


Figure 5. Generalized liner mixed model (GLMM) demonstrating interaction of corticosteroid administration 

in serial samples (A) Schematic of patients and samples included in the GLMM analysis and Venn diagram 

demonstrating overlapping genes regulated by the interaction of delirium x time in patients not treated with IV 

corticosteroids (top) and those treated with IV corticosteroids (bottom). (B) GO:BP analysis of overlapping genes 

found to be significant for diagnosis x time interaction in both patients treated with and without IV corticosteroids in 

severity adjusted models. (C) Plots for notable genes similarly regulated by delirium regardless of corticosteroid 

treatment (D) Plots for selected genes specifically upregulated in patients treated with corticosteroids and 

developing delirium (red) compared to those not developing delirium (blue). Colored lines show regression line of 

fitted mixed-effects model, with error bars showing 95% CIs (fixed effects).  
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Our approach differs substantially from previous efforts to characterize transcriptomic 

responses associated with delirium in hospitalized patients. First, we analyzed RNA from serial 

samples of plasma in a well-characterized cohort with a known infection. Second, we performed 

complementary generalized linear mixed model analyses to further understand how PBMC 

transcriptomic trajectories differ in patients with delirium, their interaction with delirium onset 

and corticosteroid treatment, and genes specifically associated with delirium onset and 

resolution. This high-dimensional readout informs our understanding of the pathophysiology of 

delirium in hospitalized patients with an infectious illness. The association of delirium with 

dysregulated immune responses has been described, however, we extend this by highlighting 

differences in pathophysiology in early compared to late delirium and following corticosteroid 

treatment. For example, in severity adjusted analyses, PBMC transcripts classically involved in 

innate immune responses such as complement pathways, cytokine production, and 

monocyte/macrophage recruitment exhibited an increased expression trajectory over time in 

delirium patients (e.g. CCL2, CR1L, C1QA, TARM, and SLC6A19). Genes predominantly 

involved in adaptive immune functions such as T-cell activation were initially elevated and then 

exhibited a decreased trajectory of expression over time in delirium patients and included CCR5, 

CXCR3, IL18R1, CD28, and NFATC2. Interestingly, our analysis also implicated novel 

pathways such as stress granule assembly in delirium, which may reflect a response to excessive 

cytokine production and an interesting pathway for further study in delirium 16–18. These results 

are consistent with the hypothesis that altered peripheral immune responses in early COVID-19 

infection are important contributors to later delirium risk  

Analyses of the corticosteroid-related modulation of gene expression also provided 

intriguing insights concerning the pathophysiology of delirium. Corticosteroid administration 
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had a potent effect on several mononuclear cell subpopulations (Supplementary Fig. 4), and 

notably reduced in silico predicted low density neutrophil fractions after treatment, consistent 

with potentially beneficial acute effects to reduce inflammation in severe COVID-19 19–21. 

Despite this, delirium patients receiving corticosteroids demonstrated persistent immune 

dysregulation with prolonged elevations in inflammatory mediators such as C1qB, CCL5, IL32, 

CXCR4, TGFB1, and NFKB1 signaling genes. These markers were comparatively decreased in 

delirium-free patients not receiving corticosteroids, supporting the role of corticosteroid-specific 

immunomodulation contributing to delirium. Corticosteroid treatment also influenced the 

metabolic phenotype of PBMCs specifically in delirium patients, as numerous nuclear-encoded 

mitochondrial genes such as NDUFA4 and COX4I1 were upregulated over time compared to 

control patients. Altered metabolic phenotypes of PBMCs may also be an important factor in 

persistent immune dysfunction 22. Interestingly, GO:BP enrichment analysis pointed to a role for 

the modulation of platelet activation in delirium regardless of corticosteroid treatment. Amongst 

PBMCs, the altered expression of platelet related genes such as PF4 and ITGB3 may point to B-

cell and dendritic cell involvement, which also express these genes 23,24. This may represent a 

promising angle for future research, as platelet count and activity has previously been associated 

with post-operative delirium 25,26. The GLMM analyses also demonstrated that DUSP2 and 

KLF10 have a robust association with delirium regardless of corticosteroid administration. These 

are also promising targets for future study as DUSP2 is a critical regulator of signal transducer 

and activator of transcription (STAT)-3 and DUSP2 activation is known to impair CD4+ helper T 

(Th)-17 cell differentiation and host defense responses 272829. KLF10 is an important target of 

TGF-β and modulates T-cell function and Th17 responses 30,31. Taken together, our results point 

pathophysiological roles for corticosteroids promoting persistent aberrant immune responses 
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which may contribute to delirium risk over time. Further understanding how different etiologies 

such as infection or medications converge on common pathways such as immune-related (Th17 

and TGF-β responses), platelet activation pathways, stress granule assembly, and/or 

mitochondrial pathways to cause delirium is of particular importance for future research.  

