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Introduction

The SARS-CoV-2 mediated COVID-19 pandemic has impacted millions worldwide. Hyper-inflammatory processes, including cytokine storm, contribute to long-standing tissue injury and damage in COVID-19. The metabolism of sphingolipids as regulators of cell survival, differentiation, and proliferation has been implicated in inflammatory signaling and cytokine responses. Sphingosine-kinase-1 (SK1) and ceramide-synthase-2 (CERS2) generate metabolites that regulate the anti- and pro-apoptotic processes, respectively. Alterations in SK1 and CERS2 expression may contribute to the inflammation and tissue damage during COVID-19. The central objective of this study is to evaluate structural changes in the lung post-SARS-CoV-2 infection and to investigate whether the sphingolipid rheostat is altered in response to SARS-CoV-2 infection.





Methods

Central and peripheral lung tissues from COVID-19+ or control autopsies and resected lung tissue from COVID-19 convalescents were subjected to histologic evaluation of airspace and collagen deposisiton, and immunohistochemical evaluation of SK1 and CERS2.





Results

Here, we report significant reduction in air space and increase in collagen deposition in lung autopsy tissues from patients who died from COVID-19 (COVID-19+) and COVID-19 convalescent individuals. SK1 expression increased in the lungs of COVID-19+ autopsies and COVID-19 convalescent lung tissue compared to controls and was mostly associated with Type II pneumocytes and alveolar macrophages. No significant difference in CERS2 expression was noted. SARS-CoV-2 infection upregulates SK1 and increases the ratio of SK1 to CERS2 expression in lung tissues of COVID-19 autopsies and COVID-19 convalescents.





Discussion

These data suggest an alteration in the sphingolipid rheostat in lung tissue during COVID-19, suggesting a potential contribution to the inflammation and tissue damage associated with viral infection.
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Introduction

Severe acute respiratory syndrome COVID-19, caused by the novel coronavirus (SARS-CoV-2), continues to serve as a global health emergency, estimating over 761 million cases and 6.8 million deaths as of March 2023 (1). Acute and severe lung injury and respiratory failure have significantly contributed to mortality of many immunocompromised individuals infected with COVID-19 (2, 3). Viral infection-induced lung tissue damage and hyper-inflammatory and immune-mediated responses contribute to the pathogenesis of long-standing lung tissue injury (2, 4, 5). Disease severity is heightened in the elderly and immunocompromised individuals, where persistent inflammation leads to severe tissue damage (3). Some COVID-19 convalescent individuals continue to experience the long-term effects from viral infection including multisystem injury referred to as long COVID (5, 6).

Evidence suggests that hyper-activation of the immune system and an uncontrolled release of cytokines, known as cytokine release syndrome or “cytokine storm,” underlies COVID-19 related respiratory failure and death (3, 7, 8). In SARS-CoV-2 infection, the virus infects the respiratory epithelial tissue and activates local innate immune cells to release proinflammatory cytokines and other chemokines (3, 9). These proinflammatory cytokines and chemokines induce aberrant inflammatory signaling pathways via receptors on immune cells and tissue structural cells. This then leads to the recruitment of additional innate immune cells and activation of adaptive immune cells from peripheral tissues to produce sustained inflammatory cytokine release (3, 7, 8). This further aggravates lung and epithelial damage and contributes to acute respiratory distress syndrome. Intercellular presence of the virus has also been shown to disrupt the endothelial membranes and lead to complications such as pulmonary edema, intravascular coagulation and multiorgan failure (10). This disruption in the intercellular junctions allows an influx of circulating lymphocytes, perivascular inflammation, and overall severe lung damage (10). Inflammation induced dysregulation of alveolar epithelial regeneration promotes the hyperproliferation and fibrosis seen with this virus (11, 12). Type II pneumocytes proliferate to initiate the reparative response post SARS-CoV-2 infection and the defective alveolar type II pneumocyte differentiate into alveolar type I pneumocytes resulting in impaired lung regeneration (11–13). Several studies have linked a destructive hyperinflammatory response to COVID- pneumonia and the high mortality associated with SARS-CoV-2 infection (8, 9, 13).

Sphingolipids are a major class of complex eukaryotic phospholipids that are key structural components of cell membranes involved in the regulation of cell survival, proliferation, and the inflammatory response (14). This family of lipids includes sphingosine, ceramide, sphingosine-1-phosphate (S1P) and ceramide-1-phosphate, as well as many others (15). Ceramide, the central pro-apoptotic molecule produced by various ceramide synthase enzymes (CERS 1-6), regulates epithelial and endothelial apoptosis in lung tissue (16). Ceramide is then converted to sphingosine, a precursor to sphingosine-1 phosphate (S1P). Sphingosine is converted to S1P by sphingosine kinases 1 or 2 (SK1 or SK2) (16). S1P acts on S1P receptors to induce inflammation and promote pro-survival processes (14).

