach should be considered further for future ARDS molecular profiling study design.
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P-values determined by Fisher’s exact test or Kruskal -Wallis rank sum test. Time to mortality is defined as interval from Day 1 sample to date of death. Sepsis was defined by Sepsis-3 guidelines.
Sepsis from bacterial infection was determined to be the primary risk factor for ARDS in the ARDS control group.