Our longitudinal sequencing reveals dynamic aberrant patterns in the initial immune 

response accompanying delirium with an exuberant innate immune and deficient T-cell response 

that normalizes with the resolution of delirium. From a clinical perspective, further 

understanding delirium pathophysiological responses over time could significantly contribute to 

the identification of new targets and key times for intervention with novel anti-delirium 

therapeutics in patients at risk for delirium. Focusing on PBMCs as in infectious delirium is 

promising since inflammatory cells and signaling molecules reflect severity of illness and may in 

turn influence blood-brain barrier permeability and neuronal function 14. Our results implicate 

gene pathways known to be involved in delirium such as TNFα and oxidative phosphorylation as 

well as novel pathways including stress granule assembly, platelet activation, and mediators of 

TGF-β signaling (DUSP2 and KLF10).   

Although this is the largest series of delirium patients with longitudinal PBMC 

transcriptomic data, a major limitation of this study is the modest sample size, making it difficult 

to disentangle the contribution of other important delirium-related factors such as age and 

medications received. Refining and validating our prediction model in an independent cohort and 

incorporating additional demographic and clinical information will greatly improve the clinical 

utility of a predictive signal. Moreover, our study used a mix of delirium screening tools to 

capture episodes of delirium throughout the duration of the hospitalization regardless of patient 

location in the hospital. Future incorporation of additional standardized assessment measures or 
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neurological examinations could offer more detailed insights into patients’ conditions and enable 

more accurate subclassification of delirium and outcome predictions. Another limitation 

regarding interpretation of the longitudinal results is that patients with less severe COVID-19 

were discharged sooner and had fewer longitudinal samples available for study, introducing 

some degree of bias. Distinguishing delirium pathophysiology in patients with longer 

hospitalizations may be more clinically relevant to future predictive studies.  

In conclusion, this study provides insights from analysis of PBMCs regarding the 

mechanisms driving delirium development in hospitalized patients with COVID-19. Identifying 

the dynamic patterns of regulation of PBMC transcripts accompanying delirium may facilitate 

the development of novel pharmacological interventions, and our results suggests that further 

investigation of targeting deficient Th17 signaling or hyperactive TGFβ signaling driven by 

DUSP2 and KLF10 may lead to promising anti-delirium therapeutics.    
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Figure Captions 
 
Fig. 1: Flowchart of the COMET cohort used for peripheral blood mononuclear cell (PBMC) 

RNA-sequencing analyses. Patients were classified as having delirium based on positive 

screening results from nurse administered assessments (Confusion Assessment Method for 

Intensive Care Unit or the Nursing Delirium Screening Scale) and/or identification of active 

delirium in physician notes. 

 

Figure 2: Mixed effects model of serial PBMC sequencing. (A) Schematic depicting cohort 

encompassed by generalized linear mixed-effects modeling (GLMM). (B) Gene ontology (GO): 

Biological pathway (BP) analysis of significantly differentially regulated RNAs in delirium 

patients over time. GO analysis of genes significant for diagnosis x time interaction in GLMM 

reveals significant regulation of immune-related pathways as well as those regulating stress 

granule assembly and angiogenesis. (C) Plots for normalized expression (x axis) of selected 

genes with colored points showing regression line of fitted mixed-effects model, with error bars 

showing 95% CIs (fixed effects).  

 

Figure 3. PBMC gene expression of delirium and delirium resolution. (A) Schematic of 

patients and samples included in the analysis. (B) Venn diagram demonstrating overlapping 

genes differentially regulated in samples prior to delirium (pre-delirium), during delirium, and 

the resolution of delirium. The highlighted gene list includes those also significant in the mixed-

effects model analysis in Fig. 2. (C) 3D volcano plot demonstrating differentially expressed 

genes in patients prior to delirium (PreD), during delirium, and after delirium resolution. (D) 

Heat map demonstrating individual patient relative expression levels of top significantly 
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regulated genes at admission and longitudinally in patients with delirium prior to, during, and 

after the resolution of delirium (p <0.01). 

 

Figure 4. GLM of PBMC gene expression in serial samples in patients with delirium. (A) 

Schematic of delirium patients included in the analysis. (B) Scatter plot comparing longitudinal 

gene expression changes between early (< 7 days, n = 11) or late (≥ 7 days, n = 14) delirium over 

one week of paired PBMC RNA seq samples. log2 fold change in early and late delirium 

expression is represented on the x and y�axis, respectively. Genes equally affected by each drug 

lie along the line of identity (dashed). Fold change and statistical analysis of longitudinal 

differential gene expression were calculated by negative binomial general linear mixed-effects 

model. Genes in green show significant (FDR�<�0.05) overall change in expression over time; 

those in blue/yellow show significantly differential change in expression over time between 

delirium onset based on significant (FDR�<�0.05) interaction term delirium onset�×�time. 

(C) in silico deconvolution of PBMC fractions using CIBERSORTx demonstrates increased 

activated CD4 naive T cells in early delirium and decreased CD8 memory T cells in late 

delirium. Classical monocytes and CD8 memory T cells were also significantly different over 

time. * indicates main effect for Delirium onset, p < 0.05) # indicates main effect for time (p < 

0.05). LD: low density; MAI: mucosal associated invariant. 