Sphingolipid metabolism has been implicated in inflammatory signaling and cytokine responses (14). The sphingolipid rheostat also regulates cell survival, viral replication, and maintenance of endothelial integrity (10). Dysregulation of the sphingolipid rheostat, particularly the S1P pathway, is involved in the cytokine storm and hyperinflammatory response seen in a plethora of lung pathologies, such as pulmonary fibrosis, pulmonary arterial hypertension, lung cancer, and viral infection of the lung (14). This dysregulation of the immune system along with damage to membrane barriers and surrounding tissues is what causes the critical symptoms of this disease, leading to increased mortality in the elderly and immunocompromised (10).

Sphingosine-kinase-1 (SK1) and ceramide-synthase-2 (CERS2) generate metabolites that regulate these anti- and pro-apoptotic processes, respectively (10). Increased expression of SK1 mediated synthesis of S1P was seen in influenza and respiratory syncytial virus (RSV), suggesting promotion of viral entry, replication, and production of viral proteins (17, 18). Additionally, an overexpression of SK1 in these disease states demonstrated a decrease in ceramide content, demonstrating their antagonistic effects (19). Alterations in SK1 and CERS2 expression may correlate with the pathogenesis of lung injury in COVID-19 affected individuals. The death/survival balance (ceramide/S1P) balance between these two antagonistic signaling pathways is of great interest in SARS-CoV-2 infection, as SK1 driven production of S1P may be contribute to the hyper-inflammatory, cytokine storm that leads to ARDS (19). Thus, modulation of this pathway may lead to therapeutic effects in the future.

The objectives of this study are to examine alterations to the sphingolipid rheostat; specifically SK1 and CERS2 expression, and how that may contribute to structural lung changes, and examine its’ overall impact on lung tissue health in response to the SARS-CoV-2 infection.





Methods




Sample acquisition

Formalin-fixed paraffin-embedded lung tissue sections were obtained from SARS-CoV-2 infected (died from COVID-19) and uninfected (control) autopsy samples with the help of the University of Alabama at Birmingham Tissue Biorepository facility. De-identified, remnant surgical specimen were obtained from lobectomy and wedge resection surgeries performed at the University of Alabama at Birmingham. 5 tissue specimen were obtained from patients with no history of SARS-CoV-2 infection and 8 tissue specimen were obtained from patients who had previously tested positive for SARS-CoV-2 and cleared the infection (convalescence period detailed in Supplemental Table 1). Tissue microarrays using 2 mm tissue cores (2 cores per sample) were generated from these samples. This study was approved by the University of Alabama at Birmingham Institutional Review Board (IRB-#300006867 and IRB-#300003092) and conducted following approved guidelines and regulations.





Immunohistochemistry and histological staining

5 micron sections were stained with hematoxylin and eosin (H&E) to evaluate tissue morphology and air space and Masson’s trichrome stain to evaluate degree of collagen deposition. Immunohistochemistry was performed to detect SK1 (1:200, LS Bio, Seattle, WA, USA), CERS2 (1:1200, OTI3D9, OriGene, Rockville, MD, USA), S1PR1 (1:250, 8B7.1, MilliporeSigma, Burlington, MA, USA), or S1PR2 (1:200, Proteintech, Rosemont, IL, USA) using the Dako Envision + Dual Link secondary detection kit (Agilent Technologies, Santa Clara, CA) and chromogens 3,3’-Diaminobenzidine (DAB; brown; SK1, CERS2, and S1PR1 staining) or AEC (3-amino-9-ethylcarbazole) HRP Substrate (red; S1PR2 staining) following antigen retrieval (SK1, S1PR1 & S1PR2:10 mM citrate buffer (pH 6, Biogenex, San Ramon, CA, USA), and CERS2: Tris/EDTA buffer (pH9, Agilent, Santa Clara, CA, USA)). Representative no antibody staining controls shown in Supplemental Figure 2. Additionally, SK1 (secondary: anti-rabbit AlexaFluor594, Invitrogen,Waltham, MA, USA) and SARS-CoV-2 Nucleocapsid protein (1:1000, clone 05, Sino Biological, Wayne, PA, USA; secondary: anti-mouse AlexaFluor647, Invitrogen) were evaluated via immunofluoresent staining following citrate buffer antigen retrieval.





Image analysis

An in-house image processing pipeline was developed to compute % air space and % collagen from photomicrographs. The pipeline includes a semi-automated thresholding operation that initially provided color-based segmentation maps by an optimal separation of red, blue, and green channels for airspace computation and hue, saturation, and value for collagen estimation. These identified thresholds were validated in a subset of images by comparing values with manual estimations and were further adjusted to minimize error. The chosen thresholds were then applied to all images to compute % air space and % collagen. The image processing pipeline was developed in MATLAB R2021a (Mathworks, Natick, MA).

Air space, defined as average % air space per tissue, was determined from photomicrographs (200x) of H&E-stained histologic sections of lung samples from autopsies (minimum of 20 randomly selected regions were photomicrographed per tissue, minimum of 7 tissues per group). Photomicrographs were averaged to compute average air space per tissue. Collagen, defined as average % collagen per tissue, was determined from photomicrographs (200x) of Masson’s trichrome-stained histologic sections of lung samples from autopsies (minimum of 20 randomly selected regions were photomicrographed per tissue, minimum of 5 tissues per group). Photomicrographs were averaged to compute average collagen deposition per tissue.

