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Abstract 

Post-COVID-19 aortitis (AoC19) with aneurysm formation has been described, but little is    known about the 

molecular pathophysiology. This study utilized Digital Spatial Profiling (DSP) to evaluate differentially expressed 

genes (DEG) and molecular pathway activation in the aorta of AoC19 compared to Giant Cell aortitis (AoGC).  

Methods:  Histopathology analysis was performed on AoC19 and AoGC and regions of interest (ROI) based on 

varying degrees of inflammation were chosen and encircled. ROIs were stained with fluorescent anti-cytokeratin, 

anti-leukocyte, anti-nuclear antibodies and profiling agents for 1,850 RNA targets using the COVID-19 Immune 

Response Atlas. DSP was performed to compare DEG in AoC19 compared to AoGC, and across zones of AoC19 

itself. Molecular pathway activation and gene primary ontology functions were analyzed.  

Results: 103 DGEs were demonstrated when comparing AoC19 to AoGC. In AoC19, the pathways activated were 

associated with viral protein interaction with cytokines and cytokine receptors, cytokine-cytokine receptor 

interactions, and COVID-19; while in AoGC, pathways activated were associated with human leukocyte antigens 

HLA-DRB1, HLA-DRB4, and CD4 T cells. 42 DGEs were demonstrated when comparing ROIs across AoC19 

itself, activating molecular pathways associated with cytokine-cytokine receptor interactions, complement and 

coagulation cascades, signaling pathways for TNF, IL-17 and nuclear factor-kappa ß, and rheumatoid arthritis. The 

primary molecular ontology functions of the DGEs across AoC19 were for COVID-19, Kawasaki Disease/Takayasu 

arteritis, and aneurysm formation. 

Conclusions:  This study demonstrated differential gene expression in the aortic wall of AoC19 with the activation 

of molecular pathways shared between COVID-19, Kawasaki Disease/Takayasu arteritis and aneurysm formation.   

Keywords: digital spatial profiling, covid19, inflammatory thoracic aortic aneurysms 

Glossary of Abbreviations 

AoC19  aortic aneurysm specimen from patient with post-COVID-19 aortitis 

AoGC  aortic aneurysm specimen from patient with Giant Cell aortitis  

COVID-19 coronavirus 2019 disease 

DEG  differentially expressed genes  

DSP  digital spatial profiling 

FDR  false discovery rate 

KEGG  Kyoto Encyclopedia of Genes and Genomes  

ROI  regions of interest 
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  Introduction 

Patients with COVID-19 can develop serious cardiovascular 

complications resulting in  increased morbidity and mortality, including 

acute myocardial infarction, myocarditis, vasculitis, vascular thrombosis 

and thromboembolic events.[1,2]  The  SARS-CoV-2  viral spike (S) 

protein enters cells through angiotensin-converting enzyme 2  (ACE2) 

receptors, which  are highly expressed in the heart, vascular system, 

respiratory tract and gastrointestinal tract.  RNA sequencing data from 

multiple vascular beds, however, has demonstrated a  low level of ACE2 

expression in vascular endothelial cells compared to epithelial cells in the 

respiratory track and enterocytes in the gastrointestinal tract.[3-6] 

Therefore,  much of the vascular endothelial cell damage in COVID-19 

may be mediated by the host inflammatory immune response through  the 

activation of inflammatory cytokines, macrophage and lymphocyte  

infiltration, and platelet and complement activation.  The SARS-CoV-2 

viral spike (S) protein also binds directly to toll-like receptors and 

nucleotide-binding and oligomerization domain (NOD)-like receptors on 

host leukocytes to activate the host immune system directly. In the most 

severely ill COVID-19 patients the host immune response was found to 

be  dysregulated and maladaptive, which contributed to multisystem 

organ damage and the high mortality in these patients.[7] The host 

immune transcriptomic response signature to COVID-19 can persist for 6 

weeks to 8 months after the initial infection and,   result in  late post-acute 

COVID-19 sequelae in  certain patients.8,9  Late sequelae most commonly 

occurs  2-3 months after the initial infection, and the etiology is thought 

to be due to  a persistent, maladaptive  host immune response pattern 

rather than ongoing infection.[9]  The development post COVID-19 aortic 

aneurysms has been reported as a rare late complication,  although the 

molecular mechanism is unknown. [10,11,12]  