 

Figure 5. GLM of PBMC gene expression in serial samples separated by corticosteroid 

administration (A) Schematic of patients and samples included in the GLM analysis and Venn 

diagram demonstrating overlapping genes regulated by the interaction of delirium x time in 

patients not treated with iv corticosteroids (top) and those treated with iv corticosteroids 
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(bottom). (B) GO:BP analysis of overlapping genes found to be significant for diagnosis x time 

interaction in both patients treated with and without iv corticosteroids. (C) Plots for notable 

genes similarly regulated by delirium regardless of corticosteroid treatment (D) Plots for 

normalized expression (x-axis) of selected genes specifically upregulated in patients treated with 

corticosteroids and developing delirium (red) compared to those not developing delirium (blue). 

Colored lines show regression line of fitted mixed-effects model, with error bars showing 95% 

CIs (fixed effects).  
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Table 1. Patient demographics, treatments, and outcomes 
 No Delirium (n = 39) Delirium (n = 25) P-value 
Age, Median (IQR) 58.4 (46.7 - 66.1) 59.8 (49.6- 68.8) 0.716 
Female Sex, N (%) 13 (33.3%) 7 (28.0%) 0.977 
Race, N (%)   0.999 
     American Indian 1 (2.6%) 0 (0.0%)  
     Asian or Pacific Islander 6 (15.4%) 4 (16.0%)  
     Black 2 (5.3%) 2 (8.0%)  
     Other or Multiple Races 22 (56.4%) 14 (56.0%)  
     White 7 (17.9%) 5 (20.0%)  
     Unknown 1 (2.6%) 0 (0.0%)  
Hispanic or Latino, N (%) 28 (71.8%) 14 (56.0%) 0.642 
SOFA score, Median (IQR) 4 (1-10.5) 10 (6-12) 0.023 
WHO COVID19 severity score, 
Median (IQR) 

5 (4.5-7) 7 (5-7) 0.030 

Received intensive care unit 
(ICU) care, N (%) 

33 (84.6%) 24 (96.0%) 0.570 

ICU Length of Stay (days), mean 
(S.D.) 

17.7 (15.9) 24.2 (16.5) 0.125 

Total Length of stay (days), mean 
(S.D) 

26.0 (17.1) 33.8 (14.7) 0.064 

COVID19 Treatments    
     Remdesivir, N (%) 27 (69.2%) 20 (80.0%) 0.824 
     Convalescent Plasma, N (%) 16 (41.0%) 17 (68.0%) 0.220 
     Intravenous corticosteroids, N 
(%) 

26 (66.7%) 18 (72.0%) 0.978 

Reported history of Dementia, N 
(%) 

1 (2.6%) 0 (0.0%) 0.885 

In-hospital Death 9 (23.1%) 3 (12.0%) 0.747 
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Supplementary Figure Captions 
 
Supplementary Figure 1: Additional delirium cohort information. Subjects included in the 

longitudinal delirium analyses and receiving intravenous corticosteroids (IVCS) are denoted by 

filled in circles. Adjacent bar plot represents hospital days prior to (blue), during (red), and 

following the resolution of delirium (green). 

 

Supplementary Figure 2: Additional mixed effects gene model of serial PBMC sequencing. 

Plots for selected genes with colored points showing regression line of fitted mixed-effects 

model, with error bars showing 95% CIs (fixed effects)  

 

Supplementary Figure 3. Additional GLMM gene model plots separated by corticosteroid 

treatment and delirium. GLM demonstrating interaction of corticosteroid administration in 

serial samples (A) Plots for platelet activation genes and (B) inflammation-related genes 

significantly regulated by delirium in patient not receiving and receiving corticosteroid 

treatment. Patients developing delirium (red) are compared to those not developing delirium 

(blue). Colored lines show regression line of fitted mixed-effects model, with error bars showing 

95% CIs (fixed effects).   

 

Supplementary Figure 4: CIBERSORTx deconvolution for the effects of IV corticosteroid 

treatment on PBMC cell fractions. in silico deconvolution of PBMC fractions using 

CIBERSORTx demonstrates increased low density (LD) neutrophils at admission in patients 

receiving corticosteroids decreased following steroid treatment. LD basophils were increased 

following steroid treatment. *, p < 0.05; ***, p < 0.001 compared to IV corticosteroid admission 
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(week 0); #, p < 0.05; ##, p < 0.01 compared to No corticosteroid admission (week 0) by 

Tukey’s HSD post-hoc test. There were main effects by ANOVA for steroid treatment (p = 

0.018), time point (p = 0.030), and steroid:time point (p = 0.032) for LD neutrophils. ANOVA 

also revealed main effects for steroid treatment were present for NK cells (p = 0.027), CD8 

Memory T cells (p = 0.003), Non-V delta 2 gamma delta T cells (p = 0.011), and plasmacytoid 

dendritic cells (p = 0.013). LD: low density; MAI: mucosal associated invariant. 
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