SK1+ and CERS2+ cells were quantitated in a minimum of 20 photomicrographs (400x, randomly selected regions) per tissue using QuPath automated cell detection. The average % positive per tissue was determined. All sections were imaged with an EVOS cell imaging microscope and photomicrographs were saved as .tiff images.





Statistical analysis

Statistical analysis was performed using GraphPad Prism software (La Jolla, CA, USA). Data are presented as mean ± standard error of the mean unless otherwise indicated. A p-value less than 0.05 was considered to be statistically significant. A two-tailed unpaired Student’s t-test was used to evaluate statistical difference between two groups. One way ANOVA with Sidak’s multiple comparison testing was utilized to evaluate statistical difference for data with more than two groups.






Results

As SARS-CoV-2 infections are known to cause extensive lung tissue damage, we first evaluated overall lung architectural changes in hematoxylin & eosin (H&E) stained lung cross-sections obtained from autopsies. Samples were obtained from autopsies performed on patients who died with COVID-19 (COVID-19+) and those who had not been infected with COVID-19 (control). When comparing these study groups, we first noted loss of air space in COVID-19+ lung specimen (Figures 1A, B). Pathologic changes in COVID-19 lungs showed alveolar fibroblast proliferation, type II pneumocyte hyperplasia and metaplasia, and mild to moderate interstitial lymphocytic infiltrate, as seen in Figure 1A (COVID-19 autopsy lung). Peripheral and central lung sections from COVID-19 autopsies appeared histologically similar to each other with alveolar fibroblast proliferation with some areas of collagen deposition, organizing hyaline membranes, abundant type II pneumocyte hyperplasia with squamous metaplasia, and occasional bronchiolar metaplasia with moderate to focally increased lymphocytic infiltrates (Figure 1B). These changes are all consistent with organizing diffuse alveolar damage.




Figure 1 | Changes in air space in central and peripheral lung samples from COVID-19 and control autopsies, and convalescent lung samples. (A) Comparison of lung histologic cross-sections from control and COVID-19 autopsy; 40x magnification with 200x magnification inset. (B–D) Representative photomicrographs of hematoxylin & eosin-stained lung tissue from COVID-19 autopsy (B), control autopsy (C), and convalescent lung tissue (D). 200x magnification (scale bar: 200 microns). Filled arrow: metaplasia of type II pneumocytes; dashed arrow: hyperplasia of type II pneumocytes.



As long-term effects due to COVID-19 are often seen in COVID-19 convalescents, we performed detailed evaluation of air space in both peripheral and central lung samples from COVID-19 (Figure 1B) and control autopsies (Figure 1C) as well as remnant surgical lung specimens from COVID-19 convalescents (Figure 1D). Using photomicrographs of H&E stained lung histologic cross-sections and tissue microarrays, both generated from FFPE blocks of these samples, we quantitated the air space using an in house developed MATLAB script, as shown in Figure 2A. For this analysis, 20 photomicrographs of each histologic cross-section were analyzed and the average air space per tissue was determined. The average air space per tissue was significantly reduced in the COVID-19 autopsy group compared to the control autopsy group (Figure 2B). Further, the average air space in COVID-19 autopsy lung specimen was significantly lower than the COVID-19 convalescent specimen (*p<0.05); notably average air space in convalescents was not significantly different than the controls (Figure 2C).




Figure 2 | Quantification of air space in histologic cross sections. (A) Example of the custom MATLAB script used to quantify airspace, with the blue (right) indicating the air space measured by the script. (B, C) Comparison of air space between control and COVID+ autopsies (B), and convalescent lung samples (C). n=8-15. *p<0.05.



As changes in lung stiffness and fibrotic scars are often reported in lung injury associated with COVID-19, we assessed changes in collagen deposition in lung histologic sections from COVID-19+ and uninfected control autopsies, as well as remnant surgical specimen from COVID-19 convalescents. Lung tissue cross sections were stained with Masson’s trichrome to assess changes in collagen structure, specifically evaluating differences in collagen deposition between the study groups. Photomicrographs of histologic cross-sections stained with Masson’s trichrome were acquired to compare COVID-19 autopsies (Figure 3A), control autopsies (Figure 3B) and COVID-19 convalescent specimen (Figure 3C). 20 photomicrographs per sample were acquired and a MATLAB script was used to quantify the average percentage of collagen (blue) present per tissue, as shown in Figure 4A where the blue collagen in the top image is recognized by the custom MATLAB script and shown by the yellow signal in the bottom image. An increase in collagen deposition (p=0.0573) was found in the COVID-19+ autopsy lung specimen (Figure 4B) compared to the control autopsy. Average % collagen deposition per tissue in remnant lung tissue from COVID-19 convalescents was increased but not significantly different from uninfected remnant lung tissue controls (Figure 4C). Comparison of collagen deposition in all groups showed that COVID-19 convalescents had the highest collagen deposition compared with diseased and control autopsies as well as the uninfected tissue controls (Figure 4D). The COVID-19 convalescent tissue with highest collagen deposition also had the lowest average airspace.