This study was generated after we treated a patient who presented with 

large vessel aortitis and acute thoracic aortic aneurysms six weeks after a 

mild COVID-19 respiratory illness.  Based on the temporal relationship 

to the initial COVID-19 infection, and the unusual operative findings of 

acute inflammatory thoracic aortic aneurysms, with areas localized 

dissection, acute thrombus, and multiple pseudoaneurysms, our 

hypothesis was that this likely represented a late post-acute COVID-19 

sequelae of large vessel inflammatory aortitis (AoC19). This study was 

designed to evaluate gene expressing and the molecular pathway 

activating patterns in the aortic wall of this patient (AoC19) using Digital 

Spatial Profiling (DSP) and to compare this to patient with Giant Cell 

aortitis (AoGC).  

Materials and Methods 

Patient Population  

A 59-year-old female with a history of hypertension, diabetes, obesity, 

and metabolic syndrome presented with mild upper respiratory 

symptoms, normal oxygen saturation scattered mild infiltrates on Chest 

X-ray, a normal mediastinum, and tested positive for COVID-19 on 

nasopharyngeal swab. She did not require oxygen or hospital admission 

and was discharged. At home she remained clinically well, without further 

symptom, and apparently recovered, but developed left chest pain and 

back pain 6 weeks later and represented to the emergency room. The 

follow-up chest x-ray revealed clearing of the prior pulmonary infiltrates, 
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but demonstrated a newly enlarged mediastinum. The nasopharyngeal 

swab for COVID-19 was negative, while blood work demonstrated anti-

COVID-19 immunoglobulins (IgG.3.4, IgG 16.9, and IgM 3.9) consistent 

with a prior COVID-19 infection, and elevated inflammatory markers (D-

dimer 1258 ng/mL, Ferritin 1035 ng/mL, and C-reactive protein 220 

mg/L). Work up for infection (blood cultures, human immunodeficiency 

virus) and autoimmune disease (antinuclear antibodies, rapid plasma 

reagin, and antiphospholipid antibodies) was enegative. A computed 

tomographic angiography (CTA) of the chest demonstrated diffuse 

thickening of the thoracic aorta consistent with aortitis, and saccular 

pseudo-aneurysms in both the ascending and descending thoracic aorta. 

(Figure 1) Due to ongoing left lower back pain she underwent urgent 

endovascular aortic repair (TEVAR) of the descending thoracic aorta.  

Her pain resolved and she was discharged home on a course of steroids 

for presumed inflammatory aortitis, with plans for follow-up elective 

open repair of the ascending aorta and aortic arch in 2-3 weeks.  However, 

she developed recurrent chest pain in 2 weeks and was readmitted for 

urgent surgery for ascending aorta and zone 2 aortic arch replacement. 

The operative findings included extensive inflammation and thickening 

of the aorta, with multiple areas of localized dissection, thrombus, and 

pseudoaneurysms. (Figure 2, B, C) She recovered uneventfully and was 

discharged home on postoperative day 5. The postoperative CT scan 

demonstrating the ascending aorta and zone II aortic arch replacement is 

shown in Figure 3. 

 

Figure 1. CTA coronal view with arrow demonstrating 4.5cm saccular pseudoaneurysm of the ascending aorta CTA coronal view with arrows 

demonstrating two descending thoracic aortic pseudoaneurysm (arrows) CTA three-dimensional reconstruction demonstrating multiple thoracic aortic 

pseudoaneurysms. 

CTA, computed tomographic angiography 

 

Figure 2. A. Completion aortogram after initial endovascular repair of the descending thoracic aorta. B. Intraoperative image demonstrating the 

whitish, inflamed and thickened ascending aorta. C. Intraoperative image demonstrating intimal thickening and multiple penetrating defects in the 

inner curvature of the open aortic arch. 