Figure 3 | Comparison of collagen deposition in COVID-19 and control autopsies, and convalescent lung samples (A–C) Photomicrographs of Masson's trichrome stained peripheral and central lung samples from COVID-19 autopsies (A), control autopsies (B) and convalescent lung samples (C); 200 x magnification (scale bar: 200 microns).






Figure 4 | Quantification of collagen deposition. (A) Photomicrographs were analyzed using a custom MATLAB script to quantify collagen (blue) staining, with yellow indicating collagen-rich areas (bottom) (B–D) Comparison of collagen deposition between control and COVID+ autopsy samples (B), uninfected control and convalescent lung samples (C), and control, convalescent, and COVID+ autopsies (D). n=5-14.



We next assessed if alterations in the sphingolipid rheostat may contribute to hyperproliferative responses and reduced airspace/structural changes noted in the COVID-19 autopsies. The expression of SK1 and CERS2 was assessed in control, COVID-19+, and convalescent samples using immunohistochemistry. Representative photomicrographs of SK1 and CERS2 staining in lung tissues from both COVID-19+ and control autopsies are shown in Figure 5A. Compared to control autopsies, SK1 expression in the COVID-19+ autopsies was increased in alveolar type II pneumocytes, many of which showed squamous metaplasia (Figure 5A). Scattered single alveolar cells (possibly identified as alveolar macrophages) stained positive for SK1. CERS2 staining was prominent in activated type II pneumocytes in COVID-19+ autopsies (Figure 5B). Control autopsy tissues showed staining in groups of single cells in the alveolar spaces, likely representing alveolar macrophages. Quantitation of expression of SK1 and CERS2 by QuPath analyses showed significant increase in % positive cells expressing SK1 in COVID-19+ autopsies and convalescent samples compared to control autopsies (Figure 5C). Additionally, we evaluated co-expression of SK1 and nucleocapsid protein of SARS-CoV-2 in these lung sections. As shown in Supplemental Figure 1, immunofluorescence analyses showed SK-1+ nucleocapsid lung cells in COVID-19+; not all SK-1+ cells were expressing the viral protein. When SK1 expression was evaluated in central and peripheral lung sections of COVID-19+ autopsies, % SK1+ cells were significantly higher in central lung control autopsies (Supplemental Figure 3A). Despite histological evaluation showing CERS2 expression in different cell populations (active type II pneumocytes vs alveolar macrophages), the percentage of CERS2 positive cells was not different between the study groups (Figures 5B, D; Supplemental Figure 3B). The ratio of SK1 to CERS2 expression was increased in COVID-19+ and COVID-convalescent samples compared to control autopsies (Figure 5E), with a significant increase in central lung sections of the COVID-19+ autopsy (Supplemental Figure 3C). Additionally, we included evaluations of expression of SK1, CERS2 and SK1/CERS2 ratio in additional lung sections from control autopsies that exhibited non-COVID-19 pneumonia and diffused alveolar damage from patients with non-COVID-19 related ARDS to determine if the alteration of the sphingolipid rheostat was specific to COVID-19. As shown in Supplemental Figures 3D–F, expression of SK1 was altered specifically in COVID-19+ autopsies compared to these controls.




Figure 5 | Alterations in sphingolipid metabolism within COVID-19 lungs. (A, B) Photomicrographs of COVID-19+ and control lung autopsy samples stained for SK1 (A) & CERS2 (B). (C) Comparison of SK1 expression between control, COVID+, & convalescent samples (n=7-16). (D) Comparison of CERS expression between control, COVID+, & convalescent samples (n=7-16). (E) Ratio of SK1:CERS expression in control, COVID+, & convalescent samples (n=7-16). Filled arrows denote squamous metaplasia; dashed arrows denote type II pneumocyte hyperplasia; dotted arrows denote alveolar macrophages (scale bar: 200 microns (top images in each panel) or 100 microns (bottom images in each panel). *p≤0.05 **p<0.01.



As SK1 expression and SK1/CERS2 ratios were increased in COVID-19+ autopsies, we then evaluated if lipid signaling through the sphingolipid receptors would be enhanced in these autopsies. As the anti-apoptotic lipid S1P signals through S1PR1 and S1PR2, we qualitatively evaluated their expression in these autopsies. As shown in Supplemental Figure 4A, S1PR1 expression was localized to submucosal gland like structures in both control and COVID-19+ autopsies with no notable difference in expression. Expression of S1PR2 was more robust in the squamous metaplasia in the COVID-19+ autopsies (Supplemental Figure 4B). Interestingly, in COVID-19 convalescents, macrophage like cells in the alveolar lining were S1PR2+. Together, these data suggest that sphingolipid signaling may be altered due to SARS-CoV-2 infection.





Discussion

One of the hallmark features of the COVID-19 is the hyperactivation of the immune system and subsequent damage to lung tissue, ultimately leading to a reduction in air exchange in the lungs (2, 5, 9). While novel mechanisms of infection and signaling pathways induced by the novel SARS-CoV-2 continue to be investigated, it has been well established that the hyper-inflammatory response to this virus leads to lung tissue injury (3, 4, 8). Accumulation of fluid and cellular debris within air spaces, as well as damage to the cells lining the airways and alveoli, are thought to contribute to the loss of elasticity and increased resistance to air flow associated with COVID-19+ individuals (3, 4, 8). This aberrant activation of the immune system may contribute to the reduction of air space and increase in collagen deposition seen in the lung tissues of those infected with this virus. Emerging evidence also suggests that COVID-19 may alter sphingolipid metabolism, a complex process that involves the synthesis, breakdown, and interconversion of sphingolipids and their metabolites in various cell types (14, 20). Bioactive sphingolipids ceramide and S1P of the sphingolipid pathway serve as signaling counterparts, maintaining a homeostatic balance within the body to regulate cell survival (19, 21). Alterations in this sphingolipid signaling observed in our study suggest a potential contribution to inflammation and lung tissue damage often seen with COVID-19. Our observed changes in the enzymes involved in sphingolipid regulation complements recently published studies that have shown altered lipid metabolism in serum sphingolipids in patients infected with SARS-CoV-2 and murine infection models (22, 23). Future studies delineating COVID-19 associated alterations in sphingolipid metabolism are important for developing new therapies targeting the pro-survival sphingolipid enzymatic pathway in the context of viral infections.

One of the ways in which COVID-19 can impact the respiratory system is by reducing the amount of air space in the lungs. Several factors including inflammation and damage to airway and alveoli lining, as well as accumulation of fluid and cellular debris within the air spaces, contribute to air space reduction (24). Previous studies have demonstrated loss of alveolar basement membrane integrity with a decrease in the lacunar space of SARS-CoV-2 infected lungs compared to healthy lung tissue (9, 24). In our study, we compared remnant lung tissue samples from uninfected individuals (control) and COVID-19 convalescents, COVID-19 infected autopsies (COVID-19+) and control autopsies for changes in overall lung architecture. The significant loss of air space in COVID-19+ lung specimens compared to controls highlights the damage to cells within the lung. The pathologic proliferation of fibroblasts, type II pneumocyte hyperplasia and metaplasia along with lymphocytic infiltration in the COVID-19 autopsy lung may have contributed to the diffused alveolar damage and loss of air space. This loss in air space can negatively impact gas exchange and ultimately lead to respiratory distress. Interestingly, when comparing central and peripheral lung tissue samples from COVID-19+ autopsies to remnant lung specimens from COVID-19 convalescents, a significant decrease in average air space was observed within COVID-19+ yet individuals who recovered from COVID-19 did not show this tissue response. While no significant changes were observed in air spaces between central and peripheral COVID-19+ lung tissues, the reduction in lacunar spaces within the COVID-19+ lung tissue when compared to the control lung tissue highlights the alveolar damage present with COVID-19 infection. Cell damage and loss of lacunar space for gas exchange is further complicated when interstitial edema accumulates, impairing the ability of the remaining alveoli and contributing to respiratory distress, like the process of alveolar flooding associated with acute respiratory distress syndrome (2, 25).

Additionally, damage to alveolar architecture and reduction in air space in the lung often leads to dysregulated tissue repair and fibrosis (24). In our studies, an increase in collagen deposition was found in COVID-19+ lung tissue when compared to control lung samples; this is consistent with dysregulated tissue repair that results from SARS-CoV-2 infection. A moderate increase in collagen deposition was noted within lung tissue samples from COVID-19 convalescents when compared to both COVID-19+ and control lung tissue. This increase in collagen deposition in convalescent lung samples may reflect the advanced consequent tissue fibrosis often seen in COVID-19 convalescents. Increased fibrosis in COVID-convalescent patients could explain the long-standing effects that “long- COVID” has on many patients.