J. Surgical Case Reports and Images                                                                                                                                                      Copy rights@ Aubrey C. Galloway, et al. 

Auctores Publishing LLC – Volume 7(7)-199 www.auctoresonline.org  
ISSN: 2690-1897   Page 4 of 8 

 

Figure 3. Postoperative CT scan demonstrating the ascending aorta and zone II aortic arch repair with debranching, and prior descending thoracic 

aorta stent graft.  CT (computed tomographic) 

Methods 

This study was conducted under the NYU Grossman School of Medicine 

Lung Cancer Biomarker Center (#I8896) and underwent expedited IRB 

review and approval in 2021.  Histopathologic analysis, along with 

special bacterial and fungal stains, was performed on the AoC19  

specimen, and on a specimen  from a patient with Giant Cell aortitis 

(AoGC) who had previously undergone ascending aneurysm repair.  

Electron microscopy to test for viral particles was also performed on the 

AoC19 specimen. Regions of interest (ROI) in different zones of the 

aortic, based on varying degrees of inflammation or fibrosis, and were 

marked and encircled for subsequent analysis. Formalin-fixed, paraffin-

embedded sections of the specimens were subjected to a standard antigen 

retrieval protocol and stained with fluorescent anti-cytokeratin (i.e. pan-

cytokeratin), anti-leukocyte (i.e. CD45) antibodies, and DNA binding 

SYTO-13 for nuclear recognition. The barcodes for each fluorescent 

DNA target in the ROIs were then selected for analysis and decoded for 

sequencing. (Figure 4) DSP) was then performed to evaluate DEGs, using 

the COVID-19 Immune Response Atlas (NanoString, WA, USA), which 

included a combination of the GeoMx Cancer Transcriptome Atlas of 

1850 immune genes with an additional 30 genes from a specially designed 

COVID-19 panel.  DEG analyses were performed by comparing ROI’s in 

AoC19 to AoGC, and by comparing ROIs across various zones across  

 

 

AoC19 itself, representing normal areas, and  zones with varying  degrees 

of inflammation or fibrosis. Log fold changes with a false discovery rate 

(FDR) of <0.05 were considered statistically significant. The Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathways and enriched 

significant molecular ontology functions were then analyzed and 

compared between AoC19 and AoGC, as well as across the various zones 

of AoC19 itself, with a q-value <0.05 considered statistically significant 

Results 

Histopathology 

Histopathologic analysis of AoC19 demonstrated patchy necrosis of the 

aortic wall, with localized areas of dissection, thrombus, and multiple 

sterile abscesses. Stains for fungal and bacterial organisms were negative, 

and no viral particles were identified in the AoC19 specimen by electron 

microscopy.  Immunofluorescence microscopy of AoC19 demonstrated 

acute thrombus with infiltrating neutrophils, with surrounding areas of 

lymphoplasmacytic inflammation, and areas of fibrosis in the adventitia 

and in AoGC demonstrated histiocytic inflammation, with granulomatous 

aortitis and giant cells, as is typically seen in AoGC.   ROIs of each 

specimen, based on normal appearing areas and areas with varying 

degrees of inflammation or fibrosis, were encircled for subsequent 

analysis by DSP. (Figure 5, sidebars) 
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Figure 5. Digital Spatial transcriptomic heat-map identifying differentially expressed genes when comparing post-COVID-19 aortitis (AoC19) to 

giant cell arteritis (AoGC). Histologic sections of each =specimen are demonstrated on the side panels, with the colored squares in the heat map 

corresponding to the regions of interest (ROI)). The black line separates the AoGC clustes (left) from the AoC19 clusters (right). At the bottom of the 

heat map the ROI squares corresponding to the varying degrees of progressive inflammation across AoC19 itself are arranged from left to right. 