Our investigations of sphingolipid signaling associated with COVID-19 is important as sphingolipids and their metabolites play critical roles in various cellular processes, including the regulation of the immune system, inflammation, and cell death (14, 26). Sphingolipids are also involved in maintaining the integrity of the cellular membrane and are crucial for the normal functioning of various organs, including the lungs, liver, and brain (14, 15). Emerging evidence suggests that severity of COVID-19 disease may be associated with altered S1P levels (27), impairing endothelial barrier function, and leading to lung injury and respiratory distress (10). In our study, the expression of SK1, an enzyme that generates anti-apoptotic S1P, and CERS2, regulator of pro-apoptotic processes, was analyzed in both diseased, convalescent and control lung tissues. The increase in SK1 expression in type II pneumocytes in COVID-19+ are consistent with the hyper-proliferative reparative response in the epithelium post-injury reported with SARS-CoV-2 infection and often associated with COVID-pneumonia (13, 24, 28). Alveolar type II pneumocytes as defenders of the alveolus are critical to repairing COVID-19 lung injury. The differential CERS2 expression, with an enhanced signal in type II pneumocytes in COVID-19 autopsy, is potentially due to apoptotic process initiated by viral entry and infection through ACE2 or other viral receptors in the epithelium. In contrast, CERS2 expression in alveolar macrophages in control autopsies may reflect the apoptotic cell death commonly associated with death of the tissue; increase in expression of both these enzymes are consistent with activation of sphingolipid metabolism with SARS-CoV-2 infection. The observed increase in ratio of SK1 to CERS2 expression in COVID-19 and convalescent samples compared to the control suggests alterations in the sphingolipid rheostat with COVID-19 infection and a potential role for this pathway in survival and turnover of both structural and immune cells in the lungs post-infection. While SK1 expression is largely associated with non-lymphocytes, the levels of anti-apoptotic lipid S1P are known to regulate lymphocyte trafficking (29, 30). Additionally, S1P levels can influence fibroblast activation and proliferation (16, 31). Our studies have limitations, as the sphingolipids and their metabolites were not quantitated in these patient samples due to COVID related restrictions for mass spec analyses. Our immunohistochemical investigations have also limited us from assessing S1P levels. Our evaluations of S1PR1 and S1PR2 suggest that the SK1 induction and downstream signaling may have involved S1PR2 in COVID-19+ autopsies and not S1PR1. It is possible that SK1-induced S1P signaling may have influenced alveolar fibroblast proliferation and lymphocyte infiltration that we observed in COVID-19+ lungs. Observed increases in pro-survival SK1 relative to pro-apoptotic CERS2 may provide insights into the persistent inflammation and fibrosis and unravel mechanisms underlying the COVID-19 disease progression. Future studies are warranted to assess changes in sphingolipid metabolism to provide more insights on the role of the sphingolipid pathway in COVID-19. Understanding specific alterations in the sphingolipid rheostat could lead to the identification of new therapeutic targets (32), help monitor disease progression and severity, and improve our understanding of the disease pathogenesis.





Conclusions

In conclusion, SARS-CoV-2 infection negatively affects lung architecture and the sphingolipid signaling pathway. Average loss of air space and increase in collagen deposition was identified in COVID-19 autopsies and convalescent lung samples, respectively, when compared to control uninfected lung tissues. Additionally, we identified that both SK1 and the ratio between SK1 and CERS2 (pro-apoptotic) enzyme expression in lung tissue is increased after SARS-CoV-2 infection. Alteration in the sphingolipid rheostat in which SK1 (pro-survival) is upregulated, compared to its counterpart ceramide (pro-apoptotic), in lung tissue during COVID-19 may be contributing to the overall inflammation and tissue damage seen with the SARS-CoV-2 infection. In the future, understanding sphingolipid metabolism alterations in COVID-19 disease may help in the development of new therapeutic strategies in the future to mitigate its adverse effects.





Data availability statement

Upon request the raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by University of Alabama at Birmingham Institutional Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

RK and SS contributed equally to this study and are listed as co-first authors. Both were involved in execution of experiments, data collection, data analysis, and manuscript and figure preparation. CS and YL were involved in data collection and data analysis. MA was involved in manuscript editing and gave critical insights. SB generated MATLAB scripts and was involved in customizing the scripts for data analyses. SB was involved in writing methods section of the manuscript. PB was involved in all aspects related to pathological and histological evaluations of COVID-19+ and control autopsies and contributed to manuscript preparation. KG and JD were involved in experimental design and oversight, data interpretation, and manuscript and figure preparation. All authors contributed to the article and approved the submitted version.





Funding 

Research reported in this publication was supported by the University of Alabama at Birmingham School of Medicine COVID-19 pilot grant and P42 ES027723 (Project 2) awarded to JD.




Acknowledgments

The authors wish to acknowledge the use of UAB Pathology Core Research Facility and the UAB Tissue Biorepository for access and processing of specimens used in this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1216278/full#supplementary-material




References

1. Organization WHO. WHO Coronavirus (COVID-19) Dashboard (2023). Available at: https://covid19.who.int/ (Accessed 04/19/23).

2. Swenson, KE, and Swenson, ER. Pathophysiology of acute respiratory distress syndrome and COVID-19 lung injury. Crit Care Clin (2021) 37(4):749–76. doi: 10.1016/j.ccc.2021.05.003

3. Fung, M, and Babik, JM. COVID-19 in immunocompromised hosts: what we know so far. Clin Infect Dis (2021) 72(2):340–50. doi: 10.1093/cid/ciaa863

4. Rendeiro, AF, Ravichandran, H, Bram, Y, Chandar, V, Kim, J, Meydan, C, et al. The spatial landscape of lung pathology during COVID-19 progression. Nature (2021) 593(7860):564–9. doi: 10.1038/s41586-021-03475-6

5. Lechner-Scott, J, Levy, M, Hawkes, C, Yeh, A, and Giovannoni, G. Long COVID or post COVID-19 syndrome. Mult Scler Relat Disord (2021) 55:103268. doi: 10.1016/j.msard.2021.103268

6. Mehandru, S, and Merad, M. Pathological sequelae of long-haul COVID. Nat Immunol (2022) 23(2):194–202. doi: 10.1038/s41590-021-01104-y

7. Montazersaheb, S, Hosseiniyan Khatibi, SM, Hejazi, MS, Tarhriz, V, Farjami, A, Ghasemian Sorbeni, F, et al. COVID-19 infection: an overview on cytokine storm and related interventions. Virol J (2022) 19(1):92. doi: 10.1186/s12985-022-01814-1

8. Moore, JB, and June, CH. Cytokine release syndrome in severe COVID-19. Science (2020) 368(6490):473–4. doi: 10.1126/science.abb8925

9. Hu, B, Huang, S, and Yin, L. The cytokine storm and COVID-19. J Med Virol (2021) 93(1):250–6. doi: 10.1002/jmv.26232

10. McGowan, EM, Haddadi, N, Nassif, NT, and Lin, Y. Targeting the SphK-S1P-SIPR pathway as a potential therapeutic approach for COVID-19. Int J Mol Sci (2020) 21(19):7189. doi: 10.3390/ijms21197189

11. Delorey, TM, Ziegler, CGK, Heimberg, G, Normand, R, Yang, Y, Segerstolpe, A, et al. COVID-19 tissue atlases reveal SARS-CoV-2 pathology and cellular targets. Nature (2021) 595(7865):107–13. doi: 10.1038/s41586-021-03570-8

12. Melms, JC, Biermann, J, Huang, H, Wang, Y, Nair, A, Tagore, S, et al. A molecular single-cell lung atlas of lethal COVID-19. Nature (2021) 595(7865):114–9. doi: 10.1038/s41586-021-03569-1

13. Schifanella, L, Anderson, J, Wieking, G, Southern, PJ, Antinori, S, Galli, M, et al. The defenders of the alveolus succumb in COVID-19 pneumonia to SARS-CoV-2 and necroptosis, pyroptosis and panoptosis. J Infect Dis (2023 227(11):1245–54. doi: 10.1101/2022.08.06.503050

14. Khan, SA, Goliwas, KF, and Deshane, JS. Sphingolipids in lung pathology in the coronavirus disease era: A review of sphingolipid involvement in the pathogenesis of lung damage. Front Physiol (2021) 12:760638. doi: 10.3389/fphys.2021.760638

15. Hannun, YA, and Obeid, LM. Sphingolipids and their metabolism in physiology and disease. Nat Rev Mol Cell Biol (2018) 19(3):175–91. doi: 10.1038/nrm.2017.107

16. Suryadevara, V, Ramchandran, R, Kamp, DW, and Natarajan, V. Lipid mediators regulate pulmonary fibrosis: potential mechanisms and signaling pathways. Int J Mol Sci (2020) 21(12):4257. doi: 10.3390/ijms21124257

17. Seo, YJ, Pritzl, CJ, Vijayan, M, Bomb, K, McClain, ME, Alexander, S, et al. Sphingosine kinase 1 serves as a pro-viral factor by regulating viral RNA synthesis and nuclear export of viral ribonucleoprotein complex upon influenza virus infection. PLoS One (2013) 8(8):e75005. doi: 10.1371/journal.pone.0075005

18. Vijayan, M, and Hahm, B. Influenza viral manipulation of sphingolipid metabolism and signaling to modulate host defense system. Scientifica (Cairo) (2014) 2014:793815. doi: 10.1155/2014/793815

19. Berdyshev, EV, Gorshkova, IA, Usatyuk, P, Zhao, Y, Saatian, B, Hubbard, W, et al. De novo biosynthesis of dihydrosphingosine-1-phosphate by sphingosine kinase 1 in mammalian cells. Cell Signal (2006) 18(10):1779–92. doi: 10.1016/j.cellsig.2006.01.018

20. Tornquist, K, Asghar, MY, Srinivasan, V, Korhonen, L, and Lindholm, D. Sphingolipids as modulators of SARS-CoV-2 infection. Front Cell Dev Biol (2021) 9:689854. doi: 10.3389/fcell.2021.689854

21. Parveen, F, Bender, D, Law, SH, Mishra, VK, Chen, CC, and Ke, LY. Role of ceramidases in sphingolipid metabolism and human diseases. Cells (2019) 8(12):1573. doi: 10.3390/cells8121573

22. Vitner, EB, Avraham, R, Politi, B, Melamed, S, and Israely, T. Elevation in sphingolipid upon SARS-CoV-2 infection: possible implications for COVID-19 pathology. Life Sci Alliance (2022) 5(1):e202101168. doi: 10.26508/lsa.202101168

23. Torretta, E, Garziano, M, Poliseno, M, Capitanio, D, Biasin, M, Santantonio, TA, et al. Severity of COVID-19 patients predicted by serum sphingolipids signature. Int J Mol Sci (2021) 22(19):10198. doi: 10.3390/ijms221910198