 

Digital Spatial Profiling and KEGG Pathway Analysis 

In comparing AoC19 to AoGC, 103 DGEs were demonstrated. The DEGs 

in AoC19 activated KEGG pathways associated with viral protein 

interaction with cytokines and cytokine receptors, cytokine-cytokine 

receptor interactions, and COVID-19; while in AoGC the KEGG 

pathways activated were associated with human leukocyte antigens HLA-

DRB1, HLA-DRB4, and CD4 T cells. 42 DGEs were demonstrated when 

comparing ROIs across various inflammatory zones of AoC19 itself, 

(Table 1) activating KEGG pathways associated with cytokine-cytokine 

receptor interactions (q value=0.002); complement and coagulation 

cascades (q value=0.0009); signaling pathways for TNF (q value=0.004), 

IL-17 (q value=0.009), and NF-kß (q value=0.013); and rheumatoid 

arthritis (q value=0.009);  Citrullinated H3-5, CLEC5A and CXCL2  are 

associated with neutrophil extracellular trap  formation, neutrophil and 

macrophage migration, Kawasaki Disease and COVID-19.[15,16],  The 

primary ontology functions of the DEGs identified across the  zones of 

AoC19 were for COVID-19 infection (purple font), Kawasaki 

Disease/Takayasu arteritis (green font), and aneurysm formation (red 

font). (Figure 6) 

Gene Log Fold Change FDR 

ITGA8 -1.372 0.012 

CES3 -0.939 0.013 

CFI -0.611 0.022 

ACTA2 -1.541 0.034 

IL22 -0.646 0.035 

USP9Y -0.899 0.035 

TNFRSF11B -1.675 0.036 

ARG2 -0.760 0.040 

ITGAX 1.724 0.000 

H3-3A 1.702 0.001 

AQP9 1.130 0.002 

CXCR4 1.714 0.006 

KRT14 0.872 0.008 

CD55 0.879 0.010 

RPS27A 1.505 0.012 

CSF3R 1.689 0.012 

VEGFA 2.389 0.012 

SIRPA 0.942 0.012 

IER3 1.898 0.012 

RPL7A 1.374 0.013 
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TREM1 1.163 0.015 

CXCL2 0.988 0.015 

SGK1 0.984 0.015 

ALDOA 1.601 0.015 

TNFAIP6 0.857 0.015 

TNFAIP3 1.200 0.018 

ICAM1 1.017 0.022 

SERPINA1 2.346 0.023 

IL1R2 1.018 0.030 

TNFRSF1B 0.730 0.030 

PTPN11 0.694 0.030 

MMP1 2.677 0.032 

BMP2 1.421 0.032 

CD44 1.734 0.033 

CEBPB 0.908 0.035 

NFKB2 0.639 0.035 

DDIT4 1.050 0.035 

CLEC5A 1.053 0.038 

CD53 1.035 0.040 

H3-5 1.075 0.040 

FPR1 0.835 0.043 

VSIR 0.623 0.050 

Table 1. The significant differentially expressed genes across zones of AoC19 itself when comparing normal  zones to  zones with varying degrees of 

inflammation or fibrosis. 

 

Figure 6: The digital spatial transcriptomic heat-map that displays the 42 significant differentially expressed genes (DEGs) across the various 

inflammatory zones of AoC19 along the vertical y-axis, and displays the zones of AoC19 with increasing degrees of inflammation or fibrosis from 

left to right along the horizontal x-axis. The primary ontology functions of the DEGs were for COVID-19 (purple font), Kawasaki Disease/Takayasu 

arteritis (green font), and aneurysm formation (red font). 
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Discussion 

The host inflammatory process plays a major role in the development of 

thoracic aortic aneurysms, producing endothelial cell dysfunction, 

vascular smooth muscle cell stress with a change in phenotype, and the  

activation of matrix metalloproteases in the extracellular matrix. (13)  An 

analysis of bulk transcriptomome and single-cell RNA sequencing data 

identified 1525 DEGs in thoracic aortic aneurysms compared to normal 

aortic controls, activating multiple immune cell types, including 

macrophages, neutrophils, and T cells, and molecular pathways involved 

with leukocyte trans-endothelial migration, and the activation of 

complement and coagulation cascades. Thirty-nine (39) DEGs were 

identified in the macrophage population of and 30 DEGs in the T cell 

population. These were associated with increased infiltration of M2 

macrophages and CD8+ T cells into the aortic wall, suggesting a major 

role of these cell types in development of thoracic aneurysms. (13)  