24. D'Agnillo, F, Walters, KA, Xiao, Y, Sheng, ZM, Scherler, K, Park, J, et al. Lung epithelial and endothelial damage, loss of tissue repair, inhibition of fibrinolysis, and cellular senescence in fatal COVID-19. Sci Transl Med (2021) 13(620):eabj7790. doi: 10.1126/scitranslmed.abj7790

25. Wiersinga, WJ, Rhodes, A, Cheng, AC, Peacock, SJ, and Prescott, HC. Pathophysiology, transmission, diagnosis, and treatment of coronavirus disease 2019 (COVID-19): A review. JAMA (2020) 324(8):782–93. doi: 10.1001/jama.2020.12839

26. Janneh, AH, Kassir, MF, Dwyer, CJ, Chakraborty, P, Pierce, JS, Flume, PA, et al. Alterations of lipid metabolism provide serologic biomarkers for the detection of asymptomatic versus symptomatic COVID-19 patients. Sci Rep (2021) 11(1):14232. doi: 10.1038/s41598-021-93857-7

27. Al-Kuraishy, HM, Batiha, GE, Al-Gareeb, AI, Al-Harcan, NAH, and Welson, NN. Receptor-dependent effects of sphingosine-1-phosphate (S1P) in COVID-19: the black side of the moon. Mol Cell Biochem (2023) 2023:1–9. doi: 10.1007/s11010-023-04658-7

28. Septimiu-Radu, S, Gadela, T, Gabriela, D, Oancea, C, Rosca, O, Lazureanu, VE, et al. A systematic review of lung autopsy findings in elderly patients after SARS-CoV-2 infection. J Clin Med (2023) 12(5):2070. doi: 10.3390/jcm12052070

29. Hwang, I, Lee, SW, Oh, J, Lee, S, Jang, IJ, and Yu, KS. Dose-dependent reduction of lymphocyte count and heart rate after multiple administration of LC51-0255, a novel sphingosine-1-phosphate receptor 1 modulator, in healthy subjects. Front Pharmacol (2022) 13:930615. doi: 10.3389/fphar.2022.930615

30. Verstockt, B, Vetrano, S, Salas, A, Nayeri, S, Duijvestein, M, Vande Casteele, N, et al. Sphingosine 1-phosphate modulation and immune cell trafficking in inflammatory bowel disease. Nat Rev Gastroenterol Hepatol (2022) 19(6):351–66. doi: 10.1038/s41575-021-00574-7

31. Tanaka, S, Zheng, S, Kharel, Y, Fritzemeier, RG, Huang, T, Foster, D, et al. Sphingosine 1-phosphate signaling in perivascular cells enhances inflammation and fibrosis in the kidney. Sci Transl Med (2022) 14(658):eabj2681. doi: 10.1126/scitranslmed.abj2681

32. Abu-Farha, M, Thanaraj, TA, Qaddoumi, MG, Hashem, A, Abubaker, J, and Al-Mulla, F. The role of lipid metabolism in COVID-19 virus infection and as a drug target. Int J Mol Sci (2020) 21(10):3544. doi: 10.3390/ijms21103544




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Khan, Single, Simmons, Athar, Liu, Bodduluri, Benson, Goliwas and Deshane. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Altered sphingolipid pathway in SARS-CoV-2 infected human lung tissue

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Sample acquisition

          



          		

            Immunohistochemistry and histological staining

          



          		

            Image analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding 

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1216278-g001.jpg
e g <

COVID-19

COVID-19 Autopsy
Central Lung

Cc
Control Autopsy

D

Convalescent






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1216278-g003.jpg
Convalescent

Control Autopsy

Central Lung

COVID-19 Autopsy






OEBPS/Images/fimmu-14-1216278-g005.jpg
Control Autopsy

:" & 1 .,<

} s S
ViR »

Koo & 8-
Pi.e’:-..‘ﬁs;

COVID-19* Autopsy )

s

o
(2]}
['4
w
o
@
<3
o
2
<
=
X
(72}






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2023.1216278_cover.jpg
’ frontiers l Frontiers in Immunology

Altered sphingolipid pathway in SARS-CoV-
2 infected human lung tissue





OEBPS/Images/fimmu-14-1216278-g002.jpg
%
%
4
% 0,
\O.W\
(P
S 8 8 8 R ° %
anssi] Jad asedg a1y %, abesany
o
[ ]
*Avv %
* 0\40
A'AV.V 5 9
(2
%,
\A\O
o © © © o o [v)
o © ©o < N

-~

@ Onssi] Jad aoedg 41y % abeioay





OEBPS/Images/fimmu-14-1216278-g004.jpg
e © o o
< © « - ° >4

anssi] Jad uabejjo) v, abeiany

0.08

p=
>
O’
&
&
&

o.
Obe
2 o ° ° %
© ~ - s,
anssi) Jad %,
uabejjo9 ¢, abelony K4
K
g (3
0 *Q
= “o.
o 0
Awm.@v %
%,
%
=3 w o w o OrU
« - -

anssi) Jad
uabejjo) v, abelary