Large vessel vasculitis with inflammatory thoracic aneurysms are most 

commonly due to  Giant Cell aortitis (AoGC),  Takayasu’s arteritis, and 

isolated aortitis. (14,15)  While the exact etiology is unknown, the 

molecular pathophysiology is thought to be antigen related, with the 

activation of inflammatory cytokines, macrophages, and T cells (13) 

Using global transcriptomic profiling and bulk RNA sequencing, Hur and 

associates compared DEG signatures between inflammatory and non-

inflammatory aneurysms, and demonstrated 159 upregulated DEGs and 

93 downregulated DEGs in the inflammatory  group. (16) Gene ontology 

enrichment demonstrated that the top 3 gene ontology terms were for 

immune response, host defense response, and inflammatory response;  

and pathways associated with increased cytokine and chemokine activity, 

and autoimmune disease. (16). Patients with Giant Cell aortitis have been 

shown to have DEGs in the aortic wall and circulating leukocytes that 

activate CD4 T cells and macrophages, and molecular pathways 

associated with a Type I interferon signature.[17] 

Multisystem inflammatory syndrome in children (MIS-C) is a systemic 

medium vessel vasculitis thought to be triggered by SARS-CoV-2. It 

typically develops 3-4 weeks after the initial infection, (18,19,20)   MIS-

C) and is distinct from Kawasaki Disease, but with overlapping 

transcriptomic pathways.  (18). An artificial intelligence-guided review 

of host immune signatures in the COVID-19 pandemic revealed shared 

host immune response patterns between COVID-19 (SARS-Co-V-2), 

MIS-C, and Kawasaki disease.  (20).   

The patient in this study presented 6 weeks after a mild COVID-19 

infection with acute large vessel vasculitis and thoracic aortic aneurysms. 

There were no viral particles in the aortic specimen and the patient did 

not have an active infection.  Our findings, however, demonstrated DEGs 

in the aortic wall that activated KEGG pathways associated with viral 

protein interaction with cytokines and cytokine receptors, cytokine-

cytokine receptor interactions, and COVID-19 with primary ontology 

functions for COVID-19, Kawasaki Disease/Takayasu arteritis, and 

aneurysm formation. These findings suggest a shared and overlapping 

expression of host immune transcriptomic pathways in large vessel 

inflammatory vasculitis, inflammatory thoracic aneurysms, MIS-C, 

Kawasaki disease and autoimmune aortitis, The study is unique in the use 

of multiplexed DSP to analyze DEGs and molecular pathway activation 

patterns in specific areas of the aortic wall.  This approach is considerably 

different than the more widely used bulk transcriptomic and single cell 

RNA methods, which measure DEGs in the entire aortic specimen.   

Based on this pilot study it is possible that DSP might be useful in 

analyzing molecular mechanisms in specific zones of aortic wall in 

various types of aneurysms, which could lead to a better understanding of 

the molecular pathophysiology involved.  

Limitations.  

This was a pilot study with only one patient and one control, and has many 

limitations. Based on the small sample size, the statistical significance of 

the findings should be considered marginal and the findings need to be 

validated across a larger number of patients. A major limitation is that the 

study does not have a normal aorta as a control. These findings only 

represent DEG between specific areas within the aortic wall across the 

AoC19 specimen, and DEGs in comparison to Giant Cell aortitis, and do 

not identify DEGs compared to a normal aorta. While DSP may have 

certain advantages in allowing the spatial comparison of gene expression 

in the microenvironment of tissue specimens, that is also a limitation, and 

the use of bulk transcriptomics and single cell RNA may be more robust 

in identifying major tissue wide transcriptomic patterns across a large 

number of specimens or patients.  
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